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The V1 region of gp120 is preferentially selected during SIV/HIV
transmission and is indispensable for envelope function and
virus infection
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A transmission bottleneck occurs during each human immunodeficiency virus (HIV) transmission
event, which allows only a few viruses to establish new infection. However, the genetic
characteristics of the transmitted viruses that are preferentially selected have not been fully
elucidated. Here, we analyzed amino acids changes in the envelope protein during simian
immunodeficiency virus (SIV)/HIV deep transmission history and current HIV evolution within the
last 15-20 years. Our results confirmed that the V1V2 region of gp120 protein, particularly V1, was
preferentially selected. A shorter V1 region was preferred during transmission history, while during
epidemic, HIV may evolve to an expanded V1 region gradually and thus escape immune
recognition. We then constructed different HIV-1 V1 mutants using different HIV-1 subtypes to
elucidate the role of the V1 region in envelope function. We found that the V1 region, although
highly variable, was indispensable for virus entry and infection, probably because V1 deletion
mutants exhibited impaired processing of gp160 into mature gp120 and gp41. Additionally, the V1
region affected Env incorporation. These results indicated that the V1 region played a critical role
in HIV transmission and infection.

KEYWORDS simian immunodeficiency virus (SIV); human immunodeficiency virus (HIV);
transmission; selection; V1 loop; Env function

INTRODUCTION 2012; Cardaci et al., 2013). HIV-1 gp120 is responsible
for binding both the CD4 receptor and coreceptors
(CCRS or CXCR4) on the target cell, whereas gp41, to-
gether with gp120, mediates fusion of the viral and host
cell membranes for virus entry (Alkhatib et al., 1996;

Deng et al., 1996; Feng et al., 1996). The gp120 monomer

The human immunodeficiency virus (HIV) type 1 (HIV-
1) envelope (Env) protein consists of a trimer of het-
erodimers of the gp120 surface protein and the gp41

trans-membrane protein (Dalgleish et al., 1984; Klasse,
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has five highly conserved regions (C1-C5) and five vari-
able regions (V1-V5) (Starcich et al., 1986; Willey et al.,
1986). Due to the error-prone nature of HIV reverse tran-
scriptase and extensive selection pressure from the host
immune system, the HIV genome has undergone many
mutations, particularly in the variable loop regions of the
env gene, to escape immune recognition. Thus, after dis-
ease progression, viral diversity inside the host is ex-
tremely high. However, transmission of HIV involves a
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population bottleneck, in which a limited number of vari-
ants from a genetically diverse viral quasi species in the
transmitting partner establishes productive infection in
the newly infected partner (Salazar-Gonzalez et al.,
2009; Shaw and Hunter, 2012; Joseph and Swanstrom,
2014). Many researchers have attempted to elucidate the
specific genetic characteristics of these transmitted vir-
uses that are preferentially selected during each transmis-
sion event (Keele et al., 2008; Sagar et al., 2009; Boeras
etal., 2011; Wilen et al., 2011; Frange et al., 2013; Par-
rish et al., 2013; Del Prete et al., 2014; Gonzalez et al.,
2015); such information is expected to provide import-
ant insights into vaccine development.

During the course of HIV infection, the VIV2 region
exhibits the most diversity, with many substitutions, de-
letions, and insertions, and the statistically longer V1V2
region of chronically infected viruses is believed to be
the result of escape from the immune response (Sagar et
al., 2006; Curlin et al., 2010; Liao et al., 2013a; Nie et
al., 2014). In addition, these longer V1V2 viruses are
more resistant to specific neutralizing antibodies, and the
adaptation of V1V2 is also found at the population level
during HIV epidemics, with contemporary viruses hav-
ing modestly longer V1V2 regions and more glyc-
osylated sites than historical viruses (Bunnik et al., 2010;
van Gils et al., 2011). Recent studies indicate that this
genetic signature may have conferred increased neutral-
ization resistance to Env over the course of the HIV epi-
demic (van Gils et al., 2011). However, although not ex-
clusive, current data suggest that newly transmitted vir-
uses encode shorter and less glycosylated variable loop
regions, particularly for the V1V2 region, compared with
that encoding Env acquired from chronically infected
partners (Chohan et al., 2005; Liao et al., 2013b). Addi-
tionally, some studies have indicated that these genetic
signatures exhibit enhanced fusion and virion incorpora-
tion capacity, which can be advantageous during trans-
mission (Cavrois et al., 2014). Moreover, in addition to
its potential role in transmission and immune escape,
V1V2 also influences virus entry and is a new target for
broadly neutralizing antibodies (bNabs) (O'Connell et al.,
2014).

Both HIV and its precursor SIVcpz originated from
cross-species transmission events, and many studies have
investigated the transmission origin of these viruses
(Worobey et al., 2010; Sharp and Hahn, 2011; Sharp et
al., 2013). Unlike HIV, ancient SIVs have undergone ad-
aptive evolution over thousands of years. Thus, analysis
of the changes in gp120 genotypes during the transmis-
sion history between SIVs and HIV may provide in-
sights into the V1V2 signature during transmission and
subsequent adaptation. Subsequent functional studies
may improve our understanding of the role of the V1V2
signature in HIV infection and transmission.

Accordingly, in this study, we analyzed gp120 geno-
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types from SIV and HIV sequences and confirmed that
the V1V2 region, particularly the V1 region, may play an
important role in HIV transmission or function. Next,
based on the sequence characteristics, we constructed
various Env mutants from different HIV-1 subtypes in
order to elucidate the role of the V1 region in Env func-
tion.

MATERIALS AND METHODS

Cells, plasmids, and primers
293T and TZM-bl cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Grand Island,
USA) supplemented with 1% glutamine and 10% fetal
bovine serum (Gibco). The 293CD4R5X4 dual tropism
cell lines were established by transfection with a CCR5-
expressing plasmid (Vigene, Rockville, USA), selected
with puromycin, and maintained in DMEM containing
0.7 pg/mL puromycin. All other conditions were as
described above. All cell cultures were grown at 37 °C in
an atmosphere containing 5% CO,. Dual split protein
(DSP) assays were used to determine the fusion capacity
of the HIV-1 isolates. Stable cell lines expressing
DSP1-7 and DSP8-11 were a kind gift from Prof.
Matsuda of the Institute of Biophysics, CAS (Kondo et
al., 2010; Ishikawa et al., 2012; Wang et al., 2014).

Construction of AV1 deletion mutants (AV1) for dif-
ferent HIV-1 subtypes was carried out as follows. Wild-
type env genes of five HIV-1 subtypes cloned from
blood samples of patients with HIV were inserted into
pcDNA 3.1D/V5-His-TOPO (Invitrogen, Carlsbad,
USA) as a template for mutagenesis, and different V1
mutants were constructed using corresponding primers
(Table 1). The subtype B V1 loop was also replaced by
Gly-Gly-Gly-Gly-Ser (GGGGS) linkers of different
lengths to generate different V1 loop replaced mutants.
All mutants were confirmed by sequencing of the entire
env gene.

All the primers used in this study are listed in Table 1.

Virus production and infection

HIV-1 stocks encoding the luciferase reporter gene were
produced by transfecting the HIV-1 proviral constructs
pNL4-3.LucE and pcDNA 3.1 (containing Env) into
293T cells using Lipo2000 reagents (Life Tech., Grand
Island, USA). One day after transfection, the cell medi-
um was refreshed, and cells were incubated for another
24 h. The supernatants were then harvested and centri-
fuged to remove cell debris, followed by passing through
a 0.45-um filter and quantification using an HIV-1 p24
enzyme-linked immunosorbent assay (ELISA; Ad-
vanced BioScience Laboratories, Rockville, USA).
293CD4R5X4 cell lines plated 1 day earlier were infec-
ted with normalized virions at specific concentrations (1
ng p24/ 10" cells). DEAE-dextran was added to each in-
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Table 1. Sequences of primers used in this study
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Primers Sequences (5'-3') Primers Sequences (5'-3')
BAVI-F  AAGGGCGAGATCAAGAACTGCAGCT B'AVA-F GATATGAAAAACTGCTCTTTCAATCTC
BAVI-R  GCACTTCAGGCTCACGCACAGGGG B'AVA-R AGTGCAATTTAAAGTAACACAGAGTGG
BIGSF  SOOCACCAAGGGCGAGATCAAGAAC 01_AEAVAI-F  GAAGTAAGAAACTGTTCTTTTAATGTG
BIGSR  SoosGaCCCCACTTCAGGCTCACEE 01_AEAVI-R  GGAACAATTTAAAGTAACACAGAGAGG
GGCGGTGGCGGCTCTAAGGGCGAGA
B2GSF  SOCCESIOSCO0C0TC 07 BCAVAI-F  GAAATGAAAAATTGCTCTTTCAATACA
GCTGCCGCCGCCACCGCACTTCAGG
B2GSR  on 07 BCAVI-R  ACATTCTAAAGTGACACAGAGTGGGGT
GGCGGTGGCGGCTCTCGGCAGCAAG
B3GSF  gocastonoeoCiC 08_BCAVI-F  GGAGTAAAAAATTGCTCTTTCAATGCA
GCTGCCGCCGCCACCCCGCCACCGC
BIGSR oS 08_BCAVI-R  ACAGTTTAAAGTGACACAGAGTGGGGT
sics.p  GOGCGGTGGCGGCTCTGGCGGTGGC ~ ~
GGCTCTAAGGGCGAGA
ics.r  GCTGCCGCCGCCACCGCTGCCGCCG ~ ~
CCACCGCACTTCAGG
mscs.p  GCGGCAGCGGTGGCGGCGGCAGCG ~ ~
GCGGTGGCGGCTCTGGCGGT
scs.r  COCCACCGCACTTCAGGCTCACGCA ~ ~
CAGGGGGGTCAGCTTCACG
secs.e  GGCGGTGGCGGCTCTCGGCAGCAAG ~ ~
GGCGAGATCAAGAAC
s6cs.k  GCTGCCGCCGCCACCCCGCCACCGC ~ ~
ACTTCAGGCTCACGC
s7cs.p  GGCGGTGGCGGCTCTGGCGGTGGC ~ ~
GGCTCTAAGGGCGAGA
s7cs.r  GCTGCCGCCGCCACCGCTGCCGCCG ~ ~
CCACCGCACTTCAGG

fection well at a final concentration of 15 pg/mL. The
cells were harvested 24 or 48 h later, washed twice with
1x phosphate-buffered saline (PBS; Gibco), and then
used in luciferase reporter assays. Relative infectivity
was calculated by dividing the Log10 (RLU of the mutant
virus) by the Logl10 (RLU of the wild-type virus).

Western blot analysis
Proteins isolated from cells and HIV virions were ob-
tained from different experiments.

For Env expression assays, 293T cells (> 90% conflu-
ence in 6-well culture plates; Corning, USA) were trans-
fected with 2 pg of each Env expression plasmid, incub-
ated at 37 °C for 24 h, washed with PBS, and centri-
fuged at 800x g for 5 min. Harvested cells were lysed us-
ing RIPA lysis buffer, and the lysates were then subjec-
ted to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). Gp160 and gp120 were detec-
ted using sheep anti-gp120 antibodies (Aalto Bio, Ice-
land). Other antibodies used for western blotting were as
follows: anti-GAPDH monoclonal antibodies (MAbs;
Beyotime, Guangzhou, China), horseradish peroxidase
(HRP)-linked anti-mouse/rabbit secondary antibodies
(Cell Signaling Technology, Danvers, USA), and anti-
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HIV-1 p24 MAbs (Santa Cruz Biotechnology, Santa
Cruz, USA).

For Env incorporation into virions, virus (equivalent to
100 ng p24) was precipitated using 5x PEG-it virus pre-
cipitation solution (SBI, Shanghai, China), lysed using
P0013, and boiled in a defined amount of sample buffer
(containing 1/19 volume of B-ME; Bio-Rad, Hercules,
USA). The prepared protein samples were used for west-
ern blotting, as described above.

Infectivity assay

The infectivity of each pseudovirus containing different
Env mutants was determined using luciferase reporter as-
says. Briefly, cells infected with HIV-1 reporter pseudo-
viruses were harvested, washed twice with 1x PBS, and
then assayed using the Luciferase Assay System (Pro-
mega, Madison, USA) following the manufacturer’s in-
structions. Relative infectivity was then calculated by di-
viding the Logl10 (RLU of the mutant virus) by the
Log10 (RLU of the wild-type virus).

Membrane fusion assay
For fusion assays, cell lines stably expressing DSP were
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utilized. Stable cell lines expressing DSP8—11 were
transfected with expression vectors of interest for Env
constructs in triplets. At 48 h post-transfection, 293CD4/
DSP1-7 cells, a stable cell line expressing the CD4 mo-
lecule and DSP1-7, were cocultured with transfected
293FT/DSP8-11 cells at 37 °C in fresh medium. After
about 4-6 h of incubation, membrane fusion was ana-
lyzed using fluorescence microscopy (Ishikawa et al.,
2012).

The 293CD4X4R5 cell line was also used to assay
membrane fusion. Briefly, 293CD4X4RS5 cells in 12- or
24-well plates were transfected with different Env ex-
pression plasmids. After 24 h of incubation at 37 °C,
membrane fusion was directly visualized by microscopy.

Sequence analysis

All SIV and HIV env sequences used in this study were
downloaded from the LANL HIV sequence database. For
comparison of env in the SIV and HIV-1/2 transmission
history, env sequences were grouped into four datasets
(SIVs, SIVgsn/mon/mus, SIVcpz, and HIV-1) for
SIV/HIV-1 and three datasets (SIVsmm, SIVmac, and
HIV-2) for SIV/HIV-2, according to known transmis-
sion history. Unlike HIV, SIVs have only been shown to
have a few variations in sequences; therefore, we used as
many sequences as possible based on the HIV Sequence
Compendium 2014. Additionally, for HIV-1 and HIV-2
(Figure 1), because many different HIV sequences have
been identified to date, we only chose representative
standard sequences for each group and subtype accord-
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Figure 1. Sequence changes in gp120 protein during the SIV and HIV-1/2 transmission history. Amino acid numbers in
each region of the gp120 protein were calculated using online tools for SIV/HIV-1 (A) and SIV/HIV-2 (B). Student’s t-
tests were performed to determine the significance of differences between the two groups; *, P < 0.05; **, P < 0.01.

ing to the HIV Sequence Compendium 2014. For com-
parison of HIV-1 env sequences between different epi-
demic periods (Figure 2), we attempted to compare
changes in the lengths of the V1V2 region during a
15-20-year evolution period. Thus, each sequence was
selected based on its sampling date. Sequences having
15-20 years of sampling (defined here as historical and
contemporary sequences) were chosen. Only one se-
quence for each patient was included, and we adjusted
the sampling dates of the historicaland contemporary se-
quences to ensure that there were sufficient numbers of
sequences for each comparison. More information re-
garding the sequences used in this study is given in Sup-
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plementary Tables S1-S3.

Variable loop characteristics were determined using
the online tools (http://hivtools.publichealth.uga.edu/N-
Glyco and http://www.hiv.lanl.gov/content/sequence/
VAR REG_CHAR).

Statistical analysis

Statistical analysis was carried out using GraphPad
Prism v6 (La Jolla, CA 92037 USA). The data from the
luciferase reporter assays are presented as the means +
standard deviations (SDs) of three independent experi-
ments. For comparisons of two datasets, Student’s #-tests
were performed, and differences with P values of less
than 0.05 were considered significant.
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The V1 region of gp120 is essential for Env function

RESULTS

The shorter V1 region was preferentially
selected during SIV and HIV-1/2 transmission
history

Existing SIV sequences, which are ancestors of HIV,
may serve as “fossils” for analysis of env gene evolution
during SIV/HIV transmission history. In this study, we
collected two groups of SIV and HIV sequences, which
showed clear transmission events, and we analyzed
changes in gp120 sequence characteristics during each
transmission history. When we focused on the SIV
gp120 proteins, major differences were observed as com-
pared with that of HIV-1 (Figure 1A). Generally, most
SIVs encoded much longer gp120 protein (507.5 amino
acids [aa]) than that encoded by HIV-1 (475.4 aa).
However, SIVcpz, the precursor of HIV-1, encoded a
gp120 protein having almost the same length (481.1 aa)
as that of HIV-1. Interestingly, the longer gp120 in most
SIVs could be explained by the increased length of the
V1 region (51.5 aa). Even SIVcpz, which had almost the
same length as gp120, encoded a much longer V1 region
(32.2 aa) than HIV-1 (25.3 aa). Furthermore, SIVcpz was
the result of recombination between SIVrcm and an un-
known SIV from the SIVgsn/mon/mus lineage, which
could account for the Env region of SIVcpz. We found
that the V1 segment of viruses from this lineage was
shorter (40.6 aa) than that of other ancient SIVs (51.5 aa)
but longer than that of SIVcpz (32.2 aa). Additionally,
we observed the same phenomenon in SIV/HIV-2 trans-
mission history (Figure 1B). SIVsmm, which was the an-
cestor of SIVmac and HIV-2, had a much longer V1 re-
gion (59.4, 56.1, and 48.6 aa for SIVsmm, SIVmac, and
HIV-2 respectively). This phenomenon, together with the
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observed preferential selection for the shorter V1 region
during current HIV-1 transmission, indicated that the V1
region may play an essential role in transmission and se-
lection preferences (Dang et al., 2014).

The V1 loop length increased slightly over a
period of 15-20 years

Although the transmission bottleneck selects for viruses
with compact loops and fewer N-glycosylation sites, the
HIV-1 subtype B has been reported to escape from im-
mune recognition by ongoing insertions in the VI1V2
loop, yielding a longer V1V2 loop after 10-20 years of
evolution. Therefore, we analyzed many available se-
quences from six subtypes and circulating recombinant
forms (CRFs) that had a 15-20-year time span (Figure
2). A slight increase (0.5-3.0 amino acids for different
subtypes) in V1 length was observed for all subtypes,
with significance observed for subtypes B and C owing
to the relatively high numbers of available sequences for
these subtypes. In contrast, no clear increase was ob-
served for the V2 region. Consistent with previous res-
ults, these data indicated that there was ongoing genetic
drift in the V1 region to acquire more amino acids,
which was believed to mediate escape from neutralizing
antibody (Nab) recognition (Bunnik et al., 2010; van Gils
etal., 2011).

The function of the V1 region could not be
replaced by amino acid linkers of different
lengths

Next, by comparing sequence changes during SIV/HIV
transmission, we found that the V1 region may play an
important role in transmission selection, particularly for
the length of the V1 region. In order to determine wheth-

V2

ggomom

O‘Il‘ll‘llbll‘ll‘ll

Figure 2. Changes in the sequence of the V1V2 region after 15-20 years of evolution for different HIV-1 subtypes.
Amino acid numbers in the V1 and V2 regions were calculated for subtypes B, C, G, group O, CRF01_AE, and 02_AG,
for which there were sufficient numbers of sequences with sampling date spaced apart by 15-20 years. Student’s t-tests
were performed to determine the significance of differences between the two groups; *, P < 0.05; **, P < 0.01. #His: his-

torical sequences; Con: contemporary sequences.
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er the length of the V1 region affected Env function, we
used Env of HXB2 as backbone and established a series
of mutations in which the V1 region was deleted and re-
placed with different lengths of amino acids (1x GGGGS
to 7% GGGGS). First, we used a membrane fusion assay
system to detect the functions of wild-type and mutant
Env. The results showed that none of the Env constructs
(V1 deleted or replaced with different linkers) could ini-
tiate target cell membrane fusion (Figure 3A). Then, we
produced pseudoviruses containing these different Env
constructs and performed infectivity assays. Similar to
the above findings, compared with the wild-type virus,
all pseudoviruses lost infectivity (Figure 3B). These res-
ults indicated that the V1 region was indispensable for
Env function. Although there did not appear to be any
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conservative sequences in this highly variable region,
simply replacing the disorganized amino acids could im-
pair Env function.

V1 mutants may influence normal Env function
by impairing gp160 processing

To determine whether different mutations affected Env
expression and incorporation, which could influence
virus infectivity, we analyzed the gp120 expression and
incorporation capacity of subtype B (HXB2) by western
blotting (Figure 3C, 3D). The results showed that most
V1 mutants expressed similar levels of precursor gp160,
whereas AV1 and 1G4S expressed lower levels of gp160.
However, compared with the wild-type virus, the level of
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2G4S 3G4S

6G4S 7G48

> O &
NS C’h@b‘@b‘bb‘@u

GP160 —»
GP120 - ---!!-.’-’

GAPDH

D D \D (D D D
N 'b&'txbtb&b&
@49"‘0"‘00@@,\0

Srme-ran®
P24 > | S ————————]

Figure 3. The V1 loop was essential for Env function. The effects of different lengths of V1 amino acids on membrane
fusion capacity (A) and virus infectivity (B) were analyzed. For infectivity assays, all mutants were normalized to the
wild-type Env infectivity (100%). Western blot analysis of gp160 and gp120 expression in 293T cells and incorporation
into the virus for wild-type viruses and different mutant viruses are shown in (C) and (D), respectively. Scale bars (red

line) represent 100 um.
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gp120 (relative to total gp160 expression, i.e., gp120 /
gpl20 + gpl160) in the mutant Env-expressing cells
(Figure 3C) and pseudoviruses (Figure 3D) was
dramatically reduced, suggesting that V1 deletion or
replacement impaired the processing of gp160. Gp160
processing into mature gp120 and gp41 is a prerequisite
for normal Env function; thus, loss of function of these
mutants may be due to impairment of gp160 processing
capacity by the changes in the V1 sequence. These
results suggested that specific V1 sequences may be
critical for gp160 processing in HXB2.

The V1 loop may be necessary for Env function
in different HIV-1 subtypes
In order to determine whether the observed role of the

V1 region was independent of the specific clone or
subtype, we amplified the env gene from four different
subtypes and CRFs (B, 01 _AE, 07 BC, and 08_BC)
isolated from patient blood samples. These genes were
then cloned into the pcDNA 3.1-TOPO plasmid, and
corresponding V1-deleted Env clones were constructed.
Using these clones, we first examined membrane fusion
capacity in 293CD4R5X4 cells. The results showed that
compared with the wild-type construct, all V1-deleted
Env proteins for each subtype exhibited loss of fusion
capacity (Figure 4A). Next, we performed infectivity
assays for pseudoviruses for each subtype (Figure 4B).
The results also showed that the V1 loop was indi-
spensable for virus infection. Next, we analyzed the
expression and incorporation of Env (Figure 4C).
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Figure 4. Confirmation of V1 loop function in four subtypes of HIV-1. Wild-type and V1-deleted Env proteins of sub-
types B’, 01_AE, 07_BC, and 08_BC were analyzed to determine fusion capacity in 293TCD4R5X4 cell lines. Mem-
brane fusion was visualized at 24 h after transfection (A). Relative infectivity of viruses harboring different V1-deleted
Env proteins normalized to that of the wild-type virus (100%) was determined by luciferase reporter assay (B). Western
blot analysis of gp160 and gp120 expression in 293T cells and incorporation into the virus for wild-type and V1-deleted

Env (C). Scale bars (red line) represent 50 pm.
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Interestingly, we also observed similar results in that,
relative to the wild-type Env, all V1-deleted Env mutants
exhibited greatly reduced gp160 processing capacity in
cell lysates, although some mutants had weak Env
expression relative to that of the wild-type virus (Figure
4C, upper panel). Consistent with this, all mutant viruses
exhibited reduced or lack of incorporated gp120 (Figure
4C, lower panel), suggesting that Env incorporation was
impaired in these V1 mutants. However, these results
may also be explained by weak Env expression and
maturation.

Taken together, our findings confirmed that the V1
loop was indispensable for Env function, possibly due to
impaired Env processing and incorporation. Importantly,
this function was observed in different HIV-1 subtypes.

DISCUSSION

The transmission bottleneck plays an important role in
HIV transmission and evolution, and identification of the
preferentially selected phenotype will improve our un-
derstanding of HIV evolution and facilitate the develop-
ment of vaccines or drugs that target specific viruses.
Many studies have shown that the V1V2 loop of gp120
is a key region in NAb recognition and may act as a se-
lective target in transmission and evolution, particularly
because of the length and N-glycan modifications of this
region (Chohan et al., 2005; Sagar et al., 2006; Samleer-
at et al., 2008; van Gils et al., 2011). However, these
studies have mainly focused on a few subtypes, and the
results have not been consistent due to limitations in
available datasets. Therefore, in this study, we first used
SIV and HIV gp120 sequences that had a clear transmis-
sion history and used these sequences to analyze changes
in the sequence length during this transmission and evol-
ution flow. Our results provided important insights into
the evolution and role of the V1 region of the HIV se-
quence and may facilitate the development of novel HIV
vaccines.

In this study, we found that shorter V1V2 regions, par-
ticularly for V1, were selected during cross-species
transmission. Moreover, this phenomenon was observed
for both HIV-1 and HIV-2, indicating that selection bias
of the V1 region may not be a coincidence. In fact, some
studies have shown that natural SIV transmission in the
wild is also associated with a genetic bottleneck similar
to that observed for HIV transmission (Stone et al.,
2010). According to current data, we speculate that the
transmission bottleneck and subsequent adaptive evolu-
tion may account for the changes in V1V2 length ob-
served in different cross-species transmission events.
Some unknown SIVs gave rise to SIVgsn/mon/mus, and
the sequences were then transmitted to SIVcpz and sub-
sequently to HIV-1; in accordance with the selection bi-
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as, the observed V1V2 length decreased during this
transmission history. Additionally, the extensive trans-
mission of HIV-1 among human populations has shown
a similar selection bias. Notably, in addition to the V1 re-
gion, the V4 region in HIV-1/SIV transmission history
has also exhibited changes, as shown in Figure 1A, with
selection of longer or shorter V4 regions. The V4 region
in the HIV-2/SIV transmission history showed changes
similar to those observed for V1 (i.e., a shorter V4 se-
quence was selected). Little is known about V4; however,
V4 is thought to be critical for Env entry into specific
HIV strains (Li et al., 2014), and recent studies using
both sequences from the HIV database and transmission
clusters have found a negative correlation between the
V1V2 and V4VS5 regions in terms of amino acid lengths
during transmission. Notably, this correlation was lost
following seroconversion (Pollakis et al., 2015), indicat-
ing that the relationship between these regions may be
complex. Based on our current findings, V4 may also
play an important role in transmission. However, addi-
tional studies are needed to support this hypothesis.

The relative long V1V2 region and additional glyc-
osylation sites serve to protect the virus from the humor-
al immune response when the virus transmits to a new
host. Because the naive host lacks an HIV-specific im-
mune response, these escape features are no longer ne-
cessary, and any fitness cost associated with them may
hinder transmission. Although the transmission bottle-
neck selects viruses with compact loops and fewer N-
glycosylation sites, after years of evolution, the virus has
adapted to the humoral immune response by enhancing
the mask of its envelope. As a result, since the zoonotic
transmission from SIVcpz, HIV has been evolving to ad-
apt to the human host, and one of the escape features that
HIV has acquired is extension of the V1 region.

The population-wide evolution rate of HIV is low
compared with the dramatic sequence changes that oc-
cur in each host (Curlin et al., 2010), and changes in the
V1 loop at the population level were not obvious, as we
showed in Figure 2. This could be due to selection bias,
resulting in a step back in evolution to consensus (Carlson
et al., 2014). Moreover, HIV has a relatively short evolu-
tionary time compared with that of SIV. Most SIVs en-
code a much longer V1V2 region, and infection by SIVs
in natural hosts is nonpathogenic, with the exception of
SIVcpz, which shows symptoms similar to those of ac-
quired immunodeficiency syndrome (AIDS) in the natur-
al host. The genome of SIVcpz encodes a V1V2 region
that is longer than that of HIV but shorter than that of
other ancient SIVs. This may be the result of its relat-
ively moderate evolutionary history compared with that
of other SIVs and HIV. Moreover, because HIV does not
have a relatively long history, we may expect that given
a much deeper coevolution between HIV and its human
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hosts, HIV can evolve with a more adaptive genome, and
one of the features of this adaptive genome could be an
even longer V1V2 region than that observed in SIV
today.

Based on our results, we next constructed different V1
mutants in order to elucidate the function of V1. Al-
though V1 appeared to be comprised of disorganized,
highly variable amino acids, this region may function in
synergy with other parts of Env. Additionally, consistent
with previous studies (Hamoudi et al., 2013; Yuan et al.,
2013), replacing or changing the V1 region may also im-
pair Env function, supporting the sophisticated evolu-
tionary mechanism of the Env protein. Moreover, dele-
tion of the V1 region indicated that this region was es-
sential for membrane fusion and virus infection, and
these findings were confirmed in all subtypes examined
in this study. Furthermore, the V1 region may influence
Env processing and incorporation, as was shown by
western blot analysis. In all subtypes examined in this
study, the V1 region may influence Env processing,
thereby leading to impairment of Env function. In some
subtypes (i.e., 07_BC, 08 BC, and 01 AE), in addition
to impaired Env processing, we also observed reduced
Env incorporation, which may be due to the impaired ex-
pression of Env, resulting in even lower packaging capa-
city. Unlike HXB2, the other subtypes used in this study
were cloned from blood in our laboratory, and the ex-
pression capacity was not sufficiently high; this may af-
fect the overall expression of Env and subsequent pack-
aging of the virus. However, the V1 mutation in these
subtypes may also directly influence Env incorporation,
leading to failed infection, as observed in this study. Ad-
ditional studies are needed in order to fully elucidate the
mechanisms involved in these processes. Env protein is
first synthesized as precursor gp160, which is cleaved in-
to mature gp120 and gp41 by host enzymes (Wang et al.,
2008). Mutations in the V1 region may alter the con-
formation of the cleavage sites, resu lting in weak pro-
cessing efficiency and low gp120 incorporation. Thus,
the V1 region is indispensable for Env function and vir-
us infectivity.

In summary, we found, for the first time, that the
gp120 V1 region was preferentially selected during
SIV/HIV transmission and evolution and was indispens-
able for HIV infection, suggesting that the V1 region
may serve as an attractive target for designing new HIV
prevention tools such as vaccines and drugs. However,
like other studies, there are still a lot limitations of our
study. For example, if it is possible we can use more se-
quences of all the subtypes, and divide them into more
epidemic groups, this may give us a gradual change of
V1 region following evolution; and in order to see the in-
fluence of V1 length on envelope function, instead of the
linkers we used here, we can exchange the V1 region
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between different clones. Besides, env characteristic
changes in real human transmission pairs may provide
more useful evidence to our results. Further studies of
the sensitivity of V1 mutants and glycan modifications in
this region to sCD4 and different NAbs are needed in or-
der to determine how V1 amino acids and glycans affect
env function and escape from immune recognition.
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