TABLE 1 (Continued)

HIV-1 Resistant to Major Macaque Restriction Factors

Clone designation CA mutation(s)” Growth potential®

L6I-LSDQA L6l, M94L, R98S, G114Q, Q178A A+ A

DLSDQA E71D, M941,, R98S, G1140Q, Q178A + 4
L6I-DLSDQA L6l E71D, M94L, R98S, G114Q, Q178A +

LSDQAV M941, R98S, G114Q, Q178A, P206V A+
L6I-LSDQAV L6I, M94L, R98S, G114Q, Q178A, P206V A b
YQ-LSDQAV Q50Y, T54Q, M94L, R98S, G114Q), Q178A, P206V -

DLSDQAV E71D, M94L, R98S, G114Q, Q178A, P206V + 4+
L6I-DLSDQAV Lel, E71D, M94L, R98S, G114Q), Q178A, P206V Aok

Mutants of the B-hairpin domain

QGQ7-9GGN, Q50Y, T54Q, M94L, R98S, G114Q

L6I, Q13L, M94L, R98S, G114Q, T117Y, Q178A

Lol, QIN, M94L, R98S, G114Q, T117Y, Q178A

Lol, M10Y, M94L, R98S, G114Q, T117Y, Q178A

L6I, QIN, M10Y, M94L, R98S, G114Q, Q178A

L6l, QIN, M10Y, M94L, R98S, G114Q, T117Y, Q178A

Lel, Q9N, Q13L, M94L, R98S, G114Q, T117Y, Q178A
Lol, M10Y, Q13L, M94L, R98S, G114Q, Q178A

L61, M10Y, Q13L, M94L, R98S, G114Q, T117Y, Q178A
Lo6l, QIN, M10Y, Q13L, M94L, R98S, G114Q, Q178A

L61, QIN, M10Y, Q13L, M94L, R98S, G114Q, T117Y, Q178A

DdN5 N5 deletion

DdAN5-Y N5 deletion, T117Y

SDdN5 N5 deletion, R98S

SDAN5-Y N5 deletion, R98S, T117Y

DQAN5-Y N5 deletion, G114Q, T117Y

SDQJAN5 N5 deletion, R98S, G114Q

SDQAN5-Y N5 deletion, R98S, G114Q, T117Y
LSDQdAN5 N5 deletion, M94L, R98S, G114Q
LSDQAN5-Y N5 deletion, M94L, R98S, G114Q, T117Y
QIG-S NLQ5-7QIG, R98S

QIG-SDQ NLQ5-7QIG, R98S, G114Q

QIG-LSDQ NLQ5-7QIG, M94L, R98S, G114Q
GGN-S QGQ7-9GGN, R98S

GGN-LSDQ QGQ7-9GGN, M94L, R98S, G114Q
GGN-YQ-LSDQ

L61-YQ-LSDQ Lel, Q50Y, 'T54Q, M94L, R98S, G114Q
IL-LSDQA L6I, Q13L, M94L, R98S, G114Q, Q178A
1L-Y-LSDQA

IN-LSDQA L6I, QIN, M94L, R98S, G114Q, Q178A
IN-Y-LSDQA

IY-Y-LSDQA

INY-LSDQA

INY-Y-LSDQA

INL-LSDQA Lel, Q9N, Q13L, M94L, R98S, G114Q, Q178A
INL-Y-LSDQA

IYL-LSDQA

IYL-Y-LSDQA

INYL-LSDQA

INYL-Y-LSDQA

QI3L-LSDQ QI3L, M94L, R98S, G114Q
QI3L-Y-LSDQ QI3L, M94L, R98S, G114Q, T117Y
QI3L-LSDQA QI3L, M94L, R98S, G114Q, Q178A

QI3L-Y-LSDQA

QI3L, M94L, R98S, G114Q, T117Y, Q178A

“ MN4Rh-3 CA was constructed by replacing the CypA-binding loop and H6/7L of HIV-1yy, 4.5 CA with the corresponding regions of $IVmac239 CA and by the additional

introduction of a Q110D mutation (Fig. 1) (19, 24).
® Amino acid number in MN4Rh-3 CA.

¢ Viral growth potential in M1.3$ cells. + + 4+, grows similarly to MN4/LSDQ; + -+, grows more efficiently than MN4Rh-3; -+, grows similarly to MN4Rh-3; -+, grows more

poorly than MN4Rh-3; —, undetectable during the observation period.

clones here, except for MN4Rh-3, exhibited a tendency to have a
higher level of resistance to CyM-TRIM5a than to RhM-TRIM5a
(Fig. 4). It has been shown that TRIM5a proteins encoded by
TRIM5™™ are more restrictive to virus infection than are those
encoded by TRIM5? (40). The observed tendency for TRIM5a
resistance may be due to the difference between RhM-TRIM5a
(TRIM5™) and CyM-TRIM5a (TRIM5%) used in the assay.
These results indicate that the enhancement of viral growth in
M1.3S cells by CA alterations depends, at least in part, on the
increased resistance to TRIM5a.

Virus replication capability in macaque PBMCs with differ-
ent TRIMS5 alleles reflects the TRIM5a« resistance of HIV-1mt
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clones. We have previously shown that MN4Rh-3 replicates well
in TRIM50/TRIM5CypA heterozygous CyM PBMCs/individuals,
but its replication was restricted in TRIM5« homozygous CyM
PBMCs/individuals (19, 24). To confirm the effect of the in-
creased resistance of MN4/LSDQ and MNS5/LSDQ against ma-
caque TRIM5a on viral replication, we examined their replication
potential relative to that of MN4Rh-3 and MN5Rh-3 in TRIM5a/
TRIMS5CypA heterozygous or TRIM5c homozygous macaque
PBMCs.

First, we compared viral growth potentials of the clones in
CyM PBMC:s (Fig. 5A). Growth kinetics of MN4Rh-3 and MN4/
LSDQ were similar in TRIM5a/TRIM5CypA heterozygous CyM
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FIG 3 Structural analysis of the HIV-1mt CA N'TD. A molecular model of the
HIV-1mt CA NTD was constructed by homology modeling and refined as
described previously (19). Single-point mutations were generated on the CA
model, and ensembles of protein conformations were generated by using the
LowMode MD module in MOE (Chemical Computing Group Inc., Quebec,
Canada) to calculate average stability by using Boltzmann distribution. The
stability scores (AAG,) of the structures refined by energy minimization were
obtained through the stability scoring function of the Protein Design applica-
tion and are indicated below the structural model.

PBMCs. In contrast, the replication efficiency of MN4/LSDQ was
markedly enhanced in TRIM50 homozygous CyM PBMCs rel-
ative to that of MN4Rh-3 (Fig. 5A). Similar results were ob-
tained with RhM PBMCs. MN4Rh-3 exhibited growth kinetics
comparable to those of MN4/LSDQ in TRIM5a/TRIM5CypA
heterozygous RhM PBMCs (Fig. 5B). In TRIM5a homozygous
RhM PBMCs, MNS5/LSDQ replicated much more efficiently
than MN5Rh-3 (Fig. 5C). CXCR4-tropic HIV-1mt clones
(MN4 series) were found to exhibit a higher growth ability than
CCR5-tropic HIV-1mt clones (MNS5 series) in both M1.3S cells
and macaque PBMCs (Fig. 2D and 5B and C) and were there-
fore used for experiments thereafter. In sum, the replication
potential of TRIM5a-resistant HIV-1mt clones (MN4/LSDQ
and MN5/LSDQ) markedly increased in TRIM5a homozygous

PBMCs but was similar to that of TRIM5CypA-resistant/
TRIM5a-sensitive clones (MN4Rh-3 and MN5Rh-3) in
TRIM5a/ TRIM5CypA heterozygous PBMCs. These results
suggest that M94L/R98S/G114Q mutations in MN4Rh-3 CA
largely contribute to the acquisition of TRIM5a resistance.

HIV-1 Vpu gains the ability to specifically counteract ma-
caque tetherin by replacing its TM domain with the correspond-
ing region of SIVgsn166 Vpu. Tetherin as well as TRIM5 proteins
are important anti-HIV-1 factors in macaque cells (4, 8, 10), but
the HIV-1mt clones constructed so far do not display macaque
tetherin antagonism due to Vpu derived from HIV-1,q;,_5. It has
been shown that Vpu from SIVmon/mus/gsn can antagonize ma-
caque tetherin but not human tetherin (26). To confer the ability
to counteract macaque tetherin on HIV-1mt clones, we modified
the vpu gene. The sequence of the cytoplasmic domain of HIV-1
Vpu partially overlaps the 5'-end sequence of Env, and the TM
domain of Vpu is a key region for species-specific tetherin antago-
nism (22). Thus, we constructed Vpu clones that contain STVmon/
mus/gsn TM and HIV-1mt cytoplasmic domains (Fig. 6A). First,
RhM tetherin antagonism of various Vpu clones was analyzed by Vpu
trans-complementation assays for virion release (Fig. 6B). 293T cells
were cotransfected with a vpu-deficient HIV-1mt clone (MN4Rh-3-
AU), an RhM tetherin expression vector (pClneo-RhM tetherin),
and various Vpu constructs, and virion production from cells on day
2 posttransfection was measured. While MN4Rh-3-AU released
progeny virions efficiently upon transfection without RhM tetherin
expression, its virion production was significantly inhibited in the
presence of RhM tetherin. Although this reduction was not rescued
by HIV-1y14.5 Vpu, SIVmon/mus/gsn Vpu restored it to some ex-
tent, consistent with a previous report (26). Of the SIV/HIV-1 chime-
ric Vpu proteins, gsnTM-Vpu appeared to be somewhat better than
the others and was therefore used thereafter.

Next, we examined the ability of HIV-1y,.; Vpu and gsnTM-
Vpu to downregulate cell surface CD4 and tetherin (Fig. 6C).
MAGI, LLC-MK2, and HEp2 cells were used for analysis of CD4,
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FIG 4 Susceptibility of SIVmac239 and various HIV-1mt clones to macaque TRIM5c.. Human MT4 cells (10%) were infected with recombinant SeV expressing

RhM-TRIMS5a (TRIM5™), CyM-TRIM5a (TRIM5), or B30.2/SPRY(—) TRIMS5. Nine hours after infection, cells were superinfected with 20 ng (Gag-p24) of

various HIV-1mt clones or 20 ng (Gag-p27) of SIVmac239. Virus replication was monitored by the amount of Gag-p24 from HIV-1mt clones or Gag-p27 from
SIVmac239 in the culture supernatants. Error bars show actual fluctuations between duplicate samples. Representative data from two independent experiments

are shown.
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FIG 5 Growth kinetics of HIV-lmt clones with a distinct CA in macaque
PBMCs. (A) Infection of PBMCs from four TRIM50/ TRIM5CypA heterozy-
gous or TRIM5a homozygous CyM individuals. (B and C) Infection of PBMCs
from four RhM individuals with different TRIMS5 alleles. For infection, input
viruses were prepared from 293T cells transfected with the proviral clones
indicated, and equal amounts (2.5 X 10° RT units) were used to spin infect
PBMCs (2 X 10° cells). Virus replication was monitored by RT activity released
into the culture supernatants. Monkey identification numbers are indicated in
each panel.

RhM tetherin, and human tetherin, respectively. Cells were trans-
fected with Vpu-green fluorescent protein (GFP) bicistronic ex-
pression plasmids and subjected to flow cytometry analysis on day
2 posttransfection. While both HIV-1y,.5 Vpu and gsnTM-Vpu
significantly decreased cell surface CD4 levels, the RhM tetherin
level was reduced by gsnTM-Vpu but not by HIV-1,5 Vpu.
Similar results were obtained for MK.P3(F) cells expressing en-
dogenous CyM tetherin (data not shown). In contrast, HIV-1,y; 4 5
Vpu but not gsnTM-Vpu downmodulated cell surface human
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tetherin. These results show that the transfer of the SIVgsnl66
Vpu TM domain to HIV-1 Vpu is sufficient to confer the ability to
specifically antagonize macaque tetherin on viruses.

gsnTM-Vpu in the context of proviral genome functions in
macaque cells. To ask if gsnTM-Vpu is functional in the proviral
context, we generated an HIV-1mt clone encoding gsnTM-Vpu
(MN4/LSDQgtu) (Fig. 1 and 7A). Interestingly, it has been shown
that Vpu of HIV-1 composed of HIV-1p,;, TM and HIV-1, ,
cytoplasmic domains counteracts macaque tetherin (22). We thus
constructed another HIV-1mt clone, MN4/LSDQdtu, that has
chimeric Vpu, as described above (Fig. 7A).

To examine the species-specific tetherin antagonism of these
proviral clones, we carried out virion release assays in the presence
of RhiM or human tetherin (Fig. 7B). Using SIVmac239 Nef as a
control antagonist against macaque tetherin (52, 53), the anti-
macaque tetherin activities of MN4/LSDQ, MN4/LSDQdtu, and
MN4/LSDQgtu were comparatively analyzed. As described above,
SIVmac239 Nef exhibited the ability to specifically antagonize ma-
caque tetherin. As expected, virion production of MN4/LSDQ and
its vpu-deficient clone was similarly restricted in the presence of
RhM tetherin, and MN4/LSDQ displayed a higher level of virion
production than that of its vpu-deficient clone in the presence of
human tetherin, indicating its specific antagonism to human teth-
erin. Also, as expected from a previous report (22), MN4/
LSDQdtu showed both RhM and human tetherin antagonism,
although its anti-RhM tetherin activity was relatively low. Strik-
ingly, virion production levels of MN4/LSDQgtu in the presence
of RhM/human tetherin were similar to those of SIVmac239. This
indicates that MN4/LSDQgtu has specifically strong anti-RhM
tetherin activity, as is the case for SIVmac239. To see if various
Vpu proteins function during viral replication in macaque cells,
we determined the growth properties of various HIV-1mt clones
carrying distinct Vpu proteins. Although the effect of vpu deletion
is virologically small, vpu-deficient viruses are readily distinguish-
able from the parental wild-type virus by comparative kinetic
analysis of viral growth (22, 29). As shown in Fig. 7C, while MN4/
LSDQ and MN4/LSDQdtu exhibited growth kinetics similar to
those of their respective vpu-deficient clones, vpu-deficient MN4/
LSDQgtu grew significantly more poorly than its parental virus.
Taken together, it can be concluded that MN4/LSDQgtu Vpu but
not MN4/LSDQ Vpu functions during viral replication in M1.3S
cells. However, the functionality of MN4/LSDQdtu Vpu in ma-
caque cells was not clear in the viral growth kinetics here. Al-
though there are some possible explanations, the relatively low
anti-RhM tetherin activity of MN4/LSDQdtu (see the results in
Fig. 7B) could account for this observation.

Although the tertiary structure of the HIV-1 Vpu TM domain
has been determined by NMR (38), the structure of the TM do-
main from SIV Vpu has not been solved to date. To investigate
how replacement of the Vpu TM domain could lead to changes in
TM structure, we constructed structural models of Vpu TM do-
mains of MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu (Fig.
7D). This modeling study revealed that the types of amino acid
residues corresponding to the crucial residues (54) in HIV-1 Vpu
for binding with human tetherin are similar between MN4/LSDQ
and MN4/LSDQdtu, whereas they are often different in MN4/
LSDQgtu. In addition, their steric locations in the helices are also
similar between MN4/LSDQ and MN4/LSDQdtu, whereas they
are very different in MN4/LSDQgtu. Finally, angles between the

jviasm.org 11455

— 458 —

ALISHIAINN OLOAM Ad 17102 ‘0z Aenuer uo /BIowise IAl/:djy woly papeojumo(



Nomaguchi et al.

Transmembrane domain Cytoplasmic domain
mon 1 MEYUWSLVAITYSLILIALPVAAWAWWRYYKITKRFKRIDQ-EIQRLIQI-HERRRHDSGV-DTESESEQEEETHGEVIPVFRDDEGEWY 87
mus 1 MNYWY--LAAVIVIGIYFVIAIFAFVLA-YQRWCKPK----- RKVEVSVIRLLEEGDGDS& IFEDAEDDMAESERHAFANPAFEQ 7%
gsn 1 HHEPAA--VWWWGAAIITFIYLCVALLAL-YLAWDKWVKGKPRPTQVAVIR-LIEDEEDSG IYDDAS~~~—~ SELTGFNGFANPGFEV 78

HIV-1 1 HMQPI---IVAIVALVVAIIIAIVVWSIV-IILEYRKILRQR~~KIDRLIDR~-LIERAEDSG NESEGEVSALVEMGVEMGHHAPYWDIDDL 81
monTH 1 MEYWWSLVAITYSLILIALPVAAWAWWRYYKEYRKILRQR~~-KIDRLIDR-LIERAEDSG NESECEVSALVEMGVEMGHHAPWDIDDL 85

musTH 1 MNYWY~--LAAVIVIGIYFVIAIFAFVLA-YQEYRKILRQR--KIDRLIDR-LIERAEDSG N

VSALVEMGVEMGHHAPWDIDDI 82

gsnTH 1 MEPAA-~VUWWGAAIITFIYLCVALLAL- YLEYRKILRQR-~-KIDRLIDR~LIERAED SG HESEGEVSALVEMGVEMGHHARPWDIDDL 82

B -

g

§ 120

k]

p- |

Ed

2 80

<

<

o

£

> 40

@

2

B

2 o
MN4Rh3-AU +  +  +  +  +  + o+ 4+ +
RhM tetherin — + + + 4 + o+ + o+

Vpu — - HiV¥-1 mon mus gsn monTMmusTM gsnTM
C
MAG cells LLC-MK2 cells

120 ; D4 down-regulation 120 RhM tetherin down-regulation

0
i1

40

£
o

Relative CD4 expression %)

«

Relative tetherin expression {%)

= ) A L
Control HIV-1 gsnTM Controt  HIV-1 gsnTM

HEp2 cells
Hu tetherin down-regulation

3
=4

@0
(=3

£
[

Relative tetherin expression (%)

0 -
Control HIV1  gsnTM

FIG 6 Generation of SIV/HIV-1 chimeric Vpu proteins resistant to macaque tetherin. (A) Amino acid sequences of various Vpu proteins. Alignments of the
sequences and the boundary between TM/cytoplasmic domains are shown based on previously reported information (26). mon, SIVmonCML1 (GenBank
accession number AY340701); mus, STVmus1085 (GenBank accession number AY340700); gsn, SIVgsn166 (GenBank accession number AF468659); HIV-1,
NL4-3 (32). HIV-1mt clones (MN4 series) have vpu genes identical to that of NL4-3. monTM-, musTM-, and gsnTM-Vpu were constructed by fusing each TM
domain of SIVmon/mus/gsn Vpu with the cytoplasmic domain of HIV-1yy 4.5 Vpu. (B) RhM tetherin antagonism by various Vpu proteins. 293T cells were
cotransfected with a ypu-deficient proviral clone (MN4Rh-3-AU), pCIneo-RhM tetherin, and various pSG-VpucFLAG constructs. On day 2 posttransfection,
virion production in the culture supernatants was determined by RT assays. Virion production levels relative to that of MN4Rh-3-AU in the absence of RhM
tetherin were calculated, and mean values of three independent experiments are shown with the standard deviations. (C) Downregulation of cell surface
CD4 and tetherin by HIV-1y,,.; Vpu or gsnTM-Vpu. MAGI, LLC-MK2, and HEp2 cells were used to determine the downregulation of CD4, RhM
tetherin, and human (Hu) tetherin by Vpu, respectively. Cells were transfected with the pIRES-hrGFP (control), pIRES-HIV-1 Vpu-hrGFP, or pIRES-
gsnTM-Vpu-hrGFP construct. On day 2 posttransfection, cells were stained for cell surface CD4 or tetherin and analyzed by two-color flow cytometry.
Values presented are CD4 or tetherin fluorescence intensities of GFP-positive cells relative to that of the control. Mean values = standard deviations of

three independent experiments are shown.

central lines of the helices are similar between MN4/LSDQ and
MN4/LSDQdtu, whereas they are different in MN4/LSDQgtu.
These results suggest the possibility that the structural properties
of the tetherin interaction surface of the MN4/LSDQgtu Vpu TM
domain are very different from those of the Vpu TM domains of
MN4/LSDQ and MN4/LSDQdtu. Further studies are necessary to
verify this issue.

RhM APOBEC3-, TRIM5a-, and tetherin-resistant HIV-1mt
clone MN4/LSDQgtu replicates comparably to SIVmac239 in
RhM PBMCs. Here we constructed distinct HIV-1mt clones with
respect to their resistance to RhM TRIMS5a and tetherin:
TRIM5a- and tetherin-susceptible MN4Rh-3, TRIM5a-resistant
but tetherin-susceptible MN4/LSDQ, and TRIM5a.- and tetherin-
resistant MN4/LSDQgtu. Of note, all these clones are RhM
APOBECS3 resistant (see Fig. 1 for their genomes). To investigate
the effect of the increased resistance to these macaque restriction
factors, various viruses were examined for their growth potential
in PBMCs from four TRIM5c homozygous RhM individuals. As

11456 jviasm.org

shown in Fig. 8, SIVmac239, a comparative standard virus in ma-
caque cells, replicated constantly in all PBMC preparations. The
growth potentials in the RabM PBMCs of the HIV-1mt clones
tested markedly and stably differed. As a likely result of RhM
TRIM5a-resistant Gag-CA, MN4/LSDQ replicated much more
efficiently than MN4Rh-3. By virtue of RhM tetherin-resistant
Vpu, MN4/LSDQgtu grew significantly better than MN4/LSDQ.
Essentially the same results for HIV-1mt growth kinetics were
obtained in M1.3S cells. The M1.3S cell line and macaque PBMCs
always responded similarly to various SIVs/HIVs (our unpub-
lished observations). Moreover, by comparing the peak day of
viral growth kinetics and the peak level itself, MN4/LSDQgtu
was shown here to have the ability to replicate comparably to
SIVmac239 in RbM PBMCs, except for one preparation (from mon-
key 565) (Fig. 8). The results show that the increased resistance to
macaque restriction factors correlates well with the enhanced viral
growth potential. In sum, MN4/LSDQgtu, which exhibits resistance
to known major restriction factors (APOBEC3, TRIM5, and tetherin
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FIG 7 Effects of various Vpu proteins carrying a different TM domain on tetherin antagonism and HIV-1mt replication in macaque cells. (A) Alignment of
amino acid sequences of the Vpu TM domain in each HIV-1mt clone. MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu encode the Vpu TM domain derived
from HIV-1yp4.5 (32), HIV-1p4,, (22), and SIVgsnl66 (GenBank accession number AF468659), respectively. (B) Species-specific tetherin antagonism by
SIVmac239 and various HIV-1mt clones carrying different Vpu proteins. SIVmac239 (MA239N) and its nef-deficient clone (MA239N-AN) were used as positive
controls for RhM tetherin resistance. 2937 cells were cotransfected with proviral clones and the indicated amounts of the pClneo-RhM tetherin or pClneo-
Human tetherin expression vector. On day 2 posttransfection, virion production was determined by RT activity released into the culture supernatants. Values are
presented as RT activity of each sample relative to that of each proviral clone without tetherin expression. Mean values = standard deviations of three
independent experiments are shown. AU, vpu deficient; Hu, human. (C) Growth kinetics of various HIV-1mt clones and their vpu-deficient clones in M1.3S cells.
Viruses were prepared from 293T cells transfected with the indicated proviral clones, and equal amounts (5 X 10° RT units) were inoculated into M1.3S cells (2 X
10° cells). Virus replication was monitored by RT activity released into the culture supernatants. Representative data from three independent experiments are
shown. (D) Structural modeling of Vpu TM domains of MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu. Predicted models are shown in a ribbon represen-
tation. Amino acid residues corresponding to the residues in HIV-1 Vpu crucial for binding with human tetherin (54) are highlighted in a red stick represen-
tation. Crucial residues in Vpu TM domains of MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu are A14/A18/W22, A15/V19/W23, and T15/L19/L23, respec-
tively. TM regions analyzed (see panel A for amino acid sequences) are indicated in parentheses.

November 2013 Volume 87 Number 21 jviasm.org 11457

— 460 —

ALISHIAINN OLOAM Ad #1.0Z ‘02 Arenuer uo /Bio wse’IAl/:diy wolj pepeojumo(



Nomaguchi et al.

ay 565 4 566
TRINSTFPIFP TRIMERQ

3t 3

2 2

o Lo el ]
12 46 8101214 12 4 6 8 101214
=3 75
! 596 898
2 TRIMSTFP TRIMS
£
527 $
b4
£
z
ER 257
g .

1357911115 13867 911315

15[ Rhesus cell line M1.3S

TR[M57FPIYFP
O SiVmac239
101 4 MN4Rh-3
& MN4/LSDQ
5 © MNA/LSDQgtu
/
0

3 [ 9 12 15
Days post-infection

FIG 8 Growth kinetics of SIVmac239 and various HIV-lmt clones in
TRIM5a homozygous RbM PBMCs. PBMCs were prepared from four RbM
individuals with the different TRIMS alleles indicated. Viruses were prepared
from 293T cells transfected with the indicated proviral clones, and equal
amounts (2.5 X 10° RT units) were used to spin infect PBMCs (2 X 106 cells).
As a control experiment, rhesus M1.3S cells (2 X 10°) were infected with equal
amounts of viruses (5 X 10° RT units). Virus replication was monitored by
RT activity released into the culture supernatants. Monkey identification
numbers are indicated in each panel.

proteins), is the best HIV-1mt clone generated so far, replicating with
an efficiency similar to that of SIVmac239 in RhM cells.

DISCUSSION

In this study, we generated a novel HIV-Imt clone, designated
MN4/LSDQgtu, that exhibits resistance to RhM TRIM5a and
tetherin in addition to APOBECS3 proteins (Fig. 1). By sequence
homology- and structure-guided CA mutagenesis and by screen-
ing the multicycle growth potential of CA mutant viruses in M1.3S
cells, we successfully obtained viruses with enhanced replication
efficiency in macaque cells as well as increased macaque TRIM5a
resistance (Fig. 2 to 5). The transfer of the TM domain of
SIVgsnl66 Vpu into the corresponding region of HIV-1mt Vpu
conferred the ability to specifically counteract macaque tetherin
on the virus (Fig. 6 and 7). Furthermore, the increased resistance
to both RhM TRIM5a and tetherin contributed to the viral
growth enhancement in RnM PBMCs (Fig. 8).

During the preparation of this paper, McCarthy et al. reported
several key residues in STVmac239 CA involved in the interaction
with RhM TRIMS5a by genetic and structural analysis (55). Inter-
estingly, the HIV-1mt CA amino acid residues identified in this
study as being the elements responsible for the increased resis-
tance to RhM TRIMS5a (M94L/R985/Q110D/G114Q) were in-
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cluded in those residues. McCarthy et al. reported that H4/5L and
helix 6 of STVmac239 CA also affect TRIM5a sensitivity (55). In
the construction process for our HIV-1mt clones, we found that
the CA elements involved in the interaction with RhM TRIM5a
are the CypA-binding loop within H4/5L, H6/7L, M94L/R98S
within H4/5L, and Q110D/G114Q in helix 6 (18-20, 56; this
study). Of the substitutions identified in this study, R98S was the
primary residue to increase TRIM5a resistance and improve viral
growth in macaque cells. It was also shown that the TRIM5«
(TRIM5™)-susceptible SIVsmE543-3 clone acquires an adaptive
R97S change in CA (corresponding to R98S in MN4Rh-3 CA) to
evade TRIM5a (TRIM5™7F) restriction during viral replication in
RhM individuals (40). In TRIM5a-sensitive CA, R98S may be a
key residue contributing to the evasion of TRIM5a restriction.
Together, these results suggest that CA elements critical for recog-
nition by TRIM5a may be conserved among primate lentiviruses.
The RhM TRIMS5a-resistant HIV-1 CA constructed in this study
would be useful to define how TRIM5a recognizes CA. On the
other hand, MN4/LSDQ appeared not to evade TRIM5« restric-
tion completely, as STVmac239 did (Fig. 4). In this regard, since it
has been shown that the N-terminal B-hairpin domain in the ret-
roviral CA contributes to circumventing TRIM5a (36, 55, 57), we
constructed various HIV-1mt clones carrying mutations in the
domain (Table 1). However, except for the L6I substitution, none
of the clones were infectious (Table 1). A further CA modifica-
tion(s) may be necessary for complete evasion of TRIM5« restric-
tion.

Accumulating evidence has shown that tetherin is an impor-
tant cellular restriction factor that affects the replication, adapta-
tion, and evolution of primate immunodeficiency viruses (4, 26).
Its negative effect on viral replication is certainly observed in cul-
tured cell lines and primary cells but is not so evident relative to
those of APOBEC3 and TRIMS proteins (10). Also, in the present
study, RhM tetherin-resistant Vpu significantly contributed to vi-
ral growth enhancement but not as much as TRIM5a-resistant
CA (Fig. 7 and 8). However, tetherin has been suggested to play an
important effector role in antiretroviral activity induced by alpha
interferon (58-60). Also, it has been shown that the pathogenic
revertant virus from nonpathogenic nef-deficient virus acquires
tetherin antagonism by adaptive mutations in the gp41 subunit of
Env (61). Therefore, the ability of HIV-1mt clones to antagonize
RhM tetherin may be very important for optimal replication and
pathogenesis in RhM individuals. In this regard, it has been de-
scribed that naturally occurring polymorphisms in RhM tetherin
sequences are present (30, 31, 61). Although whether these varia-
tions have some appreciable effects on viral replication in vitro is
undetermined, the relationship between tetherin polymorphisms
and the viral replication level in vivo (animals)/viral pathogenic
activity in vivo may be a major issue to address and remains to be
extensively analyzed. It would be intriguing to elucidate how the
viral accessory protein Vpu in vitro is associated with the in vivo
replicative and pathogenic properties of HIV-1 (22).

We constructed an MN4/LSDQgtu clone resistant to the
known major restriction factors (APOBEC3, TRIMS5, and tetherin
proteins) in RhM cells. The growth potential of MN4/LSDQgtu
was similar to that of SIVmac239 in most RhM PBMC prepara-
tions (Fig. 8). It was shown previously that the in vivo replication
of SIV is predictable from the virus susceptibility of PBMCs (62,
63). Also, in a series of our studies, the better our HIV-1mt clones
grew in PBMCs, the better they grew in the monkeys (20, 24, 64).
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Thus, it is expected that MN4/LSDQgtu will grow much better in
RhM individuals, at least in the early infection phase, than the
other HIV-1mt clones constructed. As reported previously, the
replication of HIV-1 derivatives in infected macaques was even-
tually controlled, and no disease was induced in the animals (16,
20, 21, 24, 64). It has been suggested that the replication ability of
primate lentiviruses in unusual hosts is more severely affected, via
an interferon-induced antiviral state mediated by unidentified
species-specific factors, than that in natural hosts (23). Moreover,
there are the other significant issues to be considered, such as viral
coreceptor tropism (CXCR4 versus CCR5), the diversity in viral
growth properties (HIV-1 versus SIVmac), and the difference in
host immune responses (human versus RhM) (9, 65-67). Most
importantly, CCR5-tropic but not CXCR4-tropic clones have
been found to be appropriate as input viruses to experimentally
infect RhMs for various HIV-1 model studies in vivo (65-67).
Although MN4/LSDQgtu is a CXCR4-tropic virus, it has clear
potential for the establishment of a model system. MN4/LSDQgtu
can be changed to a pathogenic CCR5-tropic virus through in
vitro and in vivo approaches, as well documented by previous
SHIV studies (68-70). It is also possible to generate entirely new
CCR5-tropic HIV-1mt clones other than MN4/LSDQgtu deriva-
tives on the basis of the key findings for Gag-CA and Vpu-TM in
this study.

Our study here describes the generation and characterization
of anovel HIV-1 derivative minimally chimeric with SIVs. Several
infection model systems using distinct viruses and nonhuman pri-
mates are now available. It is important to define common and
unique characteristics of each virus-host interaction based on the
results obtained from various experimental approaches, including
SIV/natural host and SIVmac/RhM, SHIV/RhM, and HIV-1mt/
RhM infection systems. Such efforts would shed light on a better
understanding of HIV-1/human infection and HIV-1 pathogene-
sis.
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Simian—human immunodeficiency virus (SHIV) carrying the envelope from the clade B clinical
human immunodeficiency virus type 1 (HIV-1) isolate MNA, designated SHIV MNA, was
generated through intracellular homologous recombination. SHIV MNA inherited biological
properties from the parental HIV-1, including CCR5 co-receptor preference, resistance to
neutralization by the anti-V3 loop mAb KD-247 and loss of resistance in the presence of the CD4-
mimic small-molecule YYA-021. SHIV MNA showed productive replication in rhesus macaque
PBMCs. Experimental infection of a rhesus macaque with SHIV MNA caused a transient but high
titre of plasma viral RNA and a moderate antibody response. Immunoglobulin in the plasma at 24

weeks post-infection was capable of neutralizing SHIV MNA in the presence but not in the
absence of YYA-021. SHIV MNA could serve a model for development of novel therapeutic
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interventions based on CD4-mimic-mediated conversion of envelope protein susceptible to

Control of primate lentiviral infection by antibodies
directed against viral envelope protein is theoretically
feasible. This was confirmed by the successful protection
of macaque monkeys from challenge inoculation with
simian~human immunodeficiency virus (SHIV) carrying
an envelope protein (Env). Env was derived from a
laboratory strain of human immunodeficiency virus type
1 (HIV-1) through the passive immunization of neutral-
izing mAbs directed against HIV-1 (Mascola et al, 2000;
Nishimura et al., 2003). This neutralization is consistent
with the results normally seen in cell culture systems.

In contrast, clinical isolates of HIV-1 that have not been
subjected to extensive passage in T-cell lines are generally
resistant to antibody-mediated neutralization (Moore et al.,
1995). It has been shown that virus in infected individuals
is under selective pressure to develop a variety of means to

One supplementary table and five supplementary figures are available
with the online version of this paper.

evade attack by neutralizing antibodies, including sequence
variation, glycosylation, tertiary structural shielding
formed by the Env trimer and the rapid kinetics of
conformational changes of Env, which affect fusion
between the viral envelope and the plasma membrane of
target cells (Kong & Sattentau, 2012). Although four major
neutralizing epitopes have been identified in HIV-1 Env
(i.e. the V1/V2 loop, the glycan-V3 site and CD4-binding
site of gp120, and the membrane-proximal external region
of gp4l), for reasons that are as yet unclear few reports of
antibodies directed against these epitopes capable of
neutralizing a broad range of isolates have been published
(Kwong & Mascola, 2012). High titres of antibodies
directed against the V3 loop are elicited in individuals
during the early phase of HIV-1 infection, but these are
incapable of neutralizing the virus because the epitope in
functional Env trimer is probably shielded from the
antibody (Davis et al, 2009b). Therefore, it is necessary
to develop a means of rendering these epitopes accessible to
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the antibodies, to make antibody-mediated suppression of
HIV-1 a valid therapeutic option.

It has been reported that neutralization mediated by
antibodies directed against the V3 loop (Lusso ef al., 2005)
or CD4-induced epitope (CD4i) (Thali et al, 1993) can be
enhanced in the presence of soluble CD4 (sCD4). It is
known that the interaction of Env with sCD4 drives a
conformational change of the viral protein and makes the
cryptic/occult epitopes accessible to these antibodies
(Wyatt et al., 1998). Small molecules that emulate sCD4
for its interaction and subsequent induction of conforma-
tional change of Env may be employed to intensify
antibody-mediated interventions against HIV-1 infection.
Compounds with the above-mentioned properties (i.e.
NBD-556 and NBD-557) have been reported previously
(Zhao et al, 2005). NBD-556 has been shown in cell
culture to interact with the CD4-binding pocket to induce
a conformational change in gp120 (Madani et al., 2008)
and enhance exposure of the Env of primary HIV-1 isolates
to neutralizing epitopes (Yoshimura et al.,, 2010).

The present study was performed to evaluate small-
molecule CD4-mimic-based enhancement of antibody-
mediated virus neutralization, in the context of virus
infection in vivo. The SHIV/macaque monkey model of
AIDS is particularly suitable for such studies, as SHIV
carries the HIV-1 Env and the neutralization sensitivity of
SHIV is comparable to that of the parental HIV-1 (Shibata
& Adachi, 1992).

As NBD-556, unlike sCD4, inhibits infection with select
HIV-1 isolates (Yoshimura et al, 2010), we generated a
new SHIV strain carrying Env, the sensitivity of which to
antibody-mediated neutralization is enhanced in the
presence of a CD4 mimic. An HIV-1 isolate (MNA),
previously designated primary isolate HIV-1 Pt.3, was used
as the source of Env, as the viral protein has been reported
to interact with NBD-556 (Yoshimura et al, 2010). While
the virus belongs to a distinct subset of HIV-1 isolates, as
mentioned above, it has also been reported to utilize the
CCRS5 molecule to gain entry into target cells, a property
that is shared by the majority of HIV-1 strains (Yoshimura
et al., 2010). A mAb directed against the tip of the V3 loop
(GPGR motif), KD-247 (Eda et al., 2006), was employed to
assess this concept, as HIV-1 MNA is resistant to KD-247-
mediated neutralization, despite carrying the exact epitope
sequence in the tip of the V3 loop, and is converted to
being sensitive to the antibody by NBD-556 in a dose-
dependent manner (Yoshimura et al., 2010).

First, we reproduced the results of Yoshimura et al. (2010)
using a neutralization assay employing TZM-bl cells (Platt
et al, 1998), obtained from the National Institutes of
Health (NIH) AIDS Reagent Program (Fig. S1, available in
JGV Online). The virus was resistant to KD-247, as
described previously, and required almost 50 pg ml™' of
the antibody to achieve 50 % neutralization in our assay.
However, the observed resistance was eliminated in the
presence of 2 uM NBD-556; 50% neutralization was

achieved in the presence of ~0.1 ug KD-247 ml™?,
corresponding to 1/500 of the amount of the antibody to
achieve the same degree of neutralization in the absence of
the CD4 mimic.

With reproduction of the properties of HIV-1 MNA Env,
we generated an SHIV strain carrying Env through
intracellular homologous recombination, as described
previously (Fujita et al,, 2013) with minor modifications
(Fig. S2). DNA fragments representing the 5" and 3’ ends
of the SHIV genome (fragments I and 1, respectively) were
amplified by PCR from the proviral DNA plasmid SHIV
KS661. A DNA fragment containing env (fragment IIT) was
amplified from cDNA of the HIV-1 MNA genome, which
was prepared from virus particles (virion-associated RNA)
in the culture supernatant of PM1/CCRS5 cells (Yusa et al.,
2005) infected with the virus. The PCR primers used are
listed in Table SI. Using a FuGENE HD transfection
reagent, lipofection was performed on the C8166-CCR5
cells (Shimizu et al., 2006) to co-transfect them with 0.2 pg
DNA. A cytopathic effect, presumably caused by the
emerged recombinant virus, was observed on day 13
post-transfection. The emerged virus, designated SHIV
MNA, carried the entire gp120 and three-quarters of gp41
from HIV-1 MNA Env (Fig. la). The rest of Env was from
SHIV KS661, the Env of which was derived from HIV-1
89.6 (Shinohara et al,, 1999). The CD4 binding site, and the
regions and elements that reportedly interact with NBD-
556 (Madani et al, 2008; Yoshimura et al, 2010), are
preserved in SHIV MNA Env (Fig. S3). The virus was
replication competent in PMI1/CCR5 cells (data not
shown).

As HIV-1 MNA has been suggested to be a CCR5-utilizing
virus, we were intrigued as to whether SHIV MNA
inherited the trait from the parental virus. We subjected
SHIV MNA and the parental HIV-1 MNA to a co-receptor
usage assay as described previously (Nishimura et al.,
2010), with minor modifications (Fig. S4). As expected,
SHIV MNA was shown to utilize CCR5 as an entry co-
receptor.

We next assessed the neutralization profiles of SHIV MNA
in comparison with the parental HIV-1 MNA, as described
previously (Li et al, 2005; Wei et al, 2002). Both SHIV
MNA and HIV-1 MNA showed essentially no neutraliza-
tion by KD-247 up to 25 pg ml™', and 50 % neutralization
was achieved at 50 pg ml~' (Fig. 1b). As the CD4 mimic,
we employed YYA-021, a compound generated and
characterized through studies concerning the structure—
activity relationships of small molecules (Narumi et al,
2010, 2011, 2013; Yamada et al., 2010). The compound was
shown to be slightly less potent but to exhibit substantially
lower toxicity than NBD-556, and was therefore a suitable
choice for our purposes in future studies in animal models.
SHIV MNA was resistant to neutralization by YYA-021 at
all concentrations examined, except 25 and 50 pM, and
showed a neutralization profile almost identical to that
of HIV-1 MNA (Fig. 1c). To further characterize the
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Fig. 1. Genomic organization (a) and neutralization sensitivity (b~e) of SHIV MNA. (a) Grey shaded boxes represent genes
derived from SIV239, open boxes those from HIV-1 89.6 and dark grey shaded boxes those from HIV-1 MNA. LTR, long
terminal repeat. (b—e) Percentage neutralization was calculated as 100x[1~(RLU.N-RLU.B)/(RLU.V-RLU.B)], where RLU is
relative luciferase units; RLU.N is RLU in wells with cells, virus and KD-247 and/or YYA-021; RLU.V is RLU in wells with cells

and virus; and RLU.B is RLU in wells with cells.

biological properties of SHIV MNA Env, a set of entry
assays was conducted (Fig. S5). The env genes cloned from
SHIV MNA and HIV-1 MNA were utilized to generate
pseudotyped viruses. These pseudotypes were inoculated
into TZM-bl cells in the presence of increasing amounts of
NBD-556, YYA-021 or sCD4. A control group was derived

from another virus preparation pseudotyped with ampho-
tropic murine leukemia virus (A-MLV) Env (Landau ef al.,
1991). When the efficiency of entry was defined by
intracellular luciferase activities, virtually no difference
was observed between Envs of SHIV MNA and the
parental HIV-1. Thus, SHIV MNA Env replicated in
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C8166-CCR5 cells retained sensitivity to small-molecule
CD4 mimics and sCD4 comparable to that of HIV-1
MNA.

We then examined whether the synergistic neutralization
of HIV-1 MNA by KD-247 antibody in the presence of
NBD-556 (Yoshimura et al, 2010) would be reproduced
when CD4 mimic was substituted by YYA-021. The
synergistic neutralization effect of KD-247 and YYA-021
was reproduced in our experiments (Fig. 1d). At 50 pg
ml™Y KD-247 barely achieved 50 % neutralization of HIV-
1 MNA but resulted in 50 % neutralization at <0.05 pg
ml ™" in the presence of 20 uM of YYA-021.

Finally, to examine whether these two agents neutralized
SHIV MNA in the same manner as the parental HIV-1, we
conducted a neutralization assay with KD-247 in the

presence of increasing amounts of YYA-021 (0, 5, 10, 20
and 40 pM) (Fig. le). The neutralization curve of KD-247
against SHIV MNA showed an upward shift as the
concentration of YYA-021 increased (Fig. le), similar to
the observations with HIV-1 (Fig. 1d), indicating augmen-
tation of neutralization, and complete neutralization of
both viruses was achieved at 20 pM YYA-021 (Fig. 1d, e).
Based on these results, we concluded that the neutralization
profile of SHIV MNA was comparable to that of HIV-1
MNA.

Reproduction of the neutralization characteristics of HIV-1
MNA in the newly generated SHIV prompted us to assess
the ability of SHIV MNA to replicate in monkey cells.
SHIV MNA, along with SIV239 and SHIV KS661, were
normalized with infectious titres and inoculated into
rhesus macaque PBMC preparations from four animals,
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Fig. 2. Replication of SHIV MNA in rhesus macaque PBMCs (a) and in vivo (b). () M.o.i. was adjusted to 0.01 (TCIDs, per
cell). (b) Experimental infection of a rhesus macaque with SHIV MNA. SHIV MNA (1.75x10° TCIDs,) was intravenously
inoculated into a rhesus macaque, and the plasma viral RNA burden and circulating CD4 ™" T-lymphocytes were monitored.
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as described previously (Fujita et al., 2013) (Fig. 2a). SHIV
KS661, a CXCR4-utilizing virus, replicated to the highest
titres of all the viruses in all PBMC preparations.
Compared with SHIV KS661, SIV239 replicated to lower
titres. Under these experimental conditions, SHIV MNA
showed productive replication in the cells with similar
replication kinetics and peak titres to SIV239. Based on
these results, we concluded that SHIV MNA was
replication competent in primary monkey lymphocytes.

Productive replication of SHIV MNA in monkey PBMCs
justified experimental infection of the virus in vivo. We
inoculated 1.75 x 10° TCIDs, SHIV MNA intravenously
into a rhesus macaque and monitored plasma viral RNA
burden and circulating CD4* T-lymphocyte levels (Fig. 2b).
Plasma viral RNA burden reached a peak of 5.6 x 10° copies
ml™! at 1 week post-infection (p.i.), and declined rapidly
thereafter, reaching low levels of detection at 7 weeks p.i.
(around 2.8 x 10> copies ml™"). Circulating CD4™ T-cell
numbers showed a transient decrease around 1 week p.i,
rebounded around 3 weeks p.i. and stabilized around 70 %
of the pre-infection level from 4 weeks p.i. During the period
of observation, the animal developed no obvious clinical
manifestations related to lentivirus infection.

As SHIV MNA replicated in vivo without depleting helper
T-cells, it was expected that the animal mounted an
antiviral immune reaction. The production of antibody
directed against Env was assessed by Western blotting, as
described previously (Igarashi et al, 1999). Purified Env
protein (Advanced Biotechnologies) was used as the
antigen (Fig. 3a). Anti-Env antibody was detected at 3
weeks p.i., and the level of antibody judged by the intensity
of the band increased gradually with time.

We next examined whether the animal generated neutral-
izing antibodies against SHIV MNA. Because plasma
samples from this specimen exhibited high background
activity, IgG was purified from these samples collected on
day 0 and in week 24 p.i. using protein G spin columns (GE
Healthcare Japan). While the IgG from day 0 exhibited
no neutralizing activity (Fig. 3b), as expected, the IgG
collected at 24 weeks p.i. neutralized SHIV MNA, although
a concentration >100 pg ml~' was required to suppress
replication of 100 TCIDs, of the input virus (Fig. 3c).

We examined whether the observed marginal neutraliza-
tion by the antibody could be enhanced by the presence of
YYA-021. Upon addition of YYA-021 in the assay system,
SHIV MNA became sensitive to IgG obtained at 24 weeks
p-i. (Fig. 3c), while no enhancement was identified from
day 0 (Fig. 3b).

In this study, we generated a replication-competent SHIV
MNA strain carrying an Env resistant to the neutralizing
mAb KD-247 but conditionally sensitive in the presence of
the CD4 mimic YYA-021. As the observed neutralization
characteristics were identical to those of HIV-1 MNA,
which contributed the majority of the Env sequence to the
chimaera, the utility of the CD4 mimic as a means of
enhancing antibody-mediated virus neutralization should
be assessed in the context of infection in vivo. This concept
could be tested during the acute phase of SHIV MNA
infection, during which the virus undergoes substantial
replication. To examine the feasibility of CD4-mimic-
mediated enhancement of virus neutralization in the
context of chronic infection, the conditions under which
this type of intervention should be applied to HIV-1-
infected patients in a clinical setting, the virus must be

(a
kDa anti-V3 0 1

(c) 100

0 days p.i.
g
j =
2
g
K
=
(o]
< T L N N X211 r———
01 10 100
IgG (ug mi~")

2 3 4 5 6 8 10 17 24 (daysp.i)

GP120

24 days p.i.

[0 ! P
T f’§
o A A
4
[0}] 10 100
I9G (ug mi=1)

| IgG + YYA-021 - IgG|

Fig. 3. Antibody induced against SHIV MNA. (a) The anti-HIV-1 gp120 antibody response was assessed by Western blotting
with plasma samples collected at the indicated times. An anti-HIV-1 V3 mAb, 4G10 (ascites diluted 1:100) (von Brunn et al.,
1993), obtained from the NIH AIDS Reagent Program, was used as a positive control (lane anti-V3). (b, ¢) Neutralization of
SHIV MNA with IgG purified from plasma of the infected rhesus macaque (day O and week 24 p.i.) with 20 uM YYA-021 or

without YYA-021.

2714

Journal of General Virology 94

- 469 —



SHIV with conditional neutralization sensitivity

modified to sustain productive replication for a longer
period. SHIV MNA in the present form does not fulfil this
requirement. It is possible that animal-to-animal passage
could increase the fitness of the virus in monkeys.

This study demonstrated that a CD4 mimic could
modulate viral Env protein to be more susceptible to
neutralization by less potent antibodies generated in the
context of infection. During the early phase of infection,
patients mount high titres of non-neutralizing antibodies
directed against the V3 loop (Davis et al., 2009a). Patients
with HIV-1 clade C generate anti-Env antibodies, including
anti-CD4i antibodies, with poor neutralizing activity
against recent infection (Gray et al, 2007). It is possible
that the CD4 mimic YYA-021 causes a conformational
change in SHIV MNA Env, which renders sequestered
epitope(s) accessible to potentially neutralizing IgG, such
as ones directed against the V3 loop and CD4i.

The current study extended the previous study by
Yoshimura et al. (2010) and used HIV-1 MNA belonging
to clade B to generate a new SHIV strain carrying Env. The
neutralization sensitivity of this strain is characteristically
augmented in the presence of a small-molecule CD4
mimic. Similar observations by Decker et al. (2005) showed
that infections of a wide range of HIV-1 strains of multiple
clades or circulating recombinant forms elicit high titres of
anti-CD4i antibodies. These anti-CD4i antibodies neutral-
ize viruses as divergent as HIV-2 in the presence of sCD4
(Decker et al., 2005). Taking these observations into
account, small-molecule CD4 mimics such as YYA-021
could potentially enhance the neutralization activity of the
antibodies directed against autologous viruses belonging
not only to clade B but also to multiple HIV-1 strains of
various clades and possibly even HIV-2. Our results pave
the way for a novel therapeutic intervention based on
administration of CD4 mimics to patients with HIV to
facilitate control of the virus by their own antibodies.
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as viral entry inhibitors. A lead compound 2 (YYA-021) with relatively high potency and low cytotoxicity
has been identified previously by SAR studies. In the present study, the pharmacokinetics of the intrave-
nous administration of compound 2 in rats and rhesus macaques is reported. The half-lives of compound
2 in blood in rats and rhesus macaques suggest that compound 2 shows wide tissue distribution and rel-

gg{:‘;;’;‘g;c atively high distribution volumes. A few hours after the injection, both plasma concentrations of com-
HIV entry inhibitor pound 2 maintained micromolar levels, indicating it might have promise for intravenous
Intravenous administration administration when used combinatorially with anti-gp120 monoclonal antipodies. )
Pharmacokinetics © 2013 Elsevier Ltd. All rights reserved.
1. Introduction A (B)

Several anti-HIV-1 drugs, including protease inhibitors and y © NH Ie) NH
integrase inhibitors have been developed and have contributed N\n)LN Y \'(U\
to the highly active anti-retroviral therapy (HAART) used to treat /©/ I H /©/ N
AIDS.! Prevention of the HIV-1 infection of its target cells'? is cl ©

however a legitimate goal and the viral attachment process is an
important target for the development of the drugs which could NBD-556 (1) YYA-021 (2)
forestall such infection. The dynamic and supramolecular entry
of human immunodeficiency virus type 1 (HIV-1) into target cells
is initiated by the interaction of a viral envelope glycoprotein
gp120 with the cell surface protein CD4.* Sequential binding of
CD4 and a co-receptor (CCR5 or CXCR4) to gp120 can trigger a
series of conformational rearrangements of gp41, a viral trans-
membrane glycoprotein mediating fusion between the viral and
cellular membranes.>"® Control, especially of dynamic conforma-
tional changes of the envelope glycoproteins is a very attractive
option.” To date, several small molecules that mimic CD4 have
been developed as HIV-1 entry inhibitors, which competitively
block the binding of gp120 to CD4® and the potential of these
CD4 mimics has been explored (Fig. 1).97'' Furthermore, the
interaction of CD4 mimics with a highly conserved pocket on
gp120, designated as the ‘Phe43 cavity’, induces conformational

Figure 1. Structures of NBD-556 (1) and YYA-021 (2).

changes in gp120,'* a process which occurs with unfavorable
binding entropy, and leads to a favorable enthalpy change similar
to that caused by binding of the soluble CD4 binding to gp120.
Thus, these unique properties render CD4 mimics valuable not only
as entry inhibitors but also as ‘envelope protein openers’ and
putatively, stimulants when combined with neutralizing
antibodies.'

Through our SAR studies a lead compound YYA-021 (2) with
relatively high potency and low cytotoxicity has been found,'
although the original compound NBD-556 (1) had relatively high
cytotoxicity. Pharmacokinetic (PK) studies were performed to as-
sess the potential of compound 2 for clinical application and in
addition, the possibility and the effectiveness of its use in combina-

* Corresponding author. Tel.: +81 3 5280 8036; fax: +81 3 5280 8039. tion with neutralization antibodies are discussed

E-mail address: tamamura.mr@tmd.ac.jp (H. Tamamura).
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Figure 2. A calibration curve of compound 2-HCl for calculating PK in rats.

2. Results and discussion
2.1. Calibration curve

Compound 2 was converted to its hydrochloride salt 2.-HCI, by
treatment with 4 M HCl in dioxane. Standard solutions in saline
of this HCl salt at concentrations over a range of 0-250 pg/mL were
prepared and a calibration curve was constructed using the ratio of
observed HPLC peak areas and concentrations of 2-HCI to demon-
strate the linearity shown in Figure 2.'* The corresponding linear
regression equation is Y = 0.1345X (R? = 0.9981). Plasma concentra-
tions of 2-HCI were measured using this equation. The calibration
curve shown in SD Figure S5C for the concentrations of compound
2 in plasma of a rhesus macaque was constructed using standard
solutions of 2.HCI in saline at concentrations over a range of 0-
312.5 ug/ml. The linear regression equation in this case is
Y = 0.034X (R*=0.9927). For adsorption of compound 2 by blood
cells of a rhesus macaque, a calibration curve was constructed
using standard solutions of 2.-HCl in saline at concentrations over
a range of 0-950 pug/mL. The linear regression equation is
Y = 0.0553X (R? = 0.9263) and the curve is shown in SD Figure S7C.
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2.2. Pharmacokinetics in rats

The primary stock solution of 2-HCl was prepared in saline
(2.5 mg/mL). Initially, the acute toxicity of compound 2 in rats
was investigated to determine its maximum tolerated dose. The
HCl salt, compound 2-HCI, (0, 0.5, 1.0, 2.5 and 5.0 mg) was admin-
istered by tail vein injection into Jcl:SD rats (3 or 4 rats for each
dose). Rats with the 5.0 mg administration showed a relatively
low increase in the body weight although the intake amount of bait
and water increased remarkably two weeks after administration,
compared to the other rats (Supplementary data, SD Figs. S1 and
S2). This observation suggested abnormalities such as renal and
hepatic dysfunction and as a result, the maximum dose in rats of
2.HCl was determined to be 2.5 mg.

Compound 2-HCI (2.5 mg) in saline (1 mL) was administered at
a level of 14 mg/kg by tail vein injection into Jcl:SD rats. Blood was
collected from the tail vein into centrifugal blood collection tubes
15, 30, 45, 60, 120 and 240 min after administration of 2-HCI. Plas-
ma (50 pL) obtained from the blood sample was mixed with phe-
nol in saline (final volume 60 pL) and centrifuged at 2000g for
3 min to remove any protein. The resultant supernatant was used
in the analysis. A 50 pL aliquot of each filtrate was injected into
HPLC by an autosampler. Compound 2 was detected in the HPLC
analysis and was characterized by ESI-TOF-MS. The HPLC chart of
the filtrate collected 30 min after administration of compound 2
is shown in Figure 3. Concentrations in blood of compound 2 after
administration (15, 30, 45, 60, 120 and 240 min) were calculated
using the calibration curve (SD Fig. S4) and plotted as shown in
Figure 4."°

Using the data measured at 15, 30, 45, 60, 120 and 240 min, the
half-life was calculated as 8.4 min by curve fitting with a one-com-
partment model based on GraphPad Prism Version 5.04 (GraphPad
Software, CA, U.S.A). The initial concentration was calculated as
17.3 pg/mL. Compound 2 has a low molecular weight (317.4) and
some level of hydrophobicity based on its structure, suggesting
that the renal excretion is unlikely. At a dose of 2500 (pg)/initial
concentration 17.3 (pug/mL), the volume of distribution was calcu-~
lated as 145 mL, suggesting widespread tissue distribution of 2 as a
result of its hydrophobicity.

min

Figure 3. HPLC chart of rat plasma 30 min after intravenous administration of compound 2. The plasma sample was eluted with a linear gradient of 20-35% CH3CN (0.1% TFA,
in 30 min). Peak 8 (retention time: 12.13 min) corresponds to the internal standard (phenol) and peak 9 (retention time: 17.67 min) corresponds to compound 2.
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Figure 4. Plots of concentrations in rat blood of compound 2 after administration
(15, 30, 45, 60, 120 and 240 min). Half-life is calculated as 0.141 h (8.4 min). The
plasma of a representative rat was used for the analyses,

2.3. Pharmacokinetics in a rhesus macaque

The primary stock solution of the 2-HCI was prepared in potas-
sium-free phosphate-buffered saline (Na,HPO, + NaH,PO, + NaCl,
pH 7.4) (2.4 mg/mL) to avoid hyperpotassemia and acidosis. Ini-
tially, the acute toxicity observed by treatment with 2-HCl in a rhe-
sus macaque was investigated to determine the maximum
tolerated dose. 2-HCI (14.1, 35.3 and 70.6 mg) was administered
by cephalic vein injection into a rhesus macaque (one macaque
for each dose). A macaque administered 70.6 mg, showed abnor-
malities such as mydriasis, prolonged PR interval in the electrocar-
diogram and bradycardia, while acute toxicity was not observed
following the administration of 2-HCI at levels up to 35.3 mg'®
and the maximum tolerated dose in a rhesus macaque was deter-
mined to be 35.3 mg (6.7 mg/kg). The macaque which had been
administered 70.6 mg of 2-HCl was treated by an emergency inter-
vention with dobutamine (iv).

Compound 2.HCI (70.6 mg) was intravenously administered at
13.4 mg/kg into a rhesus macaque. Blood (3.0 mL) was collected
from cephalic vein 0, 0.5, 1, 2, 4 and 24 h after administration of
the hydrochloride using winged needles. Plasma (60 pL) obtained
from the blood sample was mixed with MeOH (200 piL) to remove
plasma proteins and then centrifuged at 2000g for 3 min at room
temperature in a microcentrifuge (MCF-2360, LMS Co., Ltd., Tokyo,
Japan). A 228 pL aliquot of each supernatant was mixed with 12 pL
of phenol in saline (stock solution: 0.3 mg/mL) to give a final

C. Hashimoto et al./ Bioorg, Med. Chem. 21 (2013) 78847889
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Figure 6. Plots of macaque blood concentrations of compound 2 after administra-
tion of 2.HCI (0.5, 1, 2, 4 and 24 h). Half-life is calculated as 1.64 h (98.4 min). The
plasma of a rhesus macaque was used for the analyses.

concentration of phenol of 150 pg/mL, then filtered. A 200 pL ali-
quot of each filtrate was analyzed by HPLC using phenol as an
internal standard. Compound 2 was detected in the HPLC analysis
of each filtrate and its peak was characterized by ESI-TOF-MS. The
HPLC of the filtrate prepared 30 min after administration of 2-HCl
is shown in Figure 5. Blood concentrations of compound 2 after
0.5, 1, 2,4 or 24 h administration were calculated using the calibra-
tion curve (5D Fig. S6) and plotted as shown in Figure 6.

Using the time-course data, the half-life was calculated as
98.4 min by curve fitting based on GraphPad Prism Version 5.04
(GraphPad Software, CA, U.S.A.). The initial concentration in blood
was also calculated as 1.50 pig/mlL. In a macaque, this suggests that
the renal excretion is not possible and this was by the absence of
compound 2 in the HPLC analysis of the urine (SD). The distribution
volume was calculated as 47.1 L; the dose 70.6 (mg)/initial concen-
tration 1.50 (pg/mL) ratio suggests tissue distribution.

2.4. Adsorption of compound 2 to blood cells of a rhesus
macaque

The question of whether compound 2 can be attached to and
adsorbed into blood cells was investigated. Initially, 2-HCl was
added to blood (1 mL) of a rhesus macaque reaching a final concen-
tration of 1 mg/mL. This mixture was incubated at 37 °C for 0, 1
and 2 h, and then centrifuged at 3600 rpm for 5 min at room tem-
perature in a microcentrifuge to separate plasma (730 pL) from

12.44 17.98

min

30.0

T
40.0

Figure 5. HPLC chart of macaque plasma 30 min after intravenous administration of 2-HCI. The plasma sample was eluted with a linear gradient of 20-35% CH3CN (0.1% TFA,
in 30 min). Peak 10 (retention time: 12.44 min) corresponds to the internal standard (phenol) and peak 13 (retention time: 17.98 min) corresponds to compound 2.
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blood cells. In addition, plasma (0.5 mL) was added to the blood
cells incubated for 1 h, then the mixture was incubated again for
1h to separate plasma (730 pL) from the blood cells. Blood cell
samples were prepared by mixing the blood cells with 480 uL of
PBS and diluting the mixture to 1 mL with PBS. Blood cell samples
were sonicated to disrupt cell membranes then both plasma and
blood cell samples (60 pL each) were vortex-mixed with 200 pL
of MeOH, then centrifuged at 2000g for 3 min at room tempera-
ture. A 228 L aliquot of each supernatant was mixed with 12 pL
of phenol in saline (final concentration: 600 pg/mL) and filtered.
A 200 pL aliquot of each filtrate was injected to HPLC by an auto-
sampler (SD Fig. S8).

The fractions of plasma and blood cells were analyzed by HPLC
to quantify compound 2 (Fig. 7). The results showed that incuba-
tion enhanced the attachment or adsorption of compound 2 to
blood cells; incubation for 1 or 2 h led to percentages of 39.7%
and 39.3%, respectively, in distribution in cells, prior to incubation
there was a distribution percentage of 34.8% in cells. Furthermore,
compound 2, which was adsorbed into blood cells, was signifi-
cantly redistributed in plasma when fresh plasma was added; the
addition of plasma to blood cells incubated for 1 h and a further
incubation for 1 h caused redistribution of compound 2 to plasma
and a reduction of distribution percentages to cells from 39.7% to
11.5%. This suggests that compound 2, which was attached to
blood cells, might be transferred from the cells to plasma and sub-
sequently distributed to tissues.

These results indicate that the concentration in blood of com-
pound 2 might be reduced, ultimately to ~1 mg/mL (3 pM) with
2-4h treatments in rats (14 mg/kg) and rhesus macaques
(13.4 mg/kg). The ECsq value of compound 2 has been determined
as 10-50 uM in laboratory and primary HIV-1 strains.’ Thus, in
several hours after intravenous administration of compound 2
the efficacy might be diminished because the concentration in
blood of compound 2 is being maintained below ECsqo levels.
However, the amount administered cannot be increased because
of the acute toxicity which is described in the previous section,
although the concentration in blood of compound 2 does not reach
its CCsq level of 210 pM.!? Recently, we reported that CD4 mimics
such as compound 1 enhance the binding potency of anti-gp120
monoclonal antibodies such as KD-247'¢ toward an envelope
protein gp120, showing synergistic neutralization.'> Compound 2
also enhances the neutralizing activity of KD-247 against simian-
human immunodeficiency virus (SHIV)-KS661 strain via highly
synergistic interactions. When compound 2 is used in combination
with anti-gp120 monoclonal antibodies such as KD-247, the level
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Figure 7. Quantitative analysis of compound 2 contained in macaque blood cells
and plasma after incubation for 0, 1, or 2 h. 1 h+ plasma means the addition of
plasma (0.5 mL) to 1 h incubated blood cells followed by further incubation for 1 h.
Concentrations of compound 2 in plasma are shown in black bars, and those in
blood cells are shown in white bars.

of compound 2 of 3 pM might be sufficient for neutralization
in vivo and thus it might be possible to reduce the dose of com-
pound 2. In addition, we also found that compound 1 and CXCR4
antagonists such as T140? showed synergistic anti-HIV-1 activ-
ity,'! Thus, a combinatorial use with co-receptor antagonists
would be also effective for reduction of the dose of compound 2.

3. Conclusion

CD4 mimics are attractive not only as HIV entry inhibitors but
also possibly as cooperating agents for neutralizing antibodies.
Binding of CD4 mimicking compounds to gp120 causes a confor-
mational change in gp120. In this way, CD4 mimics function as
‘envelope openers’ and enhance the binding ability of anti-gp120
neutralizing antibodies. We discovered lead compound 2 with rel-
atively high potency and low cytotoxicity in our previous study. In
the current study, the pharmacokinetics of compound 2 in rats and
rhesus macaques in the intravenous administration were investi-
gated. Plots of plasma concentrations of compound 2 fitted with
a one-compartment model provided calculation of half-lives of
compound 2 in blood in rats and rhesus macaques: 8.4 and
98.4 min, respectively, suggesting that compound 2 is broadly dis-
tributed in tissues. A few hours post-injection, plasma concentra-
tions of compound 2 in both species stabilized at micromolar
levels. Consequently, compound 2 might have promise as a lead
compound for the intravenous administration in a cocktail therapy
with anti-gp120 monoclonal antibodies such as KD-247 and with
co-receptor antagonists such as T140.%

4. Experimental
4.1. General information

A Cosmosil 5C18-ARII column (4.6 x 250 mm, Nacalai Tesque,
Inc., Kyoto, Japan) was used for analytical HPLC, with a linear
gradient of CH3;CN containing 0.1% (v/v) TFA at a flow rate of
1 cm® min~! on a JASCO PU-2089 plus (JASCO Corporation, Ltd.,
Tokyo, Japan), and eluents were detected by UV at 220 nm on a
JASCO UV-2075 plus (JASCO Corporation, Ltd, Tokyo, Japan). Sam-
ples were injected by an autosampler on a JASCO AS-2075 plus
(JASCO Corporation, Ltd, Tokyo, Japan). ESI-TOF-MS were recorded
on a micrOTOF-2focus (Bruker Daltonics) mass spectrometer.

4.2. Calibration curve

To compound 2 (1.0 g) in MeOH (5 mL) was added 4 M HCl/
dioxane (10 mL) and the mixture was stirred for 30 min at room
temperature. The mixture was concentrated under reduced pres-
sure and the 2-HCI was precipitated in cooled Et,0 (yield: 1.2 g,
quantitative).

To construct a pharmacokinetics calibration curve in a rat, stan-
dard stock solutions in saline of 2.HCI; 263, 131.5, 65.8, 32.9 and
16.4 pg/mL and an internal standard stock solution; 1.25 mg/mL
phenol in saline were prepared. Each standard stock solution
(22.8 pL) was mixed with 1.2 pL of the internal stock solution to
give a total volume of 24 pL, then filtered. A 20 pL aliquot of each
filtrate was injected to HPLC. The final concentration of 2-HCl was
250, 125, 62.5, 31.3 or 15.6 ug/mL and each sample contains
62.5 pg/mL phenol. Elution was carried out with a linear gradient
of 20-35% CH5CN (0.1% TFA) over 30 min (SD Fig. S3). A calibration
curve was constructed using the ratio of HPLC peak areas and con-
centrations of 2-HCI to demonstrate the linearity as shown in Fig-
ure 2. The linear regression equation is Y =0.1345X (R? = 0.9981).

To construct a pharmacokinetics calibration curve in a rhesus
macaque, standard stock solutions in saline of 2-HCl (329, 164.5,
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