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Simian retrovirus type 4 (SRV-4), a simian type D retrovirus, naturally infects cynomolgus monkeys, usually without apparent
symptoms. However, some infected monkeys presented with an immunosuppressive syndrome resembling that induced by sim-
ian immunodeficiency virus infection. Antiretrovirals with inhibitory activity against SRV-4 are considered to be promising
agents to combat SRV-4 infection. However, although some antiretrovirals have been reported to have inhibitory activity against
SRV-1 and SRV-2, inhibitors with anti-SRV-4 activity have not yet been studied. In this study, we identified antiretroviral agents
with anti-SRV-4 activity from a panel of anti-human immunodeficiency virus (HIV) drugs using a robust in vitro luciferase re-
porter assay. Among these, two HIV reverse transcriptase inhibitors, zidovudine (AZT) and tenofovir disoproxil fumarate
(TDF), potently inhibited SRV-4 infection within a submicromolar to nanomolar range, which was similar to or higher than the
activities against HIV-1, Moloney murine leukemia virus, and feline immunodeficiency virus. In contrast, nonnucleoside reverse
transcriptase inhibitors and protease inhibitors did not exhibit any activities against SRV-4. Although both AZT and TDF effec-
tively inhibited cell-free SRV-4 transmission, they exhibited only partial inhibitory activities against cell-to-cell transmission.
Importantly, one HIV integrase strand transfer inhibitor, raltegravir (RAL), potently inhibited single-round infection as well as
cell-free and cell-to-cell SRV-4 transmission. These findings indicate that viral expansion routes impact the inhibitory activity of
antiretrovirals against SRV-4, while only RAL is effective in suppressing both the initial SRV-4 infection and subsequent SRV-4

replication.

gimian type D retroviruses (SRV/Ds) are prevalent among wild
and colony-born macaque monkeys, including Macaca fas-
cicularis (cynomolgus) and M. mulatta (rhesus) (1-3). Although
SRV/D infection is asymptomatic in most of these monkeys, mild
immunosuppression accompanied by anemia, diarrhea, and
splenomegaly has been observed in infected cynomolgus monkeys
(3, 4). Recently, Japanese macaques (M. fuscata) housed in the
Primate Research Institute (PRI) of Kyoto University, Japan, died
of a hemorrhagic syndrome with symptoms such as anorexia, pal-
lor, and nasal hemorrhage (5). Extensive investigations revealed
that this illness was caused by an infection with an SRV/D known
as simian retrovirus type 4 (SRV-4) (5; M. Okamoto et al., unpub-
lished data). SRV-4 has been reported to be distantly related to
other SRV/Ds, including SRV-1, -2, -3, -5, -6, and -7; e.g., the
previously isolated SRV-4 showed genome sequence similarities
0f 78,76, and 74% to SRV-1, -2, and -3, respectively (6). Although
there is more than 80% amino acid sequence identity between
Gag, Prt, and Pol of SRV-4 and SRV-1, -2, or -3, the Env sequence
of SRV-4 is relatively diverse (67 to 74%) compared to other
SRV/Ds (6). Although SRV-4 asymptomatically infects cynomol-
gus monkeys (7), SRV-4 infection of Japanese macaques has not
been reported to date. Because the cause of the high mortality
observed only for SRV-4-infected Japanese monkeys at PRI re-
mains unclear, it is important to study SRV-4 pathogenesis in
Japanese monkeys and to develop a prevention/treatment strategy
for controlling SRV-4 infection.

Human immunodeficiency virus (HIV) infection remains a
significant threat to humans. Over 20 antiviral drugs have been
approved for the treatment of HIV-1-infected individuals. Anti-
retroviral therapy (ART) can efficiently suppress viral load and
enable the recovery of immune function in HIV-1-infected indi-
viduals. Some of these drugs suppress infections caused by other
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retroviruses, including murine leukemia virus (MLV) (8, 9), xe-
notropic murine leukemia-related retrovirus (XMRV) (10, 11),
feline immunodeficiency virus (FIV) (12, 13), and human T-cell
leukemia virus type 1 (HTLV-1) (14, 15), indicating that some
anti-HIV drugs are widely active against several other retrovi-
ruses. There have been some reports on the anti-SRV/D activity of
anti-HIV drugs. Tsai et al. reported that three nucleoside/nucleo-
tide reverse transcriptase inhibitors (NRTIs), zidovudine (AZT),
zalcitabine (ddC), and 2',3’-deoxyadenosine (ddA), exhibited in-
hibitory activity against SRV-2 infection in vitro (16). Moreover,
although ddC treatment induced no major change in viral titers in
pigtailed monkeys (M. nemestrina) naturally infected with SRV-2,
the prophylactic use of ddC blocked de nove SRV-2 infection in
this species (17). Rosenblum et al. reported that anti-SRV-1 and
anti-SRV-2 activities of several NRTIs were relatively comparable
with anti-HIV-1 activity (18). Furthermore, elvitegravir (EVG)
and raltegravir (RAL), which are HIV-1 integrase strand transfer
inhibitors (INSTIs), efficiently block SRV-3 (also known as Ma-
son-Pfizer monkey virus) infection at nanomolar concentrations
(19). Thus, some NRTIs and INSTIs exhibit anti-SRV/D activity;
however, whether these drugs are active against SRV-4 infection
remains unclear.

In this study, we extensively evaluated the anti-SRV-4 activity
of a series of anti-HIV inhibitors, including NRTIs, nonnucleo-
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side reverse transcriptase inhibitors (NNRTIs), an INSTI, and
protease inhibitors (PIs), in vitro using single-round infection and
multiround viral spread by cell-free and cell-to-cell transmission.
Among the NRTIs tested, AZT and tenofovir disoproxil fumarate
(TDF) efficiently blocked single-round infection and cell-free
transmission of SRV-4, although they were less effective against
cell-to-cell transmission. RAL, an INSTI, blocked single-round
infection and cell-free transmission of SRV-4 within the nanomo-
lar range, and notably, it was also effective against cell-to-cell
SRV-4 transmission. These results indicate that AZT, TDF, and
RAL are effective in blocking the initial SRV-4 infection, and par-
ticularly, RAL is the most promising drug for the control of SRV-4
replication.

MATERIALS AND METHODS

Antiviral agents. Didanosine (ddI) (NRTI), lamivudine (3TC) (NRTI),
stavudine (d4T) (NRTI), ddC (NRTI), AZT (NRTI), and nelfinavir
(NFV) (PI) were purchased from Sigma (St. Louis, MO). Efavirenz (ERV)
(NNRTT), nevirapine (NVP) (NNRTT), and saquinavir (SQV) (PI) were
purchased from Toronto Research Chemicals (Ontario, Canada), Emtric-
itabine (FT'C) (NRTI), TDF (NRTI), darunavir (DRV) (PI), and RAL
(INSTI) were obtained through the AIDS Research and Reference Reagent
Program, National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NTH).

Cells and viruses. TE671 (human rhabdomyosarcoma), 2937 (hu-
man embryonic kidney), and 293T/SRV-4 (a persistently SRV-4-infected
2937 cell line) cells, which have been established by the transfection of an
SRV-4 infectious clone into 293T cells (Okamoto et al., unpublished),
were grown in Dulbecco’s modified Eagle’s medium (DMEM), MT-2 cells
(human T lymphocytes) were grown in RPMI 1640 medium. These media
were supplemented with 10% fetal calf serum (FCS), 2 mM r-glutamine,
100 U/ml penicillin, and 50 pg/ml streptomycin. 293FT cells (Invitrogen,
Carlsbad, CA) were cultured in DMEM supplemented with 0.5 mg/ml
G418. Platinum-GP cells (Plat-GP; Cell Biolabs, San Diego, CA) were
maintained in DMEM supplemented with 10 pg/m! blasticidin.

Concentrated SRV-4 was prepared as follows: 293T/SRV-4 cells (10°
cells) were cultured in a T-75 flask. After 3 days, culture supernatants were
recovered and filtered through a 0.45-pm membrane, followed by the
addition of a 30% polyethylene glycol (PEG) solution and 1.2 M sodium
chloride. The mixture was then incubated overnight at 4°C, followed by
centrifugation at 3,000 rpm for 45 min at 4°C. The resultant pellet was
resuspended in DMEM and used for assays immediately after titration.

Quantification of the proviral copy number. Viral RNA and genomic
DNA were prepared from concentrated SRV-4 by using the QIAamp viral
RNA minikit (Qiagen, Hilden, Germany) and from SRV-4-infected 293T
cells by using DNAzol (Invitrogen), respectively. The viral copy number
was quantified by using the One Step PrimeScript reverse transcriptase
PCR (RT-PCR) kit (TaKaRa, Otsu, Japan) and the StepOnePlus real-time
PCR system (Applied Biosystems, Foster City, CA) with a known copy
number control. The primer sets and a probe used for SRV-4 amplifica-
tion were described previously (20). PCR conditions were 5 min at 42°C,
10 s at 95°C, and 55 cycles of 5 s at 95°C and 34 s at 62°C.

VSV-G-pseudotyped luciferase expression vectors. An envelope-de-
leted SRV-4-based firefly luciferase expression vector, Aenv-SRV-4-luc
(R. Yoshikawa et al., unpublished data), and a plasmid, pcDNA-VSV-G,
encoding the vesicular stomatitis virus envelope glycoprotein (VSV-G)
(provided by H. Miyoshi, Riken Bioresource Center, Tsukuba, Japan)
were used to generate VSV-G-pseudotyped luciferase-expressing SRV-4.
These plasmids were cotransfected into 293FT cells. After 48 h of trans-
fection, culture supernatants were recovered, filtered through a 0.45-pm
membrane, and stored at —80°C until use.

The VSV-G-pseudotyped luciferase-expressing HIV-1-based lentivi-
ral vector was generated as reported previously (9). The Moloney MLV
(MoMLV)-based retroviral vector was produced by cotransfection of the
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pDON-AI-2-luc plasmid, a firefly luciferase gene-containing pDON-AI-2
retroviral vector (TaKaRa) (provided by Y. Sakurai, Institute for Virus
Research, Kyoto University, Kyoto, Japan), and pcDNA-VSV-G into a
MoMLV-based packaging cell line, Plat-GP, The FIV-based lentiviral vec-
tor was prepared by cotransfection of a luciferase-encoding transfer vec-
tor, pCDF-luc-EF1-puro; a 34TF10-derived packaging vector, pFIV-34N
(SBI System Biosciences, Mountain View, CA); and pcDNA-VSV-G into
293FT cells. All the recombinant viruses were collected and stored as
mentioned above,

Evaluation of the anti-SRV-4 activities of NRTIs, NNRTIs, and an
INSTI in single-round infection. To evaluate the inhibitory activities of
anti-HIV drugs against VSV-G-pseudotyped luciferase-expressing
SRV-4, HIV-1, MoMLV, and FIV, TE671 cells (10* cells/well) were plated
onto white 96-well flat plates. After 24 h of incubation, the cells were
infected with each virus in the presence of various concentrations of in-
hibitors. Similarly, 3 X 10" MT-2 cells were infected separately. Luciferase
activity was determined by using the Bright-Glo luciferase assay system
(Promega, Madison, WI) and a TriStar LB 941 multimode microplate
reader (Berthold, Bad Wildbad, Germany) at 48 h postinfection. Cytotox-
icity of the inhibitors was measured by using the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay, as de-
scribed previously (9). Antiviral activity and cytotoxicity of the inhibitors
are presented as the concentration that blocks viral infection by 50% (50%
effective concentration [ECq,)) and the concentration that inhibits cell
viability by 50% (50% cytotoxic concentration [CCyp)), respectively.

Evaluation of the inhibitory activity of P against SRV-4 production.
293T/SRV-4 cells were washed three times with phosphate-buffered saline
(PBS) and plated at a density of 2 X 10° cells/well onto a six-well culture
plate in the presence of various concentrations of PIs. After 72 h of incu-
bation, culture supernatants were collected and concentrated as described
above. The resultant pellet was solubilized with lysis buffer supplied in the
Reverse Transcriptase Assay, colorimetric (Roche, Mannheim, Ger-
many), and RT activity was quantified to evaluate viral production.

Effects of AZT, TDF, and RAL on SRV-4 replication. To test cell-free
SRV-4 infection, 2937 cells were plated at a density of 2 X 10° cells/well
onto a six-well plate and pretreated with inhibitors of approximately 10X
ECss determined by the single-round luciferase assay (AZT [400 nM],
TDF [10 nM], and RAL {150 nM]) or dimethyl sulfoxide (DMSO) as a
control for 4 h. Following this, culture media were replaced with fresh
medium containing identical concentrations of each inhibitor, and the
cells were infected with concentrated (37.5-fold) replication-competent
SRV-4 at a multiplicity of infection (MOI) of 2.0 X 10° copies/cell.

For cell-to-cell SRV-4 infection, SRV-4-free 293T cells (2 X 10° cells)
were pretreated with inhibitors as described above for the cell-free infec-
tion assay. Following this, 293T/SRV-4 cells (4 X 10 cells; proviral copy
number, 5 X 10'-? copies/cell) were cocultured in the presence of identical
concentrations of inhibitors.

In both the experimental approaches, culture supernatants were col-
lected and replenished with an equal volume of fresh medium containing
the corresponding inhibitors on days 1, 3, and 5 postinfection/postcocul-
ture. SRV-4 in each collected supernatant was concentrated, and RT ac-
tivity was quantified to monitor viral replication.

Statistical analysis. Dunnett’s test and the Bonferroni test were used
to determine the statistical significance of anti-SRV-4 activity of inhibitors
in single-round assays (Table 1) and of SRV-4 transmission in cell-free
and cell-to-cell infection assays (Fig. 1), respectively.

Protein sequence alignment. Standard amino acid sequences of
SRV-4 (GenBank accession number NC_014474.1), HIV-1 (accession
number NC_001802.1), MoMLV (accession number NC_001501.1), and
FIV (accession number NC_001482.1) were aligned by using the program
Clustal W (21), as described previously (9). Residues associated with drug
resistance in HIV-1, reported in the Stanford University HIV Drug Resis-
tance Database (22), are also shown.
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TABLE 1 Susceptibility of VSV-G-pseudotyped luciferase-expressing SRV-4 and related retroviruses/lentiviruses to NRTIs and an INSTI in single-

round infection”

Mean ECgy £ SD (pM) (mean % inhibition * SD)

Target cell line and

inhibitor HIV-1 SRV-4 MoMLV FIV
TE671
NRTIs
Thymidine analogs )
AZT 0.018 %= 0.0074 0.042 * 0.012* - 0.019 = 0.0043 0.029 = 0.0035
d4aT 0.40 £ 0.10 0.17 = 0.039 3.7 £ 0.82** 0.52 £ 0.0055
Inosine analog
ddl 10 1.7 44 £ 1.3%% >10 (0) 19 £ 1.7%*
Cytidine analogs
ddC 5.6 1.1 2.7 £0.13** >10 (0)** 3.2 £0.50**
3TC 4.4 +0.75 39+%1.2 >10 (0)** 2.2 £ 0.50*
FTC 0.48 = 0.15 0.50 = 0.082 >10 (0)** 0.35 £ 0.030
Adenosine analog
TDF 0.0043 = 0.00058 0.00080 % 0.00037** 0.0035 £ 0.0012 0.0015 = 0.00076**
INSTI
RAL 0.0031 * 0.0015 0.015 % 0.0065 0.0017 % 0.00036 0.049 £ 0.00090*
MT-2
NRTIs
Thymidine analogs
AZT 0.037 = 0.014 0.11 £ 0.037 0.71 £ 0.36* 1.4 = 0.40**
d4T 0.50 = 0.13 2.3 £0.44 3.5+ 0061 21 * 6.6%%
Inosine analog
ddl 3.4 £0.70 >10 (42 * 4.4)* >10 (0)* 16 £ 4.7%*
Cytidine analogs
ddC 7.2%x24 0.59 £ 0.45** >10 (0) 35 * 1.1*
3TC 2.8 1.0 >10 (17 % 3.3)** >10 (0)** 1.1 = 0.10**
FTC 0.52 %0.12 3.0 £ 0.40** >10 (0)** 0.22 £0.12
Adenosine analog
TDF 0.0071 + 0.0018 0.0016 % 0.00025** 0.0071 £ 0.00056 0.0039 = 0.0021
INSTI
RAL 0.0033 % 0.0010 0.0024 * 0.00068 0.00064 £ 0.00057 0.062 % 0.032**

“ Antiviral activities of NRTIs and an INSTI against VSV-G-pseudotyped SRV-4, HIV-1, MoMLV, and FIV were determined by using a luciferase assay. Data are shown as means
and standard deviations obtained from three or more independent experiments, and statistical analyses were performed (*, P < 0.05; **, P < 0.01; not indicated, P = 0.05
[determined by Dunnett’s test against control HIV-1]). EC5,s shown as >10 indicate that more than 10 M drugs is required to block viral infection by 50%. In this case, percent
inhibition of viral infection at 10 M is shown in parentheses and is considered 10 .M for statistical analysis.

RESULTS
Anti-SRV-4 activity of HIV NRTIs in single-round infection. To
date, there is no convenient assay system for evaluating the anti-
SRV-4 activity of compounds; therefore, we first established a
simple and quantitative assay system by employing VSV-G-pseu-
dotyped luciferase-expressing SRV-4 as a model virus. The anti-
SRV-4 activity of the test compounds was evaluated by using
TE671 and MT-2 cells. TE671 cells, which are derived from hu-
man rhabdomyosarcoma, have frequently been used for infection
experiments with several retroviruses, including SRVs (23). MT-2
cells, which are derived from human T lymphocytes, are also sus-
ceptible to some viruses, including HIV (24) and hepatitis C virus
(25), and are routinely used for analysis of antiviral activity of
inhibitors (9). Inhibitory activity against HIV-1 and FIV (lentivi-
ruses) and MoMLV (gammaretrovirus) was also evaluated.
Some HIV NRTIs reportedly possess anti-SRV-1 and anti-
SRV-2 activities (16, 18); therefore, we first evaluated the anti-
SRV-4 activity of seven NRTIs which have been approved for the
treatment of HIV-1-infected patients. When TE671 cells were
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used as targets, ddI, ddC, and 3TC exhibited weak anti-SRV-4
activities, with ECsys within the micromolar range (ECsy, 2.7 to
4.4 pM), whereas d4T and FTC exhibited moderate anti-SRV-4
activities, with ECq(s within the submicromolar range (ECsq, 0.2
and 0.5 M, respectively) (Table 1). Remarkably, AZT and TDF
exhibited potent anti-SRV-4 activities, with ECq,s of 42 and 0.8
nM, respectively. In contrast, almost all the NRTIs showed higher
ECss using MT-2 cells as targets than those using TE671 cells as
targets (Table 1). However, AZT and TDF exerted potent anti-
SRV-4 activities, with ECs,s of 110 and 1.6 nM, respectively, even
in theless sensitive MT-2 cells. Notably, all the NRTIs tested in this
study exhibited no cytotoxicity against both cell types up to 100
M, indicating that the observed anti-SRV-4 activity was not be-
cause of cell damage (data not shown).

One possible explanation for the difference in drug suscepti-
bility between TE671 and MT-2 cells would be the different phos-
phorylation efficacies of NRTIs, which require sequential phos-
phorylations by cellular kinases to reach the active form (26, 27).
To confirm this, we next evaluated anti-HIV-1, anti-FIV, and an-
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FIG 1 Effects of AZT, TDF, and RAL on SRV-4 replication. Anti-SRV-4 ac-
tivities of AZT, TDF, and RAL were evaluated in cell-{ree transmission (A) and
cell-to-cell transmission (B) models. SRV-4-frec 29371 cells were (reated with
AZT (400 nM), TDF (10 nM), RAL (150 nM), or vehicle (DMSQO). After 4 h,
culture media were replaced with [resh medium containing identical concen-
trations of each drug with replication-competent SRV-4 (A) or with SRV-4-
infected 2937 cells at a ratio of uninfected to infected cells of 50:1 (B), Culture
supernatants were periodically collected, and SRV-4 was concentrated. The
viral pellet was lysed, and reverse transcriptase activity derived from SRV-4 was
quantified with a standard of known activity to monitor viral production. Data
are shown as means and standard deviations obtained from three independent
experiments. #, P < 0.05; #x, P < 0.01; ##*, P < 0.001; —, P = 0.05 (deter-
mined by the Bonferroni test).

ti-MoMLYV activities using the same assay systemm, in which TE671
or MT-2 cells were infected with VSV-G-pseudotyped luciferase-
expressing HIV-1- or FIV-based lentiviral vectors or MoMLV-
based retroviral vectors in the presence of various concentrations
of inhibitors. HIV-1 infection was blocked by all the tested NRTIs
to various extents (Table 1). Among these, AZT and TDF exhib-
ited potent activities against SRV-4 and MoMLYV infections, while
d4T wasless active than AZT (Table 1). In FIV infection, AZT and
d4T were active within the submicromolar range only in TE671
cells; however, TDF exhibited potent anti-FIV activity in both cell
types (Table 1). Importantly, variation of EC5,s of NRTIs against
HIV-1 was minimum between both target cell types (0.3- to 2.1-
fold change in ECsys measured with TE671 and MT-2 cells), sug-
gesting that cell-derived factors are not a major cause of target
cell-based differences in anti-SRV-4 activity.

Taken together, these findings indicate that HIV NRTIs have
inhibitory activity against SRV-4 infection to various extents.
Among these, AZT showed preferential anti-SRV-4 activity, a
trend different from that previously observed against SRV-1 and
SRV-2 (18). In addition, TDF exhibited the most potent anti-
SRV-4 activity in the single-round infection assay.
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Inhibitory effect of HIV-1 NNRTIs on SRV-4 infection.
HIV-1 NNRTIs, including NVP and EFV, efficiently suppress
HIV-1 infection by inhibiting HIV-1 RT activity by binding to a
hydrophobic pocket near the RT polymerase active site (28,29).In
the present study, EFV showed slight cytotoxicity, with CCs, val-
ues of 57 and 48 M in TE671 and MT-2 cells, respectively. How-
ever, both NVP and EFV potently inhibited HIV-1 infection, with
ECsqs within the nanomolar to subnanomolar range (0.57 to 82
nM) in both cell types. In contrast, NVP and EFV were completely
inactive against SRV-4 infection as well as against MoMLV and
FIV infections, even at 10 pM. These results correlate well with the
impressive narrow spectrum of NNRTI activity; 1.e., NNRTIs are
active against HIV-1 but not against HIV-2 and other retroviruses
(11, 30-32).

Inhibitory activity of an HIV INSTI against SRV-4 infection.
We next evaluated the inhibitory effect of RAL, the first INSTI
approved for clinical use, on SRV-4 infection. RAL has potent
anti-HIV-1 activity in addition to a broad antiviral spectrum in-
cluding simian immunodeficiency virus (SIV) (33), MLV (34),
XMRV (11),and SRV-3 (19). We also observed that RAL inhibited
HIV-1 and MoMLYV infections (Table 1). FIV was less susceptible
to RAL than HIV-1 and MoMLYV, although the RAL ECs, against
FIV was at the nanomolar level. Most importantly, SRV-4 infec-
tion was potently inhibited by RAL within a nanomolar concen-
tration (Table 1). We previously observed that EVG, a new INSTI
contained within a recently approved anti-HIV drug, was active
against not only HIV but also MoMLV and SIV (9), indicating that
INSTIs are a preferential class of inhibitors for a wide range of
retroviral infections. We report for the first time the potential
blockage of SRV-4 infection by RAL without cytotoxicity.

Effect of HIV PlIs on SRV-4 production. We then evaluated
the inhibitory activity of PIs against SRV-4 replication. It is im-
possible to evaluate the anti-SRV-4 activity of PIs with the repli-
cation-deficient SRV-4 used to evaluate the inhibitory activities of
NRTIs, NNRTIs, and an INSTI. To overcome this limitation, we
evaluated persistently SRV-4-infected cells, in which the produc-
tion of progeny infectious virions from SRV-4-infected 293T cells
was monitored in the presence of various concentrations of Pls.
Viruses released into culture supernatants were quantified by vi-
rion-derived RT activity.

First, we measured the cytotoxicity of three PIs (NFV, SQV,
and DRV) against 293T cells. Although DRV showed no cytotox-
icity up to-100 pM, NFV and SQV decreased cell viability, with
CCs values 0f 22 and 28 pM, respectively. To exclude a cell tox-
icity-based reduction in viral production, we used 0.1 and 1 uM
concentrations of PIs in this study, which are sufficiently high to
exert anti-HIV-1 activity (11, 35, 36). However, none of the PIs
inhibited late-phase SRV-4 replication steps even at 1 uM (data
not shown), indicating that SRV-4 is intrinsically less susceptible
to Pls.

Effects of AZT, TDF, and RAL on SRV-4 replication. As ob-
served in the early part of this study, two NRTIs (AZT and TDF)
and one INSTI (RAL) efficiently inhibited replication-deficient
SRV-4 infection in a single-cycle luciferase assay. To further elu-
cidate the anti-SRV-4 property of these inhibitors, we assessed
their effect on SRV-4 replication.

To precisely evaluate the inhibitory activity against SRV-4 rep-
lication, we distinguished the SRV-4 replication pattern into two
viral expansion pathways: cell-free and cell-to-cell transmission.
In the cell-free model, SRV-4-free 293T cells were infected with
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cell-free SRV-4 in the presence of inhibitors, and further viral
expansion was monitored by virus-derived RT activity. In con-
trast, SRV-4-infected 293T cells were used as the source of infec-
tion for cell-to-cell transmission.

We observed that in the cell-free model, SRV-4 efficiently in-
fected 2937 cells and reached the maximum level at 3 days postin-
fection (Fig. 1A). Similarly, viral expansion through de novo
SRV-4 transmission was observed in the cell-to-cell model
(Fig. 1B). However, SRV-4 expanded more efficiently through the
cell-to-cell mechanism than through the cell-free mechanism, as
judged by the 2- to 3-fold-higher RT activity observed in the cell-
to-cell model at 5 days postinfection, indicating that cell-derived
SRV-4is a favorable source of SRV-4. Under these conditions, the
10-fold-higher ECsos of AZT, TDF, and RAL, previously mea-
sured in single-round infection assays, completely inhibited cell-
free SRV-4 infection up to 3 days (Fig. 1A). However, on day 5,
only 7% of the viral production was observed in the presence of
AZT, whereas TDF and RAL still almost completely blocked
SRV-4 expansion. This tendency was well correlated with the an-
tiviral activity measured during the single-round SRV-4 infection
(Table 1). In contrast, when cell-associated SRV -4 was used as the
infectious source, inhibitory activities of AZT and TDF were only
partial; therefore, de novo SRV-4 transmission was ongoing at 3
and 5 days postinfection (Fig. 1B). Notably, we sequenced the RT
regions of the proviral DNA at the end of this study, and no
changes from the original SRV-4 were observed (data not shown).
Thus, drug resistance was not associated with insufficient activity.
However, only 3% to 5% of viral replication was observed in the
presence of RAL on day 5 (P << 0.001, compared to AZT and TDF),
indicating that RAL potently inhibited SRV -4 replication; there-
fore, it should be highly effective in controlling SRV-4 infection
and replication.

DISCUSSION

To date, several SRV serotypes have been identified, and their
distributions in monkeys have been revealed (1-3, 37-41). For
example, SRV-4 and SRV-5 infect cynomolgus and rhesus mon-
keys, respectively, while the Japanese monkey is not a natural host
of these SRVs (7, 42). However, the recent outbreak of SRV-4 at
PRI revealed that Japanese monkeys are susceptible to SRV-4 (5),
since fatal disease could be induced in some of them (43) (Oka-
moto etal., unpublished). These epidemics reflect the necessity for
effective drugs against SRV -4 infection. In addition, human SRV
infection has been reported, although no associated diseases have
been identified (44). This finding also suggests that the identifica-
tion of anti-SRV drugs is important to prevent the entry of these
viruses into the human population.

Among the identified SRVs, the inhibitory activity of anti-HIV
drugs against SRV-1 and SRV-2 has been relatively well analyzed.
In these studies, the evaluation of anti-SRV activity was performed
by time-consuming, cost-intensive, and hazardous procedures,
e.g., using wild-type SRVs and infected monkeys (17, 18). In the
present study, we used a VSV-G-pseudotyped luciferase reporter
SRV-4 to screen inhibitors with anti-SRV-4 activity from a panel
of clinically approved anti-HIV drugs. In this system, the lucifer-
ase reporter gene enabled sensitive and rapid evaluation. More-
over, replacement of the intrinsic envelope with VSV-G avoids the
restriction of target cell tropism, thereby enabling the direct com-
parison of antiviral activity with other viruses in the same cells.
Using this assay system, we reported for the first time that two
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anti-HIV NRTIs (AZT and TDF) and one INSTI (RAL) efficiently
inhibited SRV -4 infection. The tendency for drug susceptibility of
SRV-4 is different from that of SRV-1 and SRV-2, as reported in a
previous study in which SRV-1 and SRV-2 infections were more
potently inhibited by ddC than by AZT, 3TC, and d4T (18). Re-
portedly, SRV-4 is genetically distinct from SRV-1 and SRV-2 (3),
suggesting that this intrinsic diversity reflects drug susceptibility.

Among the NRTTs tested, AZT and TDF exhibited potent anti-
SRV-4 activities in single-round infection and cell-free viral trans-
mission and also inhibited HIV-1, MoMLV, and FIV infections to
various extents. However, the inhibitory activities of some NRTTs,
particularly the thymidine analogs AZT and d4T, against SRV-4,
MoMLYV, and FIV infections were markedly (>10-fold) varied
between TE671 and MT-2 cells (Table 1). A similar variation was
previously reported for several viruses (18, 45). Major factors ac-
counting for the different sensitivities of viruses to NRTIs in dif-
ferent target cells include the endogenous levels of some kinases as
well as the levels of the intracellular pool of nucleotides (45-47).
Moreover, although HIV-1 preferentially infects lymphoid cells,
SRV infects a wide variety of cells, including not only CD4,
CD8™, and B cells in vivo but also lung fibroblast and kidney cells
of monkeys in vitro (48). It is likely that the nature of the virus and
assay conditions affects the susceptibility of SRV-4 to NRTTs in
different cells, although further analyses are required to com-
pletely elucidate this phenomenon. TDF preferentially inhibited
all the tested retroviruses. All the nucleoside-type RT inhibitors
required three sequential phosphorylations, whereas TDF re-
quires only a two-step phosphorylation to be active (49, 50), sug-
gesting that this kinetic advantage reflects potent antiviral prop-
erties.

To gain deeper insights into the drug susceptibility of SRV-4,
amino acid sequences of regions corresponding to the RT-poly-
merase domain (residues 63 to 234 of HIV-1) and the integrase
catalytic core domain (IN-CCD) (residues 50 to 212) were com-
pared with those of HIV-1, MoMLV, and FIV (Fig. 2). Because
genotypic studies to elucidate drug susceptibility based on amino
acid changes have been extensively performed for HIV-1 (22, 51,
52), we applied those observations to genotypic analysis of SRV-4.
Overall, we confirmed that some amino acid residues in SRV-4 are
identical to reported mutations affecting drug susceptibility in
HIV-1. For example, HIV-1 RT mutations at positions 41, 67, 70,
210,215, and 219, known as thymidine analog mutations (TAMs),
are frequently observed in AZT and DAT resistance (52-54). In
SRV-4 RT, some residues corresponding to TAMs differ from
those of wild-type HIV-1 (Fig. 2A), although they must not be
involved in drug susceptibility of SRV-4, since AZT and d4T in-
hibited SRV-4 infection at a similar or superior level compared to
HIV-1 infection. In addition, although mutations at Q151 in the
LPQG motif and M184 in the YMDD motif are involved in high-
er-level resistance to some NRTIs (55-57), these motifs are com-
pletely conserved in SRV-4 RT. In contrast, MoMLV showed
complete insensitivity to certain NRTIs, including 3TC, at 10 uM
(Table 1), in agreement with previous reports (8, 18). Taken to-
gether, as apparent from genotypic analysis of SRV-4 RT, AZT and
TDF are thought to be potent therapeutic agents for the inhibition
and control of SRV-4.

RAL, an HIV INSTI, showed potent inhibitory activity against
SRV-4 infection as well as against HIV-1, MoMLV, and FIV infec-
tions. HIV-1 acquires high-level RAL resistance by mutations
such as Q148H/R/K and N155H (52, 58). Although SRV-4 IN
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HIV-1 63 FREL RTQDFWEVQLGIPHPAG—~LK KSVTV’%
SRV-4 73 L VPATMILMGALQPGLPSPVA- - TPONYLKI 1
MoMLV 100 VIKRVEDTHPTVPNPYNLLSGLPPSHONYTVED)
FIV 91 1 LKL TEKGAEVQLGLPHPAG- -LQTKKQUTVL
HIV-1 111 VOEAYFSVPEDEDFRKYTIFTIPSIH NETPGIRY
SRV-4 120 LKBCFETIPRHPNDQKRFIYISLPSTNFKEPMKR
MoMLY 150 % FCLRAHPTSQPL FLYZEWRDPEMGI 5G- QL
FIV 138 TGRAYRTTPROPDYAPYTENRTLPRINNAGPGRRFVACSIRNEWTL
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HIv-1 161 QSSMTKILEPFRKQNPDT $0D
SAV-4 170 QKFYAMATQTVROTWK
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HIV-1 211 RWGLTTPDKKHQKEPPFLW M 234
SRV-4 219 TAGLHIAPEKLQLHDPYTYLGFOR 242
MoMLV 249 LGYRASAKKAQICQKQVKYLGYL 272
FIv 238 WWGFETPEDKLQEEPPY e 262
B * ® .
HIV-1 50  MHGQVDCSPGITR LEG-~-~-- 11
SRV-4 56  VNPRGLLPNMLIQ CSEFNN-L ,1%
MOMLY 106 TRVRGHRPGT! EIKPGLYG %L
FIV 52 VGGQLKIGPGI{QMICHHFDG-- - -~ il

HIV-1 95 QETAYFLMKLAGRW--PVKTIH NgGATVRAACWWAG [KQEFGIP
SRV-4 105 KHVIAHLMHCFSILG-PPRQL GYTSRNFHDFCSKLNIKHTTGIP
MoMLY 156 KWTKKLIEETFPRFGMPQVLGYIIEPARVSKVSQTVADLLGIDWKLHCA
FIv 97 DCTVKAV LLSAHN-—VTE“E PP NEKNQKME GVLNYMGYKHKF GIP
HIV-1 143 lSQG T%GQVRDQAEHLKTAVQMA FIHNFKRKGGIG
SRV-4 154 Y IGQOGT ; OKIKKGEWYPTKGTPRNILNHAL FILNFLN
MoMLV 206 YR ossc RT\ ETL Q(LTLATGSRDWVLLLP%LYRARNTPGPH
FIV 145  GNEISQAL] 7L RVWIRKFLPETTSLDNAL SLAVHSLNFKRRGRIG
HIV-1 193 GYSAGERIVDITATDIQTKE 212
SRV-4 204 LDDQGKSAADRFWHSDPKKQ 223
MoMLV 256 GLTPYEILYGAPPPLVNFPD 275
FIV 195 GMAPYELLAQQESLRIQDYF 214

FIG 2 Protein sequence alignments of RT and IN. Reference amino acid se-
quences of SRV-4 (GenBank accession number NC_014474.1), HIV-1 (acces-
sion number NC_001802.1), MoMLYV (accession number NC_001501.1), and
FIV (accession number NC_001482.1) were aligned by using the program
Clustal W, and the regions corresponding to the RT-polymerase domain (res-
idues 63 to 234) (A) and the IN catalytic core domain (residues 50 to 212) (B)
of HIV-1 are shown. The amino acid numbering of SRV-4 IN is based on that
of SRV-3 (68). Absolutely conserved residues and conserved substitutions are
shown in black and gray boxes, respectively. For symbols above the sequences,
closed circles indicate residues associated with drug resistance for HIV-1, and
asterisks indicate catalytic residues.

contains H166, which corresponds to N155 in HIV-1 (Fig. 2B),
SRV-4 retained susceptibility within levels similar to those of wild-
type HIV-1 (Table 1). Reportedly, SRV-3 also contains amino
acids corresponding to N155H and F121Y, which are other INSTI
resistance mutations; however, SRV-3 shows complete suscepti-
bility to RAL (19). In contrast, bovine immunodeficiency virus
(BIV) reportedly showed 23-fold resistance to RAL compared to
wild-type HIV-1, although BIV contains a histidine (H) residue at
the position corresponding to N155 (19), as seen in SRV-4, indi-
cating that N155H is not a determinant of RAL susceptibility in
retroviruses other than HIV. Although in the present study, FIV
showed less susceptibility to RAL than the other retroviruses/len-
tiviruses tested (Table 1), FIV does not contain major INSTI re-
sistance mutations. However, one distinct difference was ob-
served: FIV IN carries G145, whereas it corresponds to Y143 in
HIV-1 (Fig. 2B). The Y143G mutation has rarely been observed in
RAL-treated patients (59); therefore, the precise effect of this mu-
tation on RAL resistance remains unclear. However, it was spec-
ulated that that the Y143G mutation lacks the interaction with
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RAL (19), and interestingly, Y143G reportedly affects proviral for-
mation (60), although this is apparent in nondividing cells (61),
likely suggesting that FIV IN G145 affects susceptibility of FIV not
only to INSTIs but also to NRTIs.

To expand viral infection in vitro and in vive, viruses utilize two
main pathways: cell-free and cell-to-cell transmission. However,
the transmission pathway depends on the nature of the viruses.
For example, cell-free HIV-1 efficiently infects CD4"* T cells and
also spreads in a cell-to-cell manner, whereas HTLV-1 transmits
exclusively by a cell-to-cell pathway (62-66). In the present study,
we compared the inhibitory activities of some inhibitors against
SRV-4 replication in both cell-free and cell-to-cell transmission.
We observed that although AZT and TDF could almost completely
block cell-free SRV-4 transmission, they showed only marginal ef-
fects on cell-to-cell SRV-4 transmission (Fig. 1). In contrast, RAL
completely suppressed SRV-4 replication in both cell-free and cell-
to-cell transmission. These results indicate that a favorable pathway
is intrinsically present in anti-HIV-1 drugs; AZT and TDF prefer-
entially block cell-free infection, whereas RAL is active in both the
pathways. A similar observation was reported for HIV-1, in which
tenofovir preferentially suppressed cell-free transmission com-
pared with cell-to-cell transmission (67). These observations may
highlight the importance of the kinetics of viral replication and
drug activation because AZT and TDF require tri- and diphos-
phorylation, respectively, to become active metabolites, whereas
RAL does not require any modification to exert its antiviral activ-
ity. In addition, it is likely that the kinetics of SRV-4 replication
steps, including reverse transcription and integration, vary be-
tween cell-frec and cell-to-cell transmission, as seen for HIV-1;
this may be another determinant of viral transmission pathway-
dependent anti-SRV-4 activities.

Taken together, the present study demonstrated that AZT,
TDF, and RAL potently inhibited SRV-4 infection. These inhibi-
tors suppressed single-round infection and cell-free virus trans-
mission of SRV-4; however, cell-to-cell transmission was blocked
only by RAL. To effectively control SRV-4 infection and maintain
a minimum risk of the emergence of drug resistance, a combina-
tion therapy of drugs suchas ART in HIV-1 infection is important.
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Antibodies with modest neutralizing activity and narrow breadth are commonly elicited in HIV-1. Here,
we evaluated the complementary and synergistic activities of a set of monoclonal antibodies (MAD)
isolated from a single patient, directed to V3, CD4 binding site (CD4bs), and CD4 induced (CD4i) epitopes.
Despite low somatic hypermutation percentages in the variable regions, these MAbs covered viral strains
from subtypes B, C, A and CRFO1_AE and transmitted/founder viruses in terms of binding, neutralizing
and antibody-dependent cell-mediated cytotoxicity (ADCC) activities. In addition, a combination of the
anti-V3 and CD4bs MAbs showed a synergistic effect over the neutralization of HIV-1jr.r.. A humoral
response from a single patient covered a wide range of viruses by complementary and synergistic
activities of antibodies with different specificities. Inducing a set of narrow neutralizing antibodies,
easter to induce than the broadly neutralizing antibodies, could be a strategy for developing an effective
vaccine against HIV-1.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Despite the great advances in the treatment of HIV-1 infection,
there are still major obstacles to effective control of HIV-1 infection.
Active replication persistence and immune activation under suppres-
sive highly active antiretroviral therapy (HAART) (Buzon et al., 2010;
Palmer et al., 2008; Richman et al., 2009), secondary effects of the
drugs (Montessori et al., 2004; Reust, 2011), and the socio-economic
burden of long-term treatment (Boyer, 2009; Naik et al., 2009) are
still present; making the development of a protective vaccine
desirable. Neutralizing antibodies are an important component of a
protective vaccine-induced immune responses and much effort has
been focused on the development of broadly neutralizing antibodies
against conserved epitopes on the functional Env trimer of HIV-1
(Bonsignori et al, 2011; Corti et al,, 2010; Walker et al.,, 2009).

Advances in antibody technology have uncovered broadly neu-
tralizing Abs (bNAbs) (Marasco and Sui, 2007; Zhu et al,, 2013; Zuo
et al,, 2011) and their efficacy has been proved in non-human animal
models. Protection from infection by Simian immunodeficiency virus

* Corresponding author. Fax: +81 96 373 6537.
E-mail address: shuzo@kumamoto-u.ac.jp (S. Matsushita).

http://dx.doi.org/10.1016/j.virol.2014.11.011
0042-6822[® 2014 Elsevier Inc. All rights reserved.

(SIV) was correlated with the humoral response produced after
vaccination with Env and/or Gag and Pol of rhesus macaques
(Barouch et al., 2013; Roederer et al,, 2014). Protection was also
observed in rhesus macaques vaccinated with Env derived peptides
and challenged with chimeric simian-human immunodeficiency
viruses (SHIV) SHIVe2ps and SHIVey; (DeVico et al, 2007; Eda et al.,
2006a). Passive administration of antibodies was also proved useful
in protecting for and controlling SHIV and HIV-1 infection. In rhesus
macaques chronically infected with SHIVigyps, passive administra-
tion of bNAbs (PGT121, 3BNC117 and b12 combined or alone)
reduced viral load and resulted in control of the infection
(Barouch et al,, 2013; Ng et al., 2010). Similar results were observed
in humanized mice chronically infected with HIV-1y, after the
passive administration of bNAbs 45-46°%4W, PG16, PGT128, 10-1074
and 3BC176 (Klein et al, 2012). Passive administration of MAbs
PGT121, b12, 2G12, 2F5 and 4E10 also offered protection from
infection with SHIV (Hessell et al, 2010, 2009a, 2009b; Mascola
et al., 2000, 1999; Moldt et al., 2012; Parren et al., 2001) even when
the antibody (b12) was administered topically (Veazey et al., 2003);
or when the administered antibodies were purified IgG from
infected chimpanzees (Shibata et al., 1999).

It has been proposed that an immunization strategy that could
elicit such antibodies would be protective in humans (Stamatatos
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et al,, 2009); however, to date there is no vaccine that induces
their production.

In naturally infected HIV-1 patients, bNAbs are not commonly
produced; instead, antibodies are often directed against strain-
specific or non-neutralizing sites in Env (Burton et al, 1991; Corti
et al., 2010). Only 10 to 25% of HIV-1-infected individuals generate
neutralizing antibodies, and a minority of these individuals,
approximately around 1%, is considered elite neutralizers, besides,
bNAbs appear late (1 to 3 years) after infection (Binley et al., 2008;
Deeks et al., 2006; Dhillon et al., 2007; Doria-Rose et al., 2010, 2009;
Gray et al, 2011; Sather et al, 2009; Simek et al, 2009) and
frequently harbor uncommon characteristics which probably pose
obstacles to their generation, including high levels of somatic
mutations, long heavy-chain complementarity-determining regions
3 (CDRH3s), frequent insertions or deletions, and high levels of
polyreactivity (Haynes et al., 2012b; Huber et al,, 2010; Klein et al.,
2013; Scheid et al, 2011; Sok et al, 2013; Xiao et al, 2009).
Moreover, when the immunoglobulin sequences of bNAbs are
experimentally reverted to their germline precursors, as they are
found on naive B cells, binding to HIV-1 Env is often significantly
diminished or even completely abrogated (Bonsignori et al,, 2011;
Haynes et al., 2012b; McGuire et al.,, 2014; Scheid et al., 2011; Wu
et al,, 2011; Xiao et al,, 2009). This suggests difficulties in inducing
bNAbs in HIV-1-infected patients and also by vaccination, because
many rounds of affinity maturation are required which means that
immunizations should be repeated many times as well.

Antibodies to the V3 loop, CD4bs and CD4i have been produced
by HIV infection or vaccination, but neutralization by these anti-
bodies is generally not broadly effective for preventing HIV-1
infection because of steric constraints blocking the access of these
antibodies to the epitopes, and mutations in their epitopes that allow
to escape from these antibodies. However, these modest neutralizing
antibodies appear faster after infection (even as early as 2 weeks after
sero-conversion) and are also capable of exert pressure over the virus
(Bar et al, 2012; Haynes et al, 2012b; McGuire et al, 2014;
Overbaugh and Morris, 2012; Pollara et al., 2014).

Table 1

Besides neutralization, non-neutralizing responses, specifically
the ADCC activity has been associated with protection from HIV.
The most remarkable case is the RV144 trial result, which showed
a 31.2% of vaccine efficacy (Rerks-Ngarm et al., 2009) and it has
been proposed that the ADCC activity of V1/V2 antibodies induced
by the vaccine may be the most important correlation for protec-
tion (Haynes et al., 2012a; Rerks-Ngarm et al., 2009; Wren et al.,
2012). Vaccination in animal models has shown similar results
(Hessell et al,, 2007; Xiao et al,, 2010) and it has also been reported
that broader ADCC responses correlate with long-term control of
HIV, slow progression of disease and lower viremia (Nag et al,,
2004; Wren et al., 2013; Xiao et al,, 2010).

It is certainly desirable for HIV-vaccines to induce antibodies that
neutralize global isolates of diverse subtypes. However, in view of
the difficulty in inducing bNabs in uninfected subjects, the induction
of a complementary set of antibodies with limited neutralizing
activity may be an attainable alternative approach. We have been
following a single patient infected with HIV that has a cross-
neutralizing activity to a variety of HIV-1 isolates including a panel
of clinical isolates belonging to subtypes B, C, CRFO1_AE and A. The
patient is a hemophiliac who has been infected with HIV-1 for more
than 25 years without any antiretroviral treatment. To elucidate the
mechanism to control viruses in this patient we established a series
of MAbs and demonstrated that a combination of antibodies to the
V3 loop, CD4bs and CD4i covered effectively a wide range of viruses
by their complementary and synergistic activities.

Results

Isolation and classification of monoclonal antibodies from an HIV-1
infected patient with long-term non-progressive disease

A total of 1718 B-cell clones were established by Epstein-Barr
virus (EBV) transformation from the patient KTS376 who has had
controlled HIV-1 infection for more than 25 years without any

Subclass, target and genetic characteristics of human monoclonal antibodies against HiV-1 obtained from a patient with non-progressive disease.

No Clone Subclass Target Gene usage Somatic mutation (%) CDRH3
length
VH VL VH VL
1 0.5y (1C10) 1gG1x V3 VH3-30 VK2-28 10.8 41 18
2 1D9 IgG1x V3 VH3-30 VK2-28 12.8 3.5 16
3 5G2 1gG1x V3 VH3-30 VK2-28 12.8 6.5 16
4 16G6 1gG1x V3 VH5-51 VL3-19 4.9 6.4 7
5 717G2 1gG2x V3 VH3-30 VK2D-29 10.8 71 21
6 2F8 12G1% V3 - - - - -
7 3E4 1gG1x V3 - - - - -
8 3G8 1gG1x V3 - - - - -
9 42F9 1gG1x CD4bs VH3-20 VK1-39 2 25 19
10 49G2 1gG1a CD4bs VH1-18 VL1-44 5.9 18 22
11 82D5 1gG1x CD4bs VH1-18 VL1-44 6.2 1.7 22
12 0.55(3D6) IgG1a CD4bs - - - - -
13 4E3 IgGlx CD4bs - - - - -
14 7B5 IgG2 CD4bs - - - - -
15 4E9C 1gG1x CD4i VH1-69 VK3-15 6.6 1.8 22
16 916B2 IgGin CD4i VH1-69 VL7-46 8.7 5.9 16
17 917B11 IgG1n CD4i VH1-69 VL1-51 5.9 2.8 28
18 4C11 18G1n CD4i - - - - -
19 5D6S 1gG1x CD4i VH1-69 VK3-20 9.3 9.6 26
20 7F11 IgG2x CD4i - - - - -
21 5E8 1gG2x - - - - - -
22 7BIN 1gG3x - - - - - -
23 9F7 1gG1x - - - - - -
24 39D5 1gG3x - - - - - -
25 43D7 1gG2x - - - - - -

VH: Variable heavy chain. VL: Variable light chain. CDRH3: Third complementary determinant region of the heavy chain. Not determine.
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antiretroviral treatment. Out of these B cell clones, we identified 25
clones continuously producing MADbs reactive to gp120 (Table 1).
First, MAbs were examined for their reactivity to the V3-peptide
corresponding to the V3-region of the gp120jzp (NNT20) and the
reactive MADbs, 0.5, 1D9, 2F8, 3E4, 3G8, 5G2, 717G2 and 16G6, were
classified as anti-V3 antibodies. Later, using a set of peptides that
have different V3 sequences and overlapping short peptides, we
identified the minimum epitope and the cross-reactivity of these
antibodies (Supplementary Table 1). The reactivity of these MAbs to
short peptides was decreased, and only 1D9 and 5G2 bound to 10
mer peptides, Although 2F8 did not recognize any overlapping short
peptides, this MADb was capable to bind to the V3 peptide from NSI,
correspondent to the CRFO1_AE subtype. '

MAbs other than anti-V3 were classified in three groups
according to the effect of soluble CD4 (sCD4) on the reactivity to
gp120: CD4bs, CD4i and other epitopes (Figs. 1 and 2). MAbs, 0.55,
4E3, 7B5, 42F9, 49G2 and 82D5, were classified as CD4bs anti-
bodies according to the reduction of reactivity in the presence of
sCD4. MADs, 4C11, 4E9C, 5D6S, 7F11, 916B2 and 917B11, were
classified as CD4i antibodies according to the enhancement effect
by sCD4. The rest of MAbs, which did not react to the V3 peptide
and did not show enhancement or inhibition by sCD4, were
classified as MAbs to other epitopes. Anti-V3 MAbD, KD-247 (Eda
et al., 2006a), CD4bs MAD, b12 (Burton et al., 1991) and CD4i MAbs,
17b (Thali et al., 1993) were also analyzed as controls.

For the anti-V3 antibodies, no influence in their binding to
monomeric gp120 was noted in the presence of sCD4 when
analyzed by ELISA (Fig. 1). However, the enhanced reactivity by
sCD4 was observed against Env on the cell surface in most of anti-
V3 MADbs (Fig. 2). This is consistent with the previous reports
(Huang et al, 2005; Thali et al., 1993), which showed that the
binding of CD4 to gp120 caused the V3 to protrude and became
more available, particularly in the strains that use the CCR5 co-
receptor. Although a reduction of reactivity was observed for the
CD4bs MADs in ELISA, this reduction of reactivity against trimeric
Env was not obvious in the MADs, such as 4E3 and 49G2 (Fig. 2).
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The enhanced reactivity by sCD4 was observed in all the CD4i
MADbs, both in ELISA and flow cytometry analysis (Figs. 1 and 2) as
previously reported for the CD4i MADbs (Lusso et al., 2005; Mbah
et al,, 2001; Wu et al,, 2008). The MAbs to other epitopes did not
show reactivity to trimeric Env, suggesting that these MAbs
recognized the unexposed region of the Env trimer (Fig. 2).

Genetic characterization of MAbs

Generally, gp120 epitope reactivity is mediated by IgG1,
although IgG2 can also be found (Banerjee et al, 2010). MAbs
predominantly consisted of IgG1. I1gG3 was observed only in the
“other epitope” group, and none of the antibodies isolated was IgG4
(Table 1). Representative MAbs were genetically cloned, and gene
usage, somatic mutation percentage and CDRH3 length was deter-
mined (Table 1). Anti-V3 antibodies showed a marked preference of
the usage of the VH3-30 gene for the variable region of the heavy
chain (VH) and VK2-28 for the variable region of the light chain
(VL); and only the MAb 16G6 used the VH5-51 gene and A light
chain, which were previously reported as preferential gene usage by
anti-V3 antibodies (Gorny et al,, 2009). All the anti-V3 antibodies
analyzed had the V to I substitution in position 55 (IMGT unique
numbering) of FR2 (Supplementary Fig. 1). MAbs, 1D9 and 5G2,
used the same genes and the length of CDRH3 was also the same
among them. These characteristics, as well as the close similarity in
their sequences (Supplementary Fig. 1), suggested that these two
MADs originated from a common ancestor. In contrast, 0.5y, which
used the same genes as 1D9 and 5G2, was considered as from
another lineage, because 0.5y had the CDRH3 different from 1D9
and 5G2 in terms of length and sequences (Table 1 and
Supplementary Fig. 1). Two of the three CD4bs MAbs used the
same genes, VH1-18 and VL1-44, suggesting that these MAbs had
the same origin. All four of the CD4i MADs analyzed used the VH1-
69 gene, which is consistent with previous reports (Gorny et al,
2009; Huang et al,, 2004), but did not use the same light chain gene.
This indicates that CD4i antibodies with the VH1-69 gene were
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Fig.1. Effect of sCD4 over binding of MAbs isolated from patient KTS376 to monomeric SF2g;10. Reactivity to gp120 was examined for each MAb alone (gray diamond) or in the
presence of sCD4 (black square) by capture ELISA assay. No effect was observed for MAbs to V3 and “other epitopes™. Meanwhile, inhibition of binding was observed for MAbs to CD4bs
and enhancement of binding was observed for MAbs to CD4i epitope. Maximum fold change (MFC) was calculated as follows: O.D. sCD4 positive/ O.D. sCD4 negative.
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Fig. 2. Binding of MADs from patient KTS376 to Env expressed on the surface of cells. Reactivity to PM1/CCRS5 cells chronically infected with HIV-Tjr.p was analyzed using
flow cytometer. Mean fluorescence intensity is shown for each MAD in the presence (gray) or absence (black) of sCD4, Enhancement of binding was observed for most of the
MADbs to V3 and all the CD4j MAbs when sCD4 was added. Inhibition of binding was observed for MADs to CD4bs in the presence of sCD4. MAbs to other epitopes did not

bind to trimeric Env on the cell surface.

frequently induced during infection. Abundance of tyrosines (Y) in
CDHR3, which was reported previously in CD4i antibodies (Choe
et al., 2003; Huang et al., 2004; Xiang et al., 2002) was present not
only in CD4i MAbs but also in CD4bs MAbs. These results suggest
that antibodies with preferential genes were abundantly induced in
the patient KTS376, and that dominant antibody lineages were
observed in the V3 and CD4bs antibodies.

Mostly, somatic hypermutation percentages were higher in VH
than in VL, with the exceptions of 16G6 and 42F9 (Table 1). Overall
somatic hypermutation percentages were relatively low (VH mean:
7.9% and VL mean: 4.0%) contrasting with the levels of somatic
hypermutations reported for bNAbs. For example, mutation per-
centages of bNAbs HJ16, 2G12 and b12 were between 20 and 45%
for VH and between 17 and 30% for VL; while the relatively less
hypermutated bNAbs PG6 and PG9 showed percentages of 21.4%
and 18.8% for VH and 21.2 and 14.1% for the VL, respectively (Klein
et al,, 2013; Sok et al,, 2013; Wu et al,, 2011; Zhou et al., 2010). The
low somatic mutation percentages observed for the MAbs isolated
from KTS376 corresponded to those reported for the “conventional
antibodies” against HIV-1 (Zolla-Pazner, 2014).

Binding activities of the MAbs to various HIV-1 Envs
Cross-reactivity of MAbs was examined using Envs from

various HIV-1 strains (Fig. 3). All the MADbs tested bound to Env
from most of subtype B viruses including laboratory strains (89.6,

SF162 and YU2) and primary viruses including T/F viruses (WITO
and RHPA), 6535.3 (SVPB5) and RE]J04541.67 (SVPB16) (Fig. 3). The
Env of the laboratory strain, NL4-3, was reactive to all the CD4bs
and CD4i MADs, but not to any of the V3 MAbs, consistent with the
results observed in the V3-peptide ELISA (Supplementary Table 1
and Fig. 3). Cross-subtype binding activities against subtype A,
CRFO1_AE and subtype C were observed in most of CD4bs and
CD4i MADbs, while most V3 MADbs exhibited significantly lower
cross-subtype binding activities than CD4bs and CD4i MAbs (Fig. 3,
Supplementary Fig. 2). Of the V3 antibodies, 16G6 bound all the
subtype C viruses tested, and showed a considerable cross-
reactivity compared with other V3 MAbs. This is consistent with
the previous reports that antibodies encoded by the VH5-51/VLA
genes can recognize Envs from various subtypes (Gorny et al,
2011). These results demonstrated that these MAbs isolated from a
single patient, as a set of MAbs, covered a wide range of viruses
including B and other subtypes. The lack of reactivity of some
MADbs was complemented with the activity of other MADs, and at
least two of the three epitopes tested (V3, CD4bs and CD4i) were
recognized by these MAbs.

Neutralizing activities of the MAbs against various HIV-1 subtypes
To evaluate the neutralizing activity of these MADbs, we first

used representative HIV-1 subtype B laboratory and primary
isolates (Fig. 4). The neutralizing activity against SF162 and BalL
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Fig. 3. Cross-reactivity of MAbs from patient KTS376 to Env from various HIV-1 strains. Reactivity to Env from various HIV-1 strains, such as laboratory strains,
transmitted/founder (T/F) viruses and viruses belonging to subtype A, B, C and CRFO1_AE, was analyzed by flow cytometry using transfected 293T cells. Percentages of cells
recognized by MADs are shown. Controls of the assay included the monoclonal IgG 8D11 (negative control), VRCOT and KD-247 (positive controls). MADs to V3 potently
bound to cells expressing Envs from all the subtype B viruses tested, with the exception of NL4-3. MAbs to CD4bs and CD4i showed a greater cross-subtype reactivity more

than MAbs to V3 MADs.

was observed for all MADs tested, consistent with the results of
binding activity. Most of the V3 MADs, with the exception of 16G6,
showed a potent neutralization of laboratory strains other than
1B, and 0.5y, 717G2 and 1D9 were also effective against primary
isolates. Although 16G6 reacted to many viruses (Fig. 3), the
neutralizing activity of this MAb was weak and narrow. The CD4bs
and CD4i MADbs neutralized HIV-1 IIIB, which was resistant to the
neutralization by most of the V3 antibodies because of the two
amino acid insertion adjacent to the V3-tip, while the potency and
spectrum of the CD4bs and CD4i MADbs were low and narrow,
compared with those of V3 MADs. Especially, KTS376-96, the
autologous virus from the patient that MAbs were isolated, was
sensitive to V3 MAbs, but not to the CD4i or CD4bs MAbs at all.
These results suggest that the V3 antibodies mainly neutralized
the viruses present in this patient.

To further evaluate the neutralizing activity of the MAbs, we
used a panel of pseudo-typed viruses named standard panel viruses
subtype B (SVPB) and C (SVPC) (Li et al., 2006, 2005) (Fig. 4), and
one subtype A and two CRFO1_AE pseudoviruses. As shown in Fig. 4,
0.5y was highly effective against subtype B viruses, and 10 out of 12
SVPB viruses were neutralized by 05y with a half maximal
inhibitory concentration (ICsg) below 150 pg/ml. The coverage of
subtype B viruses by 1D9 was lower than for 0.5y, but 1D9 showed
a cross-subtype neutralization against ZM53M.PB12 (subtype C)
and 92UG037.8 (subtype A). Consistent with the results of neutra-
lization of laboratory and primary strains, the potency of CD4bs and
CD4i MADbs were low and narrow against standard panel viruses.
However, THRO4156.18 (subtype B), which was reported as a
neutralizing resistant virus (Li et al., 2005), was neutralized by the
CD4bs MAbs 49G2 and 42F9. In addition, TRO.11 (subtype B) and

CAAN5342.A2 (subtype B), which were not neutralized by the V3
MADs other than 0.5y, were sensitive to CD4bs MADb 49G2 and CD4i
MAD, 4E9C, respectively. Moreover, cross-subtype neutralization
activity was higher in the CD4bs and CD4i MAbs, which neutralized
4 subtype C viruses, than the V3 MAbs. CD4bs MAb 49G2 and CD4i
MAb 4E9C significantly contributed to the cross-subtype neutraliza-
tion, and five out of 12 SVPC viruses (42%) were neutralized by this
set of MADs.

We also evaluated the neutralizing activity of these MAbs
against 10T/F viruses of subtype B (Fig. 4) (Keele et al.,, 2008; Lee
et al, 2009; Ochsenbauer et al., 2012; Salazar-Gonzalez et al.,
2009, 2008). Anti-V3 MADs neutralized 6 out of the 10 analyzed
T/F viruses, and CD4i MAb 49G2 neutralized SUMA, which in
contrast to V3 MAbs did not neutralize. Interestingly, 5G2, which
showed relatively weak and narrow neutralizing activity against
other viruses, showed considerable neutralization against T/F
viruses. As a result, MADs from a single patient provided coverage
of 70% of the analyzed T/F viruses.

Plasma from KTS376 obtained in two different time points (2002
and 2005) was able to recapitulate the neutralizing activity of the
monoclonal antibodies when confronted with representative
viruses from subtype B, C and CRFO1_AE (Supplementary Fig. 2).

These results demonstrated that MAbs from patient KTS376
neutralized a broad range of viruses. Although the coverage of
each MAb was limited, in combination they covered a considerable
number of viruses from different subtypes and origins. Anti-V3
antibodies mainly provided potency and broadness against viruses
inside subtype B, while CD4bs and CD4i MAbs complementarily
covered viruses that V3 antibodies did not neutralize, especially
non-subtype B viruses.



192 K.P. Ramirez Valdez et al. / Virology 475 (2015) 187-203

V3 CDdbs CD4i

Viral strai Sub-ty b3 a O o 2 i 2 9o w o g =

iral strain ub-type a 3 8 3 a g o & % % \% E
g = » R == 328§ % @ § 3 3

Laboratory and primary strains.

B B >150 : :
89.6 B >150  >150 >150 »150 >150 >150 >150
SF162 B i i
Bal B >150 v .
JR-FL B =150 >150 =150 >150  >150 150 >150
YU2 B =150 =150 >150  >150 >150 >150
MOKW B i
YKI B >150  >150 =150
KKGO B >150  >150 >150
KMT B B =150 »150  >150
KTS376-96* B >150 >150  >{50 >150 >[50
Standard panel viruses
6535.3 B
QHO0692.42 B >[50 >150 =150 =150 =150
SC422661.8 B =150 150 >150 »150 >150 150 >150 >150 »150 >150
PVO.4 B 119 >150 »150 >150 »150 >150
TRO.11 B >{50 >150 >150 >150
AC10.0.29 B =150 »150. >150 >150 >150
RHPA4259,7 B >150 =150 =150 150
THRO4156.18 B 12150 2150 >150 =150
REJO4541.67 B ik
TRIO4551.58 B >150 >150 >150 >150 >150
WIT04160.33 B >150 >156 =150 >150 =150
CAANS342.A2 B 150 >150 =150 >150 >150
Duls6.12 C =150 >150 >150 NA =150
Dul72.17 C =150 =150 >I50 »150 >150 >150 =150 >150 =150 NA
Du4d22.1 C >150 150 =150 =150 =150 =150 >150 >150 =50 NA =150
ZMI197M.PB7 C =150 >150 150 =150 >150 »150 =150 >150 =150 NA >150
ZM214M.PL1S C >150 =150 >150 >150 =»150 =150 =150 »150 =150 NA =150
ZM233M.PB6 C >150 >150 =150 =150 »150 >150 >150 >150 NA =150
ZM249M,PL} C 150 =150 >150  >150  >150 =150 =150 >150 >150 NA =150 =150 >150
ZM53M.PB12 C 2150 150 150 =150 [EEEE >150 150 +150 >150 NA  >150 >150 >150
ZMI109F.PB4 C 150 150 >I50 >150 >150 >150 7550 »|50
ZM135M.PL10a C >150 >150 >150 =150 =150 >I50 >150 >150 >150
CAP45.2.00.G3 C 150 >[50 >150 =150 =150 >150 =150 >[50 >150 NA  >I150 >150 >S50
CAP210.2.00.E8 C 150 150 >150 150 »150 =150 =150 »150 >150 NA  >150 =150 >150
92UG037.8 A »150 =150 »150 =150 7686 =150 NA 150 »150 =150 150 >[50 150

93TH966.8  CRFO1_AE =150 =150 =150 >I150 >I150 >I50 NA >150 =150 >150 >150 >150 =150
93TH976.17 CRFOlI AE =150 =150 =150 >[50 =150 =150 NA >150 >150 =150 =150 =150 =150
Transmitted/Founder viruses

WITO B >150 . 47,1 NA  NA =150 150  »150 >150 >150
CHO58 B >150 62.86 84:67 126 NA NA IS0 =150 =150 >150 =150
RHPA B 19898 74.38 9 NA NA  >150 =150  »150 =150 =150
REIO B >150 >150 NA  NA =150 >150 >150 >150 =150
TRIO B =150 =150 >150 =150 >150 >150 NA NA =150 =150 =150 =150 >I50
CHI106 B >150 >150 >1S0 >150 2150 »150 NA NA >I50 =150  >150 >150 150
CHO77 B >150 150 | >150 =150 NA NA >[50 >150 150 >150 >I50
SUMA B >150  >150 >150 >150 NA  NA 13633 =150 >150 150 150
CHO040 B >150 =150 >150 >150 >I150 584 NA NA =150 =150 >150 =150 >150
THRO B >150 >150 150 >150 >150 =150 NA NA >150 >150 >150 150 150

Fig. 4. 1Cso (pg/ml) of MAbs from KTS376 against strains of HIV-1 using TZM-bl cells and single-round infection assay. The autologous virus (KTS376-96) was analyzed
together with other laboratory and primary strains. Analysis of laboratory and primary strains for 0.58 was performed using the MTT assay of supernatant of infected PM1/
CCRS5 cells. Not available results are denoted as NA. Color code is as follows: Red: 1Csq 0.05-10; Orange: ICso> 10-50; Yellow: ICs > 50-150 pg/ml.
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Synergistic effects of anti-V3 and CD4bs antibodies against HIV-1 0.58 was up to 25% (Supplementary Table 3). This result suggests
that these antibodies, besides their complementarity, can act
Recent studies on functional trimers of envelopes suggest that synergistically. This phenomenon of synergism and complemen-
exposure of V3-epitope and coreceptor binding sites including the tarity may play an important role “in vivo” for suppressing viruses
CD4i epitope occurs following the interaction of gp120 with CD4 in a patient.
(Kwong et al., 2002, 1998; Liu et al., 2008; Mbzh et al,, 2001). In
fact, sCD4-mediated enhancement was observed in the V3 and ADCC activities of the MAbs
CD4i MADbs (Fig. 2), as has been previously reported (Lusso et al,,
2005; Thali et al,, 1993; Wu et al., 2008). We then tested whether It has been reported that antibodies contribute to protection by
antibodies to CD4bs have the capacity to alter the envelope its effector-mediated functions such as ADCC (Haynes et al., 20123;
conformation and induce some critical epitopes accessible for Liao et al., 2013; Xiao et al., 2010). Then, we determined the ADCC
the antibodies of other specificities. We first tested the binding activities of MAbs from patient KTS376. First, we analyzed cells
activity of MADs in the presence or absence of the CD4bs MAD 0.58 coated with gp120 from SF2 and cells infected with Bal and YU2
by ELISA (Fig. 5). Marked enhancement of binding of 0.5y was (Fig. 7, Supplementary Fig. 3). Significant ADCC activity was
observed in the presence of 0.58. The enhancement was also observed in most of the MAbs from the three groups. The CD4i
observed for the other V3 antibody 3E4, although the effect was MAD 916B2 showed neutralizing activity against BaL, but did not
much higher in 0.5y than in 3E4. In contrast, suppression in the show any statistically significant ADCC activity against BaL. The
binding of 0.58 itself and CD4i MAb 4C11 was observed in the 916B2 epitope may require the CD4 binding to Env, as reported
presence of 0.58. This suggests that the 0.5 epitope may overlap previously (Veillette et al., 2014). ADCC activity of MAbs from
with that of 4C11, or that the binding of either MAb may interfere patient KTS376 was also evaluated against cells infected with five
with the other sterically. T/F virus strains (Fig. 8, Supplementary Fig. 4). ADCC activity for
Then, we tested the effect of MADbs combinations, such as 0.5y the T/F viruses was relatively weak compared with the response
(V3) and 0.58 (CD4bs), 1D9 (V3) and 49G2 (CD4i), and 16G6 (V3) observed for gp120, BaL and YU2. THRO was sensitive to all the
and 17G2 (V3) over neutralization. The combinations of MAbs MAbs tested, while ADCC activity against CH106 was statistically
showed an additive effect in most of cases, while the combination significant in CD4bs MAb 49G2. Interestingly, the V3 MAbs acted
of 0.5y and 0.58 showed a synergistic effect in the neutralizing complementarily against CH040 and REJO. ADCC activity against
activity of HIV-1jp.p. (Fig. 6). The combination of these MAbs was CHO040 was observed in MADs, 0.5y and 16G6, and the other V3
shown to be more effective than either MAb alone and the synergy MADbs were effective against REJO. Despite the fact that no
of neutralizing activity observed for the combination of 0.5y and neutralizing activity was observed for THRO, all the MAbs showed
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Fig. 5. Effect of CD4bs MAD 0.55 on reactivity of other MADs. Reactivity of MAbs was analyzed by ELISA for biotin conjugated antibody alone (dotted line) or in
combination with 0.56 (solid line). Marked enhancement of reactivity in the presence of 0.55 was observed in the MAb to V3 0.5y, Another anti-V3 MAb 3E4 showed only a
slight enhancement by 0.58, and abrogation of reactivity was evident for 0.58 and 4C11. Maximum fold change (MFC) was calculated as follows: 0.D 0.58positive/ 0.D. 0.58
negative.
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significant ADCC activity against this virus. This indicates that
ADCC activity is not correlated with neutralizing activity. However,
CH106 was resistant to both neutralization and ADCC.

These results demonstrated that MAbs from a single donor
presented ADCC activity against HIV-1 strains including T/F
viruses. The coverage of a wide range of HIV-1 strains by ADCC
supports the complementary character of these MAbs from a
single patient, not only for the neutralizing activities, but also for
the non-neutralizing activities.

Presence of KTS376-like antibodies in plasma samples

In order to determine the presence of antibodies with the
specificity similar to the MAbs from patient KTS376, plasma
samples from various patients were examined for the ability to
block binding of 0.5y, 3E4, 0.58 and 4C11 (Fig. 9, Supplementary
Fig. 5).- Plasma samples from HIV-1-infected patients, which
included progressors (N=47), slow progressors (N=25), long-
term non-progressors, LTNP (N=20) and non-B-infected (N=11)
patients, significantly suppressed the binding of CD4bs MAb 0.58
and CD4i MAD 4C11. This is consistent with a previous observation
that most of the patients have antibodies to CD4bs and CD4i
(Binley et al., 2008; Dhillon et al.,, 2007; Gnanakaran et al., 2010;
Moulard et al,, 2002; Sather et al., 2009). The V3 MAbs, 0.5y and
3E4, were not inhibited significantly by plasma samples from non-

B-infected patients, and this maybe due to the poor cross-subtype
reactivity of the V3 MAbs (Fig. 3). Disease progression was
associated with the low inhibition of MAbs, and the plasma
samples from progressors inhibited the binding of MADbs less
strongly than those from LTNP. Accordingly, the inhibition of
0.5y, which was weakly inhibited by plasma samples compared
with other MAbs, was not significant in progressors. However,
considerably longer times of infection in the long-term non-
progressor and the slow progressor groups may have contributed
to affinity maturation of antibodies in these groups. This suggests
that the presence of antibodies similar to those in patient KTS376
may contribute to the control of HIV-1 infection. On the other
hand, KTS376-like antibodies were found in most of HIV-1-
infected patients regardless of their disease status, suggesting that
antibodies against V3, CD4bs and CD4i were induced in most HIV-
1-infected patients similarly to patient KTS376.

Discussion

In the present study, we isolated 25 MAbs from a patient,
KTS376, who had suppressed HIV-1 infection for more than 25
years without any treatment, and further analyzed these MADbs to
clarify the mechanism to controlling HIV-1 infection. A wide
coverage of viruses by a set of monoclonal antibodies from
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Fig. 9. Induction of antibodies with the specificity similar to MAbs from KTS376 in HIV-1-infected patients. Competition ELISA was performed using biotin-conjugated
MADbs, 0.5y, 3E8, 0.56 and 4C11, and plasma samples (1:50 dilution) as a competitor. Plasma samples were obtained from progressors (N=47), slow progressors (N=25),
Long-term non-progressors (LTNP, N=20), Non-subtype B infection (N==11) and sero-negative (N=7) individuals. Asterisks correspond to values statistically different from
those of sero-negative individuals (p < 0.05) calculated by Student’s t-test. The estimated time of infection with HIV-1 of patients from the long-term non-progressor group
and the slow progressor group were 23 and 15 year, respectively. Time of infection for the other groups is not available.

KTS376 suggests that the humoral response played an important
role in the long-term suppression of the patient. However, we
cannot rule out other mechanisms, such as cellular response and
viral fitness. The moderate neutralizing potency and breadth
indicates that these MADs are not classified as broad neutralizing
antibodies, but rather as “conventional antibodies”. This type of
antibodies was recently described by Zolla-Pazner, as antibodies
that have limited breadth and potency in standard neutralization
assays and are commonly induced in HIV-1-infected patients.
Conventional antibodies are frequently elicited during infection,
and induced by many vaccine candidates tested to date, but none
have yet induced broadly reactive neutralizing antibodies (Zolla-
Pazner, 2014). Although each conventional antibody has only a
limited breadth in neutralization, the considerable cross-reactivity
of MADbs from patient KTS376, indicates that conventional anti-
bodies can cover a wide range of viruses.

Anti-V3 MAbs had the higher frequency and potency of
neutralizing activity when compared with MADbs from other
specificity, especially against subtype B viruses. V3 is highly
immunogenic and it is estimated that about half of the antibody
responses against HIV-1 Env in patient serum is directed against
this region (Javaherian et al., 1989; Moore et al, 1994; Zolla-
Pazner, 2004) and at a sequence level, V3 is more conserved in
comparison with the other variable regions of gp120 (Jiang et al.,
2010). The anti-V3 MADbs 0.5y and 1D9 showed the broadest
neutralizing activities, comparable to that of other anti-V3 MAbs
with cross-reactivity, as previously reported (Andrabi et al., 2013).
MAD 16G6 has a remarkable cross-binding activity, consistent with
reports of anti-V3 antibodies derived from the VH5-51 gene
(Gorny et al, 2011). However, 16G6 has a weak neutralizing
activity and this may be related with its low somatic mutation
percentage. Despite the fact that anti-V3 MAbs frequently depend
on the “"GPGR” motif in the V3 tip, viruses with a different motif,

such as CHO40 (GPGQ) and CHO77 (GALR), were neutralized by
these V3 MAbs. The induction of such antibodies with a relatively
broad reactivity may require new approaches for designing V3-
scaffold immunogens and adjuvants based on previous observa-
tions (Zolla-Pazner et al., 2011). In addition, the high frequency of
0.5y-like antibodies in LTNP suggests that maturation of B cells,
which is much shorter than those for bNADbs, may be important to
induce V3 antibodies with cross-reactivity.

CD4bs MAbs are reported as the earliest cross-neutralizing
response in patients (Andrabi et al., 2013; Jiang et al., 2010; Zolla-
Pazner et al., 2011) and is not rare to found them in HIV patients’
sera. Patient KTS376 was not the exception and several CD4bs
MADbs with cross-neutralizing activity, even against non-B subtype
viruses, were isolated. However, as it is also observed for anti-
bodies other than CD4bs, higher concentration of antibody was
required for efficient neutralization. These types of antibodies
could also contribute to enhancing the V3 MADs response, as
was observed when the anti-V3 0.5y was combined with the
CD4bs MAb 0.58, showing the complementary and synergistc
potential of CD4bs MAb. Synergy of antibodies was reported to
contribute to HIV-1 control in a vaccine study (Pollara et al., 2014),
and in this study we showed that synergy was also observed in a
combination of antibodies derived from a single donor. This
suggests that this synergy phenomenon can contribute to sup-
pression of HIV-1 in vivo.

CD4i MAbs are induced quite frequently in HIV-1-infected
patients (Decker et al., 2005). CD4i MAbs isolated from patient
KTS376 were not as potent as the V3 MADs, but were able to
neutralized viruses that were not covered by anti-V3 and CD4bs
MADs; thus providing a complementarity to the antibody set.
Identification of at least four lineages of CD4i antibodies, which
were revealed from a genetic analysis of light chain genes,
indicates the vigorous induction of CD4i antibodies in this patient.
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CD4i antibodies may not contribute significantly to protection
from HIV-1 infection, but may play an important role in control-
ling HIV-1 replication after HIV-1 infection. Some CD4i antibodies
bound to a hybrid epitope conformed by the CD4 and the gp120,
and for these antibodies, the presence of CD4 is indispensable for
binding (Lewis et al., 2011). However, our MAbs were able to bind
to gp120 even without CD4, which suggests that some part of the
epitope may be exposed even before binding to CD4.

Low somatic hypermutation rates of MAbs from patient KTS376
contrasts with those of the bNAbs. A high mutation percentage is a
consequence of the affinity maturation of antibodies, and is one of
the main obstacles for induction of bNAbs by vaccination. In fact, a
positive correlation between the level of somatic hypermutation
and the development of strength and breadth of the neutralizing
activity of an antibody was reported (Sok et al,, 2013). However,
our data show that MAbs even with low levels of affinity matura-
tion are capable of binding and neutralizing a wide range of
viruses, when antibodies targeting V3, CD4bs and CD4i acted
complementarily and we observed also synergy. Synergy of
neutralizing activity by two antibodies with different specificity
has been already reported. Pollara et al. (2014) recently showed
that C1 and V2 monoclonal antibodies isolated from RV144
vaccinees have synergistic activities for neutralization, infectious
virus capture, and ADCC, and proposed that synergy among
antibodies with different epitope specificities contributes to HIV-
1 antiviral antibody responses. Although it is difficult to compare
our results with the results reported by them due to the use of
different experimental settings, they showed a 20- to 65-fold
decrease of ICsqs by combination of antibodies.

Besides neutralizing activity of the antibodies, ADCC activity
has been reported to have great importance in the protection and
control of the HIV-1 infection (Haynes et al., 2012a; Rerks-Ngarm
et al., 2009; Wren et al., 2012). Antibodies with ADCC activity tend
to have cross- or broad- activity (Smalls-Mantey et al., 2012). In
addijtion, ADCC-mediated natural killer cell activation was signifi-
cantly broader and stronger in HIV controllers than in HIV
progressors (Madhavi et al., 2014). We showed significant ADCC
activities of MADs against various viruses, especially T/F viruses.
The in vitro evaluation of ADCC presents certain obstacles, and one
of them is a lack of suitable target cells. We used CEM.NKr.CCR5
cells as target cells, but the susceptibility of these cells to HIV-1
infection is not high due to the presence of restriction factors (Han
et al., 2008). This limited the number of primary isolates eval-
uated, because infections could not be established for many
viruses. The factors behind the presence or magnitude of the
ADCC responses are not fully understood. It was reported that
neutralizing and gp120 titers did not predict ADCC activity (Alpert
et al., 2012). Although binding to Env is necessary for ADCC
activity, we cannot observe a correlation between these two
factors. Interaction of gp120 with CD4 was shown to changed
ADCC activity (Veillette et al., 2014) and this could have important
implications for the conformational status of Env in the infected
cells. Possible causes may include the interactions between epi-
tope and paratope and the differences in the level of epitope
expression required for ADCC activity. However, the exact reasons
behind this lack of correlation among binding, neutralizing and
ADCC activities remains unclear, and will be a topic of future
research.

A wide coverage of HIV-1 viruses by bNAbs has been previously
reported (Walker et al, 2011) and great effort is invested in
developing this type of antibodies by vaccination (Zolla-Pazner,
2014); however, this study supports the rationale that “conven-
tional antibodies” are capable to provide considerable levels of
coverage, as we observed that the antibodies derived from a single
patient had complementary and synergistic neutralizing activity
and ADCC activity. The use of mixture of Env had been proposed as

a way to achieve the induction of polyclonal response in animal
models (Nkolola et al., 2014; Seaman et al., 2007, 2005). Although
the induction of antibodies to specific epitopes will require further
studies, antibody induction to a specific epitope was demonstrated
using the antigen containing epitope with scaffold (Zolla-Pazner
et al., 2011). Elicitation of antibodies with characteristics similar to
MADs from this patient, which is much easier than elicitation of
highly mutated bNAbs, could be a strategy for developing an
effective vaccine against HIV-1.

Material and methods
Study participant

B cells were isolated from patient KTS376. During the period of
B cell isolation, CD4 cells count was above 200/pl (mean of 17
visits; 297/pl) and viral load was below 200 copies/ml (mean of 17
visits; 44.3 copies/ml), and the time frame corresponded to 23 to
28 years after infection with HIV-1. Also, KTS376 did not receive
any antiretroviral treatment and besides having Hepatitis C virus
co-infection, did not present any symptoms or signs of immuno-
deficiency. Human blood samples were collected from KTS376
after signed informed consent in accordance with the study
protocol and informed consent was reviewed and approved by
the Ethics committee for clinical research & advanced medical
technology at the Kumamoto University Medical School.

Cells, reagents and viruses

TZM-bl (Derdeyn et al., 2000; Lambotte et al., 2009; Platt et al,,
1998; Takeuchi et al., 2008; Wei et al.,, 2002), 293A (Life Technol-
ogies, Carlsbad, CA) and 293T (Graham et al, 1977) cells were
maintained in Dubelcco’s modified Eagle medium (DMEM; Sigma,
St. Louis, MO) and supplemented with 10% heat-inactivated fetal
calf serum (FCS; Thermo Scientific, Waltham, MA). CEM.NKr.CCR5
cells (Howell et al., 1985; Lyerly et al., 1987; Trkola et al., 1999)
were maintained in RPMI-1640 medium (Sigma, St. Luis MO)
supplemented with 10% FCS. PM1/CCR5 cells (Monde et al,
2007) were maintained in RPMI-1640 supplemented with 10%
FCS and 100 pg/ml of G418 sulfate (Calbiochem-EMD Millipore,
Billerica, MA). PM1/CCR5 cells chronically infected with HIV-1jr g
were maintained in RPMI-1640 supplemented with 10% FCS.
Recombinant human soluble CD4 (sCD4) was purchased from
R&D systems (Minneapolis, MN). The primary HIV-1 strains,
MOKW, YKI, KKGO, KMT and KTS376-96 were isolated from
drug-naive Japanese patients (Maeda et al., 2001). These viruses
were passaged in phytohemagglutinin (PHA)-activated peripheral
blood mononuclear cells (PBMCs) and the culture supernatant was
stored at —80 °C until use. KD-247, an anti-V3 humanized mouse
antibody, was produced by transferring the complementary region
genes from the mouse hybridoma clone C25 into genes of the
human V region as previously described (Eda et al., 2006b). CD4i
MADb 17b was a kind gift from ]. Robinson (Department of
Pediatrics, Tulane University Medical Center, New Orleans, LA).
CD4bs VRCO1 was produced by Freestyle 293 expression system
(Invitrogen, Life Technologies, Carlsbad, CA). Env plasmids of the
Standard Virus Panel for subtype B and C strains (Li et al.,, 2006,
2005) were used for pseudovirus preparation and flow cytometry
analysis. TZM-bl cells, CEM,NKr.CCR5 cells, VRCO1 plasmid, SPVB
and SPVC Env plasmids, and T/F plasmids were obtained through
the NIH AIDS Reagent program, Division of AIDS, NIAID, NIH, by
the kind contribution from Dr. John C. Kappes, Dr. Xiaoyun Wu,
Tranzyme Inc, Dr. D. Montefiori, Dr. F. Gao, and Dr. Christina
Ochsenbauer.
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Pseudovirus and infectious molecular clones preparation

Pseudoviruses were prepared by transfecting exponentially
dividing 293T cells with 5 pg of rev/env expression plasmid and
10 ng of an env-deficient HIV-1 backbone vector (pSG3AEnv),
using Lipofectamin 2000 transfection reagent (Invitrogen, Life
Technologies, Carlsbad, CA). Pseudovirus-containing culture super-
natants were harvested 48 h after transfection, filtered (0.45 pm),
and stored at -80 “C until use. Plasmids from the transmitted/
founder viruses pWITO.c/2474, pCHO058.¢/2960, pRHPA.c/2635,
PREJO.c/2864, pTRJO.c/2851, pCH106.c/2633, pCHO40.¢/2625,
pCHO77.t/2627, pSUMA.c/2821, and pTHRO.c[2626 (Keele et al.,
2008; Lee et al,, 2009; Salazar-Gonzalez et al, 2009, 2008) were
used for producing infectious molecular clones by transfecting
5 ug of plasmid to 293T cells as described above.

Monoclonal antibody isolation

Transformation of B-cells with Epstein-Barr virus (EBV) and
subsequent cloning were performed as previously described else-
where (Matsushita et al, 1986). PBMC were separated from a
patient with hemophilia A (KTS376) who had been infected with
HIV-1 for more than 25 years without any antiretroviral treatment,
by density gradient centrifugation of heparinized blood using
Ficoll-paque (GE Healthcare, Cleveland, OH). Supernatants from
individual clones was screened for the presence of IgG antibody
that binds to the monomeric SF2 gp120 in a gp120 capture assay
(Moore et al., 1994). Briefly, gp120 from SF2 (Austral Biologicals,
San Ramon, CA) was captured onto solid phase via their carboxyl
termini using sheep polyclonal antibody D7324 (Aalto Bioreagents,
Dublin, Ireland). Supernatant samples were added to wells and IgG
bound to gpl120 was detected with alkaline phosphatase-
conjugated goat anti-human IgG (Sigma, St. Luis MO) followed
by addition of phosphatase substrate (Sigma, St. Luis MO). Asos
measurements were taken using a microplate reader (Biorad,
Hercules, CA).

Construction of recombinant IgG

Recombinant IgG from antibodies 16G6, 1D9 and 7171G2 were
constructed as described some lines below, and used exclusively in
the posterior analysis. RNA was extracted from B cells of interest
with the RNeasy mini kit (Qiagen, Venlo, Netherlands). First-strand
cDNA was synthesized using oligo(dT)20 (Toyobo, Osaka, Japan)
and the SuperScript 1II Reverse transcriptase (Invitrogen, Life
Technologies, Carlsbad, CA). The heavy chain variable regions were
amplified using the following primers, LH1 (5-TGG TGG CAG CAG
CCA CCG GTG CCC ACT CCC AGG TGC AG-3'), LH3 (5-TGG TGG CAG
CAG CCA CCG GTG TCC AGT GTG ARG TGC AG-3'), LH46 (5-TGG
TGG CAG CAG CCA CCC GGG TCC TGT CCC AGG TGC AG-37), LH5
(5'-TGG TGG CAG CAG CCA CCG GAG TCT GTT CCG AGG TGC AG-3")
and APS-R (5-GGG GGA AGA CCG ATG GGC-3’). The light chain x
variable regions were amplified using primers, GKV1 (5-GGT GCC
TAC GGG GAT ATC CAG ATG ACC CAG TCT CC-3’), GKV24 (5-GGT
GCC TAC GGG GAT ATT GTG ATG ACY CAG TCT CC-3'), GKV3 (5'-
GGT GCC TAC GGG GAT ATT GTG WTG ACR CAG TCT CC-3’), GKV5
(5’-GGT GCC TAC GGG GAT ACG ACA CTC ACG CAG TCT CC-3") and
HCK5-B (5'-GAA GAC AGA TGG TGC AGC CAC AGT-3'). The light
chain A variable regions were amplified using primers, LLS1 (5'-
ACT TTC TGC ACA GGC TCC TGG GCC CAG TCT GTG CTG-3"), LLS2
(5-ACT TTC TGC ACA GGC TCC TGG GCC CAG TCT GCC CTG-3),
LLS3 (5~-ACT TTC TGC ACA GGC TCT GTG ACC TCC TAT GAG CTG-
37), LLS45 (5/-ACT TTC TGC ACA GGC TCT CTC TCS CAG CYT GTIG
CTG-3'),LLS6 (5/-ACT TTC TGC ACA GGC TCT TGG GCC AAT TTT ATG
CTG-3'), LLS7 (5'-ACT TTC TGC ACA GGC TCC AAT TCY CAG GCT
GTG GTG-3), LLS8 (5'-ACT TTC TGC ACA GGC GTG GAT TCT CAG

ACT GTG GTG-3') and VL-R (5'-CAG TGT GGC CTT GTT GGC TTG-3").
Polymerase chain reaction (PCR) was performed using the follow-
ing conditions by Platinum Taq DNA Polymerase High Fidelity
(Invitrogen, Life Technologies, Carlsbad, CA)): 94 °C for 30s,
followed by 35 cycles of 94 °C for 15, 55 °C for 15 s, and 68 °C
for 60 s. The PCR products of the heavy chain, light chain ¥ and
light chain A were cloned into vectors plgGH, pKVA2 and pLSH,
respectively, using the GeneArt Seamless Cloning and Assembly kit
(Invitrogen, Life Technologies, Carlshad, CA). The vector plgGH was
basically constructed from plgG (Rader et al., 2002), pHCG (Kuwata
et al., 2011) and the plasmid to produce MAb 1C10 (0.5y) heavy
chain fragment. Briefly, the VH gene was amplified from a B cell
line producing MAb 1C10 with primers HFabVH3a-F and
HFabVH]a-B (Barbas et al,, 2001). The CH1 region was amplified
using pCOMB3XTT and primers, HigGCH1-F and dpseq (Barbas
et al., 2001). These PCR products were combined by PCR with
primers SgrvH135F (5'-GCC ACC GGT GCC CAC TCC SAG GTG CAG
CTG KTG-3) and dpsp-R (5-CAG TTT AAA CCT AAG AAG CGT AGT
CCG GAA C-3’). The connected PCR product was digested with
SgrAl and Apal and inserted into pHCG. The resulting p1C10Fab to
produced the 1C10 heavy chain fragment. The Xbal-Apal fragment
from pCOMB3XSS and the Apal-Pmel fragment from the PCR
product, which was amplified using primers, HIgGH1-F (5/-GCC
TCC ACC AAG GGC CCA TCG GTC-3’) and CH-R (5-AGG TIT ACT
AGT ACC ACC ACA TGT TTT TAT CTC-3'), and plgG as a template,
were inserted into p1C10Fab. The resultant plgGH has the signal
peptide region and the constant regions of IgG, and was used to
clone VH genes after removing the stuffer sequence by digestion
with SgrAl and Apal. The vector pKVA2 was constructed by
insertion of two PCR products into pcDNA3.1/Hygro(+) (Invitro-
gen, Life Technologies, Carlshbad, CA) and was used to clone VK
genes after digestion with FcoRV and Afel. The signal peptide
region was amplified using the primers, SPKNH-F (5-AAG CTA
GCA TGG TGT TGC AGA C-3") and SPKEV-R (5’-AAG ATA TCC CCG
TAG GCA CCA GAG-3'), and plgG as a template, and the Nhel-EcoRV
fragment was used for the insertion. The light chain x constant
region was amplified using the primers, EcVAfe-F (5'-CCG ATA TCT
TAG CGC TGC ACC ATC TGT CIT C-3’) and BGH-R (5-TAG AAG GCA
CAG TCG AGG-3"), and p1C10L, which had the Hindlll-Xbal frag-
ment containing MAb 1C10 light chain in pcDNA3.1/Hygro(+ ). The
vector pLSH was constructed by inserting the Hindlll-Hpal
fragment and the Hpal-Xbal fragment, which were amplified
using p916B2L and primer pairs, T7-F and HpaSfo-R, and Hpa-F
and BGH-R, respectively, into pcDNA3.1/Hygro(+ ). The plasmid
p916B2L was constructed by inserting the Nhel-Xbal fragment,
which contained the signal peptide region from pLL-B404 to
producing the light chain of MAb B404 (Kuwata et al., 2011) and
the light chain A gene from MADb 916B2, into pcDNA3.1/Hygro( + ).
Plasmids, plgG, pCOMB3XSS and pCOMB3XTT were kindly pro-
vided from Dr. Barbas (The Scripps Research Institute).

Recombinant antibodies were obtained by co-transfection of
heavy and light chain plasmids to 293A cells (Life Technologies,
Carlsbad, CA) and cells stably expressing antibodies were selected
with G418 (800 pg/ml) and Hygromycin (160 ptg/ml). The nucleo-
tide sequence of MAbs was determined using a Big Dye Termi-
nator, version 1.1 (Applied Biosystems, Life Technologies, Carlsbad,
CA) and the genetic analyzer A&B 3500/3500xL (Applied Biosys-
tems, Life Technologies, Carlsbad, CA). Sequences were aligned and
analyzed using the CLC Sequence viewer 6 (CLCbio, Boston, MA).
Evolutionary analyses were conducted in MEGA5 (Tamura et al.,
2011).

Binding activity of MAbs to HIV-1 Env by ELISA analysis

Capture ELISA described in the previous section and Flow
cytometry were used to determine the binding of the MAbs to



