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ABSTRACT HIV-1 CRF07_BC originated among injection drug users (IDUs) in China.
After diffusing into men who have sex with men (MSM), CRF07_BC has shown a rapid
expansion in this group; however, the mechanism remains unclear. Here, we identified a
new KyE;, variant of CRFO7_BC that was characterized by five specific mutations (E28K,
K32E, E248V, K249Q, and T338S) in reverse transcriptase. This variant was mainly preva-
lent among MSM, and was overrepresented in transmission clusters, suggesting that it
could have driven the rapid expansion of CRFO7_BC in MSM, though founder effects
cannot be ruled out. It was descended from an evolutionary intermediate accumulating
four specific mutations and formed an independent phylogenetic node with an esti-
mated origin time in 2003. The K 4E;, variant was demonstrated to have significantly
higher in vitro HIV-1 replication ability than the wild type. Mutations E28K and K32E
play a critical role in the improvement of in vitro HIV-1 replication ability, reflected by
improved reverse transcription activity. The results could allow public health officials to
use this marker (especially E28K and K32E mutations in the reverse transcriptase (RT)
coding region) to target prevention measures prioritizing MSM population and persons
infected with this variant for test and treat initiatives.

IMPORTANCE HIV-1 has very high mutation rate that is correlated with the survival and
adaption of the virus. The variants with higher transmissibility may be more selective
advantage than the strains with higher virulence. Several HIV-1 variants were previously
demonstrated to be correlated with higher viral load and lower CD4 T cell count. Here,
we first identified a new variant (the K,gEs, variant) of HIV-1 CRF07_BC, described its origin
and evolutionary dynamics, and demonstrated its higher in vitro HIV-1 replication ability
than the wild type. We demonstrated that five RT mutations (especially E28K and K32E)
significantly improve in vitro HIV-1 replication ability. The appearance of the new K,E;,
variant was associated with the rapidly increasing prevalence of CRFO7_BC among MSM.

KEYWORDS HIV-1, CRFO7_BC, variant, reverse transcriptase, men who have sex with
men, replication ability, transmission cluster, human immunodeficiency virus

ince the first case was reported in 1985, HIV/AIDS has been a national problem in
China, with 1,045,000 people living with HIV/AIDS by the end of 2020 (1). China has
experienced several large changes in HIV-1 epidemic since 1985 (2). First, the major
HIV transmission routes shifted from blood transmission via injection drug use (IDU)
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and illegal blood donation to sexual transmission, especially homosexual transmission
among men who have sex with men (MSM) (2, 3). Second, the genetic diversity of HIV-1
rapidly increased with on-going generation of new circulating recombinant forms (CRFs)
and various unique recombinant forms (URFs) (4, 5). Third, the predominant HIV-1 sub-
types have switched from B, C, and CRFO1_AE in the 1990s to CRFO1_AE, CRFO7_BC, and B
most recently (5-7). The rise of CRFO7_BC has raised large concern.

CRF07_BC originated in early 1990s, and mainly circulated among injection drug
users (IDUs) (8, 9). After diffusing into heterosexual and homosexual transmission net-
works, CRFO7_BC rapidly increased in prevalence (5, 6, 10, 11). Currently, it accounts for
20.5% of all subtyped infections in China, and is now the second most predominant
HIV-1 strain, following CRFO1_AE (39.7%) (5). This growth coincided with an increase in
HIV incidence among MSM (12). CRFO7_BC has mostly replaced CRFO1_AE as the most
predominant HIV-1 strain among MSM since 2010 (11, 13). Why CRF07_BC is rapidly
expanding among MSM remains unclear. Recently, CRFO7_BC was demonstrated to
have enhanced transmission capability over subtype B and CRFO1_AE, which might be
associated with a 7 amino acid deletion in the p6 region of the Gag protein (p6A7)
(14). However, the p6A7 variant did not explain the rapidly growing prevalence of
CRF07_BC among MSM since it originated among IDUs and was prevalent among both
IDUs and MSM (15, 16).

HIV-1 is mostly spread along contact networks with sexual or blood exposure risks
(17, 18). Network analysis provides a robust tool to understand HIV-1 transmission over
space and time and allows characterization of sequence features associated with large
transmission networks (19). Here, we identified a new variant of HIV-1 CRFO7_BC using
transmission network analysis, and reported its origin and evolutionary history. The
new variant known as the K,4E;, variant was characterized by 5 specific amino patterns
(Lys [K], Glu [E], Val [V], Glu [Q] and Ser [S], respectively) at sites 28, 32, 248, 249, and
338 of reverse transcriptase (RT) coding region and was demonstrated to have higher
in vitro HIV-1 replication activity than the wild type. Very high prevalence of the K 4E;,
variant among MSM and its overrepresentation in transmission clusters suggest that its
appearance was associated with the rapid expansion of CRF07_BC among MSM.

RESULTS

Identification of the K,E;, variant of HIV-1 CRF07_BC. Based on the phyloge-
netic analysis of CRFO7_BC RT coding region sequences (2289-3187nt in HXB2) from
1997-2013, eight large evolutionary (or transmission) clusters (ECs or TCs) were identi-
fied, consisting of 510 sequences (42.7%) (Fig. S1). There were 350 (29.3%) non-cluster
sequences, and the remaining 335 sequences formed small transmission clusters with
<20 sequences. Of the 8 large ECs, 5 contained the sequences (n = 383) obtained from
2007 to 2013, and were named post-2007 clusters. The other 3 ECs included 127
sequences obtained during 1997 to 2012, and were named pre-2007 clusters. We then
investigated whether there was a difference in signature residues between cluster and
non-cluster sequences. We found 2 distinct amino acid sequence features that sepa-
rated cluster and non-cluster sequences. The vast majority of cluster sequences had
Lys (K) and Glu (E) residues at sites 28 and 32 of RT coding region (376/510: 73.7%)
(https://www.hiv.lanl.gov/content/sequence/LOCATE/locate.html), respectively, and were
defined as the K,4E;, variant, while the vast majority of non-cluster sequences (269/350:
76.9%) had E and K residues at 28 and 32 sites, respectively, and were defined as the
wild-type (WT) or the E,4K;, strain (chi-square test, P < 0.001) (Fig. 1a). Interestingly, all
5 post-2007 ECs carried the K,¢E;, variant, and the pre-2007 clusters contain the wild-type
strains (Fig. 1a).

Because of only 898 nt of RT coding region was included in above analysis, we fur-
ther investigated whether the K,4E;, variant carried other specific amino acids in
RT using all available sequences of the entire CRFO7_BC RT coding region. We
found that the vast majority (92.4%) of the K,4E;, variants carried 3 additional spe-
cific amino acids mutations E248V, K249Q, and T338S in the RT coding region
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FIG 1 RT coding sequence characteristics of the K,E,, variant and wild-type of HIV-1 CRFO7_BC. (a) Sequence characteristics of CRFO7_BC strains within
and outside of transmission clusters in the preliminary ML analysis (shown in Fig. S1). The location of amino acids was based on the RT coding region of
HXB2 strain. The numbers of sequences and their sampling years were shown in parentheses. C, cluster or evolutionary cluster (EC). (b) Amino acid
characteristics of CRFO7_BC at sites 28, 32, 248, 249 and 338 of RT. The percentages of the K,4E;, variant, wild-type and the intermediates are shown.

(Fig. 1b). Therefore, the K,4E5, variant was featured by K-E-VQ-S at 28, 32, 248/249
and 338 sites of RT coding region, respectively, while the wild-type strain by E-K-
EK-T. The K,4E;, variant accounted for about 22.7% of all analyzed sequences

(Fig. 1b).
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FIG 2 Amino acid characteristics at the 5 special sites of RT coding region of various HIV-1 subtypes and CRFs. The same amino acid patterns to the K,
variant are highlighted by plum purple shadows, and any sequences sharing 1 to 4 same residue to the K,E,, variant are highlighted by light pink

shadows. Dot, identity with the topmost sequence.

To test whether the 5 mutations are specific for CRF07_BC, we analyzed the amino
acid characteristics at the 5 sites of the RT coding region of other HIV-1 subtypes and
CRFs. The results showed that the representative strains of most analyzed subtypes
and CRFs do not carry any one of the 5 specific mutations, except the K,4E;, variant, as
well as several CRFO7_BC-involved recombinants (e.g., CRF102_0107, CRF117_0107)
that carry 1 to 5 of the specific mutations and might originate via second-generation
recombination between the CRF07_BC K,4E;, variant and CRFO1_AE (Fig. 2). The preva-
lence of CRFO7_BC appeared to be mainly restricted in China and surrounding coun-
tries/areas (e.g., the China-Myanmar border area) (20). We further investigated whether
these mutations also arose in other regions of the world. HIV-1 subtypes A to D and
CRFs 01_AE and 02_AG were the most widely prevalent strains in the world. We ana-
lyzed the frequency of these mutations in all available sequences of the 6 subtypes/
CRFs. The vast majority of the sequences of the 6 subtypes/CRFs shared the same
amino acid feature (63.0%-86.1%) to the CRFO7_BC wild-type (WT) strain at the 5 sites
of RT coding region, or belonged to the others (12.4%-51.3%) that carried 1 to 4 of the
5 specific mutations and/or other mutations (Table S1). Importantly, no sequences
were found to carry the same amino acid feature at the 5 sites to the K 4E;, variant
(Table S1).

Evolutionary origin of the K,4E;, variant of CRF07_BC. To trace the origin and ev-
olutionary history of the K,4E,, variant, Bayesian phylogenetic analysis was performed.
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The origin time of CRFO7_BC was estimated to be 1993.6 (95% confidence interval [CI]:
1991.1-1995.4), very close to the earlier estimates (9). In the maximum clade credibility
(MCQ) tree (Fig. S2), as well as the maximum likelihood (ML) tree (Fig. 3a), all the K,4E;,
variants form a large independent clade that is located at the tip of the tree. The time
to the most recent common ancestor (tMRCA) of the K,4E;, variants was estimated to
be 2003.0 (95% Cl: 2001.2-2004.4) (Fig. S2), indicating that the variant was formed
since 2003. The earliest circulating K,4E;, variant was detected in 2006, about 3 years
later since its origination.

One sequence (green branch in the MCC tree) carrying mutations E28K, K32E,
E248V and K249Q was identified to link the K,4E;, variant clade with the wild-type
strains, suggesting that it was an evolutionary intermediate from the WT strain to the
K,gEs, variant. The intermediate was isolated from a man who had sex with men in
2010 and featured by K-E-VQ-T at 28, 32, 248/249, and 338 sites of the RT coding
region, respectively (Fig. 3a). The tMACR of the intermediate and the K,4E,, variants
was estimated to be 2000.8 (95% Cl: 1998.3-2002.9), and the divergence time of the in-
termediate from the WT strains was estimated to be 1998.3 (95% Cl: 1996.2-2000.2)
(Fig. S2). These suggest that the origin of the K,4E;, variant experienced at least 2 evo-
lutionary steps and in the evolutionary events, 4 mutations E28K, K32E, E248V, and
K249Q were first fixed during 1998 to 2000, and then T338S was fixed during 2000 to
2003.

Apart from the K 4E5, variant and the wild-type, there are several variants carried 1
to 4 mutations at the 5 specific sites. Three variants carrying any 1 or 2 of mutations
E28K and K32E were found in the clade of the wild-type strains (Fig. 3a). Interestingly,
in the K, 4E;, variant clade, 6 variants carrying one back mutation at site 248 or 249
(V248E and Q249K), and 2 variants carrying one other mutation (V248A or Q249H)
were found (Fig. 3a). These results suggest on-going evolution of CRFO7_BC regardless
of the K,4E;, variant or the wild-type strains.

Given that the 5 specific residues represent <0.67% (0.11%, 5/440) of analyzed RT cod-
ing sequence, we investigated whether they alone influence the phylogeny of CRF07_BC.
We removed the 5 residues from the RT coding sequences, and re-constructed the ML
tree of CRFO7_BC. The removing of the 5 sites did not substantially change the tree topol-
ogy, except the evolutionary intermediate that shows different phylogenetic locations in
both ML trees (Fig. 3b). When the 5 sites were removed, the topological location of the in-
termediate was shifted from a position between the K 4E;, variant clade and the wild-type
clade to a position within the wild-type strain clade (Fig. 3). These results indicate that the
5 mutations are a critical determinant for the evolutionary origin of the K,E;, variant. We
then investigated whether the 5 specific residues were under positive selection. No one of
the 5 residues was identified under significantly positive selection (Table 1), indicating that
the generation and expansion of the K,.E;, variant are less likely a result of positive
selection.

We further simulated the expansion dynamics of both the wild-type strain and the
K,sEs, variant of CRFO7_BC using Bayesian skyline plot analysis. The wild-type strain
experienced a continuous expansion since its origin in early 1990s, and peaked in
about 2005, 2 years after the generation of the K 4E;, variant (Fig. 4). The K 4E;, variant
experienced a growing expansion since its origin in about 2003 (Fig. 4). Accompanied
with a continuous decline of the wild-type strains, the K 4E;, variant was estimated to
exceed the wild-type strain in about 2015 in population size.

Prevalence and distribution of the K,4E;, variant of CRF07_BC among high-risk
groups. Because systematic HIV-1 molecular epidemiological investigations were pre-
viously conducted among MSM in Shenzhen, China, from before 2007 to 2020 (11, 21),
and all previously reported pol sequences are available in GenBank, we used the
sequence data from Shenzhen to analyze the distribution of the K,4E;, variant, the
wild-type strain, as well as others variants (intermediates) of CRFO7_BC among differ-
ent high-risk groups. We found that the K,sE;, variant mainly appeared among MSM
(73.2%), whereas the wild-type strain was mainly prevalent among IDUs (84.8%)
(Fig. 5a). It is not surprising that the vast majority of the wild-type CRF07_BC were from
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TABLE 1 Positive selection analysis of RT coding region of CRF07_BC

Positively selected sites (PSS)

Methods dN/dS? Sites no.

SLAC® 0.187 6, 8,36,39,48,102, 121,135,166, 200, 211, 286, 311,313,317, 334, 435, 437 18

MEME* 0.175 6,36,39,48,102,111,121,135,162, 174, 188, 197, 200, 207, 211, 245, 251, 261, 276, 286, 297,311, 312, 34
317,334, 345, 346, 357, 369, 376,377, 435,437,439

FELY NA® 6,36, 39,102,121, 135,200, 211, 245, 286, 311, 317, 334, 435, 437 15

FUBARf NA 6,36, 39,102, 121,135, 200, 211, 286, 313,317, 334, 435,437 14

aThis dN/dS represents the ratio of the number of nonsynonymous variants per non-synonymous site (dN) to the number of synonymous variants per synonymous site (dS).
The dN/dS values of >1, =1 and <1 indicate positive selection, neutral evolution and negative (purifying) selection, respectively.

bSLAC, single-likelihood ancestor counting.

‘MEME, mixed effects model of evolution.

9FEL, fixed effects likelihood.

eNA, not available.

FUBAR, Fast, unconstrained Bayesian approximation.

IDUs since CRFO7_BC initially originated among IDUs in early 1990s. However, the pro-
portion of the K,4E;, variant was significantly higher among MSM (87.4%) than IDUs
(3.7%) and the heterosexuals (23.8%) (P < 0.0001 for both). Among the heterosexuals,
the K,4E;, variant and wild-type strain accounted for 23.8%, and 61.9%, respectively
(Fig. 5a). These results suggest that the K,3E;, variant was closely associated with
homosexual transmission.

We next investigated the dynamics of the K,4E;, variant and the wild-type strain
among IDUs, MSM, and the heterosexuals during the past decades using all available
sequences (Fig. 5b to d). The proportion of the K,4E;, variant appeared to rapidly
increase accompanied with a decrease of the wild-type strains before 2010, and
remained relatively stable since 2011 among both IDUs and heterosexuals (Fig. 5b and c).
However, the proportion of the K 4E;, variant appeared to slowly decrease from 100%
(only one sequence) before 2007 to 70.4% in 2019-2020 among MSM (Fig. 5d).

The K,4E;, variant of CRFO7_BC significantly improved in vitro HIV-1 replication
ability. The crystal structure shows the RT enzyme of HIV-1, like a human right hand,
contains 4 subdomains: fingers (1-85 and 118-155), palm (86-117 and 156-236),
thumb (positions 237-318), and connection (319-426) (22). Mutations E28K and K32E
are located in the finger domain, E248V and K249Q in the thumb domain and T338S in
the connection domain (Fig. 6). Although structural simulation suggests that the 5
mutations do not significantly change the RT structure, the significant change of amino
acid properties at 28 and 32, as well as 248 and 249 sites might influence the function
of RT enzyme. In particular, the residue at site 28 changed from an acidic (Glu) to a ba-
sic (Lys) amino acid, while inversely the residue at site 32 changed from a basic (Lys) to
an acidic (Glu) amino acid. Furthermore, these mutation sites are not directly located
at the RNA/DNA binding domain formed with fingers, palm, and connection, suggest-
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FIG 4 Population expansion dynamics of the WT and the K, E,, variant of CRFO7_BC. The solid line and
shaded region represent median and 95% HPD (highest probability density) intervals of the effective
population size through year. The population dynamics of the K,E,, variant (red) and the WT (green)
were inferred using the Gaussian Markov Random Field (GMRF) model.

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02545-22 7


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02545-22

A New Variant of HIV-1 CRF07_BC Microbiology Spectrum

a 100 —— b IDUs
% | | ' 100 40
80
80 32
= 70
é -
S 60 9 > E
& < 60 4
S 50 & ]
g 8 P
S 40 8 g
9 & @
K g 40 16 2
30 & 53
w
20
10 20 . 8
\
0 / = = [
IDUs (n=123) HES (n=1852) MSM (n=2951) ~2007  2008-2010 2011-2012 20132014 2015-2016 2017-2018 2019-2020
BEWT ®KssEs variant = Intermediates = Others w==Sequence number —WT —KxEx variant Intermediates ——Others
HES MSM
100 500 800
431
80 400 640
= =
S 2 s 2
S 60 300 § < 480 E
& H & H
s o S o
g £ g £
£ 40 200 3 £ 320 2
& g o g
w w
20 100 160
5 | |
0 - | | || || 0
~2007 20082010 2011-2012 2013-2014 20152016 2017-2018 2019-2020 ~2007 20082010 2011-2012 2013-2014 20152016 2017-2018 2019-2020
muSequence number —WT —KasEa: variant Intermediates ——Others wuSequence number —WT —KuxEx: variant Intermediates ——Others

FIG 5 Prevalence of various CRFO7_BC strains (WT, the K,¢E,, variant, intermediates, and others) among different risk groups in Shenzhen city. (a) Comparison of
the prevalence of various CRFO7_BC strains between 3 major risk groups (IDUs, heterosexuals and MSM). Evolution of the distribution of various CRF07_BC strains
among IDUs (b), heterosexuals (c) and MSM (d) from before 2007 to 2020.

ing that functional change of the RT of the K,4E;, variant might not be involved in the
binding of HIV-1 genomic RNA (gRNA).

To determine the influence of the K,E;, variant on HIV-1 replication, we constructed
the infectious clones of the Ky 4E;, variant (NL4-3_07RT-K,4E5,) and the wild-type strain
(NL4-3_07RT-WT) by incorporating their RT coding fragments into the full-length HIV-1
NL4-3 molecular clone. Infectious virions were generated in HEK293T cells by transfection.
Normalized amounts (10 ng of p24) of the K 4E;, variant and the wild-type virions were
used to infect MT-2 cells. Viral replication was monitored over a period of 12 days by quan-
tifying p24 and viral RNA copies in the culture supernatant. Both NL4-3_07RT-K,4E;, and
NL4-3_07RT-WT showed consistent replication dynamics. HIV-1 RNA and p24 levels contin-
uously increased, especially during 6-10 days after infection (Fig. 7a). HIV-1 RNA level
peaked at day 10, while the p24 level still slowly increased to day 12, regardless the variant
and the wild-type strain, suggesting that the p24 level might be slightly delayed to viral
RNA level. Since day 8, NL4-3_07RT-K4E;, generated significantly higher HIV-1 RNA and
p24 levels than NL4-3_07RT-WT (P < 0.01), suggesting that the K E;, variant has greater
in vitro replication capacity than the wild-type strain.

The K 4E5, variant has 5 specific mutations. To investigate the crucial mutations
influencing HIV-1 replication, we further constructed 6 additional mutants (Table 2),
and measured their replication dynamics in MT-2 cells (Fig. 7a). All 6 mutants had con-
sistent replication dynamics with the wild-type strain and the K,E;, variant, as
reflected by HIV-1 RNA and p24 levels. Among the 6 mutants, MUT-1 appeared to have
the greatest replication capacity, followed by MUT-2/MUT-4, and MUT-5 (Fig. 7b). In
particular, the replication capacity of the MUT-1 was similar but slightly greater than
the Ky4E;, variant. Compared to the wild-type strain, both MUT-1 and the K 4E;, variant
share common mutations E28K and K32E, indicating that the 2 mutations mainly con-
tribute to the improvement of HIV-1 RT replication capacity in vitro. The MUT-3 and
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FIG 6 Structural comparison between the CRF07_BC wild-type (yellow) and the K,.E;, variant (blue).
The original side chains are marked by green, while the mutated side chains are marked by light blue.

MUT-6 carried different amino acids at sites 248 and 249, but had similar lower replica-
tion capacity among the 6 mutants, suggesting that mutations E248V and K249Q
might have relatively less influence on the RT replication capacity. Compared to the
wild-type strain, both MUT-3 and MUT-6 shared mutation T338S, and had similar
slightly lower replication activity than the wild-type strain (Fig. 7b), suggesting that the
T338S might also have less influence on the RT replication ability. In addition, the MUT-
5 carries E28K, K32E and T338S and had similar replication capacity to the wild-type
strain. The possible reason might be the improvement of replication capacity by E28K
and K32E was counteracted by the T338S that reduces the RT activity.

The K,4E;, variant of CRF07_BC significantly improved early and late reverse
transcription and nuclear localization. We further determined the effect of various
RT mutants of CRFO7_BC on minus strand strong-stop (early RT) and second-strand
transfer (late RT). The early and late RT products of the wild-type strain peaked at 2
and 4 h postinfection, respectively, and then slowly decreased (Fig. 8a to d). Compared
to the wild-type strain, the K,4E,, variant, MUT-1 and MUT-4 all showed substantially
more early and late RT products at each time point. The K,4E5, variant showed 2.33-
2.69-fold improvement in early and late RT products compared to the wild-type strain.
In particular, MUT-1 showed the greatest improvement in both early and late RT products,
and its early and late RT products at 4 h postinfection were 2.93-3.63 and 1.26-1.35-fold
higher than the wild-type strain and the KyE,, variant, respectively (Fig. 8a to d).
Comparison of 5 specific amino acids among the K,4E;, variant, MUT-1, and the wild-type
strain suggest that mutations E28K and K32E play crucial role in the improvement of early
and late reverse transcription.

We also examined the ability of various RT mutants for nuclear localization by quantify-
ing 2LTR circle formation. 2LTR products continuously increase up to 48 h postinfection for
WT and all mutants (Fig. 8e). Analysis of the 2LTR products at 48 h postinfection showed
that the K,4E;, variant, MUT-4 and MUT-1 had significantly higher 2LTR products than the
wild-type strain; while in contrast, MUT-3 exhibited substantially lower amount of 2LTR
products. Higher level of 2LTR products by the K 4E;, variant may be simply attributed to
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FIG 7 Replication dynamic of the wild-type, K,4E;, variant, and six mutants of HIV-1 CRFO7_BC. (a) Measurement of p24 and viral
RNA in the culture supernatant by ELISA and RT-qPCR, respectively. For clarity, the comparisons of the K,,E,, variant and the
evolutionary intermediate (MUT-4) to the WT strain are individually displayed in small panels. (b) Relative effect of the K,E,,
variant and six mutants of HIV-1 CRFO7_BC to the WT strain of HIV-1 CRFO7_BC at day 10 postinfection. The P24 and RNA levels
of the WT strain were defined as 100% and highlighted by a dotted line. Statistical analysis was performed by 2-way ANOVA
(multiple comparison). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

higher accumulation of late RT products that enhances the pre-viral DNA nuclear
translocation.

DISCUSSION

HIV-1 is one of the most variable RNA viruses with high mutation rate and recombi-
nation potential caused by the error-prone nature and the template-jump mechanism
of RT enzyme in HIV-1 replication, respectively (23-25). High mutation rate and recombi-
nation capacity of HIV-1 are related with its survival by maintaining the balance between
transmissibility and virulence (infectiousness-virulence tradeoff) under the action of natural
selection (26-28). Most HIV-1 mutations are neutral and/or deleterious, and only a small
proportion of mutations are beneficial (23). The beneficial mutations are often associated
with drug resistance to various antiretroviral agents (29), or immune escape from existing

TABLE 2 Specific amino acids of the wild-type, K,4E;, variant, and six mutants of CRF07_BC

Amino acids at sites of RT

CRF07_BC strains 28 and 32 248 and 249 338 Pattern

Wild-type EK EK T E-K-EK-T
K,Es, variant KE vVQ S K-E-VQ-S
MUT-1 KE EK T K-E-EK-T
MUT-2 EK VQ T E-K-VQ-T
MUT-3 EK EK S E-K-EK-S
MUT-4 KE VQ T K-E-VQ-T
MUT-5 KE EK S K-E-EK-S
MUT-6 EK VQ S E-K-VQ-S
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neutralizing antibodies and/or cytotoxic T lymphocyte (CTL) response (30, 31). Recently, a
highly virulent variant of subtype B HIV-1 was identified in the Netherlands, and the variant
was associated with higher viral load and rapid loss of CD4 T cells (32). In this study, we
identified a new variant of CRFO7_BC HIV-1 that shows higher in vitro replication ability
and is mainly circulating among MSM.

HIV-1 exists in quasispecies with one or more mutations in host, and only one or
few HIV-1 founder (or fitness) variants can be effectively transmitted from one host to
another under strong transmission bottleneck (33, 34). In evolution, HIV-1 strains from
both the donors and the recipients are closely genetically related. By tracing the
genetic relatedness and identity, HIV-1 transmission link among infected individuals
can be identified at local and global scales (17, 18). The fitness variants with increased
transmissibility and/or decreased virulence could have higher potential to spread and
form large transmission networks, such as the observations in SARS-CoV-2, where the
newly emerging Omicron variant with higher transmissibility but relatively lower
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virulence is replacing the earlier highly virulent Delta variants (35). Transmission net-
work analysis can effectively identify high-risk HIV-1 transmission networks (groups)
and was previously used as an important tool to guide precision intervention for effec-
tive HIV/AIDS control (19, 36, 37). Using transmission cluster analysis, previous studies
identified some distinct phylogenetic (transmission) clusters of circulating HIV-1 sub-
types and CRFs (7, 38-40). Although no cluster-specific amino acid patterns were iden-
tified, some HIV-1 CRFO1_AE clusters appeared to have stronger virulence and were
associated with lower CD4-T cell count and/or higher viral load (41, 42). It's worth not-
ing that the highly virulent clusters were rarely associated with improved replication abil-
ity of HIV-1 RT enzyme (32). In this study, using transmission network analysis, we identi-
fied a new K 4E;, variant of HIV-1 CRFO7_BC that has higher in vitro replication ability than
the wild type. The finding and identification of the K,4E;, variant suggest that transmission
network analysis can also be used as a robust tool to find and identify newly emerging
highly adapted variants. Given substantial effects in reducing HIV-1 transmission among
high-risk groups such as MSM, transmission network analysis has been incorporated into
the national guidelines for the routine monitoring and intervention of HIV-1 transmission
by China CDC since 2021. National implementation of transmission network monitoring
will benefit the finding of newly emerging HIV-1 variants overrepresented in transmission
clusters in the future.

The co-circulation of multiplex subtypes inevitably resulted in the on-going genera-
tion of various inter-subtype recombinants (4, 24, 43), increasing HIV-1 genetic diversity
and exacerbating the epidemic in the developing world. Currently, at least 120 CRFs
have been identified globally (https://www.hiv.lanl.gov/content/sequence/HIV/CRFs/crfs
.comp) (24). The vast majority of the CRFs was only associated with sporadic infections,
and only few CRFs caused regional epidemics. Currently, 4 HIV-1 CRFs (i.e., CRFO1_AE,
CRF07_BC, CRF08_BC and CRF55_01B) had resulted in large-scale epidemics (>10% for
each) in China, and CRFO1_AE and CRF07_BC are becoming the most predominant HIV-1
strains (5, 6). CRFO1_AE was mainly circulating among heterosexuals and MSM at early
HIV-1 epidemic, and remained the most predominant HIV-1 strain in MSM until the past
few years (11, 40). CRF07_BC, CRF08_BC and CRF55_01B originated in China and were
mainly restricted to China (8, 44, 45). In particular, CRFO7_BC and CRF08_BC were 2 sister
CRFs that originated among IDUs in Yunnan in a narrow time window (1990-1993), but
experienced different spread and expansion history (9, 46, 47). The prevalence of
CRF08_BC was mainly restricted to heterosexuals and IDUs in limited regions, while
CRF07_BC spread from IDUs to heterosexuals, and further to MSM. In particular,
CRF07_BC experienced a very rapid expansion among MSM since 2006 and was replac-
ing CRFO1_AE to be the most predominate HIV-1 subtype among MSM (11, 13).
Accompanied with the growing HIV-1 prevalence among MSM, CRF07_BC is expected to
eventually be the most predominate HIV-1 strains in China, regardless of IDUs and sexual
high-risk groups. However, the reason for the rapid expansion of CRFO7_BC remains
unknown.

The newly identified K,4E;, variant of CRFO7_BC accounted for a significantly higher
proportion among MSM than IDUs (P < 0.01), and may be responsible for the rapid
expansion of CRFO7_BC among MSM (11, 13, 48). First, the K,4E5, variant originated
among MSM in about 2003, earlier than the growing expansion of CRF07_BC among
MSM (11, 49). Second, the K 4E;, variant carried 5 specific mutations in RT coding
region, which confers its high in vitro replication capacity to generate more virions
than the wild type. Third, the K 4E;, variant was overrepresented in large transmission
networks among MSM, suggesting that it is genetically relatively conserved and can
effectively break the mucosal transmission bottleneck to spread among MSM.
Interestingly, 2 recent studies divided CRFO7_BC into 2 clusters, CRFO7_BC_O and
CRF0O7_BC_N, and demonstrated that CRFO7_BC_N was mainly circulating and was
more transmissible among MSM than CRF07_BC_O (49, 50). According to the phylog-
eny and epidemiological trait, CRFO7_BC_N was highly suspected to be the K 4E;,
variant.
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The evolution of the K,4E;, variant experienced at least 2 stages, from the wild-type
to an intermediate (KP178444, MUT-4), and from the intermediate to the K,4E;, variant.
Of 5 specific mutations in the K,4E;, variant, mutations E28K and K32E play a crucial
role in enhancing in vitro replication capacity of the RT enzyme. The intermediate
(MUT-4) had accumulated 4 of the 5 specific mutations, except T338S, and exhibited
slightly lower level of in vitro HIV-1 replication than the K,4E;, variant, but significantly
higher level than the wild type. Because the full-length genomic sequence of the inter-
mediate is not available, any differences in other genes between the intermediate and
the Ky4E5, variant remains unclear. The appearance of the K,4E;, variant to replace the
evolutionary intermediate and the wild-type among MSM might be simply attributed
to its stronger replication ability, a founder effect and/or the accumulation of addi-
tional adaptive mutations in other genes (33, 51). On the other hand, we detected
back mutations (V248E or Q249K) and new mutations (V248A or Q249H) at 248 or 249
sites in several variants. The appearance of back and new mutations at 248 and 249
sites not only supports less influence of amino acids at 248 and/or 249 sites of RT cod-
ing region on in vitro HIV-1 replication, but also indicates an on-going evolution and
adaption of the K 4E;, variant to MSM and even other high-risk groups. Furthermore,
other variants carrying any 1 or 2 mutations E28K and K32E were found in the clade of
wild-type strains (Fig. 3a). In particular, 1 variant carrying both E28K and K32E (MUT-1)
might have a higher level of in vitro HIV-1 replication capacity than the K,4E;, variant,
other mutants, and the wild type. The potential risk of this variant evolving to a new
K,sEs, variant-like variant among IDUs should be highly watched.

The speed-fidelity trade-off determines the mutation rate and virulence of an RNA
virus, and the extremely high mutation rate of HIV-1 is a consequence of error-prone
replication of the RT enzyme (23, 26). It is interesting that CRFO7_BC exhibits higher
transmission advantage than other HIV-1 subtypes (e.g., CRFO1_AE and B) circulating in
China (14), but had significantly lower average genetic distance than the latter (11).
Because the K,4E;, variant was associated with rapidly growing transmission networks
among MSM, it was not surprising that the K,sE;, variant had significantly lower
genetic distances (mean distance: 0.021) than the wild-type (0.033) (P < 0.0001, t test).
The evolutionary rate of the K,4E;, variant was estimated to be 1.781 x 1073, also sub-
stantially lower than that (3.945 x 1073) of the wild type. The 5 mutations in the RT
coding region are specific features to define the K 4E,, variant, and are involved in its
origin; however, they were not subject to significantly positive selection. In view of the
in vitro replication advantage conferred by the 5 specific mutations, selective sweep
might contribute to the stability of the 5 specific residues and the lower genetic diver-
sity of the K 4E;, variant (52). On the other hand, we did not determine the RT fidelity
of the K,4E;, variant in this study; therefore, it is unclear whether increased in vitro rep-
lication ability, but decreased mutation rate of the K 4E;, variant, are involved in the fi-
delity of the RT enzyme, and if so, which mutations may affect and/or determine the
replication fidelity of the RT enzyme. Some previous studies reported that some HIV-1
CRFO1_AE transmission clusters were associated with rapid loss of CD4 T cell counts
and/or higher viral load, implying an association of these variants with rapid disease
progression (41, 42, 53). Compared to CRFO1_AE and CRF55_01B, CRFO7_BC, they
appeared to be associated with relatively lower viral load and higher CD4 T cell count
among MSM, and might have a relatively slow disease progression (48, 54). This differ-
ence might be involved in the fact that almost all CRFO7_BC strains belong to R5 (CCR5
tropism) virus, while the majority of CRFO1_AE strains were X4 (CXCR4 tropism) virus
(53, 55). We further investigated the tropism of the K,4E;, variant and the wild-type
using all available full or near full-length CRFO7_BC (n = 44) sequences from the HIV
database. There were 8 K, 4E;, variants and 36 wild-type strains. All these sequences,
regardless of the K,4E;, variant and the wild-type, were predicted to have CCR5 tro-
pism using geno2pheno and the R5-X4 pred tool (56, 57). This suggests that co-re-
ceptor tropism does not contribute to the rapid spread and adaption of the K,4E;,
variant among MSM.
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There are 2 limitations of this study. First, although we demonstrated that the K,4E;,
variant have a stronger in vitro replication ability, we did not investigate whether this
new CRF07_BC variant affects and/or changes disease progress since the used sequen-
ces were mainly download from the HIV database and the related clinical information
are unavailable. Second, apart from the 5 specific mutations in the RT coding region,
other genes (e.g., Vif, Nef and Tat) of the K,4E;, variant also carried specific mutations
(data not shown). HIV-1 accessory proteins not only play crucial roles in HIV-1 replica-
tion, assembly, and survival, but also counteract host restriction factors (e.g.
APOBEC3G and Tetherin) (58, 59). Whether the specific mutations in the accessory genes
of the K,4E;, variant affect HIV-1 life cycle and/or their activities to escape host immunity
by counteracting cellular restriction factors deserves further investigation in future.

Taken together, using transmission network analysis, we identified and characterized a
new CRFO7_BC K,gE;, variant that carries 5 specific mutations in the RT coding region, and
exhibits higher in vitro HIV-1 replication ability than the wild type. Extremely high preva-
lence of the K4E;, variant among MSM and its overrepresentation in large transmission
clusters suggest its association with the rapid expansion of CRFO7_BC among MSM in
recent years. The emergence and subsequent predominance of the K,4E;, variant among
MSM could be ascribed to its higher in vitro replication ability and/or simply a founder
effect of this variant being propagated among groups that are currently being infected
in China (7, 51). This could allow public health officials to use this marker (5 specific
mutations) to target prevention measures, like aggressive treatment provision to MSM
population and persons infected with this variant (37). It could also be that other viral
characteristics linked to the K 4E;, variant are responsible for the quick spread of this var-
iant within a risk network. Further characterization of this possibility is needed, which
may identify ways to interrupt any innate transmission advantage that these viruses
have (60).

MATERIALS AND METHODS

HIV-1 CRF07_BC pol sequence analysis. CRFO7_BC pol sequences from 1997-2013 were down-
loaded from the HIV database (https://www.hiv.lanl.gov/components/sequence/HIV/search/search
.html) on December, 2015. After removing those without geographic origin and sampling year, 1195
pol sequences (899 nt with a location of 2289-3187 nt in HXB2) were used for transmission cluster
and evolutionary analyses. A ML tree was constructed using FastTree version 2.1 (http://meta
.microbesonline.org/fasttree/), and HIV-1 evolutionary (or transmission) clusters were identified
using ClusterPicker 1.2.1 with parameters of initial threshold: 0.9, main support threshold: 0.9,
genetic distance threshold: 4.5 (61). The cluster containing over 20 sequences was defined as a large
cluster for further analyses. The sequences that were unable to form an evolutionary cluster were
defined as ‘non-cluster’ sequences. To characterize the features of sequences in clusters versus not in
clusters (non-cluster), each amino acid sequence was translated from the RT coding sequence, and the
sequence logo was generated using WeblLogo Version 2.8.2 (http://weblogo.berkeley.edu/logo.cgi).
Significance was evaluated using Viral Epidemiology Signature Pattern Analysis (VESPA: https://www.hiv
Janl.gov/content/sequence/VESPA/vespa.html). Viral tropism was determined using geno2pheno and the
R5-X4 pred tool (56, 57).

Phylogenetic and molecular clock analysis. A total of 570 p51 (RT coding) sequences of
CRF07_BC strains with known demographic information (e.g., sampling date, location, and risk fac-
tors) were subjected to phylogenetic reconstruction using approximate maximum likelihood with
PhyML 3.0 program. Among them, 207 sequences were from the newly diagnosed HIV-1-positive
patients in Yunnan province and Shenzhen city from the year 2010 to 2016 in this study, who were
participants in the National Key S&T Special Projects on Major Infectious Diseases. All participants
signed written informed consents prior to sample collection, and completed standardized question-
naires that included demographic data. This study was reviewed and approved by the ethics com-
mittees of the Beijing Institute of Microbiology and Epidemiology. The other 363 sequences, which
were sampled in China from 1997 to 2018, were downloaded from HIV database (http://www.HIV
Janl.gov) in September, 2021.

The GTR + G+I nucleotide substitution model was selected by using Smart Model Selection (SMS)
(62). The heuristic tree search was performed using the SPR branch-swapping algorithm, and the branch
support was calculated with the approximate likelihood- ratio (aLRT) SH-like test (63, 64). The final maxi-
mum likelihood tree was visualized by using the program MEGA v6.06 and iTol v6 (https://itol.embl.de/).

We performed root-to-tip divergence analysis using TempEst v1.5.1 to evaluate the sampling time
signal for data (R squared >0.7) (65). After removing a few sequences showing incongruent temporal
patterns, 527 sequences were subjected to subsequent analysis. Bayesian demographic reconstruction
of HIV-1 CRF07_BC was conducted by BEAST v1.10.4 Packages with a GTR+G+I nucleotide substitution
model, an uncorrelated lognormal relaxed clock model, a Bayesian Skyline tree prior, 5 x 108 length of
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chain sampling frequency of 1000 (66). All phylogenetic trees were visualized by Figtree v1.4.2 and
MEGA v6.06. To explore population growth, 395 and 131 RT coding sequences from CRF07_BC wild-type
and the K,E;, variant was subject to Bayesian skyline plot analysis implemented in BEAST v.1.10.4
Packages.

Natural selection analysis. Site-specific detection methods implemented in Datamonkey (http://
datamonkey.org), including single-likelihood ancestor counting (SLAC), mixed effects model of evolution
(MEME), fixed effects likelihood (FEL), and fast, unconstrained Bayesian approximation (FUBAR), were
used to identify positively selected sites in the RT coding region of CRFO7_BC (67). Codon positions with
a P-value < 0.05 for the SLAC, FEL, or MEME model, or with a posterior probability >0.95 for the FUBAR
method, were considered to be under significantly positive selection.

Cell culture. HEK293T cells and TZM-bl cells were cultured in DMEM medium (Gibco) containing
10% fetal bovine serum (FBS) (Gibco) and 100 units/mL penicillin and 100 wg/mL streptomycin. MT-2
cells were cultured in RPMI 1640 medium (Gibco) containing 10% FBS and 100 units/mL penicillin and
100 ng/mL streptomycin.

Construction of infectious clones of the wild-type, K,4E;, variant, and other related mutants of
HIV-1 CRFO7_BC. In order to obtain a recombinant CRFO7_BC infectious clone, the RT coding region
(HXB2:2550-3870) of HIV-1 subtype B infectious clone pNL4-3 was replaced by a RT coding fragment
from a CRFO7_BC strain (Accession Number: HQ215552) (Fig. S3). The infectious clone plasmid was line-
arized by restriction endonuclease digestion and purified by Apal/EcoRI extraction. To generate the in-
fectious clones of various CRFO7_BC RT variants (mutants), the Q5 site-directed mutagenesis kit (NEB)
was used to introduce corresponding substitutions into the recombinant CRFO7_BC infectious clone.
The substitution sites were confirmed by PCR and Sanger sequencing. A total of 7 CRFO7_BC RT variants
were constructed, including the K,4E;, variant (MUT), and 6 related mutants (MUT-1-MUT-6). The charac-
teristic amino acid sites of the CRFO7_BC wild-type (WT) strain, K,.E;, variant (MUT), and 6 related
mutants (MUT-1-MUT-6) are listed in Table 2.

HIV-1 CRFO7_BC stocks. The recombinant CRFO7_BC plasmids were transfected into HEK293T cells
using Lipofectamine 2000 reagent (Thermo Fisher Scientific) to generate virus stock. Culture supernatants
were collected at 48 to 72h posttransfection. Infectious virions were detected by tissue culture infectious
dose 50 (TCID50). HIV-1 p24 antigen expression was detected by enzyme-linked immune sorbent assay
(ELISA). The correction of the mutations in generated mutant virions was further confirmed by RT-PCR and
Sanger DNA sequencing using the RNA from the supernatant.

In Vitro replication capacity of the wild-type, K,4E,, variant, and 6 mutants of HIV-1 CRFO7_BC.
To determine the replication kinetic of various CRFO7_BC RT variants, a total of 8 x 10° MT-2 cells were
infected with the viral supernatants containing 10 ng p24 antigen. After 6 h of incubation, the cells were
washed twice with PBS, and fresh medium (RPMI 1640 containing 10% FBS) was added to each well.
Infected cells were maintained at 37°C with 5% CO, and the supernatants were collected at the indi-
cated time points of 0, 2, 4, 6, 8, 10, and 12 days after infection. The p24 antigen content in the superna-
tant was detected by ELISA. Viral RNA was extracted from the supernatant using Viral RNA minikit
(QlAamp) and a previously established RT-qPCR assay was performed to determine the mRNA copies in
the viral supernatants (68).

Measurement of HIV-1 replication intermediates. As described above, MT-2 cells were infected
with various CRFO7_BC RT variants. The supernatants were collected at time points of 0 h,2 h,4 h,6 h, 8
h, 12 h, 24 h, 36 h, and 48 h after infection. After removing the supernatant, the cells were washed with
PBS and collected for extraction of genomic DNA with DNA minikit (QIAamp). HIV-1 replication inter-
mediates (ssDNA, U3U5, Gag, late RT and 2LTR fragments) were measured by qPCR assays as previously
described (69). The primers and probes are available in ref (69).

The gPCR assays were performed by using the GoldStar Probe Mixture (CoWin Biosciences). A 15 ulL
qPCR system was set up, containing 1 x gold star TagMan mixture, 0.2 uM (each) forward and reverse
primers, 0.2 wM probe, and 500 ng template DNA or non-template control (NTC). The reactions were
performed using LightCycle 480 (Roche), and the reaction condition was pre-denaturation at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C for 15s, and annealing and extension at 60°C for
1 min.

Statistical analysis. All data were analyzed using the GraphPad Prism software. Statistical evaluation
was performed by Student’s unpaired t test or One-Way ANOVA with Tukey’s multiple-comparison test.
Data are presented as means = SD or as described in the corresponding legends.

Data availability. The pol sequence alignments were available at https://github.com/mayingying1997/
CRF_07BC-sequence.git. The sequences obtained in this study were submitted to GenBank and the accession
numbers are ON241448-ON241654. Other sequences used in this study were downloaded from GenBank. All
the software used in this study are available from open source.
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