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Abstract: HIV-1 CRF07_BC is a recombinant virus with amino acid (a.a.) deletions in p6Gag, which are
overlapped with the Alix-binding domain. Galectin-3 (Gal3), a β-galactose binding lectin, has been
reported to interact with Alix and regulate HIV-1 subtype B budding. This study aims to evaluate the
role of Gal3 in HIV-1 CRF07_BC infection and the potential effect of a.a. deletions on Gal3-mediated
regulation. A total of 38 HIV-1+ injecting drug users (IDUs) were enrolled in the study. Viral
characterization and correlation of Gal3 were validated. CRF07_BC containing 7 a.a. deletions and
wild-type in the p6Gag (CRF07_BC-7d and -wt) were isolated and infectious clones were generated.
Viral growth kinetic and budding assays using Jurkat-CCR5/Jurkat-CCR5-Gal3 cells infected with
CRF07_BC were performed. Results indicate that 69.4% (25/38) of the recruited patients were identified
as CRF07_BC, and CRF07_BC-7d was predominant. Slow disease progression and significantly
higher plasma Gal3 were noted in CRF07_BC patients (p < 0.01). Results revealed that CRF07_BC
infection resulted in Gal3 expression, which was induced by Tat. Growth dynamic and budding
assays indicated that Gal3 expression in Jurkat-CCR5 cells significantly enhanced CRF07_BC-wt
replication and budding (p < 0.05), while the promoting effect was ameliorated in CRF07_BC-7d.
Co-immunoprecipitation found that deletions in the p6Gag reduced Gal-3-mediated enhancement of
the Alix–Gag interaction.
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1. Introduction

HIV-1 CRF07_BC is a recombinant of the B′ (the Thailand variant of subtype B) and C subtypes of
the HIV-1 virus. Previous studies reported that CRF07_BC originated in Yunnan, China, where subtype
B′ from Thailand mixed with subtype C from India before moving to Xinjiang Province, along a major
Chinese heroin trafficking route [1,2]. In 2004, HIV-1 CRF07_BC caused an outbreak in Taiwan [3–5].
The sequence alignment and comparison of the full-length genome of the Taiwanese CRF07_BC found
natural deletions in the p6Gag [3,6]. Recently, studies demonstrated that HIV-1 CRF07_BC infection
displayed low immunological progression in patients compared to the patients infected with subtype
B, however the mechanism is still not fully understood [7,8].

The HIV-1 replication cycle entails three phases, namely attachment and entry, gene and protein
expression, and assembly and budding. Viral Gag proteins are known to play a key role in the assembly
and release of HIV-1 [9,10]. During viral replication, the Pr55gag polyprotein is translated and further
cleaved into matrix protein (p17; MA), capsid protein (p24; CA), p2, nucleocapsid protein (P7; NC),
p1, and p6gag. Around 5% Pr160gag-pol polyprotein is driven from ribosomal shrift and cleaved into
MA, CA, P2, NC, p6pol, protease (PR), reverse transcriptase (RT), and integrase (IN) [11,12]. HIV-1
p6Gag has two late domains, Pro-Thr/Ser-Ala-Pro (PT/SAP) and Tyr-Pro-Xn-Leu (YPXnL), where “X” is
a variable residue and “n” is 1–3 motifs that interact with Tsg101 (yeast Vps23p) and apoptosis-linked
gene 2 (ALG-2)-interacting protein (Alix, formerly known as AIP1), respectively. Tsg101 and Alix
both function at the endosome to help sort membrane proteins into vesicles that bud into the lumen
to create multivesicular bodies (MVBs). Tsg101 and Alix are primarily associated with endosomal
sorting complex required for transport (ESCRT). They are important for the recognition of modified
membrane proteins due to ubiquitination and the sorting of cargoes into membrane domains for the
formation of the intralumenal vesicles (ILVs) of multivesicular bodies [13]. Knockdown or blocking of
the interaction between Tsg101 or Alix with p6Gag were reported to ameliorate HIV viral assembly and
budding [14–16].

Galectin-3 (Gal3), a member of the β-galactoside-binding lectin family, has a carbohydrate
recognition-binding domain (CRD) containing an estimate of 130 amino acids (a.a.) linked to
a non-lectin N-terminal region (approximately 120 amino acids), which causes lectin oligomerization
and ligand cross-linking [17,18]. Galectin-3 has been reported to have multiple functions involved in
cellular, physical, and immune regulations [19]. Galectin-3 has also been described as an element of
intracellular vesicles, such as phagosomes or exosomes [20]. The functions of galectin-3 mainly rely on
its interaction with surface glycoconjugates extracellularly and cellular components intracellularly via
lectin–glycan and protein–protein interactions, respectively [18,21–24]. Furthermore, galectin-3 has
been associated with Alix at the cytosolic phase of the immunological synapse of activated T cells [25].

To date, a few reports have studied the role of galectin-3 in virus infection [26]. Regarding
HIV-1, Fogel et al. indicated that galectin-3 was upregulated in MOLT-3 T cells during HIV-1 subtype
B post-infection [27]. Our previous work demonstrated that galectin-3 promoted HIV-1 budding
via association with Alix and p6Gag [28]. These findings may hint that galectin-3 is dependent on
Alix to interact with Gag and further regulates HIV-1. Combined, it is known that (1) amino acid
deletions have been detected in the p6Gag of HIV-1 CRF07_BC, (2) the Alix–p6Gag interaction plays
an important role in HIV-1 assembly and budding, and (3) HIV-1 CRF07_BC infection displays slow
disease progression [7,8]. We therefore hypothesized that galectin-3 plays a role in HIV-1 CRF07_BC
infection and amino acid deletions in the p6Gag may affect the regulation induced by galectin-3.
Thus, this study aims to address the correlation of galectin-3 to CRF07_BC infection and the potential
effect of amino acid deletions on the p6Gag on galectin-3-mediated regulation.
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2. Results

2.1. Slow Disease Progression and Higher Plasma Galectin-3 Detected in HIV-1 CRF07_BC-Infected Patients

Firstly, we addressed the characteristics of HIV-1 CRF07_BC and the effects of galectin-3 in HIV-1
CRF07_BC. A total of 38 HIV-1+ injecting drug user (IDU) patients with non-cART treatment signed
the informed consent and were enrolled. The blood samples were collected and subjected to viral
load and CD4 count measurement. Results indicated that 25 (65.7%) subjects had viral loads below
100,000 copies/mL and 32 (84.2%) subjects had CD4 counts above 200 cells/mm3 (Table 1). Data from
HIV-1 genotyping determination indicated that 5 (13.2%), 8 (22.2%), and 25 (69.4%) subjects belonged
to the CRF01_AE, B, and CRF07_BC subtypes, respectively (Table 1). The subtypes C and CRF08_BC
were not found in our cohort (Table 1). Among CRF07_BC infections, the CRF07_BC carrying 7 amino
acid deletion in the p6Gag was predominant (23/25; 92%) (Table 2). Next, the disease progression of
CRF07_BC-infected patients were validated. Results indicated that significantly lower viral load and
higher CD4 count were found in the CRF07_BC-infected patients compared to the B subtype-infected
patients during longitudinal observation (p < 0.01) (Figure 1A,B). We further measured the galectin-3
concentrations in the plasma samples and found that significantly higher galectin-3 was detected in
HIV-1(+) patients than the HIV-1(-) control groups (p < 0.01). Furthermore, results also indicated
that significantly higher galectin-3 was detected in patients infected with CRF07_BC than the patients
infected with the B subtype (p < 0.01).

Table 1. Characteristics of the study population.

HIV-1-Infected Population

Characteristics Male (%) (n = 32) Female (%) (n = 6) Total (%) (n = 38)

Age (years)
15–29 14(43.8) 2(33.3) 16(42.1)
30–49 16(50) 3(50) 19(50)
≥50 2(6.2) 1(16.7) 3(7.9)

Viral Load (copies/mL)
<10,000 2(6.2) 1(16.7) 3(7.8)

10,000–100,000 19(59.4) 3(50) 22(57.9)
>100,000 11(34.4) 2(33.3) 13(34.2)

CD4 Count (cells/mm3)
<200 5(15.6) 1(16.7) 6(15.8)

200–500 21(65.6) 4(66.7) 25(65.8)
>500 6(18.8) 1(16.7) 7(18.4)

Serum galectin-3 (mean ± SD) 3.49 ± 0.51 3.24 ± 0.27 3.45 ± 0,49
HIV-1 subtype

CRF01_AE 2(6.3) 3(50) 5(13.2)
B 7(21.9) 1(16.7) 8(22.2)
C 0 0 0

CRF07_BC 23(71.9) 2(33.3) 25(69.4)
CRF08_BC 0 0 0

Table 2. HIV-1 genotyping of our recruited HIV-1(+) subjects.

HIV-1 CRF07_BC Population

Virus Subtype Male (%) (n = 23) Female (%) (n = 2) Total (%) (n = 25)

CRF07_BC
Gag-7d 21(91.3) 2(100) 23(92)

Gag-11d 2(8.7) 0 2(8)
Gag-13d 0 0 0
Gag-wt 0 0 0
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Figure 1. Slow disease progression and higher galectin-3 in plasma were detected in CRF07_BC-infected
patients. The comparison of the disease progression between the patients infected with B subtype
(n = 5) and CRF07_BC (n = 5) was conducted. Their (A) viral load and (B) CD4 counts were monitored.
(C) The concentrations of galectin-3 in the plasma from healthy donor and HIV-1(+) patients were
compared. (D) The concentrations of galectin-3 in the plasma from different genotypes of HIV-1-infected
patients were compared. (E) Galectin-3 mRNA expression level in control and different genotypes of
HIV-1-infected primary CD4+ cells were validated using qRT-PCR. (F) Galectin-3 protein expression
levels in control and different genotypes of HIV-1-infected primary CD4+ cells were validated using
immunoblotting. The intensities of the band were quantified by densitometry. The related fold was
determined by the intensities of Gal3 normalized with the intensities of α-tubulin. (G) Evaluated
galectin-3 expression in human primary CD4+ T cells via electroporation with control and CRF07_BC-Tat
expressing vectors. Representative results are shown. Quantitative data represent the means ± standard
deviation (SD) of results from at least three independent experiments (** p < 0.01).

2.2. HIV-1 CRF07_BC Infection Induced Galectin-3 Expression

Previous studies have indicated that HTLV-1 infection [29] and Tat of HIV-1 B subtype induce
expression of galectin-3 [27]. Another study reported that Tat of HIV-1 CRF07_BC was B’/C recombinant,
with major B’ subtype linked with the C subtype [30]. Accordingly, we hypothesized that Tat protein
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of CRF07_BC may have a similar induction effect to trigger galectin-3 expression. The primary CD4+

cells from healthy donors were exposed to HIV-1 subtype B NL4-3 and CRF07_BC. The infected
primary CD4+ cells were subjected to qRT-PCR and immunoblotting analyses. Results indicated that
galectin-3 were significantly induced after HIV-1 CRF07_BC and NL4-3 infection (p < 0.01) and higher
amounts of mRNA and protein of galectin-3 were detected in CRF07_BC than B (p < 0.01) (Figure 1E,F).
Furthermore, the vector expressing HIV-1 CRF07_BC Tat was transfected into primary CD4+ cells
via electroporation. Results indicated that CRF07_BC Tat protein significantly induced galectin-3
expression (p < 0.01) (Figure 1G).

2.3. Amino Acid Deletions in CRF07_BC p6Gag Ameliorated Galectin-3-Mediated Virus Growth and Budding

Currently, it is still unclear whether deletion of the amino acids in the p6Gag domain of CRF07_BC
is involved in the regulation by galectin-3. To address this question, the HIV-1 CRF07_BC infectious
clones carrying 7 amino acid deletions and repaired wild-type were generated (hereafter named as
CRF07_BC-7d, and CRF07_BC-wt) (Figure S1). These infectious clones were transfected into 239T
cells to generate CRF07_BC-7d and CRF07_BC-wt viruses for the following studies. The control and
galectin-3 expressing Jurkat-R5 cells (Jurkat-R5-Ctrl and Jurkat-R5-Gal3, respectively) were infected
with NL4-3, CRF07_BC-7d, and CRF07_BC-wt viruses and subjected to growth kinetic analysis. Results
indicated that galectin-3 expression significantly enhanced NL4-3 growth (Figure 2A). While this
effect was not found in CRF07_BC-7d (Figure 2B), galectin-3 expression significantly enhanced
CRF07_BC-wt growth (Figure 2C). Further, we noted that enhancement mediated by galectin-3 in
CRF07_BC-7d could be significantly recovered when transfected with full-length wild-type Gag
(Gag-wt) (p < 0.01) (Figure 2D).

Figure 2. Amino acid deletions in p6Gag reduced galectin-3-mediated promoting effects on viral growth.
The control and galectin-3 expressing Jurkat-R5 cells (Jurkat-R5-Ctrl and Jurkat-R5-Gal3 cells) were
infected with (A) NL4-3, (B) CRF07_BC-7d, and (C) CRF07_BC-wt. The viral supernatants from these
infections were collected for HIV-1 p24 measurements every two days. (D) The full-length of Gag
expression vector was transfected into Jurkat-R5-Gal3 cells and subjected to CRF07_BC-7d infection.
Viral supernatants were collected for HIV-1 p24 determination. Quantitative data represent the means
± SD of results from at least three independent experiments (* p < 0.05; ** p < 0.01).
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We previously found that galectin-3 positively regulated HIV-1 NL4-3 viral replication kinetics
mainly through promotion of viral budding [28]. We therefore hypothesized that galectin-3-regulated
CRF07_BC viral growth might affect the viral budding. The viral budding assay was performed
using HEK293T cells transfected with different HIV-1 infectious clones combined with measurement
of viral supernatants. Results indicated that galectin-3 expression promotes NL4-3 viral budding,
instead of CRF07_BC-7d (Figure 3A,B). This galectin-3 promoting effect was improved in CRF07_BC-wt
(Figure 3C). Similar phenomena were found in the control and galectin-3 expressing Jurkat-R5 cells,
indicating that galectin-3 expression promotes NL4-3 and CRF07_BC-wt viral budding (Figure 4A,C),
whereas this effect was not found in CRF07_BC-7d (Figure 4B). Combined, our data indicated that amino
acid deletions in p6Gag reduced galectin-3-mediated promotion on CRF07_BC budding, which may
correlate with lower viral load and slow progression observed in clinical HIV-1 CRF07_BC infection.

Figure 3. Galectin-3 expression promotes CRF07_BC-wt and NL4-3 viral release. Different ratio
of pEF-1 and pEF-1-Gal3 were co-transfected with HIV-1 infectious clones including (A) pNL4-3,
(B) pCRF07_BC-7d, and (C) pCRF07_BC-wt into HEK293T cells and incubated at 37 ◦C for 48 h. HIV-1
p24 determination and immunoblotting analyses were performed by collecting the viral supernatant
and cell lysate then exposing with indicated antibodies. By dividing the amount of Gag (p24) in viral
lysates by the total amount of Gag (p24) in cell and viral lysates, the relative HIV-1 release efficiency was
calculated. Quantitative data represent the means ± SD of results from three independent experiments.
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Figure 4. Amino acid deletions in p6Gag reduced galectin-3-mediated CRF07_BC budding. The control
and galectin-3 expressing Jurkat-R5 cells were infected with HIV-1 (A) pNL4-3, (B) pCRF07_BC-7d,
and (C) pCRF07_BC-wt viruses (multiplicity of infection (MOI) = 0.1). The infected cells were incubated
at 37 ◦C for 48 h. The viral supernatants and cell lysates were collected for immunoblotting analyses
with indicated antibodies and HIV-1 p24 determination. The relative HIV-1 release efficiency was
calculated by dividing the amount of Gag (p24) in viral lysates by the total amount of Gag (p24) in
cell and viral lysates. Quantitative data represent the means ± SD of results from three independent
experiments (** p < 0.01).

2.4. Amino Acids Deletions in CRF07_BC p6Gag Attenuated Galectin-3 Dependent on Alix Association
with Gag

The interaction between Alix and Gag has been reported to recruit the ESCRT complex, thus
facilitating viral release [16]. Our previous work suggested that galectin-3 expression stabilizes the
interaction between Alix and HIV-1 Gag [28]. Our current results indicate that amino acid deletion
in the p6Gag leads to a reduction of the galectin-3-mediated promoting effect on CRF07_BC budding.
We therefore proposed that amino acid deletion in the p6Gag might reduce the Alix–Gag interaction
and that galectin-3 is dependent on Alix to induce the stabilizing effects. The co-immunoprecipitation
(Co-IP) assay was performed to test our hypothesis. Magi-5 cells were transfected with pCRF07-BC-wt
and pCRF07-BC-7d infectious clones and subjected to the Co-IP assay. Results demonstrated that
lower amounts of Alix and galectin-3 were co-precipitated with Gag in CRF07_BC-7d compared
to CRF07_BC-wt-transfected groups (Figure 5A). Similarly, lower amounts of Gag co-precipitated
with Alix were detected in CRF07_BC-7d compared to CRF07_BC-wt, whereas the non-comparable
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amount of galectin-3 co-precipitated with Alix in both groups were noted (Figure 5A). Further,
control and galectin-3 expressing vectors were co-transfected with CRF07-BC-wt or CRF07-BC-7d
infectious clones into HEK293T cells and subjected to the Co-IP assay. Results indicated that
expression of galectin-3 led to a significant rise in the levels of Alix co-precipitated with Gag in
pCRF07_BC-wt-transfected cells (p < 0.05) (Figure 5B), but the galectin-3-mediated enhancement was
not noted in the pCRF07_BC-7d-transfected group (p > 0.05) (Figure 5C). Combined, these results
indicated that galectin-3 was dependent on Alix to interact with Gag, and that amino acid deletions in
the p6Gag reduced the galectin-3-mediated promotion of the Alix–Gag association.

Figure 5. Amino acid deletions in p6Gag attenuated Gag interacting with Alix and galectin-3.
(A) Magi-5 cells were transfected with pCRF07_BC-7d and pCRF07_BC-wt and incubated at 37 ◦C
for 48 h. The cell lysates were subjected to immunoprecipitation with isotype IgG control, anti-Alix,
or anti-Gag antibodies, and immunoblotted with the indicated antibodies. Immunoblot band
intensities were quantified by densitometry. Relative amount of pulldown protein was measured using
co-immunoprecipitated Alix and Gal3, as well as Gag and Gal3 normalized to pulled down Gag and Alix
levels, subsequently. The pEF-1 control and pEF-1-Gal3 were co-transfected with (B) pCRF07_BC-7d
and (C) pCRF07_BC-wt into HEK293T cells and incubated at 37 ◦C for 48 h. The cell lysates were
subjected to immunoprecipitation with isotype IgG control and anti-Gag antibodies and immunoblotted
with the indicated antibodies. Densitometry was used to quantify the immunoblot band intensities.
Relative amount of pulled down Alix was measured using co-immunoprecipitated Alix normalized
to pulled down Gag levels. Representative immunoblotting results are shown. Quantitative data
represent the means ± SD of results from three independent experiments (** p < 0.01).
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3. Discussion

In this study, we evaluated the characterization of HIV-1 CRF07_BC from our cohort in Taiwan, as
well as the potential role that galectin-3 plays in HIV-1 CRF07_BC infection. Our results demonstrated
that CRF07_BC was predominant in HIV-1+ IDU groups. Patients who were infected with CRF07_BC
had significantly lower viral load and higher CD4 counts compared to the patients infected with
HIV-1 B subtype virus. Regarding the role of galectin-3 in CRF07_BC infection, our data indicated
that a higher concentration of galectin-3 was detected in the plasma of patients with CRF07_BC
infection, CRF07_BC infection upregulated the expression of galectin-3, and the amino acid deletions
in CRF07_BC p6Gag ameliorated the galectin-3 regulatory effects. To our knowledge, this is the first
study to address the correlation between galectin-3 and CRF07_BC. HIV-1 CRF07_BC has previously
caused outbreaks in China and Taiwan and is mainly distributed in the IDU population. Previous
studies indicate that HIV-1 CRF07_BC originated in China’s Yunnan Province, with subtype B’ from
Thailand mixing with subtype C from India before moving northwestward to Xinjiang Province, along
a major Chinese heroin trafficking route, and subsequently disseminating to Taiwan [31,32]. This may
have resulted in CRF07_BC becoming the predominant strain circulating in IDUs. Indeed, similar
findings were found in other studies indicating that patients infected with CRF07_BC were dominant
among IDUs [3,7,8]. Although the mutants with 7–13 amino acid deletion in p6Gag were detected in
clinical isolates, the differences among these mutants are not fully addressed. This study found a high
percentage of CRF07_BC-7d detected in our cohort. Previous reports concluded that the 7 amino acid
deletion is distinctive among virtually all the Taiwanese CRF07_BC strains isolates [6] and mainland
China has the deletion in 25.8% of cases [33]. However, such deletions are not detected in HIV-1
subtypes B, C, CRF08_BC, and other BC recombinants.

The rate of disease progression of HIV-1-infected patients is determined by various factors,
such as viral characteristics, immune responses, and host factors. HIV-1 subtype is reported
as a major factor correlated with disease progression. Reports indicate that individuals infected
with subtypes C, D, and G are more likely to develop AIDS than individuals infected with other
subtypes [34,35]. Here, we demonstrated that CRF07_BC infection induced expression and secretion of
Gal3, and CRF07_BC-infected individuals displayed slow disease progression. Whether Gal3 induction
by HIV-1 subtype B, C, or CRF07_BC correlate with disease progression remains unclear. Furthermore,
there was no subtype C patient detected in our cohort, which was a limitation in this study, as we
could not determine the characteristics nor the effects of Gal3. We suggest that the role of Gal3 in HIV-1
disease progression among different subtypes is worthy of further investigation.

HIV-1 CRF07_BC with 7 amino acid deletions covering AIP-1 binding sites occurring naturally
was revealed as the predominant strain in our cohort (Table 1). These deletions were also observed
in some CRF07_BC isolates from mainland China [36]. Previous studies indicate that phylogenetic
analysis using either gag or envelope (Env) gene fragment showed that the Taiwanese CRF07_BC
strains were clustered with CRF07_BC strains isolated from Xinjiang (97CN54, 97CN001, and 98CN009)
and Guangxi (CNGL-179) [3,5]. However, most of these CRF07_BC isolates from China did not contain
amino acid deletions [31,36]. To date, the mechanism of how these deletions are reserved by CRF07_BC
virus under serial selection and fitness from the host environment remain unknown. A previous study
indicates that a few HIV-1 subtype A strains had 2–5 amino acid deletions in the AIP1-binding domain
according to sequence analysis data on HIV-1 strains (including subtype A–D, F–H, J, K, CRF01_AE,
and CRF02_AG) [6,37]. Several factors might correlate with HIV-1 fitness, such as replication kinetics,
co-receptor usage, N-linked glycosylation sties in Env, transmission route, etc. [38]. Further study is
warranted to address these questions.

In addition, whether CRF07_BC containing 7 amino acid deletions has specific preference in the
drug resistance profile draws attention. Unfortunately, there were a lack of studies available to address
this question. More recently, Hung et al. [39] reported that clinical CRF07_BC-7d isolates with the
mutations in the protease (PR) region had obtained the resistance to protease inhibitors (PIs), including
ritonavir, saquinavir, indinavir, nelfinavir, and amprenavir (resistant fold range 4.4–47.3). Some studies
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from mainland China indicate that potential drug-resistant mutants of Chinese CRF07_BC viruses
(most isolates were non-amino acid deletion strains) were resistant to Nevirapine (NVP), which is
the most frequently used antiretroviral drug in China [40]. However, this drug-resistant phenotype
was not observed in Taiwanese CRF07_BC isolates (most isolates containing 7 amino acid deletions).
These findings suggest that CRF07_BC with or without amino acid deletions in p6Gag may have
different drug resistance preference.

In recent decades, the importance of glycan and the glycan–lectin interaction have been addressed
in many fields. Lectins are carbohydrate-binding proteins, exhibiting high specificity for certain sugar
moieties or structures. One of the most known lectins in HIV-1 research is dendritic cell-Specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), a C-type lectin highly expressed
in immature dendritic cells and reported as an alternative receptor to mediate HIV-1 cis and trans
infection. In this study, we found that higher levels of galectin-3 were measured in the plasma from
HIV-1-infected patients compared to the healthy control. Among these patients, higher galectin-3
concentrations in CRF07_BC patients was noted. Galectin-3 is known to be highly expressed in many
cell types, such as macrophage, dendritic cells (DCs), and T cells. HIV-1 CRF07_BC is an M-tropism
virus, propagating mainly in the immune cells expressing CD4+ CCR5+ co-receptors. We suggested
that HIV-1 CRF07_BC infection prompts galectin-3 expression. This may be a result of a part of
galectin-3 being secreted out of cells. Additionally, propagation of HIV-1 CRF07_BC would also lead to
apoptosis of cells, subsequently causing galectin-3 to be released out. These events might result in the
higher level of galectin-3 that was measured in clinical CRF07_BC patients. Furthermore, galectin-3 was
reported to be detected in exosomes and exosomes-derived HIV-1-infected cells, such as macrophages
or DCs, thus correlating with galectin-3 being detected extracellularly [41].

Our data indicate that clinical HIV-1 CRF07_BC-infected patients have significantly higher serum
galectin-3 compared to patients infected with HIV-1 subtype B (Figure 1). We provided evidence
that galectin-3 was induced by the HIV-1 Tat protein. Similar regulation was reported by Fogel et al.,
indicating that expression of Tat protein promotes an increase of galectin-3 in several human cell lines,
and the Tat from the B subtype induces a significant upregulation of the 5’-regulatory sequences of the
galectin-3 gene [27]. Induction of galectin-3 expression and the galectin-3-dependent Alix-promoting
effect on budding step during HIV-1 CRF07_BC infection are two different events, which might occur
through different regulatory pathways. However, the details of the mechanisms of these two events
remain unclear. Based on our data, we proposed that in the early phase of HIV-1 infection, the Tat could
bind to galectin-3 promoter and subsequently trigger cellular galectin-3 expression. These galectin-3
could secrete out upon the non-classical secretion pathway. Regarding the effect of 7 amino acid
deletions, we proposed that the negative regulatory effect by amino acid deletions mainly occurs on
the late step of the CRF07_BC life cycle. However, whether the 7 amino acid deletion has any effect
on galectin-3 secretion and Tat from CRF07_BC or subtype B with different transcription activities,
still remain unclear.

Furthermore, our data demonstrated that 7 amino acid deletion in p6Gag of CRF07_BC significantly
ameliorated galectin-3-mediated enhancement in virus budding. We noted that PTAP (Tsg101
binding domain) on the p6Gag region was conserved in all our isolates; however, the 7 amino-acid
deletion which truncated the residues overlapped with the Alix-binding domain, especially the
residue Y36. Earlier studies determined that Y36A mutation in the p6Gag significantly reduced the
interlinkage between Gag and Alix, subsequently ameliorating HIV-1 release [14]. Our previous
study indicated that the HIV-1 NL4-3 virus containing Y36A of the p6Gag significantly reduced
galectin-3 promotion on viral budding [28]. These data suggested that amino acid deletion in
p6Gag-ameliorated galectin-3-mediated CRF07_BC budding might be due to the deletion containing
an important Alix-binding site, subsequently affecting galectin-3-mediated stabilization on the Alix–Gag
interaction. With the exception of Y36A, the potential effect of other deletion residues involved in virus
characterization as well as galectin-3-mediated regulation is worthy of further investigation.
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In addition, how galectin-3 depends on Alix to express the promoting effect remains an interesting
question. The C-terminal region of the p6Gag contains two conserved sequences, PTAP and LYPXL,
which interact with Tsg101 and Alix, respectively. These two host cellular proteins initiate a set of
sequential interactions leading to the recruitment of members of the endosomal sorting complex
required for transport (ESCRT) pathway [14,42]. Furthermore, Alix is comprised of three multiprotein
complexes (ESCRT-I, ESCRT-II, and ESCRT-III) that facilitate membrane-modeling events critical for
multivesicular body (MVB) generation, cytokinesis, and autophagy [14].

Alix is known to consist of three major domains, including the Bro1 domain, the V domain,
and a proline-rich region (PRR). The p6Gag–Alix interaction is essential during HIV-1 replication
and mutations at the Alix-binding site of the p6 results in impaired HIV-1 replication and decreased
efficiency of viral release in various cell types [14]. Our results demonstrated that galectin-3 associated
with Alix and galectin-3 expression facilitated the Alix–Gag interaction. Nevertheless, this promoting
effect could be ameliorated in CRF07_BC with 7 amino acid deletions (Figure 5). Our previous study
indicated that the N-terminal region of galectin-3 (a region containing proline-rich tandem repeats)
instead of the C-terminal carbohydrate-recognition domain (CRD), binds to Alix [28]. This binding
is through protein–protein rather than lectin–glycoconjugate interactions. In addition, based on our
data, we suggested that galectin-3 might stabilize the Alix–Gag interaction. Previous studies have
reported that some factors (e.g., Tsg101, CEP55, and ALG-2) that bind to the PRR contribute to Alix
activation by releasing the PRR from the Bro1-V domain and exposing the YPXL late-domain-binding
site [43,44]. Usami et al. indicated that the extreme C-terminus of the PRR is essential for the ability of
Alix to promote HIV-1 budding and may connect Alix to a yet-to-be-identified cofactor that is required
to support its viral budding function [45]. Based on these findings that galectin-3 binds to the PRR
domain of Alix, we suggest that this correlation contributes to Alix activation and to the stable binding
of Alix to p6Gag.

Galectin-3 and its inhibitors were reported as the potential therapeutic target or antagonist for
some diseases [46]. In this study, we proposed that the inhibitors blocking the Gal3–Alix interaction
might serve as a potential antiviral drug against HIV-1 infection. Although Alix knockdown greatly
reduced HIV-1 release, this knockdown may induce some abnormalities in the treated cells, such as
inhibition of actin cytoskeleton assembly, inhibition of ALIX-supported multivesicular body(MVB)
sorting, and degradation of activated epidermal growth factor receptor (EGFR) [47]. Another strategy
might focus on attenuation of expression or function of galectin-3 via reducing mRNA expression
or blocking the N’ or C’ terminal protein–protein interaction. There are some recognized galectin-3
inhibitors, such as TD139 and GR-MD-02, which are proven to have the potential to treat fibrosis and
may be considered for the usage of HIV-1 treatment [48].

There were several limitations to this study. The sample size of the study was small and the study
participants were not randomly selected; therefore, the study population might not be representative
of the general population in Taiwan. For understanding the fine-tune regulatory mechanism, several
antiretroviral drugs might be considered as the control to address the role that galectin-3 or the
galectin-3–Alix interaction contributes in the late replication or budding of CRF07_BC, such as
Bevirimat (BVM), GS-6207, GSK-2838232, and BMS-955176. However, the detailed mechanism of
regulation of CRF07_BC by galectin-3 is still not clear; moreover, these drugs are not widely available.
There was a limitation to offer some evidence with regard to galectin-3 or galectin-3–Alix in the late
replication step by using the HIV-1 maturation inhibitors as a control.

In this study, we evaluated the clinical characterization of patients infected with CRF07_BC,
virus properties of HIV-1 CRF07_BC, and the effects of amino acid deletions on galectin-3-mediated
regulation. Our results suggested that HIV-1 CRF07_BC infection induced galectin-3 expression and
amino acid deletion in the p6Gag-reduced Alix–Gag interaction, subsequently ameliorating virus
budding (Figure 6). This study concludes that the intact Alix-binding site on the p6Gag is essential for
galectin-3-mediated regulation on budding of HIV-1 CRF07_BC, and that galectin-3 has potential as
an alternative antiviral target.



Int. J. Mol. Sci. 2020, 21, 2910 12 of 17

Figure 6. Scheme of how galectin-3 regulates CRF07_BC infection. The red-cross symbol indicates the
inhibition of the regulatory process. The single arrow indicates movement of regulatory processes to
the following step. The double-sided arrows indicate mutual interaction occurring on both sideds.

4. Materials and Methods

4.1. Ethics Statement

All study participants provided a written informed consent form. Approval was applied for
and received from the Institutional Ethics Committee of the Kaohsiung Medical University, Taiwan
(KMUHIRB-SV(II)-20160066, 28 December 2016). All procedures were performed in accordance to
committee guidelines.

4.2. Cell and Viruses

This research utilized various cell lines including HEK293T cells (ATTC No. CRL-3216), Jurkat
T cells (ATCC No. TIB-152), and Magi-5 cells (HeLa cells expressing CD4, CXCR4, and CCR5,
and containing the β-galactosidase gene controlled by HIV-1 LTR), which were obtained through
the NIH

AIDS Reagent Program. Human primary CD4+ T cells were isolated from peripheral blood
mononuclear cells of healthy adult HIV-1(−) donors. Human primary CD4+ T cells were purified by
negative selection using a magnetic-activated cell sorting system (Miltenyi Biotec, Bergisch-Gladbach,
Germany) following the protocols from elsewhere [28]. HIV-1 B subtype NL4-3 viruses were generated
by transfecting pNL4-3 in HEK293T cells while CRF07_BC viruses were obtained by clinical isolation
or transfecting the infectious clones generated in this study. HIV-1 virions were purified by sucrose
gradients according to previously described procedures [49,50].

4.3. Plasmids

The NL4-3 infectious clone was obtained from the US NIH AIDS Research and Reference Reagent
program. The CRF07_BC infectious clones were generated in this study via cloning the full-length
sequence of clinical CRF07_BC patients to the pUC-18 vector. The detail of construction of CFR07_BC
infectious clone was described elsewhere. pET-Gal3 and pcDNA3 Flag-Tat was offered by Dr. Fu-Tong
Liu at Institute of Biomedical Sciences, Academia Sinica, Taiwan.
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4.4. Determination of HIV-1 Genotypes

The HIV-1 genotypes were determined following a previous publication [51]. Briefly, the blood
samples were drawn from the enrolled patients. The PBMCs were purified from whole blood using
Ficoll-PaqueTM density gradient centrifugation. The proviral DNA was extracted using QIAamp
DNA Blood Mini Kit (QIAGEN, Stanford, CA, USA). The gag-gene regions were amplified by PCR.
Nested multiplex PCR was performed to determine HIV-1 subtypes. The genotype-specific primers
were referenced by a previous HIV-1 genotyping assay based on different sizes of amplification PCR
products corresponding to each different subtype of HIV-1 [51]. Once multiplex PCR showed two
or more HIV-1 subtypes suggesting dual infection, serial PCR using a single pair of subtype-specific
primers was used for confirmation of dual infection.

4.5. Viral Growth Kinetic Assay

Direct infection assays were performed utilizing Jurkat-R5-control and Jurkat-R5-Gal3 cells
(1 × 105/well). Briefly, HIV-1 NL4-3 or CRF07_BC viruses (MOI = 0.1–0.01) were subjected to incubation
with cells for 2 h at 37 ◦C in serum-free medium, followed by rinsing in phosphate-Buffered Saline
(PBS). Subsequently, 2 mL of Roswell Park Memorial Institute Medium (RPMI) or Dulbecco’s Modified
Eagle Medium (DMEM) medium containing 10% serum, antibiotics, and polybrene (8 µg/mL) were
added, followed by incubation in 5% CO2 at 37 ◦C. The 100 µL supernatants were collected and refilled
with 100 µL fresh culture medium in each well every two days. Collected viral supernatants were
subjected to HIV-1 p24 quantification using Alliance HIV-1 P24 Antigen ELISA Kit (PerkinElmer; Cat.
No. NEK050B, Waltham, MA, USA).

4.6. Immunoblotting

Analyzed proteins were quantified and used for immunoblotting analyses. The equal quantified
proteins or equal volumes of immunoprecipitated proteins were analyzed by SDS-PAGE. Separated
proteins were transferred to nitrocellulose membranes (PolyScreen, PerkinElmer). Transferred antigens
were incubated with the following antibodies: mouse anti-galectin-3, rabbit anti-Alix, mouse anti-HIV-1
p24 (Millipore, Burlington, MA, USA), mouse anti-β-actin (Sigma, St. Louis, MO, USA), or rabbit
anti-α-tubulin (Epitomics, Burlingame, CA, USA), and held for 1 h at 37 ◦C. After three washes with
1x phosphate-buffered saline with 0.1% Tween® detergent (PBST), membranes were incubated with
horseradish peroxidase (HRP)-conjugated antibodies (goat anti-mouse IgG, goat anti-human IgG,
or goat anti-rabbit IgG) (Amersham Biosciences, Charlemagne, UK) for 1 h at 37 ◦C. Hybridized
protein bands were created with an Immobilon™Western Enhanced Chemiluminescence (ECL) protein
detection system (Millipore, Burlington, MA, USA).

4.7. Co-Immunoprecipitation

The details of the co-immunoprecipitation assay were described previously [28]. Briefly, HEK293T
cells were transfected with plasmids (pEF1-Ctrl, pEF1-Gal3, pNL4-3, pCRF_07BC-7d, pCRF_07BC-wt)
using Effectene (QIAGEN), and then incubated for 48 h at 37 ◦C. After three washes with lactose (30 mM)
to remove extracellular and un-crosslinked galectins, cells were treated with 8 µg/mL of the crosslinker
DSP (3,3’-dithiodipropionic acid (N-hydroxysuccinimide ester)) (SIGMA) at room temperature for
30 min. This was followed by adding one-tenth volume of 1 M Tris-HCl (pH 7.5) and incubation
at room temperature for 15 min. The cells were then lysed in NP-40 buffer (150 mM NaCl, 25 mM
Tris-HCl (pH 7.4), 1 mM EDTA, 0.5% NP-40, and 5% glycerol containing protease inhibitor cocktail)
(CALBIOCHEM, Fort Kenner, NJ, USA) and the lysates were centrifuged at 16,000× g. Supernatants
were immunoprecipitated with anti-Alix or anti-p24. Aliquots were analyzed by SDS-PAGE and
immunoblotting, using antibodies against Alix, galectin-3, and HIV-1 p24.
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4.8. qRT-PCR

For measuring Gal3 mRNA expression, the qRT-PCR was performed. The protocol was published
elsewhere [52]. Briefly, the primary human CD4+ T cells were purified from peripheral blood
mononuclear cells (PBMCs) by negative selection using the magnetic-activated cell sorting (MACS)
system (Miltenyi Biotec) and then subjected to be incubated with HIV-1 CRF07_BC viruses (MOI = 0.1).
After incubation for 48 h, the mock control and infected cells were subjected to total RNA extraction
using the EasyPrep Total RNA Kit (BIOTOOLS, Cat No. DPT-BD19) and reverse transcribed using
TOOLs Easy Fast RT Kit (BIOTOOLS, Cat No. KRT-BA18, New Taipei City, Taiwan), according to the
manufacturer’s protocol. Real-time PCR analysis of Gal3 mRNA expression was performed using
TOOLS Easy SYBR qPCR Mix kit (BIOTOOLS, Cat No. FPT-BB01-4) and an ABI 7500 thermocycler.
Primers used in qRT-PCR were as follows: human Gal-3-F (5′-GGCCACTGATTGTGCCTTAT-3′) and
Gal3-R (5′-TCTTTCTTCCCTTCCCCAGT-3′). Results were normalized to glyceraldehyde-3-phosphate
dehydrogenase using the comparative threshold cycle method.

4.9. Statistical Analysis

All experiments were performed at least three times each. SAS statistic software (SAS version
9.1; SAS Institute, Cary, CA, USA) or GraphPad Prism software was used for statistical significance,
and the level of significance was set at p < 0.05.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/8/2910/s1.
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