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Abstract

Induction of durable cellular immune responses by vaccination is an important strategy for the control of persistent pathogen infection. Viral
vectors are promising vaccine tools for eliciting antigen-specific T-cell responses. Repeated vaccination may contribute to durable memory T-
cell induction, but anti-vector antibodies could be an obstacle to its efficacy. We previously developed a Sendai virus (SeV) vector vaccine and
showed the potential of this vector for efficient T-cell induction in macaques. Here, we examined whether repeated SeV vector vaccination with
short intervals can enhance antigen-specific CD8" T-cell responses. Four rhesus macaques possessing the MHC-I haplotype 90-120-Ia were
immunized three times with intervals of three weeks. For the vaccination, we used replication-defective F-deleted SeV vectors inducing CD8* T-
cell responses specific for simian immunodeficiency virus Gagpoe—216 and Gagaa—249, Which are dominant epitopes restricted by 90-120-Ia-
derived MHC-I molecules. All four animals showed higher Gagygs—o 6-specific and Gagys;_o40-specific CD8™ T-cell responses after the third
vaccination than those after the first vaccination, indicating enhancement of antigen-specific CD8" T-cell responses by the second/third SeV
vector vaccination even with short intervals. These results suggest that repeated SeV vector vaccination can contribute to induction of efficient
and durable T-cell responses.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: AIDS vaccine; Viral vector; CTL; SIV

1. Introduction been shown to efficiently induce antigen-specific T-cell
responses [9—14]. Repeated viral vector vaccination may
induce enhanced and durable memory T-cell responses. Viral

vector vaccination, however, elicits antibodies against the

Antigen-specific T-cell responses play a central role in the
control of persistent infection with pathogens such as human

immunodeficiency viruses (HIVs) [1—7]. Induction of efficient
and durable T-cell responses is an important vaccine strategy,
and recombinant viral vectors are promising vaccine tools for
antigen-specific T-cell induction [8]. Many kinds of viral
vectors including adenovirus (AdV) and poxvirus vectors have
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Tel.: +81 3 5285 1111; fax: +81 3 5285 1165.
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vector virus itself, which could be an obstacle to the potential
of repeated viral vector vaccination [15].

We previously developed a vaccine system using Sendai
virus (SeV) vectors to induce antigen-specific T-cell responses
[16,17]. We have replication-defective (nontransmissible) F-
deleted SeV, F(-)SeV, as well as replication-competent SeV
vectors [18,19]. In our recent study [20], intranasal immuni-
zation even with a lower dose (6 x 10® CIU [cell infectious
units]) of F(-)SeV vectors in SeV-infected macaques effi-
ciently elicited antigen-specific CD8" T-cell responses in the
presence of SeV-specific neutralizing titers of 1:50—1:100.

1286-4579/$ - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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Intramuscular F(-)SeV vector immunization can also induce
antigen-specific CD8% T-cell responses efficiently in the
absence of anti-SeV neutralizing antibodies, but intranasal F(-)
SeV vector vaccination is more immunogenic than intramus-
cular in the presence of anti-SeV neutralizing antibodies.

Thus, repeated intranasal SeV vector immunization may
have the potential to overcome anti-SeV antibody responses
and induce more efficient and durable T-cell responses than
those by single immunization. Our previous analyses in
macaques [21] showed efficient antigen-specific CD8" T-cell
induction by an intranasal immunization with 6 x 10° CIU of
F(-)SeV vectors more than one year after an initial SeV vector
inoculation, indicating the immunogenicity of repeated SeV
vector vaccination with long intervals.

In the present study, we investigated whether repeated SeV
vector vaccination with short intervals can enhance antigen-
specific CD8" T-cell responses. Macaques received SeV
vectors intranasally and intramuscularly at the second and the
third vaccination at weeks 3 and 6 after the first intranasal SeV
vector vaccination. While clear difference in immunogenicity
was not shown between intranasal and intramuscular SeV
vector administration, all the animals exhibited higher antigen-
specific CD8™ T-cell responses after the third vaccination than
those after the first. Our results indicate that repeated SeV
vector vaccination even with short intervals can contribute to
induction of efficient, durable T-cell responses.

2. Materials and methods
2.1. Animals

The animal experiments were conducted through the
Cooperative Research Program in Tsukuba Primate Research
Center (TPRC), National Institute of Biomedical Innovation
with the help of the Corporation for Production and Research of
Laboratory Primates. All animals were maintained in accor-
dance with the guidelines for laboratory animals of the National
Institute of Infectious Diseases and TPRC. Blood collection
and vaccination were performed under ketamine anesthesia.

In the present study, we used four Burmese rhesus macaques
possessing the major histocompatibility complex class I (MHC-
I) haplotype 90-120-1a [22}]; those 90-120-Ia-positive macaques
are known to dominantly elicit SIVmac239 Gagpps-216
(IINEEAADWDL) epitope-specific and Gag,4;—249 (SSVDE-
QIQW) epitope-specific CD8" T-cell responses after SIV-
mac239 challenge [23,24]. In our previous study [25—27], these
“four macaques were challenged with SIV after vaccination and
controlled SIV replication in the chronic phase as follows.
Macaque R04-016 received a prophylactic prime-boost vaccine
eliciting single Gagp4;_n40 epitope-specific CD8* T-cell
responses before STVmac239 challenge [26]. Macaque R04-015
received a prophylactic prime-boost vaccine eliciting Gagros—216
epitope-specific and Gagy4;,—p49 epitope-specific CD8" T-cell
responses [27,28]. Macaques R06-015 and R06-035 received
a prophylactic DNA prime/F(-)SeV-Gag boost vaccine [25].

Macaques R04-015, R04-016, and R06-015 contained a chal-
lenge with SIVmac239 [29] approximately 3 months after the

boost and a superchallenge with a mutant SIVmac239 carrying
five gag mutations, STVmac239Gag216S244E2471.312V373T,
in the chronic phase (at week 40 [R06-015] or 116 [R04-015 and
R04-016] after STVmac239 challenge) [27]. Macaque R06-035
was challenged with a mutant SIVmac239, SIVmac239-
Gag216S244E, carrying two gag mutations, Gagl216S and
GagD244E leading to a leucine (L)-to-serine (S) substitution at
the 216th amino acid and an aspartic acid (D)-to-glutamic acid
(E) substitution at the 244th in Gag [25]. These mutations result in
escape from Gag,os_»16-specific and Gagyy;—»40-specific CD8™
T-cell responses. In this animal that failed to control the mutant
SIV challenge, persistent viremia was observed for 8 months, but
after that, plasma viremia became undetectable.

2.2. Vaccination

In the present study, macaques R04-015, R04-016, R06-015,
and R06-035 received an intranasal F(-)SeV-Gag vector vacci-
nation (referred to as the first vaccination) at weeks 128, 128, 52,
and 67 after SIV challenge, respectively. At the second and the
third vaccination, we used two kinds of F(-)SeV vectors, F(-)
SeV-Gagyrp—216-EGFP  expressing Gagapy—216-EGFP  fusion
protein and F(-)SeV-Gag216S expressing SIVmac239 Gag with
a mutation leading to escape from Gagaps—216-specific CD8™ T-
cell responses [23], for eliciting Gagos—216-specific and
Gagya1_nao-specific CD8" T-cell responses, respectively
(Fig. 1). The F(-)SeV-Gag216S is considered not to induce
Gagaos—216-specific CD8™ T-cell responses, because challenge
of macaques with a SIV carrying this Gag216S mutation
induced no Gag,pe—s16-specific CD8" T-cell responses in
a previous study [25]. Macaques R04-015 and R06-035 received
F(-)SeV-Gagyoy-—216-EGFP intranasally and F(-)SeV-Gag216S
intramuscularly at the second vaccination three weeks after the
first. At the third vaccination three weeks after the second, these
animals received F(-)SeV-Gag216S intranasally and F(-)SeV-
Gagy0p—216-EGFP intramuscularly. On the contrary, macaques
R04-016 and R06-015 received F(-)SeV-Gag216S intranasally
and F(-)SeV-Gagygy—216-EGFP intramuscularly at the second
vaccination and F(-)SeV-Gagspr—216-EGFP intranasally and
F(-)SeV-Gag216S intramuscularly at the third. The dose of each
vaccination was 6 x 10° cell infectious units (CIU). During the
observation period in the present study, plasma viremia was
undetectable in all four macaques.

2.3. Measurement of antigen-specific CD8" T-cell
responses

We measured antigen-specific CD8" T-cell frequencies by
flow-cytometric analysis of gamma interferon (IFN-v) induc-
tion after specific stimulation as described previously [21,27].
Peripheral blood mononuclear cells (PBMCs) were cocultured
with autologous herpesvirus papio-immortalized B lympho-
blastoid cell lines (B-LCLs) pulsed with 1 uM Gagsps—216 OF
Gagoa1—249 peptide for Gagags—216-specific or Gagaai—za9-
specific stimulation. For SeV-specific stimulation, PBMCs
were cocultured with B-LCLs infected with SeV. Intracellular
IFN-v staining was performed using CytofixCytoperm kit
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Fig. 1. Vaccination protocols. (A) Inserts of F(-)SeV vectors used for vaccination. F(-)SeV-Gag, F(-)SeV-Gag,p,—216-EGFP, and F(-)SeV-Gag216S express the
STVmac239 Gag, a Gagags—216-EGFP fusion protein, and a mutant Gag with a leucine-to-serine substitution at the 216th amino acid (L2168), respectively. The
L2168 substitution results in escape from Gag,os—2;6-specific CD8* T-cell recognition. (B) Protocols for macaque vaccination. Four 90-120-Ia-positive macaques
received F(-)SeV-Gag intranasally (IN) at the first vaccination. Macaques R04-015 and R06-035 received F(-)SeV-Gagygr—216-EGFP IN and F(-)SeV-Gag216S
intramuscularly (IM) at the second vaccination and vice versa at the third. Macaques R04-016 and R06-015 received F(-)SeV-Gag216S IN and F(-)SeV-

Gagagr—216-EGFP IM at the second vaccination and vice versa at the third.

(BD, Tokyo, Japan) and the following monoclonal antibodies:
fluorescein isothiocyanate (FITC)-conjugated anti-human CD4
(BD, #556615, M-T477), peridinin chlorophyll protein
(PerCP)-conjugated anti-human CD8 (BD, #347314, SK1),
allophycocyanin (APC)-conjugated anti-human CD3 (BD,
#557597, SP34-2), and phycoerythrin (PE)-conjugated anti-
human IFN-y antibodies (BD, #557074, 4S.B3). Specific
CD8™ T-cell levels were calculated by subtracting non-specific
IFN-y*™ CD8™ T-cell frequencies from those after Gag epitope
peptide-specific or SeV-specific stimulation. Specific CD8* T-
cell levels lower than 100 per million PBMCs were considered
negative.

2.4. Measurement of anti-SeV IgG levels

The plasma anti-SeV immunoglobulin G (IgG) levels were
measured by an enzyme-linked immunosorbent assay (ELISA)
(Denka Seiken, Tokyo, Japan) using whole inactivated SeV
(HVJ Z strain) particles and a peroxidase-conjugated anti-
monkey IgG antibody [30].

2.5. Measurement of anti-SeV neutralizing titers

We measured plasma SeV-specific neutralizing titers on
LLC-MK2 cells using a recombinant SeV expressing enhanced
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green fluorescent protein (SeV-EGFP) as described before
[31]. We determined the end-point plasma titers required for
10-fold reduction of SeV-EGFP infectivity compared to the
negative control without plasma (90% neutralization titer;
90% effective concentration [ECqg]).

3. Results

3.1. Antigen-specific CD8" T-cell responses after
repeated F(-)SeV vector vaccination

We used four SIV controllers possessing the MHC-I
haplotype 90-120-1a [22,24]. In these rhesus macaques that
were vaccinated and challenged with SIV in our previous
studies [25,27], plasma viremia was undetectable in the
chronic phase. In the present study, these four animals
received SeV vector vaccination three times with intervals of
three weeks in the chronic phase. Three kinds of SeV vectors,
F(-)SeV-Gag inducing both Gagyoe—216 €pitope-specific and
Gagos) 249 epitope-specific CD8™ T-cell responses, F(-)SeV-
Gagyoz—216-EGFP inducing the former, and F(-)SeV-Gag216S
inducing the latter, were used for the vaccination (Fig. 1). All
four macaques received an intranasal F(-)SeV-Gag vector
inoculation at the first vaccination. Macaques R04-015 and
R06-035 received F(-)SeV-Gagpgy—216-EGFP intranasally and
F(-)SeV-Gag216S intramuscularly at the second vaccination
and vice versa at the third. Macaques R04-016 and R06-015
received F(-)SeV-Gag216S intranasally and F(-)SeV-

' RO4.015

103 wd

1w ROS-035

epitope-specific CD8 T cell frequencies {/million PBMC)

1 T
g 1 4 H

Gagygr—216-EGFP intramuscularly at the second vaccination
and vice versa at the third.

Previously, macaques possessing the MHC-I haplotype 90-
120-Ia were shown to induce Gagops—216 and Gagosi—o40
epitope-specific CD8™ T-cell responses dominantly in the early
phase after SIVmac239 challenge [25,27]. In the present study,
we examined these Gag,pg—216-specific and Gagoy;—p49-specific
CD8* T-cell responses one week after each vaccination (Fig. 2).
The first F(-)SeV-Gag vaccination enhanced both Gagags_ 216~
specific and Gagpy;—p40-specific CD8" T-cell responses in
macaques R06-035 and R06-015 but not in R04-016. In
macaque R04-015, efficient Gagpgg—p16-specific  and
Gagay1—240-specific CD8™' T-cell responses were detected at
week 1 after the first vaccination, while PBMC samples were
unavailable for analysis of responses just before the first
vaccination.

At week 4, one week after the second vaccination, animals
had similar or higher Gagsgs-216-specific and Gagoyq_pa9-
specific CD8™" T-cell frequencies compared to those at week 1.
Also at week 7, one week after the third vaccination, animals had
similar or higher Gag,ps—216-specific and Gagpg;—o40-specific
CD8" T-cell frequencies compared to those at week 4.
Enhancement of these Gag-specific CD8" T-cell response was
clear after the second vaccination (at week 4) in macaques R04-
016 and R06-035 and after the third vaccination (at week 7) in
macaques R04-015 and R06-015. Thus, all four animals showed
higher Gag-specific CD8* T-cell responses at week 7 compared
to those at week 1, indicating enhancement of Gag-specific
CD8™ T-cell responses by the second/third vaccination.

73208218

EEEE 241-249

7 RO4-016

ROS-G15

k]

weeks after the first vaccination

Fig. 2. Gag epitope-specific CD8™ T-cell responses after repeated SeV vector vaccination. Gagaos—216-specific (open boxes) and Gagaq)—a40-specific (closed boxes)
CD8™ T-cell responses at week O (just before the first vaccination) and at weeks 1, 4, and 7 after the first vaccination (one week after each vaccination) were

examined. ND, not determined.
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3.2. SeV-specific CD8" T-cell responses after repeated
F(-)SeV vector vaccination

We also examined SeV-specific CD8* T-cell responses one
week after each vaccination (Fig. 3). SeV-specific CD8" T-cell
responses were undetectable at week 0, just before the first
vaccination. Vaccination mostly enhanced SeV-specific CD8™
T-cell responses, and all animals showed efficient SeV-specific
CD8™ T-cell responses after three times of vaccination. Clear
difference in the patterns of enhancement was not observed
between Gagros—216/Gagoai—240-specific and SeV-specific
CDS8™" T-cell responses, suggesting little or no change in the
immunodominance patterns between these CD8% T-cell
responses by the second/third SeV vector vaccination.

3.3. SeV-specific antibody responses at repeated F(-)SeV
vector vaccination

We then examined SeV-specific antibody responses just
before each vaccination (Fig. 4 and Fig. 5). While these
animals received a single SeV vector vaccination in previous
studies more than a year before, ELIZA showed marginal
levels of SeV-specific antibodies at week 0, just before the first
vaccination. These animals exhibited undetectable or low
levels of SeV-specific neutralizing antibody responses at week
0. At weeks 3 and 6, just before the second/third vaccination,
all four animals had high levels of SeV-specific 1gGs and
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SeV-specific CD8 T cell frequencies (/million PBMC)
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4 7 G 1
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Fig. 3. SeV-specific CD8" T-cell responses after repeated SeV vector vacci-
nation. SeV-specific CD8"' T-cell responses at week 0 (just before the first
vaccination) and at weeks 1, 4, and 7 after the first vaccination (one week after
each vaccination) were examined.
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Fig. 4. SeV-specific IgG levels in plasma at repeated SeV vector vaccination.
Plasma samples obtained at weeks 0, 3, and 6 after the first vaccination (just
before each vaccination) were subjected to ELISA assay. OD450, optical
density at 450 nm.

neutralizing titers, indicating that the second/third SeV vector
vaccination enhanced Gag-specific CD8" T-cell responses in
the presence of high levels of SeV-specific neutralizing
responses.

4. Discussion

Replication-defective viral vectors are promising safe tools
for eliciting antigen-specific T-cell responses. A single inoc-
ulation of these vectors can induce efficient T-cell responses,
which would peak within a couple of weeks and decline after
that, although durable T-cell memory induction is important
for vaccine efficacy. In the present study, we examined
immunogenicity of three times of replication-defective SeV
vector vaccination with intervals of three weeks in macaques
and showed that antigen-specific CD8" T-cell responses after
the third vaccination were higher than those after the first
vaccination. Our results indicate the potential of repeated SeV
vector vaccination to induce efficient and durable T-cell
responses, providing a solution toward durable vaccine
efficacy.

CD8* T-cells recognize MHC-I-restricted epitopes pre-
sented on target cells, and animals sharing MHC-I alleles
would be useful for exact evaluation of vaccine immunoge-
nicity. We confirmed Gagpos—nig-specific and Gagoyqi—n40-
specific CD8" T-cell responses in macaques R04-015, R04-
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Fig. 5. SeV-specific neutralizing titers in plasma at repeated SeV vector
vaccination. Plasma samples obtained at weeks 0, 3, and 6 after the first
vaccination (just before each vaccination) were subjected to anti-SeV
neutralizing assay. The end-point plasma titers required for 10-fold reduc-
tion of SeV-EGFP infectivity are shown.

016, R06-015, and R06-035 sharing MHC-I haplotype 90-120-
la after SIVmac239 challenge in our previous studies
[25—27]. Then, we have focused on analyzing Gagos—216-
specific and Gagyy;—o40-specific CD8" T-cell responses for
evaluation of vaccine immunogenicity in the present study.

Previous studies have shown that Gag-specific CD8" T-cell
frequencies peaked around one week after a single F(-)SeV-
Gag vaccination [19]. Indeed, Gag-specific CD8" T-cell
responses became undetectable in a few months in five of six
F(-)SeV-Gag-boosted macaques [32]. Then, it is inferred that
Gagyoe_n16-specific and Gagay;—o4o-specific CD8' T-cell
frequencies would be much lower at weeks 4 and 7 than those
at week 1 without repeated vaccination. In the present study,
however, those frequencies at week 7 were higher than at week
1. Gagags—216-specific and Gagpq;—a40-specific CD8™ T-cell
frequencies at weeks 4 and 7 were similar or rather higher than
those at weeks 1 and 4, respectively. These results imply that
each of the second and the third vaccination enhanced these
CD8% T-cell responses, leading to augmented, durable
Gagaos_o16-specific and  Gagpy;—o40-specific CD8' T-cell
responses.

Pre-existing anti-vector antibodies can be an obstacle to the
immunogenicity of viral vectors [15,33—35]. Viral vector
vaccination induces immune responses against the vector virus
itself, and so, anti-vector antibodies could inhibit induction of

antigen-specific T-cell responses by repeated vaccination.
Indeed, after the first vaccination, all four animals had high
levels of SeV-specific neutralizing antibodies, which may have
affected efficacy of T-cell induction by the second and the
third SeV vector vaccination with short intervals. However, the
second and the third SeV vector vaccination in the presence of
high levels of SeV-specific neutralizing antibodies enhanced
Gagpos—216-specific and  Gagps;_oso-specific CD8'  T-cell
TeSponses.

Recently, we showed that intranasal SeV vector immuni-
zation is more immunogenic than intramuscular in the pres-
ence of SeV-specific neutralizing antibodies [20]. In that study,
Gag-specific CD8" T-cell responses were induced not by
intramuscular but by intranasal immunization with 6 X 108
CIU of F(-)SeV-Gag vectors in the presence of 1:100 of
plasma SeV-specific neutralizing titers. We were unable to
quantify SeV-specific IgA levels. In the present study,
however, clear difference in immunogenicity was not shown
between intranasal and intramuscular SeV vector vaccination.
Enhancement of antigen-specific CD8™ T-cell responses by
the second, intramuscular vaccination was observed in
macaques R04-016 and R06-035 (Fig. 2). Intramuscular
immunization with higher doses (6 x 10° CIU) may overcome
the inhibitory effect by SeV-specific neutralizing antibodies.

In summary, we examined antigen-specific CD8" T-cell
responses in macaques after three times of SeV vector vacci-
nation with intervals of three weeks. Antigen-specific CD8" T-
cell responses did not decline but were enhanced by the
second and the third vaccination even in the presence of high
levels of SeV-specific neutralizing antibodies. These results
indicate that repeated SeV vector vaccination even with short
intervals can contribute to induction of efficient, durable T-cell
responses.

Acknowledgments

This work was supported by grants from the Ministry of
Education, Culture, Sports, Science, and Technology, grants
from the Ministry of Health, Labor, and Welfare, and a grant
from Takeda Science Foundation in Japan. We thank T.
Kamada for his help and H. Akari, Y. Yasutomi, F. Ono, A.
Hiyaoka, K. Komatsuzaki, and K. Oto for their assistance in
animal experiments.

References

[1] R.A. Koup, J.T. Safrit, Y. Cao, C.A. Andrews, G. McLeod,

W. Borkowsky, C. Farthing, D.D. Ho, Temporal association of cellular

immune responses with the initial control of viremia in primary human

immunodeficiency virus type 1 syndrome, J. Virol. 68 (1994)

4650~—4655.

P. Borrow, H. Lewicki, B.H. Hahn, G.M. Shaw, M.B. Oldstone, Virus-

specific CD8™ cytotoxic T-lymphocyte activity associated with control of

viremia in primary human immunodeficiency virus type 1 infection, J.

Virol. 68 (1994) 6103—6110.

[3] T. Matano, R. Shibata, C. Siemon, M. Connors, H.C. Lane, M.A. Martin,
Administration of an anti-CD8 monoclonal antibody interferes with the
clearance of chimeric simian/human immunodeficiency virus during
primary infections of rhesus macaques, J. Virol. 72 (1998) 164—169.

[2

it

— 204 —



[4]

(5]

(6]
7
(81
(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

K. Kurihara et al. / Microbes and Infection 14 (2012) 1169—1176

X. Jin, D.E. Bauer, S.E. Tuttleton, S. Lewin, A. Gettie, J. Blanchard,
CE. Irwin, J.T. Safrit, J. Mittler, L. Weinberger, L.G. Kostrikis,
L. Zhang, A.S. Perelson, D.D. Ho, Dramatic rise in plasma viremia after
CD8" T cell depletion in simian immunodeficiency virus-infected
macaques, J. Exp. Med. 189 (1999) 991-998.

J.E. Schmitz, M.J. Kuroda, S. Santra, V.G. Sasseville, M.A. Simon,
M.A. Lifton, P. Racz, K. Tenner-Racz, M. Dalesandro, B.J. Scallon,
J. Ghrayeb, M.A. Forman, D.C. Montefiori, E.P. Rieber, N.L. Letvin,
K.A. Reimann, Control of viremia in simian immunodeficiency virus
infection by CD8* lymphocytes, Science 28 (1999) 857—860.

R.A. Seder, A.V. Hill, Vaccines against intracellular infections requiring
cellular immunity, Nature 406 (2000) 793-798.

P.J. Goulder, D.I. Watkins, HIV and SIV CTL escape: implications for
vaccine design, Nat. Rev. Immunol. 4 (2004) 630—640.

A.J. McMichael, T. Hanke, HI'V vaccines 1983—2003, Nat. Med. 9 (2003)
874—880.

R.R. Amara, F Villinger, J.D. Altman, S.L. Lydy, S.P. O’Neil,
S.I. Staprans, D.C. Montefiori, Y. Xu, J.G. Herndon, L.S. Wyatt,
M.A. Candido, N.L. Kozyr, PL. Earl, JM. Smith, HL. Ma,
B.D. Grimm, M.L. Hulsey, J. Miller, HM. McClure, J.M. McNicholl,
B. Moss, H.L. Robinson, Control of a mucosal challenge and prevention
of AIDS by a multiprotein DNA/MVA vaccine, Science 292 (2001)
69—74.

J.W. Shiver, T.M. Fu, L. Chen, D.R. Casimiro, M.E. Davies, R.K. Evans,
Z.Q. Zhang, A.J. Simon, W.L. Trigona, S.A. Dubey, L. Huang,
V.A. Harris, R.S. Long, X. Liang, L. Handt, W.A. Schleif, L. Zhu,
D.C. Freed, N.V. Persaud, L. Guan, K.S. Punt, A. Tang, M. Chen,
K.A. Wilson, K.B. Collins, G.J. Heidecker, V.R. Fernandez, H.C. Perry,
J.G. Joyce, K.M. Grimm, J.C. Cook, PM. Keller, D.S. Kresock, H. Mach,
R.D. Troutman, L.A. Isopi, D.M. Williams, Z. Xu, K.E. Bohannon,
D.B. Volkin, D.C. Montefiori, A. Miura, G.R. Krivulka, M.A. Lifton,
M.J. Kuroda, J.E. Schmitz, N.L. Letvin, M.J. Caulfield, A.J. Bett,
R. Youil, D.C. Kaslow, E.A. Emini, Replication-incompetent adenoviral
vaccine vector elicits effective anti-immunodeficiency-virus immunity,
Nature 415 (2002) 331-335.

X. Jin, M. Ramanathan Jr., S. Barsoum, G.R. Deschenes, L. Ba, J. Binley,
D. Schiller, D.E. Bauer, D.C. Chen, A. Hurley, L. Gebuhrer, R. El Habib,
P. Caudrelier, M. Klein, L. Zhang, D.D. Ho, M. Markowitz, Safety and
immunogenicity of ALVAC vCP1452 and recombinant gp160 in newly
human immunodeficiency virus type l-infected patients treated with
prolonged highly active antiretroviral therapy, J. Virol. 76 (2002)
2206—-2216.

S.G. Hansen, C. Vieville, N. Whizin, L. Coyne-Johnson, D.C. Siess,
D.D. Drummond, A.W. Legasse, M.K. Axthelm, K. Oswald,
CM. Trubey, M.J. Piatak, J.D. Lifson, J.A. Nelson, M.A. Jarvis,
L.J. Picker, Effector memory T cell responses are associated with
protection of rhesus monkeys from mucosal simian immunodeficiency
virus challenge, Nat. Med. 15 (2009) 293—299.

J. Liu, KL. O'Brien, D.M. Lynch, N.L. Simmons, A. La Porte,
AM. Riggs, P. Abbink, R.T. Coffey, L.E. Grandpre, M.S. Seaman,
G. Landucci, D.N. Forthal, D.C. Montefiori, A. Carville, K.G. Mansfield,
M.J. Havenga, M.G. Pau, J. Goudsmit, D.H. Barouch, Immune control of
an SIV challenge by a T-cell-based vaccine in rhesus monkeys, Nature
457 (2009) 87-91.

J.L. Excler, C.L. Parks, J. Ackland, H. Rees, L.D. Gust, W.C. Koff,
Replicating viral vectors as HIV vaccines: summary report from the IAVI
sponsored satellite symposium at the AIDS vaccine 2009 conference,
Biologicals 38 (2010) 511—521.

S.F. Berkley, W.C. Koff, Scientific and policy challenges to development
of an AIDS vaccine, Lancet 370 (2007) 94—101.

A. Kato, Y. Sakai, T. Shioda, T. Kondo, M. Nakanishi, Y. Nagai, Initi-
ation of Sendai virus multiplication from transfected cDNA or RNA with
negative or positive sense, Genes Cells 1 (1996) 569—579.

M. Kano, T. Matano, A. Kato, H. Nakamura, A. Takeda, Y. Suzaki,
Y. Ami, K. Terao, Y. Nagai, Primary replication of a recombinant Sendai
virus vector in macaques, J. Gen. Virol. 83 (2002) 1377—1386.

H.O. Li, Y.F. Zhu, M. Asakawa, H. Kuma, T. Hirata, Y. Ueda, Y.S. Lee,
M. Fukumura, A. Iida, A. Kato, Y. Nagai, M. Hasegawa, A cytoplasmic

[19]

[20

_—

[21]

(22]

[23]

[24]

(25]

[26]

[27]

[28]

[29]

[30]

[31

et

[32]

— 205 —

1175

RNA vector derived from nontransmissible Sendai virus with efficient
gene transfer and expression, J. Virol. 74 (2000) 6564—6569.

T. Matano, M. Kobayashi, H. Igarashi, A. Takeda, H. Nakamura,
M. Kano, C. Sugimoto, K. Mori, A. Iida, T. Hirata, M. Hasegawa,
T. Yuasa, M. Miyazawa, Y. Takahashi, M. Yasunami, A. Kimura,
D.H. O’Connor, D.I. Watkins, Y. Nagai, Cytotoxic T lymphocyte-based
control of simian immunodeficiency virus replication in a preclinical
AIDS vaccine trial, J. Exp. Med. 199 (2004) 1709—-1718.

C. Moriya, S. Horiba, K. Kurihara, T. Kamada, Y. Takahara, M. Inoue,
A. Iida, H. Hara, T. Shu, M. Hasegawa, T. Matano, Intranasal Sendai
viral vector vaccination is more immunogenic than intramuscular under
pre-existing anti-vector antibodies, Vaccine 29 (2011) 8557—8563.

M. Kato, H. Igarashi, A. Takeda, Y. Sasaki, H. Nakamura, M. Kano,
T. Sata, A. lida, M. Hasegawa, S. Horie, E. Higashihara, Y. Nagai,
T. Matano, Induction of Gag-specific T-cell responses by therapeutic
immunization with a Gag-expressing Sendai virus vector in macaques
chronically infected with simian-human immunodeficiency virus,
Vaccine 23 (2005) 3166—3173.

T.K. Naruse, Z. Chen, R. Yanagida, T. Yamashita, Y. Saito, K. Mori,
H. Akari, Y. Yasutomi, M. Miyazawa, T. Matano, A. Kimura, Diversity
of MHC class I genes in Burmese-origin rhesus macaques, Immunoge-
netics 62 (2010) 601—611.

M. Kawada, H. Igarashi, A. Takeda, T. Tsukamoto, H. Yamamoto,
S. Dohki, M. Takiguchi, T. Matano, Involvement of multiple epitope-
specific cytotoxic T-lymphocyte responses in vaccine-based control of
simian immunodeficiency virus replication in rhesus macaques, J. Virol.
80 (2006) 1949—1958.

T. Nomura, H. Yamamoto, T. Shiino, N. Takahashi, T. Nakane,
N. Iwamoto, H. Ishii, T. Tsukamoto, M. Kawada, S. Matsuoka,
A. Takeda, K. Terahara, Y. Tsunetsugu-Yokota, N. Iwata-Yoshikawa,
H. Hasegawa, T. Sata, T.K. Naruse, A. Kimura, T. Matano, Association
of major histocompatibility complex class I haplotypes with disease
progression after simian immunodeficiency virus challenge in Burmese
rhesus macaques, J. Virol. 86 (2012) 6481—6490.

M. Kawada, T. Tsukamoto, H. Yamamoto, N. Iwamoto, K. Kurihara,
A. Takeda, C. Moriya, H. Takeuchi, H. Akari, T. Matano, Gag-specific
cytotoxic T-lymphocyte-based control of primary simian immunodefi-
ciency virus replication in a vaccine trial, J. Virol. 82 (2008)
10199—10206.

T. Tsukamoto, A. Takeda, T. Yamamoto, H. Yamamoto, M. Kawada,
T. Matano, Impact of cytotoxic-T-lymphocyte memory induction without
virus-specific CD4™ T-Cell help on control of a simian immunodefi-
ciency virus challenge in rhesus macaques, J. Virol. 83 (2009)
9339-9346.

N. Iwamoto, T. Tsukamoto, M. Kawada, A. Takeda, H. Yamamoto,
H. Takeuchi, T. Matano, Broadening of CD8™ cell responses in vaccine-
based simian immunodeficiency virus controllers, AIDS 24 (2010)
2777-2781.

C. Moriya, H. Igarashi, A. Takeda, T. Tsukamoto, M. Kawada,
H. Yamamoto, M. Inoue, A. Iida, T. Shu, M. Hasegawa, Y. Nagai,
T. Matano, Abrogation of AIDS vaccine-induced cytotoxic T lymphocyte
efficacy in vivo due to a change in viral epitope flanking sequences,
Microbes. Infect. 10 (2008) 285—292.

H.W. Kestler 3rd, D.J. Ringler, K. Mori, D.L. Panicali, PX. Sehgal,
M.D. Daniel, R.C. Desrosiers, Importance of the nef gene for mainte-
nance of high virus loads and for development of AIDS, Cell 65 (1991)
651—662.

M. Yoshizaki, T. Hironaka, H. Iwasaki, H. Ban, Y. Tokusumi, A. Iida,
Y. Nagai, M. Hasegawa, M. Inoue, Naked Sendai virus vector lacking all
of the envelope-related genes: reduced cytopathogenicity and immuno-
genicity, J. Gene. Med. 8 (2006) 1151—1159.

C. Moriya, S. Horiba, M. Inoue, A. Iida, H. Hara, T. Shu, M. Hasegawa,
T. Matano, Antigen-specific T-cell induction by vaccination with
a recombinant Sendai virus vector even in the presence of vector-specific
neutralizing antibodies in rhesus macaques, Biochem. Biophys. Res.
Commun. 371 (2008) 850—854.

A. Takeda, H. Igarashi, M. Kawada, T. Tsukamoto, H. Yamamoto,
M. Inoue, A. lida, T. Shu, M. Hasegawa, T. Matano, Evaluation of the



1176

[33]

[34]

K. Kurihara et al. / Microbes and Infection 14 (2012) 1169—1176

immunogenicity of replication-competent ~ V-knocked-out  and
replication-defective F-deleted Sendai virus vector-based vaccines in
macaques, Vaccine 26 (2008) 6839—6843.

S.M. Sumida, D.M. Tritt, A.A.C. Lemckert, R. Vogels,
JLH.H.V. Custers, M.M. Addo, S. Lockman, T. Peter, EW. Peyerl,
M.G. Kishko, S.S. Jackson, D.A. Gorgone, M.A. Lifton, M. Essex,
B.D. Walker, J. Goudsmit, M.J.E. Havenga, D.H. Barouch, Neutralizing
antibodies to adenovirus serotype 5 vaccine vectors are directed primarily
against the adenovirus hexon protein, J. Immunol. 174 (2005)
7179-7185.

A.T. Catanzaro, R.A. Koup, M. Roederer, R.T. Bailer, M.E. Enama,
Z. Moodie, L. Gu, J.E. Martin, L. Novik, B.K. Chakrabarti, B.T. Butman,

— 206 —

[35]

J.G. Gall, CR. King, C.A. Andrews, R. Sheets, PL. Gomez,
J.R. Mascola, G.J. Nabel, B.S. Graham, Phase 1 safety and immunoge-
nicity evaluation of a multiclade HIV-1 candidate vaccine delivered by
a replication-defective recombinant adenovirus vector, J. Infect. Dis. 194
(2006) 1638—1649.

EH. Priddy, D. Brown, J. Kublin, K. Monahan, D.P. Wright, J. Lalezari,
S. Santiago, M. Marmor, M. Lally, R M. Novak, S.J. Brown, P. Kulkarni,
S.A. Dubey, L.S. Kierstead, D.R. Casimiro, R. Mogg, M.J. Dinubile,
J.W. Shiver, R.Y. Leavitt, M.N. Robertson, D.V. Mehrotra, E. Quirk,
Safety and immunogenicity of a replication-incompetent adenovirus type
5 HIV-1 clade B gag/pol/nef vaccine in healthy aduits, Clin. Infect. Dis.
46 (2008) 1769—1781.



)
institut Pasteur
Microbes and Infection 15 (2013) 56—65

ELSEVIER

www.elsevier.com/locate/micinf

Original article

Gag-CA Q110D mutation elicits TRIMS5-independent enhancement
of HIV-Imt replication in macaque cells

Masako Nomaguchi *!, Masaru Yokoyama 51 Ken Kono ¢, Emi E. Nakayama °, Tatsuo Shioda €,
Akatsuki Saito 9, Hirofumi Akari ¢, Yasuhiro Yasutomi ©, Tetsuro Matano |, Hironori Sato b
Akio Adachi **

@ Department of Microbiology, Institute of Health Biosciences, The University of Tokushima Graduate School, 3-18-15 Kuramoto, Tokushima 770-8503, Japan
® Laboratory of Viral Genomics, Pathogen Genomics Center; National Institute of Infectious Diseases, 4-7-1 Gakuen, Musashimurayama, Tokyo 208-0011, Japan
¢ Department of Viral Infections, Research Institute for Microbial Diseases, Osaka University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan
4 Center for Human Evolution Modeling Research, Primate Research Institute, Kyoto University, 41-2 Kanrin, Inuyama, Aichi 484-8506, Japan
© Tsukuba Primate Research Center, National Institute of Biomedical Innovation, Tsukuba, Ibaraki 305-0843, Japan
fAIDS Research Center, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan

Received 5 September 2012; accepted 20 October 2012
Available online 1 November 2012

Abstract

HIV-1 is strictly adapted to humans, and cause disease-inducing persistent infection only in humans. We have generated a series of macaque-
tropic HIV-1 (HIV-1mt) to establish non-human primate models for basic and clinical studies. HIV-1mt clones available to date grow poorly in
macaque cells relative to STVmac239. In this study, viral adaptive mutation in macaque cells, G114E in capsid (CA) helix 6 of HIV-1mt, that
enhances viral replication was identified. Computer-assisted structural analysis predicted that another Q110D mutation in CA helix 6 would also
increase viral growth potential. A new proviral construct MN4Rh-3 carrying CA-Q110D exhibited exquisitely enhanced growth property
specifically in macaque cells. Susceptibility of MN4Rh-3 to macaque TRIM5a/TRIMCyp proteins was examined by their expression systems.
HIV-1mt clones so far constructed already completely evaded TRIMCyp restriction, and further enhancement of TRIMCyp resistance by Q110D
was not observed. In addition, Q110D did not contribute to evasion from TRIMS5« restriction. However, the single-cycle infectivity of MN4Rh-3
in macaque cells was enhanced relative to the other HIV-1mt clones. Our results here indicate that CA-Q110D accelerates viral growth in
macaque cells irrelevant to TRIMS proteins restriction.
© 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; HIV-1mt; Gag-CA; Macaque cells; Virus growth; Molecular modeling

1. Introduction use, e.g. cynomolgus macaques (CyMs) and rhesus macaques

(RhMs), HIV-1 replication is completely inhibited by host

Mammalian cells express a variety of host restriction
factors to defend themselves against pathogens. Viruses have
evolved countermeasures to subvert their restriction and
replicate efficiently in cells [1,2]. HIV-1, a causative agent of
human AIDS, evades host restriction factors and replicates
well in human cells. However, in macaques for experimental

* Corresponding author. Tel.: +81 88 633 7078; fax: +81 88 633 7080.
E-mail address: adachi@basic.med.tokushima-u.ac.jp (A. Adachi).
! Masako Nomaguchi and Masaru Yokoyama contributed equally to this work.

restriction factors present in their cells [3]. Construction of
HIV-1 that overcomes species-barrier contributes much to
understand the interaction of HIV-1 and its host as well as the
establishment of HIV-1-infected macaque models [4,5].
Extensive molecular biological studies on the HIV-1/host
interaction conducted to date have revealed main mechanical
bases for the narrow host range exhibited by HIV-1. Macaque
cells contain potent antiviral factors that effectively restrict or
even abolish HIV-1 replication. These include APOBEC3
proteins (APOs), CyclophilinA (CypA), and TRIMSo/TRIMCyp

1286-4579/% - see front matter © 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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(TRIMS proteins). HIV-1 can indeed counteract human proteins
corresponding to these restriction factors. APOs exhibit cytidine
deaminase activity, and introduce lethal mutations into HIV-1
genome. HIV-1 Vif is able to neutralize the antiviral activity of
human APOs, but not macaque APOs [6—8]. CypA acts on
incoming HIV-1 core to regulate infection positively in human
cells but negatively in macaque cells [9—11], though amino acid
sequences of CypA from human and macaque are identical.
Macaque TRIMSa recognizes and interacts with incoming HI'V-
1 core, and restricts virus infection in a less-defined mechanism
[9—11]. Macaque TRIMS5a is polymorphic, and has sequence
variation in a C-terminal B30.2/SPRY domain important for
capsid (CA) binding. Sequence variation in this domain causes
modulation of host susceptibility to retrovirus infection [12,13].
Macaque TRIMCyp is a fusion protein resulted from replace-
ment of a B30.2/SPRY domain with CypA. Both CyM and RhM
cells express TRIMCyp, but affinity of these proteins to HIV-1
core is different due to amino acid substitutions in Cyp
domains. Thus, CyM TRIMCyp restricts HIV-1 replication, but
not RhM TRIMCyp [14,15].

Identification of host restriction factors in macaque cells
and their target proteins in HIV-1 has prompted us to generate
macaque-tropic HIV-1 (HIV-1mt) with a minimal modification
of HIV-1 genome. We successfully constructed prototype HIV-
1mt, NL-DTS5R, by replacing CypA binding region on a loop
between helices 4 and 5 (h4/5L) in gag-CA and entire vif
genes with the corresponding regions of pathogenic SIV-
mac239 (Fig. 1) [16]. But growth potential of NL-DT5R was
inferior to that of STVmac239 both in vitro and in vivo [16,17].
These results indicated that genetic modifications in NL-DT5R
were insufficient to confer the ability on the virus to grow
efficiently in macaque cells [16—18]. In an attempt to improve
growth potential of NL-DT5R, we adapted NL-DT5R and its
R5-tropic version NL-DT562 to a CyM derived lymphocyte
cell line HSC-F, and found a number of genetic substitutions
in viral genomes of adapted viruses [19]. We introduced these
mutations and CA h6/7L from SIVmac239 into NL-DT5R,
and the resultant clone was designated MN4-5S (Fig. 1)
[19]. MN4-5S exhibited enhanced growth potential in CyM
both in vitro and in vivo compared to NL-DT5R [19]. But
growth ability of MN4-5S was still lower than that of
SIVmac239.

In this study, to further improve replication potential of
HIV-1mt, we adapted MN4-5S in macaque cells and identified
an adaptive mutation in CA that enhances growth ability in the
cells. In silico structural modeling of the adaptive mutation
predicted that Q110D mutation on helix 6 in CA (CA-Q110D)
would promote viral replication in macaque cells. Indeed,
a proviral clone carrying CA-Q110D, designated MN4Rh-3,
exhibited marked enhancement of growth potential in
macaque cells relative to all the other HIV-1mt clones we have
constructed (Fig. 1). CyM TRIMSo/TRIMCyp susceptibility
assays revealed that MN4Rh-3 completely evades from
TRIMCyp restriction but not TRIM5a restriction as observed
for the other HIV-1mt clones. While CA-Q110D contributed
to neither endowment of further resistance to TRIMCyp nor
evasion from TRIMSa restriction, CA-Q110D did lead to
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Fig. 1. Proviral genome structure of various HIV-1mt clones used in this study.
HIV-1 NL4-3 [26] and SIVmac239 (GenBank: M33262) sequences are indi-
cated by white and black areas, respectively. Gray areas in MN5-10S, MNS-
14S and MN5Rh-3 show sequences from NF462 [21]. Blue arrows and black
arrowheads show nucleotide substitutions that appeared in viral genomes of
NL-DT5R and NL-DT562 during adaptation in HSC-F cells. Among nucle-
otide substitutions, adaptive mutations that enhance viral growth potential are
indicated by blue arrows. Red arrows show the CA-Q110D mutation.

enhanced single-cycle infectivity to a macaque cell line
compared with the other HIV-Imt clones. Our results here
indicate that CA-Q110D accelerates viral growth in macaque
cells independently of TRIMS proteins restriction.

2. Materials and methods
2.1. Plasmid DNA

Construction of NL-DT5R, NL-DT562, NL-DT5RS, and
MN4-5S were described previously [16,19—21]. MN4-58
carries all nucleotide substitutions that are present in adapted
NL-DT5R and NL-DT562 clones except for mutations in the
env gene of R5-tropic viruses (MNS5-10S, MNS-14S, and
MN5Rh-3 in Fig. 1) [19]. MN4-8S contains adaptive (growth-
enhancing) mutations in MN4-5S but not the other mutations.
MN4Rh-3 was constructed by introduction of the CA-Q110D
mutation into MN4-8S. To construct R5-tropic viruses, 3
halves of viral genomes (EcoRI in vpr to Sphl at the 3’ end of
viral genome) of MN4-55, MN4-8S, and MN4Rh-3 were
replaced with the corresponding regions of adapted-NL-DT562,
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and were designated MNS5-10S, MNS5-14S, and MN5Rh-3,
respectively. For single-cycle infectivity assays to monitor
viral susceptibility to TRIMS5 proteins and to determine infec-
tivity for CyM cells, env-deficient HIV-1mt variants encoding
luciferase gene were constructed. NL-DT5R was cleaved with
Ndel and Nhel (both sites in env gene), blunt ended by T4 DNA
polymerase, and resealed by T4 DNA ligase. The resultant
clone was designated SRAEnv. Luciferase gene was then
introduced into nef gene of SRAEnv as described previously
[22], and the resultant clone was designated SRAEnv + Luc. A
fragment containing the 3’ half genome was cut out from the
SRAEnv + Luc, and introduced into the corresponding region
in HIV-1mt variants (DT5R/4-3, NL-DT5RS, MN4-8, MN4-8S,
and MN4Rh-3) to generate 5R/4-3AEnv  + Lug,
5RSAEnv + Luc, 4-8AEnv + Luc, 4-8SAEnv + Luc, and 4Rh-
3AEnv 4+ Luc, respectively.

2.2. Cell culture

A human monolayer cell line 293T [23], a feline kidney
cell line CRFK (ATCC CCL-94), and a CyM kidney cell line
MK.P3(F) (JCRB 0607) were maintained in Eagles’s minimal
essential medium (MEM) containing 10% heat-inactivated
fetal bovine serum (hiFBS). CRFK cells expressing
TRIMS5o/TRIMCyp were maintained in MEM containing 10%
hiFBS and 400 pg/mlL G418 (SIGMA). Macaque lymphocyte
cell lines, HSC-F [24] and HSR5.4 [25], were maintained in
RPMI-1640 medium containing 10% hiFBS. Recombinant
human IL-2 (AbD Serotec) was added to the medium
(50 units/mL) for maintenance of HSR5.4 cells. A human
lymphocyte cell line MT4/CCRS (MT4 cells stably expressing
CCRS5) was maintained in RPMI-1640 medium containing
10% hiFBS and 200 pg/mL hyglomycine (SIGMA).

2.3. Virus replication assays

Virus stocks for infection were prepared from 293T cells
transfected with proviral clones as described previously
[16,19,26]. Virion-associated reverse transcriptase (RT)
activity was measured as described previously [16]. HSC-F
cells (10% were infected with equal RT units of viruses in
the presence of IL-2. For infection of MT4/CCRS cells (10%),
the spinoculation method [27] was used. Viral growth was
monitored by RT activity released into the culture superna-
tants. We assessed the viral growth potential by the peak day
of virus production, and if the viral growth kinetics are similar,
by the production level on the peak day.

2.4. Generation and characterization of adapted
viral clones

MN4-5S and MNS5-10S viruses (Fig. 1) prepared from
transfected 293T cells were inoculated into HSR5.4 cells
(3 x 10% with an equal amount of viruses (5 x 107 RT units).
The cultures were maintained in the presence of IL-2, and
HSC-F cells were added on day 34 post-infection. The culture
supernatants (collected on day 18 post-cocultivation, the peak

day of virus production) were inoculated into fresh HSR5.4
cells, and total DNA was extracted from the cells on day 15
post-infection. Integrated proviruses were amplified from total
DNA as two overlapping fragments by the polymerase chain
reaction (PCR), and amplified products were cloned into
MN35-10S as described previously [16]. Viruses were prepared
from 293T cells transfected with the resultant clones, and
inoculated into HSRS5.4 cells. Only one clone exhibited a rapid
growth kinetics compared to MNS5-10S, and was designated
Ad clone-25. To identify an adaptive mutation that enhances
growth potential, each mutation found in the genome of Ad
clone-25 was introduced into MNS5-14S by site-directed
mutagenesis (STRATAGENE). For screening, viruses
prepared from transfected 293T cells were inoculated into
HSC-F cells, and virus replication was monitored by RT
activity released into the culture supernatants.

2.5. Molecular modeling of HIV CA N-terminal
domain (NTD)

The crystal structure of HIV-1 CA NTD at a resolution of
2.00 A (PDB code: 1M9C [28]) was taken from the RCSB
Protein Data Bank [29]. The three-dimensional (3-D) models
of HIV-1 CA NTD were constructed by the homology
modeling technique using ‘MOE-Align’ and ‘MOE-
Homology’ in the Molecular Operating Environment (MOE)
(Chemical Computing Group Inc., Quebec, Canada) as
described [30—32]. We obtained 25 intermediate models per
one homology modeling in MOE, and selected the 3-D models
which were the intermediate models with best scores accord-
ing to the generalized Born/volume integral methodology [33].
The final 3-D models were thermodynamically optimized by
energy minimization using an AMBER99 force field [34]
combined with the generalized Born model of aqueous
solvation implemented in MOE [35]. Physically unacceptable
local structures of the optimized 3-D models were further
refined on the basis of evaluation by the Ramachandran plot
using MOE.

2.6. Single-cycle infectivity assays

To generate CRFK cells expressing CyM TRIMCyp, the
cDNA was isolated from HSC-F cells, and expression vector of
FLAG-tagged CyM TRIMCyp was constructed as described
previously [18]. The sequence of TRIMCyp from HSC-F cells
was identical with Mafa TRIMCyp2 (GenBank: FJ609415).
CRFK cell lines expressing CyM TRIMCyp were selected by
G418 as described previously [18]. Expression and inhibitory
effect of the selected cell clones were verified by Western
blotting with anti-FLAG antibody (SIGMA) and by infection
with vesicular stomatitis virus G protein (VSV-G) pseudotyped
5R/4-3AEnv + Luc, respectively. Assays using naive CRFK,
CRFK expressing CyM TRIMS«. [18] or CyM TRIMCyp, and
MK.P3(F) cells were similarly performed as described previ-
ously [36]. VSV-G pseudotyped virus stocks were prepared
from 293T cells transfected with individual HIV-
ImtAEnv + Luc clones and pCMV-G (GenBank: AJ318514)
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at a molar ratio of 1:1. Naive CRFK, CRFK expressing
TRIM50/TRIMCyp and MK.P3(F) cells were infected with an
equal titer of viruses (to generate approximately 107 relative
luminescence (RLU) for naive CRFK cells), and on day 2
post-infection, cells were analyzed for luciferase activity.
Assays using recombinant Sendai virus (SeV)-CyM TRIMSa/
TRIMCyp expression system were performed as described
previously [31].

3. Results

3.1. An adaptive mutation G114E on helix 6 in CA (CA-
G114E) enhances viral growth potential in macaque cells

An HIV-1mt variant MN4-5S replicated more slowly than
SIVmac239 in macaque cells. In order to improve its growth
potential, we carried out virus adaptation in a macaque
lymphocyte cell line HSR5.4. Virus adaptation was performed
by long-term culture of HSR5.4 cells infected with MN4-5S
(X4-tropic) or its R5-tropic version MNS5-10S (Fig. 1).
Construction of proviral clones from adapted viruses was
described in Materials and methods. We obtained only one
clone (Ad clone-25) with enhanced growth potential from 100
proviral clones constructed and tested. We sequenced the
entire genome of Ad clone-25, and found three non-
synonymous mutations in CA (S33N, G114E, and T147A in
Fig. 2A) and one synonymous mutation in integrase
(IN)(a4943c in Fig. 2A). To identify an adaptive mutation that
enhances growth potential, each mutation found in Ad clone-
25 was introduced into a parental clone MN5-14S (Fig. 1).
MNS5-148S carries only growth-promoting mutations in MN5-
10S, and the two clones exhibit similar growth potential in
macaque cells. Viruses were prepared from 293T cells trans-
fected with MN5-14S, Ad clone-25, or clones carrying indi-
vidual mutations, and inoculated into HSC-F cells (Fig. 2A).
Only one clone carrying CA-G114E exhibited similar growth
kinetics to that of Ad clone-25 but not the others. This result
indicates that CA-G114E is an adaptive mutation enhancing
growth potential of HIV-1mt in macaque cells. This mutation
is exactly the same as the previously found adaptive mutation,
which enhanced growth of NL-4/5S6/7SvifS virus in human
CEM-SS cells [37]. NL-4/586/7SvifS virus is a prototype
HIV-1mt bearing the same CA with that of MIN4-58S.

3.2. Molecular modeling of the CA NTD of HIV-1mt
variants suggests that CA-G114E and CA-Q110D
mutations have a similar positive effect on viral replication

The amino acid at position 114 is located in CA NTD. To
obtain structural insights into impacts of the G114E substitu-
tion in order to improve growth capability of HIV-1mt variants
in macaque cells, we conducted computer-assisted structural
study: we constructed 3-D models of CA NTD of three HIV-
Imt variants, CA-G114E, CA-G114Q, and MN4-5S, using
homology-modeling technique (see Materials and methods).
Main chain folds of the three models were indistinguishable,
suggesting that 3-D position and type of side chain are critical
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Fig. 2. Mutations in Gag-CA. (A) Identification of an adaptive mutation that
enhances viral growth. Nucleotide substitutions found in the genome of Ad
clone-25 are indicated at the bottom. Virus samples were prepared from 293T
cells transfected with the indicated proviral clones, and equal RT units were
inoculated into HSC-F cells. MN5-14S and Ad clone-25 served as controls.
Virus replication was monitored by RT activity released into the culture
supernatants. (B) 3-D structural models for CA NTD of HIV-1mt variants.
Structural models of CA NTD of HIV-Imt variants were constructed by
homology-modeling using “MOE-Align” and “MOE-Homology” in MOE as
described previously [30—32]. Crystal structure of HIV-1 CA NTD at a reso-
lution of 2.00 A (PDB code: 1M9C [28]) was used as template for homology
modeling. Main chain folds were indistinguishable among the models, and
only the model of G114E CA is shown as a representative. Magenta and red
sticks: side chains of 110th and 114th amino acid residues, respectively, of the
G114E CA NTD.
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for the phenotypic change. The modeling study revealed that
114th residue of G114E CA NTD is located on helix 6 in CA
NTD such that its side chain protrudes into the exposed
surface of CA (Fig. 2B). A charged amino acid residue on
a protein surface participates in determining physicochemical
properties of interaction surface of the protein and thus
influences its structural and functional properties. Therefore,
we assumed that the protrusion of a negatively charged side
chain from helix 6 into exposed surface could have somehow
a positive effect on growth capability of the HIV-1mt variants
in macaque cells. In this regard, especially worth noting is that
110th amino acid residue on helix 6 of the HIV-1mt variant
CAs was positioned on the same helical face with 114th amino
acid residue (Fig. 2B). Therefore, we predicted that substitu-
tion of glutamine (Q) at position 110 by acidic amino acid
such as aspartic acid (D) and glutamic acid (E) may also have
a positive effect on growth capability of the HIV-1mt variants
in macaque cells as G114E does. SIVmac239 has aspartic acid
and glutamine at the positions 110 and 114, respectively.

3.3. CA-Q110D promotes viral growth more efficiently in
macaque cells than CA-G114E mutation but its
enhancing effect is species-specific

To confirm our prediction described above, CA-Q110D
mutation was introduced into MN5-14S  (designated
MNS5Rh-3), and the growth property in HSC-F cells of
MNS5Rh-3 and a viral clone carrying G114E (CA-G114E in
Fig. 2A) was compared. As shown in Fig. 3A, MN5Rh-3 grew
better than CA-G114E, indicating that CA-Q110D further
accelerates HIV-1mt replication in macaque cells compared
with an adaptive CA-G114E mutation. We next constructed an
X4-tropic proviral clone carrying the CA-Q110D (designated
MN4Rh-3) (Fig. 1), and compared its growth property with
MNS5Rh-3 in HSC-F cells (Fig. 3B). MN4Rh-3 was found to
exhibit higher growth ability than MN5Rh-3, and was there-
fore used for infection experiments hereafter.

While CypA and TRIMS5a have inhibitory effect on HIV-1
replication in macaque cells, CypA promotes HIV-1 infection
in human cells and human TRIMS5a only weakly inhibits HIV-1
replication [38—40]. Since the CA-Q110D mutation (acquisi-
tion of negatively charged side chain), as predicted by structural
modeling, could impact on the interaction of HIV-1 CA and its
binding factor(s) by altering physicochemical properties of CA
binding surface, it can be speculated that CA-Q110D may
promote viral replication specifically in macaque cells. Thus,
we analyzed the effect of CA-Q110D on viral growth in
macaque and human cells. In this experiment, we used HIV-1mt
variants (MN4-8, MN4-8S, and MN4Rh-3) that have distinct
CA structures (Fig. 1). Viruses prepared from transfected 293T
cells were inoculated into macaque HSC-F and human MT4/
CCRS5 cells, and examined for growth property (Fig. 3C). The
introduction of SIVmac239 CA h6/7L (MN4-8S) resulted in
enhanced and reduced viral growth in macaque and human
cells, respectively, relative to MN4-8. MN4Rh-3 grew clearly
better in macaque cells relative to MN4-8 and MN4-8S, but
more poorly in human cells than the other twos. These results

demonstrate that the CA-Q110D mutation enhances viral
replication in a host cell species-specific manner.

3.4. CA-Q110D does not contribute to evasion from
CyM TRIMS proteins restriction

We predicted that the growth enhancement by CA-Q110D
may come from the increased resistance to CyM TRIMS
proteins, and therefore examined the susceptibility of HIV-1mt
variants to them by two independent assays.

First, assays were performed in feline kidney CRFK cells
expressing TRIMSa or TRIMCyp by using VSV-G pseudo-
typed viruses encoding the luciferase gene (Fig. 4A—C). The
sequence differences between HIV-1mt variants reside only in
CA and IN (Figs. 1 and 4). Since adaptive mutations in IN
contribute to enhancement of virion production but not early
replication phase (manuscript in preparation), only the
difference in CA affects the relative single cycle infectivity in
this assay. A pseudotyped virus 5R/4-3 carries HIV-1 (NL4-3)
CA without any modifications and served as negative control.
While 5R and 4-8 have an identical CA structure carrying h4/
SL from SIVmac239, 5RS and 4-8S have both h4/5L and h6/
7L from SIVmac239 CA. 4Rh-3 carries CA-Q110D mutation
in addition to h4/5L and h6/7L from SIVmac239 CA. Viral
infectivity was measured by luciferase activity in infected cells
and presented as RLU. Naive CRFK and CRFK cells
expressing TRIMSa were infected with an equal amount of
viruses generating 10’ RLU in naive cells. As shown in
Fig. 4B, the infectivity of 5R and 4-8 for cells expressing CyM
TRIMS5a was similar to that of a negative control 5R/4-3.
However, higher infectivity was observed for SRS and 4-8S
relative to SR and 4-8. These results were consistent with
previous reports that h4/5L and h6/7L in HIV-1 CA are a part
of determinant for TRIMS5a restriction [20,36]. The sensitivity
of 4Rh-3 to TRIMS5a was similar to that of SRS and 4-8S. This
indicates that CA-Q110D did not contribute to increase the
resistance to TRIMSe. It has been reported that CyM TRIM-
Cyp has the ability to restrict HIV-1 replication [15]. To
examine the susceptibility of HIV-1mt variants to TRIMCyp,
we generated feline CRFK cells expressing TRIMCyp, and the
cells were infected with pseudotyped viruses as described
above. As shown in Fig. 4C, all the clones tested were more
resistant to a similar extent to TRIMCyp than the control SR/
4-3. In agreement with a previous study showing that elimi-
nation of alanine at position 88 within h4/5L of HIV-1 CA
confers the resistance on the virus to TRIMCyp [15], our
results indicate that the replacement of HIV-1 CA h4/5L with
that of SIVmac239 is sufficient for HIV-1mt to evade from the
TRIMCyp restriction. Second, we performed another suscep-
tibility assay using the recombinant SeV expression system.
This system assures a very high expression level of target
proteins in cells infected with the recombinant SeV. Therefore,
the ability of viruses to completely counteract the restriction
effect of TRIMS proteins could be determined by MT4/SeV-
TRIMS expression system. Human MT4 cells were infected
with recombinant SeV expressing CyM TRIMSa, TRIMCyp,
or SPRY(—)TRIMS, and then super-infected with HIV-1
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Fig. 3. Effect of CA modification on viral growth in macaque and human lymphocyte cell lines. (A and B) Growth kinetics of HIV-1mt clones carrying CA-G114E
or CA-Q110D (MN5Rh-3 and MN4Rh-3) in CyM HSC-F cells. Virus samples were prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (5 x 10° RT units) were inoculated into HSC-F cells (10%). Virus replication was monitored by RT activity released into the culture supernatants. (C)
Growth kinetics of MN4-8, MN4-8S, and MN4Rh-3 in HSC-F (Macaque) and MT4/CCRS5 (Human) cells. Virus samples were prepared from 293T cells transfected
with the indicated proviral clones, and equal amounts (10° RT units) were inoculated into HSC-F cells (10%). For spinoculation of MT4/CCRS5 cells 10%,
6 x 10° RT units were used as inocula. Virus replication was monitored by RT activity released into the culture supernatants.

(NL4-3), SIVmac239, or HIV-1mt variants. SPRY(—)TRIMS5
which can not bind to viral CA served as control. NL4-3 and
SIVmac239 also served as controls for viral replication. As
shown in Fig. 4D, NL4-3 replicated in cells expressing
SPRY(—)TRIMS, but not in TRIMS5a and TRIMCyp
expressing cells. SIVmac239 exhibited similar growth kinetics
in SPRY(—)TRIMS, TRIMS5a. and TRIMCyp expressing cells.
All HIV-1mt variants replicated in TRIMCyp expressing cells
similarly well in SPRY(—)TRIMS cells. Together with assays
in CRFK cells, these results showed that all HIV-1mt variants
except for SR/4-3 completely evade from TRIMCyp restric-
tion. In contrast, the growth of all HIV-1mt variants was
inhibited in CyM TRIMSa expressing MT4 cells. These
results indicate that HIV-1mt variants do not evade from
TRIMS5a restriction as effectively as SIVmac239.

Results obtained by our two assay systems with respect to
the susceptibility of HIV-1mt variants to CyM TRIM5a were
apparently different (Fig. 4B and D), but this difference is
most likely to be due to the TRIMS5« expression level. In MT4
cells infected with recombinant SeV, TRIMS5w is expressed at
much higher level than that in transduced CRFK cells,
masking the increase of resistance to TRIMS5a detectable by
the transduced CRFK system (Fig. 4B). Indeed, the growth
enhancement of 5RS relative to 5R [20] can be explained by

the results in Fig. 4B but not those in Fig. 4D. The apparent
discrepancy of the sensitivity depending on TRIMSa expres-
sion level was also observed between B-LCL cells and
transduced CRFK cells [41]. In sum, we can conclude here
that MN4Rh-3 exhibits a partial resistance to TRIMS5a insuf-
ficient for complete evasion as SRS and 4-8S do, and that the
CA-Q110D mutation is irrelevant to this property.

3.5. CA-Q110D enhances viral infectivity for macaque cells

Results so far showed that CA-Q110D does not contribute
to evasion from TRIMS proteins restriction in rather artificial
systems using feline and human cells (Fig. 4). To investigate
further how CA-Q110D enhances viral replication, we
examined single-cycle viral infectivity in macaque cells. CyM
kidney MK.P3(F) cells, which have heterozygote for TRIMS5a
and TRIMCyp, were infected with various VSV-G pseudovi-
ruses and analyzed for their infectivity as described above. As
shown in Fig. 5A, viral infectivity was increased by modifi-
cation of h4/5L (compare 5R/4-3 and 5R&4-8). Modification
of h6/7L in addition to h4/5L further augmented viral infec-
tivity (compare SR&4-8 and 5RS&4-8S). Introduction of the
CA-Q110D mutation into 4-8S clone gave the highest infec-
tivity among the viruses tested (see 4Rh-3). The results in
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TRIMCyp, or SPRY (—) TRIMS. Nine hours after infection, cells were super-infected with 20 ng (Gag-p24) of HIV-1 NL4-3, various HIV-1mt clones, or 20 ng
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supernatants. Error bars show actual fluctuations between duplicate samples. Data from one representative of three independent experiments are shown.
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Fig. 5A show that CA-Q110D uniquely increases viral infec-
tivity in macaque cells not observed in the other experimental
systems (Fig. 4), and suggest that some factor(s) in CyM cells
other than TRIM5a and TRIMCyp proteins is associated with
this enhancement.

As shown in Fig. 5B, MN4Rh-3 displayed slower growth
kinetics relative to those of SIVmac239 (note the peak day
of virus production), although it grew better than the other
HIV-1mt clones in CyM HSC-F cells. Approximately 100-fold
more input virus (RT units) compared to SIVmac239 was
required for MN4Rh-3 to exhibit similar growth kinetics with
SIVmac239 (data not shown). These results have shown that
even MN4Rh-3 grows more poorly in macaque cells than
a standard STVmac clone pathogenic for macaque monkeys.

4. Discussion

In this study, we have demonstrated that a single CA
mutation (Q110D) greatly promotes HIV-1Imt growth in
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Fig. 5. Replication ability of various viruses in CyM cells. (A) Single-cycle
infectivity of various HIV-1mt clones in CyM kidney MK.P3(F) cells. VSV-
G pseudotyped viruses indicated were prepared from transfected 293T cells.
MK.P3(F) cells were infected with an equal titer of viruses giving 10’ RLU in
CRFK-naive cells. On day 2 post-infection, cells were analyzed for luciferase
activity by a luminometer. (B) Multi-cycle growth kinetics of SIVmac and
HIV-Imt viruses in CyM lymphocyte HSC-F cells. Virus samples were
prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (10* RT units) were inoculated into HSC-F cells (10%). Virus
replication was monitored by RT activity released into the culture superna-
tants. MA239N, an infectious clone of SIVmac239 with nef-open.

macaque cells (Fig. 3). This enhancing effect was afforded
independently of TRIMS proteins restriction. The virus carrying
the CA-Q110D mutation (MN4Rh-3) certainly overcame the
anti-viral action of CyM TRIMCyp but not completely CyM
TRIM5a. However, the mutation itself (Fig. 1) did not influence
anti-TRIMCyp/TRIM5a activity of MN4Rh-3 reported here
(Fig. 4). Notably, this mutation exquisitely enhanced viral
growth in macaque cells (Fig. 3) by augmenting viral single-
cycle infectivity (Fig. 5). The viral growth enhancement re-
ported here is well reproduced in CyM peripheral blood
mononuclear cells and in CyMs (manuscript in preparation).
Regarding the mechanism for enhancement of viral growth
by CA-Q110D, we initially thought a possibility that CA-
Q110D compensates the disadvantage in HIV-1mt genome
resulted from replacement of HIV-1 CA h4/5L and h6/7L with
those of SIVmac239. However, this is highly unlikely because
the enhancing effect is macaque cell-dependent (Fig. 3). Most
feasible explanation is that CA-Q110D contributes to evade
from a negative factor(s) in macaque cells such as CypA.
Because HIV-1mt CA was designed not to bind to CypA, and
the interaction between the two molecules was indeed unde-
tectable by monitoring CypA virion-incorporation [18,20], we
analyzed the binding by computer-assisted structural
modeling. Homology modeling of the CA-CypA complexes
was performed based on the crystal structure of HIV-1 CA
NTD bound to CypA (PDB code: 1M9C [28]), and the binding
energies, FEying, were calculated using MOE as described
previously [42,43]. As shown in Fig. 6, HIV-1 (NL4-3) CA
was predicted to interact with CypA via its h4/5L (binding
energy: —64.4 kcal/mol). The binding energy of CA and CypA
was decreased by CA modifications, such as h4/5L replace-
ment (NL-DT5R: —-31.0 kcal/mol), h4/5SL and h6/7L
replacement (NL-DT5RS: —36.1 kcal/mol), and Q110D
substitution in addition to h4/5L and h6/7L replacement
(MN4Rh-3: —30.1 kcal/mol). Decrease in Ey;,q in NL-DT5R
is consistent with the result that the h4/5L region directly
interacts with CypA [28]. Notably, the Eyj,q for the NL-
DT5RS CA was greater than that of the NL-DTS5R and
MN4Rh-3 CAs. These results suggest that not only h6/7L
replacement but also Q110D substitution can influence struc-
ture of CypA binding surface of CA. The Q110D substitution
is located on the exposed surface of helix 6 connecting to the
h6/7L (Fig. 2B). CA helix 6 has been reported to interact with
CypA binding region on h4/5L through hydrogen bonding
[44,45]. Thereby it is reasonable that the local electrostatic
change on the helix 6 by the Q110D substitution influenced
structures of h4/5L via changes in fluctuation and conforma-
tion of h6/7L. This in turn could lead to reduction in stability
of the MN4Rh-3 CA-CypA complex compared with NL-
DT5RS CA-CypA complex, as predicted in Fig. 6. Our
computer-assisted structural study suggests that the Q110D
substitution can induce electrostatic modulation of the overall
CA surface structure including h4/5L and h6/7L. Similar
modulation mechanism of binding surface structures via
charged amino acid substitution at distant site from the
binding surface has been reported for Cyp domain of CyM
TRIMCyp [15] and CD4 binding site of HIV-1 gp120 outer
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Fig. 6. Structural models of HIV CA NTD bound to CypA. The model of CA NTD bound to CypA was constructed by homology modeling using the crystal
structure of HIV-1 CA NTD and CypA complex (PDB code: 1M9C [28]). The binding energies, Ey;ng (kcal/mol), of the complex were calculated using MOE as
described previously [42,43]. The formula Eying = Ecomplex — (Eca + Ecypa) Was used for the Eying calculation, where Ecompiex is the energy of the CA/CypA
complex models, Ec, is the energy of the CA monomer model, and Ecypa is the energy of the CypA monomer model.

domain [46]. Thus, it is not unreasonable to assume that the
replication of MN4Rh-3 carrying CA-Q110D is enhanced in
macaque cells but reduced in human cells by augmenting its
dissociation from CypA (Fig. 6). However, it was found to be
difficult to experimentally confirm this structural insight by
determining the effect of cyclosporine A or of siRNA against
CypA on viral infectivity because interaction between
the HIV-Imt CA and CypA was so weak. Alternatively,
CA-Q110D may contribute to the alteration of the affinity to
unknown anti-CA factor(s) other than CypA and TRIMS
proteins. In this case, it is speculated that the factor(s) might
act negatively on HIV-1 replication in macaque cells but
positively in human cells, and vice versa. Further study is
required to elucidate the mechanism for enhancement of viral
growth potential by CA-Q110D.

In conclusion, further modification of the HIV-1mt genome
is necessary to overcome unconquered replication block(s)
present in macaque cells and obtain viral clones similarly
replication-competent in macaque cells and pathogenic for
animals with SIVmac (Fig. 5). Considering the genome struc-
ture of MN4Rh-3 and the results presented here, major targets
for modification now are gag-CA (against TRIMS5a) and vpu
(against tetherin). Gag-CA is one of the two principal viral
determinants (CA and Vif) for the HIV-1 species-tropism.
Construction of HIV-1 CA that evades from TRIMS5a restriction
is also useful for elucidation of the less-defined CA-TRIMSa
interaction and antiviral mechanism of TRIMSa. Tetherin,
identified as anti-virion release factor, is antagonized by Vpu
[47,48], but macaque tetherin was not counteracted by HIV-1
Vpu [49]. Construction of HIV-1 Vpu that down-modulate
macaque tetherin may enhance viral replication in vivo as
well as in vitro [50]. Through these approaches, we may be able
to precisely analyze HIV-1 replication and pathogenesis in vivo
and provide new strategies against HIV-1/AIDS.
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