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SUMMARY 

 

Background and Purpose: A maraviroc (MVC) resistant virus generated using in vitro selection exhibited 

high sensitivity to several neutralizing monoclonal antibodies (NMAbs) compared to the passage control 

(PC) virus. We tried to identify that MVC resistant mutations, especially four mutations; T297I, M434I, 

V200I and K305R, which appeared sequentially in the Env region of the MVC resistant virus had a role in 

changing the neutralization susceptibility to NMAbs. 

Methods: MVC resistant and PC infectious clones carrying MVC resistant mutation(s) were constructed 

using NL4-3 virus as a backbone. The sensitivity of chimeric viruses to anti-V3 (447-52D and KD-247), 

anti-CD4 binding site (b12 and 0.5), soluble CD4 (sCD4) and anti-CD4 induced epitope (4E9C) NMAbs, 

autologous plasma IgGs and heterologous sera was determined. Constructed virus and PM1/CCR5 cell were 

added to serially diluted NMAbs or sera and incubated for 6 days. The WST-8 assay was performed to 

determine cell viability. 

Results: The MVC resistant virus became more sensitive to almost all NMAbs and autologous plasma IgGs 

after the first mutation, T297I, appeared in Env and the sensitivity increased following accumulation of the 

M434I and V200I mutations. However, the sensitivity to those antibodies reduced after the virus acquired 

K305R mutation. The M434I mutation conferred the greatest neutralizing sensitivity among four 

MVC-resistant mutations, and the single M434I mutation was sufficient for the enhanced neutralization by 

NMAbs, autologous plasma IgGs and heterologous sera relative to the parental virus. V65K mutation in C1 

region and amino acid changes in gp41 of MVC resistant virus are also involved in changing the sensitivity 

to NMAbs.  

Conclusions: Taken together, the Env mutations induced under MVC pressure increased neutralization 

sensitivity to diverse NMAbs and plasmas or sera from HIV-1 infected patients. Those mutations apparently 

affect the envelope conformation and expose epitopes for NMAbs. 
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1. BACKGROUND AND OBJECTIVE OF STUDY 

 

 1.1 Background  

 

 HIV/AIDS is a global pandemic. As in 2013, approximately 35 million people are living with 

HIV/AIDS and 1.5 million people died from AIDS related illnesses. The number of newly infection at the 

end of 2013 was 2.1 million people. Sub-Saharan Africa was the most critical area due to about 25 million 

HIV infected people resided there (WHO, 2014). UNAIDS reported that there were 14,706 HIV infected and 

6,719 AIDS cases in Japan at the end of 2012. The number of HIV cases in Japan continued to increase since 

HIV was discovered however, it has been slightly decreased from 2008. There were 1,002 newly infected 

and 447 AIDS cases in the year 2012. Sexual contact was the main route of transmission which 72% was 

homosexual and only 18% through heterosexual contact (UNAIDS, 2015). 

  

 About 13 million people living with HIV were receiving ARV drug that is only 36% of globally 

HIV infected patient (WHO, 2014). The development of HIV drug started soon after HIV was discovered.  

The successful of a combination therapy called HAART decreased HIV morbidity and mortality rate. 

However, there is still a great demand for the developments of ARV drug as a reason of many patients are 

suffer from side effects and importantly, many of them develops drug resistance. The emerging of drug 

resistant HIV variants obstructs the successful treatment by those drugs. Recently, there are more than 20 

approved ARV drugs in 6 classes licensed for the treatment of HIV-1(FDA, 2014). The patients with a 

history of failure or suffer from the side effect of some ARV drug can be successfully treat by other drugs. 

However, the development of ARV will always be needed due to the virus continues to escape from the drug 

effect. HIV-1 has a rapid turnover (Arts and Hazuda, 2012; Ho et al., 1995), about ∼1010/day. Together 

with the errors made during viral replication, HIV-1 genome is highly mutated. It is possible that 

1-10 mutations occur in every replication cycle (Arts and Hazuda, 2012).     
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HIV-1 infects the target cell using the viral envelope gp120 region binds to its receptor, CD4, on 

the surface of macrophages or T-helper lymphocytes (Kuritzkes, 2009).The binding to CD4 changes the 

conformation of gp120 then, exposes the structure elements that involves in binding to chemokine receptors, 

CCR5 or CXCR4, on the target cell. Consequently, the fusion peptide of gp41 ectodomain inserts into the 

target cell membrane. The two helically coiled heptad repeats (HR-1 and HR-2) in gp41 form a six-helix 

bundle leads to the virus membrane come close to target cell, resulting in fusion (Chan et al., 1997) (Fig. 1).  

Two interactions between CCR5 co-receptor and gp120 domain are elucidated. The V3 loop of 

HIV-1 envelope bind to extracellular loop 2 (ECL2) of CCR5 co-receptor and a site on gp120 that 

involves the 4-stranded bridging sheet region and the base of V3 interacts with CCR5 N-terminus 

(Berro et al., 2009; Cormier and Dragic, 2002; Huang et al., 2005; Rizzuto et al., 1998; Roche et al., 

2013).  

                  

 

     

Figure 1. A model for HIV entry. The picture is modified from Didigu, C.A. and Doms, R.W, “Novel 

Approaches to Inhibit HIV Entry,” 2012 (Didigu and Doms, 2012). HIV-1 Env (red) binds to CD4 molecule 

(green) on host cell then triggers changes of the structural of the gp120 variable loops (orange and yellow) 

and exposes the area for binding to co-receptor (blue). Then, the fusion peptide (brown) of gp41 ectodomain 

inserts into the target cell membrane. The six-helix bundle is formed leads to the virus membrane come close 

to target cell, resulting in fusion. 
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 The recent ARV drugs targets on HIV-1 life cycle, mainly on inhibit the replication cycle and cell 

entry. The CCR5 inhibitor is a class of ARV recently represented only by maraviroc (MVC) which was 

approved by U.S. FDA in 2007 to treat CCR5-tropic (R5) HIV-1 infected patient (FDA, 2014). MVC binds 

to a hydrophobic pocket in CCR5 transmembrane domain (Fig. 2B) leads to alter the conformation of the 

second extracellular loop of CCR5 co-receptor and inhibits the binding with the V3 loop of HIV-1 gp120 

subsequently, virus entry is inhibited (Fig.2) (Berro et al., 2009; Dragic et al., 2000; Kondru et al., 2008; 

Pugach et al., 2008; Tsamis et al., 2003).  

             

 

Figure 2. A model of action of MVC. The picture is modified from Soriano V , “Optimal use of MVC in 

clinical practice”, 2008 (Soriano et al., 2008) (A) and Qiuxiang T, “Structure of the CCR5 Chemokine 

Receptor–HIV Entry Inhibitor Maraviroc Complex”, 2013 (Tan et al., 2013) (B). HIV-1 gp120 (green) bind 

to CD4 molecule (orange) leads to exposes the co-receptor binding site on HIV Env. V3 loop and base of V3 

of HIV Env binds to a second extracellular loop (ECL2) and N-terminal of CCR5 co-receptor, respectively. 

MVC (pink) binds to a hydrophobic pocket in CCR5 transmembrane domain (yellow) then, the structural 

ECL2 have changed so that the viral entry is inhibited (A). MVC (orange stick) properly binds to a 

hydrophobic pocket of CCR5 co receptor (blue) (B).    

 

 Although MVC and another CCR5 inhibitor, vicriviroc (VCV), can efficiently suppress HIV-1 

replication, resistant variants can arise both in vitro and in vivo (Asin-Milan et al., 2013; Berro et al., 2009; 

Delobel et al., 2010; Kuhmann et al., 2004; Marozsan et al., 2005; Ogert et al., 2009; Ogert et al., 2010; 
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Ratcliff, Shi, and Arts, 2013; Roche et al., 2011; Roche et al., 2013; Swenson et al., 2013; Tilton et al., 2010; 

Tsibris et al., 2008; Westby et al., 2007; Yuan et al., 2011; Yuan et al., 2013; Yusa et al., 2005). MVC 

resistant virus gain the ability to enter cells via the inhibitor-CCR5 complex (non-competitive binding) while 

retaining the use of free CCR5 (Berro et al., 2012; Pugach et al., 2007). The reducing of percent maximum 

inhibitor (MPI) is a characteristic of MVC resistant virus rather than the increasing of percent inhibitory 

concentration (IC50) (Asin-Milan et al., 2013; Pugach et al., 2007; Roche et al., 2013; Westby et al., 2007). 

The presence of MVC resistant variant may due to the outgrowth of pre-existing CXCR4-tropic viruses 

(Fätkenheuer et al., 2008; Westby et al., 2006) or the selection of MVC resistant CCR5 mutants (Swenson et 

al., 2013; Yuan et al., 2013). MVC resistant mutations are commonly detected in the gp120 V3 loop and are 

strain specific (Asin-Milan et al., 2013; Berro et al., 2012; Berro et al., 2009; Swenson et al., 2013; 

Yoshimura et al., 2014; Yuan et al., 2011).  

 

 Neutralizing antibody (NAb) against HIV-1 Env appears relatively slow after the onset of infection. 

HIV-1 antibody in patient’s plasma is detected ~2-5 weeks after transmission (Tomaras et al., 2008) and the 

autologous NAb arises more than one month after detection of HIV-specific antibodies (Wei et al., 2003). 

About 10-20% of HIV-1 patients generated potent cross-reactive NAbs (Mascola and Haynes, 2013). 

However, only a few individuals develop broadly cross-NAb (BNAb) which typically takes ~2 to 3 years to 

develop (Gray et al., 2011; Mikell et al., 2011).  

  

The antibody response to the virus stimulates a viral escape, leads to the mutant virus resistant to 

autologous plasma (Liao et al., 2013; Wei et al., 2003). The virus can evade this autologous antibody 

response by several means, including generation of epitope-specific mutations, decoration with a dense 

glycan shield, hypervariable loops that mask conserved features and high intrinsic conformational dynamics 

that render it a poorly defined antigen (Pantophlet and Burton, 2006).  
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 The envelope variable loop, CD4 binding site (CD4bs), chemokine coreceptor binding site, 

N-linked glycan and membrane proximal gp41 domains are known to be epitopes for neutralization targets 

(Decker et al., 2005). The critical neutralizing epitopes such as V3 domain, CD4bs and chemokine 

coreceptor binding site are transiently or not exposed on the trimer form (Poignard et al., 2001; Zwick et al., 

2001). Interestingly, the increasing of the accessibility to epitopes of some neutralizing monoclonal 

antibodies (NMAbs) has been reported for entry inhibitor resistant variants. Other CCR5 inhibitors, AD101 

or vicriviroc escape viruses were more sensitive to neutralizing antibodies and some of sera from HIV-1 

infected patients compared to the parental virus (Pugach et al., 2008). Moreover, the MVC resistant virus 

obtained from the patient who experienced on virologic failure on treatment regimen containing MVC 

showed slightly more neutralization sensitive to anti-CD4bs b12 and gp41 2F5 NMAbs and HIV-IgG (Tilton 

et al., 2010). These previous studies imply that mutation(s) in Env that confer resistance to the entry 

inhibitors may increase the accessibility to epitopes of neutralizing antibodies.  

  

 In our recent study, we induced in vitro selected-MVC resistant virus using the PM1/CCR5 cell 

line. Four accumulated MVC-resistant mutations, T297I, M434I, V200I and K305R, were detected 

sequentially. The MVC resistant virus became greater sensitive to Env NMAbs: anti-V3, CD4 induced 

epitope (CD4i) and CD4bs and autologous plasma IgGs compared to the passage control (PC) virus 

(Yoshimura et al., 2014). However, it is still not clear which single or combination of mutation(s) affect the 

accessibility of and autologous plasma IgGs to the epitopes in Env. 

  

In this study, we assessed which mutation(s) confers the greatest enhanced neutralization sensitivity 

of the MVC resistant variant. We constructed several infectious clones with single or a combination of the 

four MVC resistant mutations, V200I, T297I, K305R and M434I, and determined the effect on the 

neutralization sensitivity to three different kinds of NMAb, autologous plasma IgGs and heterologous sera 

from HIV-1 infected subjects. 
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1.2 Objective 

 

 We determined the effect of MVC resistant mutations on the neutralization sensitivity to many 

kinds of NMAbs and patient sera. Our previous study showed that the in vitro selected MVC resistant virus 

markedly increased the sensitivity to difference types of NMAbs and autologous plasma IgGs. We 

hypothesized that four MVC resistant mutations that located in gp120 domain of Env might involve in 

changing the sensitivity to those antibodies. Moreover, we also aimed to determine mutation(s) among those 

four mutations that confer highly sensitivity to anti-Env antibodies. Revealing the relationship between drug 

resistant mutation and the sensitivity to neutralizing antibody might suggests the possibility of using a 

combination of MVC and neutralizing antibody for HIV-1 infected patient.   
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2. MATERIALS AND METHODS 

 

 2.1 Viruses  

  

 The in vitro selected-maraviroc resistant and PC infectious viruses were obtained from the previous 

study (Yoshimura et al., 2014). Briefly, HIV-1 KP-5 was isolated from HIV-1 subtype B infected patient and 

passaged in PHA-activated PBMCs. Infected PBMCs were co-cultured for 5 days with PM1/CCR5 cells and 

the culture supernatants were store at -150
o
C (Yoshimura et al., 2010). The virus was isolated prior to MVC 

therapy. MVC resistant virus was generated by culturing KP-5 in PM1/CCR5 cell with the increased 

concentration of MVC (0-10,000 nM) for 48 passages. The KP-5 was also cultured in PM1/CCR5 cell 

without MVC for 48 passages to obtain the PC virus. Env of viruses obtained from passage 48 were 

amplified by nested PCR then, clone into the cloning vector. The gp160 regions of selected clones were 

introduced into pNL4-3 backbone to generate the MVC resistant and PC infectious clones (Harada et al., 

2013; Hatada et al., 2010; Yoshimura et al., 2014).  

  

2.2 Cells and culture conditions  

  

 The CD4-positive T-cell line PM1 expressing high CCR5 co-receptor, PM1/CCR5, was kindly 

provided by Dr. Yosuke Maeda (Maeda, Yusa, and Harada, 2008; Yoshimura et al., 2014). PM1/CCR5 cells 

were maintained in RPMI-1640 (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-inactivated 

fetal bovine serum (Hyclone Laboratories, South Logan, UT) and 0.1 mg/ml of G418 (Nakarai Tesque, 

Kyoto, Japan). 293T cells were maintained in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) 

supplemented with 10% heat-inactivated fetal bovine serum. 
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2.3 Antibodies and inhibitors  

 

Anti-V3 NMAbs: KD-247 (Eda et al., 2006; Yoshimura et al., 2006) and 447-52D (Zolla-Pazner et al., 

1999), anti-CD4bs: 0.5∂ (3D6) (Ramirez Valdez et al., 2014; Yoshimura et al., 2010) and b12 (Kessler et al., 

1997) and anti- CD4i: 4E9C (Yoshimura et al., 2010) were used for neutralization susceptibility assays. 

KD-247 was kindly provided by The Chemo-Sero-Therapeutic Research Institute (Kumamoto, Japan). 0.5∂ 

and 4E9C were established in the Center for AIDS Research, Kumamoto University. The b12 and 447-52D 

were purchased from Polymun Scientific Immunbiologische Forschung GmbH (Klosterneuburg, Austria). 

The CCR5 inhibitor MVC was kindly provides by Pfizer (Groton, CT). sCD4 was purchased from R&D 

Systems, Inc. (Minneapolis, MN). 

 

2.4 Patient plasma IgGs and sera 

 

Autologous plasma samples were collected and purified using Protien A-Sepharose (Affi-gel Protein A; 

Bio-Rad,Hercules, CA) (Kimura et al., 2002; Yoshimura et al., 2014; Yoshimura et al., 2010). The purified 

plasma IgGs were designated KP-5-IgG-1, -2, -5 and -7. 

Sera from HIV-1 infected patients were provided by the National Center for Global Health and Medicine

（Tokyo, Japan）. The sera from two HIV-1 subtype B infected patient, ACC-B1 and ACC-B2, were 

collected before and during the treatment with MVC. ACC-B1-1 and ACC-B2-1 sera were collected from 

patients 1 week before treatment with MVC. Sera ACC-B1-2 and ACC-B2-2 were collected 2 and 5 weeks 

after starting treatment with MVC. Sera ACC-B1-3 and ACC-B2-3 were collected 8 weeks after starting 

treatment with MVC. Other subtype-B and non-B sera were obtained from antiretroviral therapy (ART) 

naïve patients. Phlebotomy was performed following signed informed consent in accordance with the study 

protocol. The study was reviewed and approved by the Ethics committee for clinical research & advanced 

medical technology at the Kumamoto University Medical School (Kumamoto, Japan) and the National 

Center for Global Health and Medicine (Tokyo, Japan).  
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2.5 Construction of Env/NL4-3 chimeric infectious clones 

 

2.5.1 Construction of wild type and mutated KP-5 MVC resistant and PC infectious clones 

 

The gp160 region of the in vitro selected MVC resistant, and PC were amplified using primers EnvFv 

(5-AGCAGAAGACAGTGGCAATGAGAGCGAAG-3) and EnvR 

(5-AGCAGAAGACAGTGGCAATGAGAGCGAAG-3). Each point mutation was introduced into the MVC 

resistant and PC gp160 region by site-directed mutagenesis, using PrimeSTAR mutagenesis Basal Kit 

(TAKARA Bio Inc, Shiga, Japan) and the specific mutagenesis primer sets as shown in Table 1. 
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 Chimeric wild type and mutated KP-5 Env/NL4-3 infectious viruses were constructed from the 

pNL4-3 proviral plasmid by overlapping PCR as described previously (Shibata et al., 2007). Briefly, 

fractions of the NL4-3 provirus containing EcoRI restriction site (nucleotides 5284 to 6232) and XhoI 

restriction site (nucleotides 8779 to 9045) were amplified with specific primers set; NL(5284)F 

(5’-GGTCAGGGAGTCTCCATAGAATGGAGG-3’) and NL(6232)Rv 

(5’-CTTCGCTCTCATTGCCACTGTCTTCTGCT-3’) for EcoRI fragment and NL(8779)F (5’- 

GCTATAAGATGGGTGGCAAGTGGTCAAAA-3’) and NL(9045)R 

(5’-GATCTACAGCTGCCTTGTAAGTCATTGGTC-3’) for XhoI fragment. Overlapping PCR was used to 

join the mutated/wide type gp160 coding sequence to the EcoRI and XhoI fragments that had been amplified 

from pNL4-3 (Fig. 3). The mutated/wide type KP-5 gp160 containing EcoRI and XhoI enzyme restriction 

sites was digested with EcoRI and XhoI restriction enzymes (Takara Bio Inc, Shiga, Japan) then cloned into 

EcoRI/XhoI digested NL4-3 proviral plasmid to generate the recombinant KP-5 Env/NL4-3 proviral DNA. 

The Env region from each constructed infectious clone was sequenced using a 3500xL Genetic Analyzer 

(Applied Biosystems, Foster City, CA). 

 

 

Figure 3. Diagram briefly shows the construction of wild type or mutated KP-5 Env/NL4-3 chimeric 

infectious clones.  
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2.5.2 Construction of wild type and mutated JRFL and YU2 infectious clones 

 

 Chimeric wild type JRFL and YU2 Env/NL4-3 infectious viruses were constructed using slightly 

difference method. The wild type JRFL and YU2 Env were amplified using EcoRIF 

(5’-GTGGAAGCCATAATAAGAATTCTGCAACAACTGCTG-3’) and NL(9045)R primers then, XhoI and 

EcoRI fragments were added at N- and C- terminal respectively using overlapping PCR. The gp160 regions 

were digested with EcoRI and XhoI restriction enzymes then cloned into EcoRI/XhoI digested NL4-3 

proviral plasmid to generate the recombinant JRFL or YU2 Env/NL4-3 proviral DNA 

  

 Chimeric mutated JRFL and YU2 Env/NL4-3 infectious viruses were constructed using a method 

as shows briefly in figure 4. The mutated JRFL and YU2 Env were amplified into two fragments from 

JRFL/NL4-3 and YU2/NL4-3 plasmid which successfully constructed as previous described. The fragment-1 

was amplified using EcoRIF and the reverse primer for site-direct mutagenesis as shown in Table 1. The 

DNA fragment-2 was amplified from the mutagenesis forward primer as shown in Table 1 and NL(9045)R. 

Both fragments were combined using overlapping PCR with EcoRIF and NL(9045)R primers. Combined 

DNA was digested with EcoRI and XhoI restriction enzymes subsequently cloned into EcoRI/XhoI digested 

NL4-3 proviral plasmid. 

  

Figure 4. Diagram briefly shows the construction of JRFL and YU2 mutant Env/NL4-3 chimeric 

infectious clones. 
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2.5.3 Construction of KP-5 gp120/gp41 chimeric infectious clone  

  

 The gp120/gp41 chimeric env were also constructed using overlapping PCR using a method as 

shows briefly in figure 5. The gp120 region of MVC resistant and PC env was amplified using EnvFv and H 

primers (5’–TAGTGCTTCCTGCTGCTCCCAAGAACCC-3’) and the gp41 region was amplified using 

KFw (5’-GGGTTCTTGGGAGCAGCAGGAAGCACTA-3’) and EnvR primers. The overlapping PCR was 

used to connect gp120 and gp41 regions to make the chimeric gp120 and gp41 env designated as MVC-R/PC 

and PC/MVC-R env. The EcoRI and XhoI sites were attached at the N- and C- terminal of chimeric env 

respectively using overlapping PCR. The chimeric env was cloned into EcoRI/XhoI digested NL4-3 proviral 

plasmid.  

 

 

Figure 5. Diagram shows the construction of chimeric gp120/gp41 Env/NL4-3 chimeric infectious 

clones. 

 

 

  The chimeric Env/NL4-3 was transformed to One-shot Stbl3 chemically competent E.coli 

(Invitrogen, Carlsbad, CA). Individual colonies were picked and cultured in Fast-media Amp LB medium 

(Invivogen, San Diego, CA). The extracted plasmid was sequenced using a 3500xL Genetic Analyzer.  
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 2.6 Preparation of multi replicated-chimeric Env/NL4-3 viruses 

  

 293T cells were transfected with chimeric Env/NL4-3 proviral DNA using Lipofectamine
TM

 2000 

transfection reagent (invitrogen, Carlsbad, CA). The supernatant was collected 48 hours after transfection 

and stored at -80
o
C until use. Viral titer was determined using the Cell Counting Kit-8 assay (WST-8 assay, 

Dojindo Laboratories, Kumamoto, Japan). 

 

 2.7 Neutralization susceptibility assay 

 

The sensitivity of the chimeric infectious viruses to MVC and anti-HIV-1 Env antibodies was 

determined using PM1/CCR5 cells (Yoshimura et al., 2014). Briefly, 2x10
3
 PM1/CCR5 cells were infected 

with 100TCID50 chimeric Env/NL4-3 infectious clones in U-bottom 96-well microplates in the presence of 

various concentrations of MVC, NMAbs, autologous plasma IgGs or heterologous sera. NMAbs and 

autologous plasma IgGs were 1log serial dilution and patient’ sera were 1log serially diluted from 1:100 to 

1:1,000,000. The plate was incubated at 37
o
C for 7 days. The half maximal inhibitory concentration (IC50) 

value was determined using the Cell Counting Kit-8 assay. A reciprocal neutralization titer of >100 was used 

to define serum sensitivity. 

 

2.8 Crystal structure of gp120 

 

The cryo-EM structure of a fully glycosylated soluble cleaved HIV-1 envelope trimer was retrieved from 

the PDB (entry 3J5M). The side chains of the mutated residues that appeared during MVC are shown in red. 

Segmentation and color coding is as follows: gp120 (blue), gp41 (orange), V1/V2 (purple), and V3 (green).  
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2.9 Statistical analysis 

 

Neutralizing antibody titers were summarized using geometric mean titers and statistical comparisons 

were performed using Student’s t test. A p value <0.05 were considered statistically significant. Data were 

analyzed using Prism 6.05 for Windows, Graphpad Software Inc. (San Diego, CA). 
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3. RESULTS 

 

3.1 Construction and characterization of MVC resistant mutants  

 

 Previously, we induced MVC resistance by in vitro selection using the HIV-1 subtype B primary 

isolate (KP-5) as a parental virus (Yoshimura et al., 2014). This MVC resistant virus contains four MVC 

resistant mutations; T297I, M434I, V200I and K305R in the gp120 coding region (Fig. 6 and 7A), which 

appeared sequentially during culture of KP-5 in the presence of increasing concentrations of MVC. The 

T297I mutation appeared earliest at passage 17. The M434I mutation accumulated at passage 21 followed by 

the V200I mutation at passage 34. The last mutation, K305R, appeared at passage 41. Moreover, the MVC 

selected clone became highly sensitive to anti-envelope NMAbs and autologous plasma IgGs (Yoshimura et 

al., 2014). We concluded that the four MVC-resistant mutations required for entry using MVC-bound CCR5 

resulted in a conformational change of envelope protein that is associated with a phenotype sensitive to 

anti-envelope NMAbs. To examine the role of the four mutations in sensitivity to NMAbs, we constructed 

several infectious clones containing single or various combinations of mutations within the gp120 backbone 

of PC or MVC resistant virus (Fig. 7B). The MVC resistant infectious clone harboring the first MVC 

resistant mutation T297I, MVC-R (T297I), exhibited a lower MPI compared to the MVC resistant infectious 

clone without the four mutations, MVC-R (4m-): 93% and 102%, respectively. The MPI gradually decreased 

with the accumulation of all four mutations (from 102% to 86%) (Fig. 7C). The IC50 values between the 8 

mutant MVC resistant infectious clones were similar (range: 27 to 55 nM), whereas the PC infectious clone 

showed a low IC50 value (4.8 nM) to MVC (Fig. 7C). Among all the mutated infectious clones, the MVC-R 

(T297I/M434I/V200I/K305R) clone and the clone harboring the K305R single mutation, MVC-R (K305R), 

showed high resistance to MVC (IC50; 55 and 47 nM and MPI; 86% and 84%, respectively) (Fig. 7C). This 

result supported our previous report that the MVC resistant virus arose following the accumulation of four 

mutations and K305R mutation had a major impact on MVC resistance (Yoshimura et al., 2014).  
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Figure 6. Locations of substitutions in the gp120 induced by in vitro selection with MVC. The cryo-EM 

structure of a fully glycosylated soluble cleaved HIV-1 envelope was retrieved from the PDB (entry 3J5M). 

Segmentation and color coding is as follows: gp120 (blue), gp41 (yellow), V1/V2 (purple), and V3 (green).  
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Figure 7. Schematic representation of KP-5 env gp120 region with four MVC resistant mutations and 

sensitivity of infectious clones to MVC. The location of the four MVC resistant mutations in the gp120 

region (A). Site-direst mutagenesis was used to generate MVC resistant Env carrying combinations of four 

MVC resistant mutations. MVC resistant Env clones carrying M434I, V200I or K305R single mutations 

were also constructed (B). Sensitivity of the infectious clones with MVC resistant Env and PC to MVC was 

determined by the WST-8 assay as described in Materials and methods (C). Data are representative of results 

from 2 independent experiments. A summary table is also provided. 

 

 

C 

D 
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3.2 Sensitivity of MVC resistant clone without four mutations to anti-Env NMAbs and autologous 

plasma IgGs  

 

 By comparing sensitivities between PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (4m-), 

which was reverted the 4 mutations to PC, to anti-V3 (KD-247 and 447-52D), anti-CD4bs (b12 and 0.5∂) 

and anti-CD4i (4E9C) NMAbs, we examined whether the four mutations were responsible for sensitivity to 

the NMAbs or not. Removing all four mutations resulted in neutralization resistant to 4E9C and 0.5∂ 

NMAbs and autologous plasma IgGs (KP-5-IgG-1, -2, -5 and -7). The sensitivity were as same as the 

sensitivity of PC clone (Fig. 8A, 8B and Table 2). MVC-R (4m-) also showed less sensitive to KD-247 and 

447-52D NMAbs compared to the sensitivity of MVC resistant virus containing all 4 mutations, MVC-R 

(T297I/M434I/V200I/K305R) (Fig. 8A). These results indicate that the four MVC resistant mutations highly 

influenced the increased sensitivity of MVC resistant infectious virus to different NMAb and also autologous 

plasma IgGs. The sensitivity of MVC resistant to anti-V3 NMAbs, KD-247 and 447-52D, might also 

influenced by other amino acid substitution therefore, MVC-R (4m-) clone was sensitive to both antibodies 

than PC clone.   

 

      

    

  

 

 

 

 

   

 

 

A 
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Figure 8. Sensitivity of PC, MVC (4m-) and MVC-R (T297I/M434I/V200I/K305R) infectious clones to 

NMAbs (A), autologous plasma IgGs (B). Sensitivity of the infectious clones with MVC resistant Env and 

PC to KD-247, 447-52D, b12, 0.5, 4E9C, autologous plasma IgGs (KP-5-IgG-1, -2, -5 and -7) and normal 

plasma IgG (NHG) was determined by the WST-8 assay as described in Materials and methods. Data are 

representative of results from 2 independent experiments.  

 

3.3 Sensitivity of infectious clones to NMAbs and autologous plasma IgGs 

 

 In order to determine the role of each MVC resistant mutation on sensitivity to NMAbs and 

autologous plasma IgGs, we used mutated-MVC resistant infectious clones mimicking the 4 mutations 

acquired during the in vitro selection process, MVC-R (4m-), MVC-R (T297I), MVC-R (T297I/M434I), 

MVC-R (T297I/M434I/V200I), MVC-R (T297I/M434I/V200I/K305R) and PC for the neutralization 

sensitivity assay (Fig. 7B).  

The PC clone was highly resistant to KD-247, 447-52D, 0.5∂ and 4E9C NMAbs, but sensitive to b12. 

The MVC-R (4m-) clone showed sensitivity to KD-247, while the sensitivity to 447-52D, 0.5∂ and 4E9C 

NMAbs was comparable to the PC. Sequential accumulation of three Env mutations, MVC-R (T297I), 

B 
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MVC-R (T297I/M434I) and MVC-R (T297I/M434I/V200I) resulted in a gradual increase in sensitivity to 

the NMAbs tested. However, the MVC-R (T297I/M434I/V200I/K305R) clone decreased sensitivity to all 

NMAbs compared to MVC-R (T297I/M434I) and MVC-R (T297I/M434I/V200I) (Fig. 9A and Table 2).  

We also determined sensitivity of the infectious clones to autologous plasma IgGs. The MVC-R (T297I), 

MVC-R (T297I/M434I) and MVC-R (T297I/M434I/V200I) were highly sensitive to all autologous plasma 

IgGs compared to the virus harboring all four mutations, while the MVC-R (4m-) and PC were completely 

resistant (Fig. 9B and Table 2).  

These results suggest that three MVC-resistant mutations, T297I, M434I and V200I, but not K305R, 

were responsible for sensitivity to NMAbs and autologous plasma IgGs singly or in combination.  
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Figure 9. Sensitivity of infectious clones, PC and MVC-R (4m-) carrying the combination of MVC 

resistant mutations that arise during in vitro selection, to NMAbs (A) and autologous plasma IgGs (B). 

Sensitivity of the infectious clones with MVC resistant Env and PC to KD-247, 447-52D, b12, 0.5, 4E9C, 

autologous plasma IgGs (KP-5-IgG-1, -2, -5 and -7) and NHG was determined by the WST-8 assay as 

described in Materials and methods. Data are representative of results from 2 independent experiments.  

  

3.4 Sensitivity of clones with single mutation to NMAbs and autologous plasma IgGs 

 

 We accessed which mutation induced the greatest sensitivity to NMAbs and autologous plasma 

IgGs using infectious clones with a single mutation. As shown in Figure 10A and Table 2, the infectious 

clone with the M434I, MVC-R (M434I), was the most sensitive to all NMAbs compared to other single and 

4-mutated MVC resistant clones. Sensitivity of the T297I single mutant clone to NMAbs was comparable to 

MVC-R (T297I/M434I/V200I/K305R). The V200I and the K305R mutant clones showed decreased 

neutralization sensitivity to all NMAbs with the exception of b12, compared to the MVC-R 

(T297I/M434I/V200I/K305R) clone (Fig. 10A and Table 2). The clones with M434I or T297I were 

equivalent or more sensitive to all autologous plasma IgGs compared to the MVC resistant virus with four 

mutations (Fig. 10B and Table 2). The V200I single mutated clone was more sensitive to two of four plasma 
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IgGs - KP-5-IgG-1 and -5, compared to the MVC resistant clone with all four mutations, while the K305R 

clone was completely resistant to autologous plasma IgGs tested (Fig. 10B). 

 These results indicate that the T297I and M434I mutations were responsible for increased 

sensitivity to NMAbs and autologous plasma IgGs particularly for the M434I clone to the NMAbs. The data 

also indicate that V200I was partially responsible for the increased sensitivity to autologous plasma IgGs, but 

not to the NMAbs tested, while the K305R single mutation within the MVC resistant Env backbone did not 

increase the sensitivity to either NMAbs or autologous plasma IgGs.   

 To investigate the role of the M434I mutation in virus sensitivity to NMAbs and autologous plasma 

IgGs, we constructed a clone reverted Ilu to Met at amino acid position 434, MVC-R (T297I/V200I/K305R), 

and tested the sensitivity to NMAbs and autologous plasma IgGs (Fig. 11 and Table 2). Unexpectedly, the 

434 reverted clone showed decreased sensitivity to two of five NMAbs - KD-247 and 4E9C, and two of three 

plasma IgGs However, the neutralization sensitivity of the reverted clone was similar to the MVC resistant 

clone with all four mutations. It is possible that the mutation at position 434 was responsible for sensitivity to 

NMAbs and autologous plasma IgGs; however, other MVC resistant mutations, especially T297I and V200I, 

may compensate the loss of neutralization sensitivity by the reverted mutation. 
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Figure 10. Sensitivity of PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (4m-) carrying V200I, 

T297T, K305R or M434I single mutation clones to NMAbs (A) and autologous plasma IgGs (B). 

Sensitivity of the infectious clones with MVC resistant Env and PC to KD-247, 447-52D, b12, 0.5, 4E9C, 

autologous plasma IgGs (KP-5-IgG-1, -2, -5 and -7) and NHG was determined by the WST-8 assay as 

described in Materials and methods. Data are representative of results from 2 independent experiments.  
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Figure 11. Sensitivity of MVC-R (T297I/M434I/V200I/K305R) and MVC-R (T297I/V200I/K305R) 

clones to NMAbs (A) and autologous plasma IgGs (B). Sensitivity of the infectious clones with MVC 

resistant Env and PC to KD-247, 447-52D, b12, 0.5, 4E9C, autologous plasma IgGs (KP-5-IgG-2, -5 and 

-7) and NHG was determined by the WST-8 assay as described in Materials and methods. Data are 

representative of results from 2 independent experiments.  
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3.5 Sensitivity of MVC resistant infectious clones to sCD4 

 

 Sensitivity of MVC resistant virus to anti-CD4bs NMAbs suggested that MVC resistant mutations 

affected the CD4 binding area that induced uncovering epitopes for b12 and 0.5NMAbs. We examined the 

sensitivity of MVC resistant clones to soluble CD4 (sCD4) to determine the effect on MVC resistant 

mutations on the changes of CD4 binding site. The result showed that MVC-R (4m-) clone was sensitive to 

sCD4 than PC clone (Fig. 12). This MVC resistant virus might sensitive to sCD4 before obtained those four 

mutations in gp 120 region. Interestingly, MVC resistant clone carrying some of MVC resistant mutations 

increased sensitivity to sCD4 than MVC-R (4m-) clone. Except for MVC-R (T297I/M434I/V200I/K305R) 

and MVC-R (K305R), all MVC resistant clones was more than 2-folds sensitive to sCD4 than PC (Fig. 12). 

The MVC resistant clones carrying K305R expressed relatively high IC50 than other MVC resistant clones, 

while IC50 of MVC-R (T297I/M434I/V200I/K305R) and MVC-R (K305R) were 0.62 and 1.4 respectively 

(Fig. 12C). It indicates that K305R mutation confers neutralizing resistance to sCD4. This finding proofed 

that four MVC resistant mutations has impact on the CD4 binding site consequently, the sensitivity to 

anti-CD4bs was changed. Three MVC resistant mutations; T297I, M434I and V200I, might play a role on 

expose the epitope for anti-CD4bs antibody.        
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    A 

        

    B 

       

   C 

                  

 

Figure 12. Sensitivity of infectious clones, PC and MVC-R (4m-) carrying the combination of MVC 

resistant mutations that arise during in vitro selection (A) and MVC-R (4m-) carries each single 

mutation (B) to sCD4. The IC50 value is shown in table C. Data are representative of results from 2 

independent experiments.  
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 3.6 The effect of V65K mutation to sensitivity of MVC sensitivity 

 

 From this resent study, we found that the MVC-R (4m-) infectious clone, which was prior to 

accumulation of four MVC resistant mutations was sensitive to anti-V3 MAbs, KD-247 and 447-52D, 

compared to PC virus (Fig. 8A and Table 2). It is possible that there are other mutations which appeared 

prior to four MVC resistant mutations that also influence to the sensitivity of both NMAbs. We detected 

V65K mutation in one of ten clones of the baseline KP-5 virus. This mutation appeared in C1 region of the 

env of MVC resistant（Fig. 13A）since passage 3 during the in vitro selection. However, V65K mutation 

disappeared from the population of PC virus from passage 7 (Yoshimura et al., 2014). Based on this 

observation, we continue the study on the impact MVC resistant mutation which acquired prior the four 

MVC resistant mutations on the neutralization sensitivity to NMAbs especially for anti-V3 antibodies. We 

introduced V65K mutation into env of PC meanwhile, substituted valine to lysine at position 65 of env of 

MVC-R (4m-) and MVC-R (T297I/M434I/V200I/K305R) clone, designated PC (V65K), MVC-R 

(K65V/4m-) and MVC-R (K65V/T297I/M434I/V200I/K305R), respectively (Fig. 13B). The neutralization 

sensitivity of these mutated clones to MVC, NMAbs and autologous plasma IgGs were determined. 

 PC (V65K) infectious clone decreased sensitivity to MVC compared to PC clone as the IC50 were 

22 and 4.8 nM, respectively. However, MPI of both clones were comparable (98 and 101%, respectively) 

(Fig. 13C). MVC-R (K65V/4m-) and MVC-R (K65V/T297I/M434I/V200I/K305R) infectious clones 

reduced IC50 more then 2-fold compared to their parental clone MVC-R (4m-) and MVC-R 

(T297I/M434I/V200I/K305R), respectively. Introducing K65V into MVC-R (T297I/M434I/V200I/K305R) 

could increase MPI compared to the parental clone as showed 101 and 86%, respectively (Fig. 13C). These 

results suggest that the V65K mutation might be selected from quasispecies of baseline KP-5 virus at early 

passages under relative low concentrations of MVC by the in vitro selection. This mutation in the context of 

KP5 MVC resistant env confers resistance to MVC. 
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Figure 13.  Impact of V65K mutation on the sensitivity of PC and MVC resistant infectious clones to 

MVC. Locations of V65K and others 4 MVC resistant mutations was demonstrated (A). Site-direct 

mutagenesis was used to generated PC (V65K) and MVC-R (4m-/K65V) and MVC-R 

(K65V/T297I/M434I/V200I/K305R) (B).  Sensitivity of infectious viruses to MVC was presented in the 

sensitivity graph and table (C). Sensitivity of MVC resistant infectious clones is indicated in solid line. 

Sensitivity of PC infectious clones is indicated in dash line. Data are representative of results from 2 

independent experiments.  
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3.7 The effect of V65K mutation to sensitivity of NMAbs and autologous plasma IgGs 

 

 The sensitivity of 65V mutated-MVC resistant infectious clones to NMAbs and autologous plasma 

IgGs was determined. MVC-R (K65V/4m-) clone reduced sensitivity to KD-247 and increased sensitivity to 

447-52D, 4E9C NMAbs and autologous plasma IgGs (KP-5-IgG-5 and -7) compared to the parental clone, 

MVC-R (4m-) (Fig. 14 and Table 3). MVC-R (K65V/297I/M434I/V200I/K305R) infectious clone showed 

more than 2-folds increased sensitivity to all tested NMAbs and also increased sensitivity to autologous 

plasma IgGs compared to MVC-R (T297I/M434I/V200I/K305R) clone (Fig. 14 and Table 3). Taken together, 

the amino acid at position 65 in C1 region of HIV-1 KP-5 did not only affect on the sensitivity to MVC but 

also influence on the sensitivity to NMAbs and autologous plasma IgGs too. V65K mutation in env of MVC 

resistant clone confers neutralization resistance to all antibodies tested; however V65K without the 

combination of four MVC resistant mutations increases the sensitivity to KD-247 NMAb.   
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Figure 14. Sensitivity of MVC resistant and mutated MVC resistant infectious viruses to NMAbs (A) 

and autologous plasma IgGs (B). Valine was substituted at position 65 of MVC-R (4m-) and 

MVC-R(T297I/M434I/V200I/K305R) to obtain MVC-R(K65V/4m-) and 

MVC-R(K65V/T297I/M434I/V200I/K305R) infectious clones respectively. Sensitivity of the infectious 

clones to KD-247, 447-52D, b12, 4E9C, autologous plasma IgGs (KP-5-IgG-5 and -7) and NHG was 

determined by the WST-8 assay as described in Materials and methods.  Data are representative of results 

from 2 independent experiments.  
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 V65K was also introduced into the env of PC. PC infectious clone was resistant to KD-247, 

447-52D, 4E9C and all autologous plasma IgGs tested. Interestingly, PC (V65K) infectious clone became 

sensitive to KD-247, 447-52D, b12 and especially autologous plasma IgGs (Fig. 15B and Table 3).  

 These results suggested that the V65K mutation in a difference env background confer difference 

neutralization susceptibility to neutralizing antibodies.  

 

 

 

 

Figure 15. Sensitivity of PC and PC (V65K) infectious clone to NMAbs (A) and autologous plasma IgG 

(B). Sensitivity of the infectious clones to KD-247, 447-52D, b12, 4E9C, autologous plasma IgGs 

(KP-5-IgG-2, -5 and -7) and NHG was determined by the WST-8 assay as described in Materials and 

methods. Data are representative of results from 2 independent experiments. 
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Table 3.  Sensitivity of mutated and wild type MVC resistant and PC infectious clone to MVC, 

NMAbs and autologous plasma IgGs 

 

Infectious clone  

IC
50

  

(g/ml)
   

 

KD-247 447-52D b12 4E9C KP-5-IgG-2 KP-5-IgG-5 KP-5-IgG-7 NHG
a

 

MVC-R (4m-) 4.9 0.80 0.35 >5 ND >50 >50 >50 

MVC-R (K65V/4m-) 24 0.22 0.3 >5 ND 6.6 6.0 >50 

MVC-R (T297I/M434I/V200I/K305R) 0.60 0.18 0.37 0.16 ND 47 24 >50 

MVC-R (K65V/T297I/M434I/V200I/K305R) 0.27 0.012 0.15 0.07 ND 36 17 >50 

PC >100 >1 0.47 >5 >100 >100 >100 >100 

PC (V65K) 93 0.044 0.1 >5 14 3.5 11.97 >100 

a
 NHG, normal human plasma IgG 

ND, data not available  

 

3.8 The effect of M434I and V65K mutations on the sensitivity of HIV-1 JRFL and YU2 strains to 

MVC and NMAbs.  

 

 We constructed chimeric clones with JRFL or YU2 Env to determine the effect of M434I and 

V65K mutations on the differences Env background. The JRFL and YU2 infectious clones carrying either 

M434I or V65K mutation showed similar neutralization profile to infectious clones carrying wild type 

envelope (Fig. 16). This result indicates that the effect of these single mutations on the sensitivity to MVC 

and NMAbs may be restricted by backgroud env sequence.  
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Figure 16. Sensitivity of chimeric infectious clones with JRFL (A) and YU2 (B) Env to MVC and 

NMAbs. Either M434I or V65K mutation was introduced into the envelopes of JRFL (JRFL (M434I) and 

JRFL (V65K), respectively) and YU2 (YU2 (M434I) and YU2 (V65K), respectively). Sensitivitiy of the 

infectious clones to MVC, KD-247, b12 and 4E9C was determined by the WST-8 assay as described in 

Materials and methods. Data are representative of results from 2 independent experiments.  

 

3.9 Sensitivity of MVC resistant infectious clones to heterologous sera from HIV-1 infected patients 

 

To determine whether the infectious clones with MVC resistant mutations were sensitive to heterologous 

sera, we tested the sensitivity of MVC-R (T297I/M434I/V200I/K305R), MVC-R (M434I) and PC to sera 

obtained from ART naïve patients infected with HIV-1 subtype B and non-subtype B (A, C, G, AG and AE) 

(Table 4). The PC clone was resistant to all heterologous subtype B and 17 of 19 non-B sera. Two 

non-subtype B heterologous sera that neutralized the PC clone had low reciprocal dilutions that reduced virus 

infectivity by 50% (143 and 147). However, the MVC-R (T297I/M434I/V200I/K305R) and MVC-R 

(M434I) were sensitive to 57% (17 of 30) and 60% (18 of 30) of heterologous sera, respectively. The 

percentage of sera from subtype B subjects that neutralized the PC, MVC-R (T297I/M434I/V200I/K305R) 

and MVC-R (M434I) were 0% (0 of 11), 55% (6 of 11) and 82% (9 of 11), respectively, while sera from 
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non-B infected subjects were 11% (2 of 19), 58% (11 of 19) and 47% (9 of 19), respectively. Interestingly, 3 

of 11 sera from subtype B infected subjects and 6 of 19 samples from subjects infected with other HIV 

subtypes showed discordant neutralization results between the two mutant viruses, but the neutralization titer 

was always <500. Moreover, 67% (4 of 6) discordant non-B sera neutralized the MVC-R 

(T297I/M434I/V200I/K305R), while all discordant subtype B sera neutralized MVC (M434I), but not 

MVC-R (T297I/M434I/V200I/K305R) clones (Table 4). 

Next, we compared the reciprocal dilutions of the sera among MVC-R (T297I/M434I/V200I/K305R), 

MVC-R (M434I) and PC clones. As shown in Fig. 17, both mutant clones were more sensitive to 

neutralization than the PC clone (p <0.01). Additionally, the mean reciprocal dilution of sera to the MVC-R 

(M434I) clone was significantly higher (p<0.05) than the MVC-R (T297I/M434I/V200I/K305R) clone.  

These findings indicate that MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) clones, 

especially the latter, are highly sensitive to heterologous sera obtained from ART naïve patients. 
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Table 4. Neutralization of PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) by sera 

from drug naïve HIV-1 infected individuals 

 

Subtype Sample ID PC MVC-R(T297I/M434I/V200I/K305R) MVC-R(M434I) 

B 

ACC-B2 <100 606 6211 

ACC-B3 <100 469 1389 

ACC-B4* <100 <100 481 

ACC-B5 <100 1333 422 

ACC-B6 <100 <100 <100 

ACC-B7* <100 <100 125 

ACC-B8* <100 <100 334 

ACC-B9 <100 347 3846 

ACC-B10 <100 305 312 

ACC-B11 <100 <100 <100 

ACC-B12 <100 351 3333 

AG 
502 147 434 8603 

983 <100 <100 <100 

C 

792* <100 134 <100 

941 <100 325 3077 

947* <100 <100 289 

23 <100 288 1494 

G 
696 <100 264 136 

511 <100 <100 <100 

A 710* <100 390 <100 

AE 

531 <100 <100 <100 

82 <100 100 915 

571 <100 283 422 

111 <100 349 532 

105* <100 165 <100 

AE1 <100 <100 <100 

AE2* 143 <100 195 

AE3* <100 153 <100 

AE4 <100 <100 <100 

AE5 <100 <100 <100 

The values listed are the reciprocal serum dilutions that reduce virus infection by 50% stratified by serum 

and virus. The values highlighted in bold indicate reciprocal dilution ≧100.  Asterisk (*) shows sera that 

were discordant between the MVC-R clones. 
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Fig. 17. Neutralization of PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) by sera 

from ART naïve HIV-1 infected individuals. Reciprocal dilution of the sera from ART naïve HIV-1 

infected individuals against PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) were plotted 

using GraphPad Prism software. When the reciprocal dilution was less than 100, we used as 50 for 

calculating statistical significant. Asterisks correspond to statistically significant differences between groups 

(*p<0.05, **p<0.01). The reciprocal geometrical mean serum neutralizing titers are shown as horizontal 

bars. 

 

Using heterologous ACC-B1 and ACC-B2 sera from patients treated with combination ART containing 

MVC, we measured the susceptibility of our clones to the subject’s sera prior to and during treatment with 

MVC. ACC-B1 patient received ART prior started collecting sera while ACC-B2 patient was ART naïve 

before and at the time that ACC-B2-1 serum was collected. ACC-B1-1 serum, which was collected prior to 

initiation of the MVC containing regimen could neutralized all three infectious clones efficiently ,however 

sera collected 2 and 8 weeks after started treatment with MVC (ACC-B1-2 and ACC-B1-3) reduced the 

efficiency to neutralized three clones (Fig. 18 and Table 5). Likewise, sera collected after MVC treatment 

from ACC-B2 patient (ACC-B2-2 and ACC-B2-3) could neutralize all three clones better than the sera 
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collected before treatment with MVC (ACC-B2-1) (Fig. 18 and Table 5). Two MVC resistant clones were 

more than 2-fold sensitive to all sera than the PC infectious clone (Table 5).  

Taken together, these results indicate that we can measure increasing neutralizing antibodies in infected 

patients’ sera after initiating MVC using these infectious clones.  

 

      

       

Figure 18. Sensitivity of PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) infectious 

viruses to heterologous sera from HIV-1 subtype B (ACC-B1 and ACC-B2) infected patients and 

normal human plasma (NHP). Sera were obtained from the patient 1 week before (ACC-B1-1 and 

ACC-B2-1), 2 (ACC-B1-1), 5 (ACC-B2-2) and 8 weeks (ACC-B1-3 and ACC-B2-3) after starting treatment 

with MVC. Sensitivity of the infectious clones with MVC resistant Env and PC to the sera was determined 

by the WST-8 assay as described in Materials and methods. Data are representative of results from 2 

independent experiments. 
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Table 5. Sensitivity of PC, MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) to sera from 

HIV-1 subtype B infected patients   

 

 Infectious clone ACC-B1-1 ACC-B1-2 ACC-B1-3 ACC-B2-1 ACC-B2-2 ACC-B2-3 

PC 2907 571 546 <100 2778 2500 

MVC-R(T297I/M434I/V200I/K305R) 4762 3846 1639 1087 6667 3125 

MVC-R (M434I) 2857 2500 578 9090 17241 41667 

 Number indicates reciprocal dilution of sera. 

 

3.10 Sensitivity of gp120/gp41 chimeric infectious clones to MVC 

 

 The role of gp41 region of MVC resistant virus was also examined. The gp120/gp41 chimeric 

infectious clones were constructed as shown in figure 19A. The sensitivity of PC, MVC-R 

(T297I/M434I/V200I/K305R) and gp120/gp41 chimeric clones to MVC was determined. The gp41 region of 

MVC resistant virus apparently affected on the sensitivity to MVC as the PC carrying gp41 of MVC resistant 

virus (PCgp120/MVC-Rgp41) increased IC50 (25 nM) compared to PC (4.8nM) (Fig. 19B). Furthermore, the 

MVC resistant carrying gp41 of PC virus reduced the IC50 to 6.2 compared to the MVC-R 

(T297I/M434I/V200I/K305R) (55 nM) (Fig. 19B). However, the MPI of chimeric clones did not 

significantly difference from PC, ranging 101 to 97. It indicates that amino acid substitution in gp41 region 

of MVC resistant virus also has impact on decreasing sensitivity to MVC by reduces IC50, but not increases 

MPI.  
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Figure 19. Impact of gp41 region of MVC resistant virus on the sensitivity to MVC.  The overlapping 

PCR was used to generated gp120/gp41 chimeric infectious clones (A). Sensitivity of PC, MVC-R 

(T297I/M434I/V200I/K305R) and gp120/gp41 chimeric infectious clones to MVC was presented in the 

sensitivity graph and table (B). Data are representative of results from 2 independent experiments.  

 

3.11 Sensitivity of gp120/gp41 chimeric infectious clones to NMAbs 

 

 Inserting gp41 region of MVC-R (T297I/M434I/V200I/K305R) into PC Env (PCgp120/MVC-Rgp41 

infectious clone) increased sensitivity to KD-247 even though the maximum of KD-247 concentration used 

in this experiment was not enough for PCgp120/MVC-Rgp41 clone to inhibit 50% of viral replication (Fig.20). 

Meanwhile, replacing the gp41 region of MVC-R (T297I/M434I/V200I/K305R) with gp41 region of PC 
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virus (MVC-Rgp120/PCgp41 infectious clone) resulted in more than two-fold reducing the sensitivity to KD-247, 

b12 and 4E9C NMAbs compared to the MVC-R (T297I/M434I/V200I/K305R) clone (Fig. 20 and Table 6). 

Taken together, gp41 region of MVC resistance virus also plays a role in increasing sensitivity to KD-247, 

b12 and 4E9C NMAbs. The MVC-induced mutation(s) in gp41 also influence on the neutralization 

sensitivity of this MVC resistance virus to NMAbs too.  

Figure. 20 Sensitivity of PC, MVC-R (T297I/M434I/V200I/K305R) and gp120/gp41 chimeric 

(MVC-Rgp120/PCgp41 and PCgp120/MVC-Rgp41) infectious clones to NMAbs (KD-247, b12 and 

4E9C). Data are representative of results from 2 independent experiments. 

 

Table 6. Sensitivity of PC, MVC-R (T297I/M434I/V200I/K305R) and gp120/gp41 chimeric 

(MVC-Rgp120/PCgp41 and PCgp120/MVC-Rgp41) infectious clones to NMAbs 

 

Infectious clone KD-247 b12 4E9C 

PC >100 0.47 >5.0 

PCgp120/MVC-Rgp41 >100 0.63 >5.0 

MVC-R (T297I/M434I/V200I/K305R) 0.60 0.37 0.16 

MVC-Rgp120/PCgp41 30 >1.0 >5.0 

        Number indicates IC50 (g/ml) 
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4. DISCUSSION 

 

The MVC resistant virus escapes from drug pressure by acquiring mutations in the Env region. However, 

those mutations affect the structure of envelope, a target of neutralizing antibody (Pugach et al., 2008; Tilton 

et al., 2010; Yoshimura et al., 2014). In our previous study, the MVC resistant virus generated by in vitro 

selection occurred gradually following the acquisition of four MVC resistant mutations; T297I, M434I, 

V200I and K305R. In parallel with MVC resistance, the sensitivity to NMAbs and autologous plasma IgGs 

continuously increased during the accumulation of the four mutations. Three MVC resistant mutations; 

V200I, T297I and M434I, reside around the base of V3 and the K305R mutation is located at the V3 stem. 

All four mutations appear on the trimer apex site (Fig. 6) (Lyumkis et al., 2013; Yoshimura et al., 2014).  

We have demonstrated that our MVC resistant virus became sensitive to NMAbs and autologous 

plasmas after acquisition of T297I mutation. The appearance of this mutation removes the N-linked glycan at 

position 295. The elimination of N295 in HIV-1 strain SF162 could increase the neutralization susceptibility 

of this mutant strain to anti-CD4 binding site, anti-V3, anti-CD4i and anti-gp41 NMAbs compared to the 

wild type SF162 (McCaffrey et al., 2004). The disappearance of glycan at position 295 in the MVC resistant 

virus might also allow improved the accessibility of NMAbs except for b12 (Table 2). 

MVC resistant mutations apparently affected to the CD4 binding region as they changes the sensitivity 

of MVC resistant clones to sCD4 (Fig. 12). All four MVC resistant mutations are not in CD4 contact area 

however, those mutations somehow involves in alteration of CD4 binding site. The changing of CD4 binding 

site might be a reason of the increasing sensitivity of MVC resistant virus to anti-CD4bs. 

 The binding of HIV-1 Env to cellular CD4 induces Env conformation rearrangement of V1/V2 and V3 

(Wilen, Tilton, and Doms, 2012) and leads to formation of bridging sheet. The Env CD4-bound state exposes 

CD4 binding and CD4i epitope that accessible for anti-CD4bs and CD4i antibodies (Kong et al., 2010; 

Myszka et al., 2000; Roitburd-Berman et al., 2013). KP-5 MVC resistant virus is highly sensitive to 

anti-CD4bs, anti-CD4i and anti-V3 NMAbs. We assume that this MVC resistant virus may have a CD4 

bound-like Env structural. 
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Anti-V3, KD-247 and 447-52D, antibodies bind to the GPGR motif on the tip of the V3 loop (Hatada et 

al., 2010; Killikelly et al., 2013; Shibata et al., 2007). Our results indicate that the MVC resistant mutations 

outside the epitope of those anti-V3 antibodies changed the conformation of Env to expose the epitope(s) of 

KD-247 and 447-52D NMAbs. The Env conformation is also contribute to neutralization activity of both 

anti-V3 antibodies. 

The K305R mutation located at the V3 stem conferred high resistance to MVC confirming that the 

mutation at the V3 loop is critical for MVC resistance (Berro et al., 2012; Soulie et al., 2008; Yuan et al., 

2013). The emergence of the K305R mutation in addition to the other three mutations (T297I, M434I and 

V200I) conferred resistance to all NMAb and autologous plasmas (Table 2). This mutation, which locates 

near the tip of V3 loop, may affect the conformation of the trimer more than those around the base of the 

loop (di Marzo Veronese et al., 1993; Suphaphiphat, Essex, and Lee, 2007; Xiang et al., 2010; Yuan et al., 

2013).  

We demonstrate that the M434I mutation in the Env of MVC resistant virus may play a major role in 

increasing the sensitivity to NMAbs, autologous plasma IgGs and heterologous sera. Resistant mutations of 

entry inhibitors have frequently been reported in the C4 region of gp120 and increased the neutralization 

sensitivity to NMAbs (Berro et al., 2009; Vermeire et al., 2009). M434I, for instance, was observed in escape 

variants from the attachment inhibitor BMS-378806 and its derivatives (Lin et al., 2003; Zhou et al., 2014). 

Furthermore, some C4 mutations in the Env region also occur in neutralizing antibody sensitive variants 

(O'Rourke et al., 2012; Ringe et al., 2011; Vermeire et al., 2009). These C4 mutations, including M434I, are 

located in close proximity to the CD4 binding area. M434, a hydrophobic residue in the gp120 21 strand, 

has a role in shielding and stabilizing hydrogen bonds between the 2 and 21 strands (Da, Quan, and Wu, 

2011). M434 mutated to I434 might have an effect on stabilizing the CD4-bound conformation of the 

envelope (Da, Quan, and Wu, 2011; Pan, Ma, and Nussinov, 2005; Xiang et al., 2002; Zhou et al., 2011). 

Thus, it is possible that particular C4 mutations, such as M434I, impact exposure of the CD4 binding site 

epitope for neutralizing antibodies (O'Rourke et al., 2012; Ringe et al., 2011; Vermeire et al., 2009; 
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Yoshimura et al., 2014). In the present study, the M434I mutation showed enhanced neutralization sensitivity 

to anti-CD4bs, b12 and 0.5 NMAbs and sCD4. 

The M434I clone was also sensitive to sera obtained from HIV-1 subtype B infected patients (82%) 

compared to those with non subtype B infection (47%) (Table 4). The overall frequency of M434I is about 

8% of the HIV-1 Los Alamos sequence database and is quite rare in subtype B (4%), but more common in 

recombinant subtypes (e.g. 23% of A1, 15% of CRF_02AG and 38% of CRF_A1C) (Zhou et al., 2011). It is 

possible that I434 has a greater impact on sensitivity to neutralization for subtype B compared to other 

HIV-1 subtypes so it is more prevalent in the latter group.   

The MVC-R (T297I/M434I/V200I/K305R) and MVC-R (M434I) were sensitive to over 50% of 

heterologous sera from treatment naïve patients whereas PC clone was sensitive to 6% of those sera. 

Comparing the reciprocal serum titers between the MVC-R (T297I/M434I/V200I/K305R) and MVC-R 

(M434I), the latter titer was significantly higher (Fig.17). This implies that the neutralization susceptibility of 

each MVC resistant clone to patient’ sera is difference. The use of clones with different neutralizing antibody 

sensitivities may be useful in allowing the assessment of the evolution of sensitivity following MVC 

containing ART regimen initiation in subtype B infected patients.  

Our preliminary data using heterologous sera from a patient treated with MVC containing ART (Fig.18 

and Table 5) suggest that this treatment regimen might affect the induction of neutralization activity in vivo 

as the sera ACC-B2-2 and ACC-B2-3 which were collected after treatment with MVC could neutralized 

three KP-5 Env infectious clone better than sera obtain prior MVC treatment. This finding should be 

interpreted with caution due to the limited sample size and could be observed only one of two patients. The 

effect of ARV drug in sera on the neutralization susceptibility assay was also needed to be concerned, 

although all serum was diluted to minimized the inhibitory effect of ARV drug present in sera. Further 

studies are needed to investigate the effect of treatment with or without MVC on enhancing production of 

anti-HIV-1 neutralizing antibody using the clones described. 

Following reversion of the four MVC resistant mutations, the clone MVC-R (4m-) was still sensitive to 

anti-V3 NMAbs (447-52D and KD-247). Amino acid substitutions other than these four mutations might be 
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involved in changing the neutralization sensitivity of the virus to anti-V3 antibodies. V65K mutation 

appeared in the viral population and selected by the low dose of MVC at the beginning of in vitro selection. 

This mutation may necessary for gaining MVC resistance phenotype as the presence of V65K mutation in 

PC and MVC resistant Env confers increasing of IC50 (Fig 12). The presence of V65K mutation with four 

MVC resistant mutations decreases sensitivity to NMAbs and autologous plasma IgGs, however it markedly 

increases sensitivity of PC virus to those antibodies. This indicates that a mutation in C1 region also 

influences to the neutralization susceptibility too. In 2014, Roederer et al. found that C1 mutations at position 

45 and 47 of SIV Env are associated with monoclonal antibodies resistance and both mutations might mask 

the majority of epitopes on the viral Env (Roederer et al., 2014).  

Introducing M434I or V65K mutation into JRFL and YU2 Env reveals that the effect of the M434I 

mutation on the sensitivity to NMAb and autologous plasma IgGs may be restricted by the backgroud env 

sequence (Fig. 16). Otherwise, different backbone may need different position in C4 region for increasing 

sensitivity to NMAbs. Moreover, introducing the M434I mutation into the Env of the PC virus impaired viral 

replication (data not shown).  

Beside the mutations in gp120 region, the gp41 of MVC resistant virus also influences on sensitivity to 

MVC and NMAbs. Our result suggests that the gp41 region of MVC resistant virus decreases the sensitivity 

of MVC resistant virus to MVC and increases sensitivity of MVC resistant virus to NMAbs. However, the 

gp120 region is the major factor conferring sensitivity to NMAbs as PCgp120/MVC-Rgp41 clone shows not 

significantly increase the sensitivity to NMAbs compared to PC clone (Table 6). The CCR-5 inhibitor 

resistance variants harboring mutations in gp41 was also observed (Anastassopoulou et al., 2011; 

Anastassopoulou et al., 2009; Anastassopoulou et al., 2012; Vermeire et al., 2009). Mutations in gp41 region 

could enhance neutralization by anti-gp120 antibodies (Back et al., 1993; Blish, Nguyen, and Overbaugh, 

2008; Kalia et al., 2005; Ringe and Bhattacharya, 2012). In 1993, Beck et al. suggested that gp41 mutation 

indirectly affect the neutralization epitopes of the CD4-binding site of gp120 or epitopes overlapping with 

this region (Back et al., 1993). In 2011, Lovelace et al. also reported that mutations in gp41 region enhance 

the neutralization sensitivity to anti-gp41, anti-gp120 and plasma (Lovelace et al., 2011). These suggest that 
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specific changes in envelope impact antibody binding and neutralization. The MVC resistant mutation in 

gp41 region and the mechanism of the mutation in gp41 effect the sensitivity of anti-gp120 antibodies is 

needed to be clarified.  
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5. CONCLUSION 

  

 A MVC resistant HIV-1 generated using in vitro selection exhibited high sensitivity to several 

NMAbs and autologous plasma IgGs. The resistant variant contained four mutations, T297I, M434I, V200I 

and K305R, which accumulated sequentially in the HIV-1 envelope. In this study, we examined the mutation 

most responsible for conferring enhanced neutralization sensitivity of the MVC resistant variant to several 

NMAbs and autologous plasma IgGs. We found that MVC resistant mutations play a role on changing the 

sensitivity to various NMAbs. Except for K305R, other mutations are most likely effect CD4 binding site. 

The changes of CD4 binding area may expose many epitopes of NMAbs. We propose that M434I mutation 

in C4 region has a major role of remarkable increase the sensitivity to NMAbs, autologous plasma IgGs and 

heterologous sera. Env changes due to MVC pressure especially, M434I mutation in the β21 strand in the C4 

domain of gp120 induced resulted in alteration in the conformation of Env exposing discontinuous 

neutralizing epitopes in V3, CD4i and CD4bs forming the basis for enhanced virus neutralization with both 

autologous and heterologous peripheral blood antibodies. Other factors that also involve on the changing of 

neutralization sensitivity were also determined. We found that the gp41 region and pre-exist mutation in the 

Env of MVC resistant virus before the virus exposed to MVC also engage in changing the neutralization 

sensitivity. However, the ability of those mutations are limited only a particular Env background.   

 Our MVC resistant infectious clones exclusively express epitopes for several neutralizing 

antibodies. It may be a new candidate as an antigen for HIV vaccine for induces the anti-HIV antibody in 

human.  
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