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Association of Major Histocompatibility Complex Class I Haplotypes
with Disease Progression after Simian Immunodeficiency Virus
Challenge in Burmese Rhesus Macaques

Takushi Nomura,>® Hiroyuki Yamamoto,? Teiichiro Shiino,> Naofumi Takahashi,*® Taku Nakane,*® Nami lwamoto,*® Hiroshi Ishii,*®
Tetsuo Tsukamoto,® Miki Kawada,” Saori Matsuoka,® Akiko Takeda,® Kazutaka Terahara,® Yasuko Tsunetsugu-Yokota,*

Naoko Iwata-Yoshikawa,” Hideki Hasegawa,” Tetsutaro Sata,? Taeko K. Naruse,® Akinori Kimura,® and Tetsuro Matano®®

AIDS Research Center, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan?; The Institute of Medical Science, The University of Tokyo,
Shirokanedai, Minato-ku, Tokyo, Japan®; Department of Immunology, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan®; Department of
Pathology, National Institute of Infectious Diseases, Toyama, Shinjuku-ku, Tokyo, Japan, and Department of Molecular Pathogenesis, Medical Research Institute, Tokyo
Medical and Dental University, Kandasurugadai, Chiyoda-ku, Tokyo, Japan®

Nonhuman primate AIDS models are essential for the analysis of AIDS pathogenesis and the evaluation of vaccine efficacy. Mul-
tiple studies on human immunodeficiency virus and simian immunodeficiency virus (SIV) infection have indicated the associa-
tion of major histocompatibility complex class I (MHC-I) genotypes with rapid or slow AIDS progression. The accumulation of

macaque groups that share not only a single MHC-I allele but also an MHC-I haplotype consisting of multiple polymorphic
MHC-1 loci would greatly contribute to the progress of AIDS research. Here, we investigated STVmac239 infections in four
groups of Burmese rhesus macaques sharing individual MHC-I haplotypes, referred to as A, E, B, and J. Out of 20 macaques be-
longingto A* (n=6),E* (n = 6),B* (n=4),and J* (n = 4) groups, 18 showed persistent viremia. Fifteen of them developed
AIDS in 0.5 to 4 years, with the remaining three at 1 or 2 years under observation. A animals, including two controllers, showed
slower disease progression, whereas J* animals exhibited rapid progression. E* and B* animals showed intermediate plasma
viral loads and survival periods. Gag-specific CD8" T-cell responses were efficiently induced in A* animals, while Nef-specific
CD8" T-cell responses were in A*, E*, and B* animals. Multiple comparisons among these groups revealed significant differ-
ences in survival periods, peripheral CD4* T-cell decline, and SIV-specific CD4" T-cell polyfunctionality in the chronic phase.
This study indicates the association of MHC-I haplotypes with AIDS progression and presents an AIDS model facilitating the

analysis of virus-host immune interaction.

us-specific CD8™ cytotoxic T lymphocytes (CTLs) are major
# effectors against persistent virus infections (13, 44). In virus-in-
fected cells, viral antigen-derived peptides (epitopes) are bound to
major histocompatibility complex class I (MHC-I) molecules and
presented on the cell surface. Viral peptide-specific CTLs recognize
the peptide-MHC-I complexes by their T-cell receptors. CTL effec-
tors deliver cell death via apoptosis as well as lysis (15, 48).

Human immunodeficiency virus type 1 (HIV-1) infection in-
duces persistent viral replication leading to AIDS progression.
CTL responses play a central role in the suppression of HIV-1
replication (6, 18, 25, 32, 43). Multiple studies on HIV-1-infected
individuals have shown an association of HLA genotypes with
rapid or delayed AIDS progression (14, 23, 27, 51, 54). For in-
stance, HIV-1-infected individuals possessing HLA-B*57 tend to
show a better prognosis with lower viral loads, implicating HLA-
B*57-restricted epitope-specific CTL responses in this viral con-
trol (3, 33, 34). In contrast, the association of HLA-B*35 with
rapid disease progression has been indicated (8).

Nonhuman primate AIDS models are important for the anal-
ysis of AIDS pathogenesis and the evaluation of vaccine efficacy (5,
35, 47). Models of simian immunodeficiency virus (SIV) infection
in macaques are widely used currently (12, 22). Indian rhesus
macaques possessing certain MHC-I alleles, such as Mamu-A*01,
Mamu-B*08, and Mamu-B*17, tend to show lower set point
plasma viral loads in SIV infection (30, 36, 37, 59). Regarding
MHC-I alleles, humans have a single polymorphic HLA-A,
HLA-B, and HLA-Clocus per chromosome, whereas MHC-I hap-
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lotypes in macaques have variable numbers of expressed polymor-
phic MHC-1loci (7,9, 26, 41). Thus, the accumulation of multiple
macaque groups, each sharing a different MHC-I haplotype,
would contribute to the precise analysis of SIV infection.

We have been working on the establishment of an AIDS model
using Burmese rhesus macaques sharing MHC-1 haplotypes (38, 50).
In the present study, we have focused on SIV infection in four groups
of Burmese rhesus macaques, each consisting of four or more ani-
mals. These groups share MHC-T haplotypes 90-120-Ia (referred to as
A), 90-010-Ie (E), 90-120-Ib (B), and 90-088-Ij (J), respectively. The
analysis of STVmac239 infection among these groups revealed differ-
ences in plasma viral loads, peripheral CD4 " T cell counts, survival
periods, virus-specific CTL responses, and T-cell polyfunctionality.
Our results indicate the association of MHC-I haplotypes with dis-
ease progression in SIV infection and present a sophisticated model
of SIV infection.
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TABLE 1 MHC-I haplotypes
Confirmed MHC-I allele(s)

MHC-I haplotype ~ Mamu-A Mamu-B
A (90-120-1a) A1*043:01, A1*065:01 B*061:03, B*068:04, B*089:01
E (90-010-Ie) A1%066:01 B*005:02, B*015:04

A1%018:08, A2*005:31 B*036:03, B*037:01, B*043:01,
B*162:01

B*007:02, B*039:01

B (90-120-1b)

] (90-088-1j) A17008:01

MATERIALS AND METHODS

Animal experiments. We examined SIV infections in four groups of Bur-
mese rhesus macaques having MHC-I haplotypes 90-120-Ia (A) (n = 6),
90-010-Ie (E) (n = 6), 90-120-1b (B) (n = 4), and 90-088-Ij (J) (n = 4).
Macaques R02-007, R06-037, R07-001, R07-004, R07-009, R01-011, R06-
038, R06-001, R02-004, R04-014, and R06-022, which were used as controls
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in previous experiments (49, 53, 58), were included in the present study. The
determination of MHC-I haplotypes was based on the family study in com-
bination with the reference strand-mediated conformation analysis (RSCA)
of Mamu-A and Mamu-B genes as described previously (31). Briefly, locus-
specific reverse transcription-PCR (RT-PCR) products from total cellular
RNAs were prepared and used to form heteroduplex DNAs with a 5" Cy5-
labeled reference strand (50). The heteroduplex DNAs were subjected to a 6%
nondenaturing acrylamide gel electrophoresis to identify the patterns of
MHC-I haplotypes. In addition, although recombination events could not be
ruled out, major Mamu-A and Mamu-B alleles were determined by cloning
the RT-PCR products and sequencing at least 48 clones for each locus from
each subject as described previously (38). Because we used locus-specific
primers in the RT-PCR, which were designed on the basis of known alleles
(31,38), MHC class I alleles harboring mismatches with the primer sequences
or alleles of low expression would not be amplified well, hence there was a
limitation that not all of the MHC class I alleles could be detected in our study.
Confirmed Mamu-A and Mamu-B alleles in MHC-I haplotypes A, E, B, and
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FIG 1 Plasma viral loads after STVmac239 challenge. Plasma viral loads (SIV gag RNA copies/ml plasma) were determined as described previously (31). The
lower limit of detection is approximately 4 X 107 copies/ml. (A) Changes in plasma viral loads after challenge in A* (upper left), E* (upper right), B* (lower left),
andJ* (lower right) macaques. (B) Changes in geometric means of plasma viral loads after challenge in A™ (black), E* (blue), B* (green), and J* (red) animals.
(C) Comparison of plasma viral loads at 6 months among four groups. Those of A* animals were significantly lower than those of ] * animals (P = 0.0444 by

one-way ANOVA and Tukey-Kramer’s multiple-comparison test).
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J are shown in Table 1 (38). All animals were unvaccinated and challenged
intravenously with 1,000 TCIDs, (50% tissue culture infective doses) of SIV-
mac239 (22). At 1 week after challenge, macaques R06-019, R06-038, and
R10-008 were intravenously infused with 300 mg of nonspecific immuno-
globulin G purified from uninfected rhesus macaques (57). Fifteen animals
were euthanized when they showed typical signs of AIDS, such as reduction in
peripheral CD4" T-cell counts, loss of body weight, diarrhea, and general
weakness. Autopsy revealed lymphoatrophy or postpersistent generalized
lymphadenopathy conditions consistent with AIDS (20). All animals were
maintained in accordance with the guidelines for animal experiments at the
National Institute of Biomedical Innovation and National Institute of Infec-
tious Diseases.

Analysis of SIV antigen-specific CD8* T-cell responses. SIV antigen-
specific CD8" T-cell responses were measured by the flow-cytometric
analysis of gamma interferon (IFN-v) induction as described previously
(17). Peripheral blood mononuclear cells (PBMCs) were cocultured with
autologous herpesvirus papioimmortalized B-lymphoblastoid cell lines
(B-LCLs) pulsed with peptide pools using panels of overlapping peptides
spanning the entire SIVmac239 Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and
Nef amino acid sequences. Intracellular IFN-v staining was performed
using a Cytofix Cytoperm kit (BD, Tokyo, Japan). Fluorescein isothiocya-
nate-conjugated anti-human CD4 (BD), peridinin chlorophyll protein
(PerCP)-conjugated anti-human CD8 (BD), allophycocyanin Cy7 (APC-
Cy?7)-conjugated anti-human CD3 (BD), and phycoerythrin (PE)-conju-
gated anti-human IFN-y antibodies (Biolegend, San Diego, CA) were
used. Specific T-cell levels were calculated by subtracting nonspecific
IFN-vy* T-cell frequencies from those after peptide-specific stimulation.
Specific T-cell levels of less than 100 cells per million PBMCs were con-
sidered negative. Using PBMCs obtained from four SIV-infected ma-
caques, we compared antigen-specific CD8* T-cell frequencies measured
by this method (using peptide-pulsed B-LCLs) to those measured by the
flow-cytometric analysis of IFN-y induction after a pulse of PBMCs with
peptides (without using B-LCLs). The levels of the former tended to be
slightly higher than those of the latter. Specific CD8" T-cell responses,
which were shown to be 100 to 200 cells per million PBMCs by the former
method using B-LCLs, were undetectable by the latter method.

Sequencing analysis of plasma viral genomes. Viral RNAs were ex-
tracted using the High Pure Viral RNA kit (Roche Diagnostics, Tokyo,
Japan) from macaque plasma obtained around 1 year after challenge.
Fragments of cDNAs encoding SIVmac239 Gag, Pol, Vif, Vpx, Vpr, Tat,
Rev, and Nef were amplified by nested RT-PCR from plasma RNAs and
subjected to direct sequencing by using dye terminator chemistry and an
automated DNA sequencer (Applied Biosystems, Tokyo, Japan) as de-
scribed before (19). Predominant nonsynonymous mutations were deter-
mined. The Env-coding region, which is known to have multiple anti-
body-related mutations, was not included for the analysis.

Analysis of SIV-specific polyfunctional T-cell responses. To analyze
polyfunctionality in SIV-specific T-cell responses, we examined the SIV-
specific induction of IEN-y, tumor necrosis factor alpha (TNF-o), inter-
leukin-2 (IL-2), macrophage inflammatory protein 1 (MIP-18), and
CD107a in CD4" and CD8™ T cells as described previously (38), with
some modifications. Around 8 months after challenge, PBMCs were
cocultured with B-LCLs infected with vesicular stomatitis virus G protein-
pseudotyped SIVGP1 for the SIV-specific stimulation or mock-infected
B-LCLs for nonspecific stimulation. The pseudotyped virus was obtained
by the cotransfection of 293T cells with a vesicular stomatitis virus G
protein expression plasmid and an env and nef deletion-containing simi-
an-human immunodeficiency virus molecular clone (SIVGP1) DNA that
has the genes encoding STVmac239 Gag, Pol, Vif, Vpx, and a part of Vpr
(31, 46). Immunostaining was performed using a Fix & Perm fixation and
permeabilization kit (Invitrogen, Tokyo, Japan) and the following mono-
clonal antibodies: APC-Cy7-conjugated anti-human CD3 (BD), PE-
Texas red-conjugated anti-human CD4 (Invitrogen), Alexa Fluor 700-
conjugated anti-human CD8 (BD), PE-Cy7-conjugated anti-human
IFN-v (eBioscience, San Diego, CA), Pacific blue-conjugated anti-human
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TABLE 2 List of macaques in this study

Disease Euthanasia time

MHC-T haplotype =~ Macaque  progression point (mo)
A R02-007 AIDS 42
A R06-037 No 49
A R07-001 No 49
A R07-004 AIDS 40
A R0O7-009 AIDS 17
A R06-019 AIDS 43
E RO1-011 AIDS 24
E R05-007 AIDS 37
E R08-003 Under observation

(24 months)
E R08-007 AIDS 20
E R09-011 AIDS 12
E R06-038 AIDS 22
B R06-001 AIDS 34
B R06-039 AIDS 13
B R10-005 Under observation

(12 months)
B R10-008 Under observation

(12 months)
] R02-004 AIDS 37
] R04-014 AIDS 9
] R06-022 AIDS 5
] R10-001 AIDS 9

TNF-a (Biolegend), PerCP-Cy5.5-conjugated anti-human IL-2 (Bioleg-
end), PE-conjugated anti-human MIP-18 (BD), and Alexa Fluor 647-
conjugated anti-human CD107a (Biolegend). Dead cells were stained us-
ing Live/Dead Fixable Dead Cell Stain kit (Invitrogen). Analysis was
carried out using PESTLE (version 1.6.1) and SPICE (version 5.2) pro-
grams as described previously (42). The polyfunctionality (polyfunctional
value) was shown as mean numbers of induced factors among the five
(IFN-v, TNF-a, IL-2, MIP-183, and CD107a) per SIV-specific T cell.

Statistical analysis. Statistical analyses were performed using R soft-
ware (R Development Core Team). Comparisons were performed by one-
way analysis of variance (ANOVA) and Tukey-Kramer’s multiple com-
parison test with significance levels set at P < 0.05. Correlation was
analyzed by the Pearson test.

RESULTS

SIV infection in Burmese rhesus macaques. We accumulated
four groups of unvaccinated, STVmac239-infected Burmese rhe-
sus macaques, groups A” (n=6),E* (n=6),B* (n=4),andJ"
(n = 4), sharing MHC-I haplotypes A (90-120-Ia), E (90-010-Ie),
B (90-120-1b), and J (90-088-1j), respectively, to compare SIV in-
fections among these groups (Table 1). Out of these 20 animals, 18
showed persistent viremia (geometric mean plasma viral loads at 6
months of 1.6 X 10° copies/ml), while in the remaining two (A™
macaques R06-037 and R07-001), plasma viral loads became less
than 10° copies/ml or were undetectable at the set point (Fig. 1A).
The former 18 animals are referred to as noncontrollers and the
latter two as controllers in this study. Fifteen noncontrollers were
euthanized with AIDS progression in 4 years (geometric mean
survival period of 24 months), and the remaining three, after 1 or
2 years, are under observation (Table 2).

Group A* macaques, including two controllers, showed lower
set point viral loads, whereas group J© macaques had higher viral
loads (Fig. 1B). Viral loads in group E* and B* macaques were at
intermediate levels. Multiple comparisons indicated significant
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FIG 2 Relative CD4™" T-cell counts after STVmac239 challenge. (A) Relative CD4™ T-cell counts after challenge in A™ (upper left), E* (upperright), B* (lower left), and
J* (lower right) macaques. For each animal, the peripheral CD4 counts relative to that at challenge (set at 100) are shown. (B) Changes in means of relative CD4" Tcell
counts after challenge in A* (black), E* (blue), B* (green),and J* (red) animals. (C) Comparison of relative CD4 ™ T-cell counts at 6 months among four groups. Those
inJ* animals were significantly lower than those in A* (P = 0.0090 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test).

differences in set point plasma viral loads between groups A™ and
J* (Fig. 1C).

Most noncontrollers showed a decline in peripheral CD4" T-
cell counts (Fig. 2A). Relative CD4™" T-cell counts in the chronic
phase were the highest in group A™ animals and the lowest in
group J* animals. Multiple-comparison tests revealed significant
differences in relative CD4" T-cell counts at 6 months between
groups A" and J* (Fig. 2B and C). Furthermore, multiple com-
parisons among groups A”, E¥, and J* found significant differ-
ences in survival periods, which were the longest in A* and the
shortest in J* animals (Table 2 and Fig. 3). These results indicate
an association of MHC-I haplotypes with AIDS progression after
SIV challenge in Burmese rhesus macaques.

SIV antigen-specific CD8"* T-cell responses. We analyzed
SIV-specific CD8™ T-cell responses at 3 months and 1 year after
SIV challenge by the detection of antigen-specific IFN-vy induc-
tion to examine which antigen-specific CD8" T-cell responses
were induced predominantly (Table 3). Analysis revealed the pre-

6484 jviasm.org

dominant induction of Gag-specific and Nef-specific CD8" T-cell
responses in group A" animals and Nef-specific CD8" T-cell re-
sponses in groups E™ and B*. Vif-specific CD8" T-cell responses
were detected in three J* animals but not macaque R06-022,
which rapidly developed AIDS in 5 months without detectable
SIV-specific CD8™ T-cell responses. ’

There was no significant difference in whole SIV antigen-spe-
cific CD8" T-cell responses among these four groups, although
those responses were marginal or undetectable in two of four J*
animals (Fig. 4A). However, Gag-specific CD8* T-cell frequencies
at 3 months were significantly higher in A™ animals (Fig. 4B). The
analysis of four groups revealed inverse correlations between Gag-
specific CD8" T-cell frequencies and plasma viral loads at 3
months (P = 0.0087; * = 0.3407; data not shown). Three groups
of A*, E*, and B* animals tended to show higher Nef-specific
CD8™ T-cell responses than ] animals (Fig. 4C).

Viral genome mutations. We then analyzed mutations in viral
cDNAs amplified from plasma RNAs of group A™, E*, and B*
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FIG 3 Kaplan-Meyer survival curves after SIVmac239 challenge in A*, E*,
and J* macaques. Macaque R08-003, which is under observation, is not in-
cluded. B* animals were excluded from this analysis because data on only two
animals were available. We determined the Kaplan-Meyer estimate of the sur-
vival function of each group and then compared the three curves using the
log-rank test (Mantel-Cox test). Analysis showed significant differences in
survival curves (chi square, 9.9; P = 0.007 by log-rank test of Kaplan-Meyer
estimates).

TABLE 3 SIV antigen-specific CD8" T-cell responses®

MHC-I Haplotypes and SIV Infection

macaques around 1 year after SIV challenge. Nonsynonymous
mutations detected predominantly were as shown in Fig. 5. Mul-
tiple comparisons among groups A*, E*, and B* (Fig. 6) showed
no differences in total numbers of nonsynonymous mutations but
revealed significantly higher numbers of gag mutations in A™ an-
imals. E* animals had higher numbers of tat mutations than A*
animals. There was no significant difference in the numbers of
mutations in other regions, including nef, among these groups.
Group J* animals were not included in the multiple comparisons,
because three of them were euthanized by 9 months. These three
had lower numbers of nonsynonymous mutations before their
death, possibly reflecting lower immune pressure.
Polyfunctionality in SIV-specific T-cell responses. Finally, we
investigated T-cell polyfunctionality to compare T-cell functions
(2, 4, 45) in these four groups having different viral loads. We
analyzed the polyfunctionality of STV-specific CD4" and CD8* T
cells around 8 months after challenge by the detection of SIV-
specific induction of IFN-y, TNF-q, IL-2, MIP-18, and CD107a.
SIV-specific CD4" T-cell polyfunctionality inversely correlated
with plasma viral loads at around 9 months (Fig. 7A). We also
found an inverse correlation between SIV-specific CD8™ T-cell
polyfunctionality and viral loads (¥ig. 7A). However, there was no

CD8* T-cell response to:
MHC-I haplotype and time

point after challenge Macaque Gag Pol Vif Vpx Vpr Tat Rev Env Nef

3mo
A R02-007 ND ND ND ND ND ND ND ND ND
A R06-037 657 — 104 — — — — — 520
A R07-001 193 — e — — e — — 322
A R07-004 316 — 137 — — — — — 353
A R0O7-009 440 —_ 124 —_— — — —_— 100 247
A R06-019 322 — — — — — — e 253
E RO1-011 — — 186 — — — — — —
E R05-007 —— e — — — 203 — —_ 330
E R08-003 — — — — — — — — 213
E R08-007 —_ —_ —_— — — — — 335 —
E R09-011 — — 807 — 307 — — 1,598 2,327
E R06-038 199 e 248 — — 249 — 234 634
B R06-001 —_ 107 253 172 — _ — 114 313
B R06-039 e — e — — — e 110 195
B R10-005 163 172 — 1,033 141 — 579 — 1,554
B R10-008 — —_— — 133 — —_ 165 —_ —
] R02-004 - — 171 — e 145 — 382 117
] R04-014 — 534 625 280 440 290 1,060 — 296
] R06-022 — — — — — — — — —
] R10-001 e - 102 — — — — — —

Lyr
A R02-007 — — 119 — — — e 112 250
A R06-037 515 — 124 272 178 — — — 906
A R07-001 126 - — e —— — — — 180
A " R0O7-004 — — —_— e — — — — 150
A R07-009 254 120 173 — 112 — — 215 166
A R06-019 444 155 284 — 188 e — 174 583
E RO1-011 160 — — — — — — — 228
E R05-007 — — _— — — _ — _— —
E R08-003 — — e — — — e — 537
E R08-007 e — e - — — — —_— 199
E R09-011 — 159 - _— _ _ 150 259 102
E R06-038 298 174 611 e — 406 387 1,052 1,982
B R06-001 — e — — — — — 127 140
B R06-039 — — — — — 151 — — —
B R10-005 185 — _— - — _— —_— —_— —
B R10-008 109 232 — — — — 325 — 296
J R02-004 158 — — — — _ — — —
7 R04-014” 114 141 178 — e 360 288 — 142
] R10-001° — — - — — — — — —

“ Responses were measured by the detection of antigen-specific IFN~y induction. Macaque R06-022, euthanized at 5 months, is not included in the lower portion. Antigen-specific
CD8* T-cell frequencies (per ! million PBMCs) are shown. ND, not determined; —, undetectable (<100).

b At 9 months (before euthanasia).
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FIG 4 Comparison of SIV antigen-specific CD8* T-cell responses. Responses were measured by the detection of antigen-specific IFN-vy induction using PBMCs
at 3 months (3 M; left) and at 1 year (1Y; right). (A) Whole SIV antigen-specific CD8* T-cell frequencies. The sum of Gag-, Pol-, Vif-, Vpx-, Vpr-, Tat-, Rev-,
Env-, and Nef-specific CD8* T-cell frequencies in each animal is shown. (B) Gag-specific CD8* T-cell frequencies. The frequencies at 3 months in A™ animals
were significantly higher (A" and E*, P<0.0001; A* and B¥, P = 0.0003; A* and J*, P < 0.0001 by one-way ANOVA and Tukey-Kramer’s multiple-comparison

test). (C) Nef-specific CD8* T-cell frequencies.

correlation between viral loads and total STV-specific CD4* T-cell
or CD8" T-cell frequencies (Fig. 7B). Polyfunctional T-cell re-
sponses tended to be higher in group A™ and lower in group J*.
Multiple comparisons revealed significant differences in SIV-spe-
cific CD4™ T-cell polyfunctionality with the highest in group A™
and the lowest in group J* (Fig. 7C). These results may reflect
difference in disease progression among these animals.

DISCUSSION

This study describes SIVmac239 infection in 20 Burmese rhesus
macaques. Geometric means of set point plasma viral loads were
approximately 10° copies/ml. The levels are considered lower than
those usually observed in the widely used SIVmac239 infection
model of Indian rhesus macaques (28, 55) but are higher than
those typically observed in untreated humans infected with
HIV-1. While two A* animals controlled SIV replication, the re-
maining 18 Burmese rhesus macaques failed to control viremia.
Indeed, all of the animals in the three groups E*, B*, and J*
showed persistent viremia. Those noncontrollers, including four
A™ animals, developed AIDS in 0.5 to 4 years. These results indi-
cate that the SITVmac239 infection of Burmese rhesus macaques
does serve as an AIDS model.

6486 jviasm.org

In the present study, we compared SIVmac239 infections
among four groups sharing MHC-I haplotypes A, E, B, and J,
respectively. These animals showed differences in plasma viral
loads, peripheral CD4 ™" T-cell counts, survival periods, patterns of
viral antigen-specific CD8 ™ T-cell responses, polyfunctionality of
SIV-specific T-cell responses, and numbers of viral genome mu-
tations. These results indicate the association of MHC-I haplo-
types with AIDS progression. There has been a number of reports
describing SIV infections in macaques sharing a single or a couple
of MHC-I alleles, but few studies have examined SIV infection in
macaques sharing an MHC-I haplotype (10, 11, 40). SIV infection
induces multiple epitope-specific CD8" T-cell responses, and
CD8" T-cell responses specific for some MHC-I-restricted
epitopes can be affected by those specific for other MHC-I-re-
stricted epitopes due to CTL immunodominance (16, 29, 52).
Thus, the preparation of macaque groups sharing MHC-I geno-
types at the haplotype level, as described in the present study,
would contribute to the precise analysis of SIV infection. The es-
tablishment of groups sharing both MHC-I haplotypes (56) may
be ideal, but the accumulation of macaque groups sharing even
one MHC-I haplotype could lead to the constitution of a more
sophisticated primate AIDS model.
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FIG 5 Predominant nonsynonymous mutations in viral cDNAs around 1 year after SIVmac239 challenge. Amino acid substitutions in SIV Gag, Pol, Vif, Vpx,
Vpr, Tat, Rev, and Nef are shown. In three animals, R04-014, R06-022, and R10-001 in group J*, data on the samples obtained before their death at 5 or 9 months
after challenge are shown. Asterisks indicate the residues where different mutations were detected. It is known that amino acid substitutions at the Pol residues
413 and 821 and the Rev residue 40 are frequently observed in STVmac239 infection and contribute to higher viral fitness in vivo (1, 39).

Various MHC-I alleles that do not consist of the first MHC-I  B*007:02, of MHC-I haplotype J, although their second MHC-I
haplotypes (Ain A*,Ein E*, Bin B", and Jin J* animals) were  haplotype was not determined as J on the basis of information on
detected as shown in Table 4. Two A" macaques, R02-007 and  the family tree. Even when these two animals were excluded from

R07-004, had two major alleles, Mamu-A1*008:01 and Mamu- the A™ group, multiple-comparison analyses showed significant
group p y g
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FIG 6 Comparison of the numbers of predominant nonsynonymous mutations in viral cDNAs around 1 year after SIVmac239 challenge among A*, E*, and
B* macaques. ] animals were excluded from this analysis because three of them were euthanized by 1 year. The first graph (total) shows the sum of the numbers
of amino acid substitutions in SIV Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, and Nef. Gag, Tat, and Nef graphs show the numbers of Gag, Tat, and Nef amino acid
substitutions, respectively. The numbers of Gag amino acid substitutions in A" animals were significantly higher than those in E™ and B animals (A* and E¥,
P =10.0037; A* and B*, P = 0.0069 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test). The numbers of Tat amino acid substitutions in E*
animals were significantly higher than those in A* animals (P = 0.0140).
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FIG 7 Polyfunctionality in SIV-specific CD4™ and CD8™ T cells around 8 months after STVmac239 challenge. Samples of macaques R02-007 (A*), R01-011
(E™), R10-005 (B*), R10-008 (B™), and R10-001 (J*) were unavailable. (A) Correlation analysis of plasma viral loads at 9 months with polyfunctionality
(polyfunctional values) of SIV-specific CD4™ (left) and CD8™ (right) T cells. Viral loads inversely correlated with SIV-specific CD4™ (P = 0.0101; * = 0.4105)
and CD8™ (P = 0.0002; r* = 0.6731) T-cell polyfunctionality. (B) Correlation analysis of plasma viral loads at 9 months with SIV-specific CD4™ (left) and CD8*
(right) T-cell frequencies (frequencies of CD4* and CD8™ T cells showing the SIV-specific induction of induction of IFN-y, TNF-a, IL-2, MIP-1B, or CD107a).
(C) SIV-specific CD4™ (left) and CD8™ (right) T-cell polyfunctionality in A* (n = 5), E* (n = 5), B* (n = 2),and ] (n = 3) macaques. Multiple comparisons
among A*, E¥, and ] animals (excluding the B* group with available data on only two animals) revealed significant difference in SIV-specific CD4" T-cell
polyfunctionality (A" and J*, P = 0.0195 by one-way ANOVA and Tukey-Kramer’s multiple-comparison test).

differences in plasma viral loads, peripheral CD4™ T-cell counts,
survival periods, Gag-specific CD8" T-cell responses, and num-
bers of viral gag mutations. These two A* animals were noncon-
trollers, supporting the notion that CTL responses specific for
Mamu-A1*008:01- or Mamu-B*007:02-restricted epitopes are
not efficient or effective. In addition, several MHC-I alleles were
shared in two or three animals, but the influence of these alleles on
disease progression remains unclear.

In the group A™ animals that showed lower viral loads and slower
disease progression, Gag-specific CD8" T-cell responses were effi-
ciently induced, and their frequencies were significantly higher than
those in the other three groups. Furthermore, these A animals had
higher numbers of nonsynonymous gag mutations, possibly reflect-
ing strong selective pressure by Gag-specific CD8™ T-cell responses.
Previously, CD8 " T-cell responses specific for the Gagyog_,; (IINEE-
AADWDL) epitope restricted by MHC-I haplotype A-derived
Mamu-A1*043:01 and the Gag,,, .4 (SSVDEQIQW) epitope re-
stricted by A-derived Mamu-A1*065:01 have been shown to exert
strong suppressive pressure on SIV replication (19, 21). In the present
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study, most A* animals selected escape mutations from these CD§™
T-cell responses, GagL.216S (a mutation leading to a leucine [L]-to-
serine [S] substitution at the 216th amino acid in Gag) and
GagD244E (aspartic acid [D]-to-glutamic acid [E] substitution at the
244th amino acid) or 1247L (isoleucine [I]-to-L substitution at the
247th amino acid). These results are consistent with recent findings
suggesting the potential of Gag-specific CD8™ T-cell responses to
efficiently suppress HIV-1/SIV replication (24).

In SIV-infected A* animals, predominantly Nef-specific as well as
Gag-specific CD8" T-cell responses were elicited. At 3 months post-
challenge, all of the A™ animals showed relatively similar levels of total
antigen-specific, Gag-specific, and Nef-specific CD8" T-cell re-
sponses, and their deviations appeared to be less than those in the
other three groups. This may reflect the diminished influence of the
second MHC-I haplotypes in these A™ animals in the early phase of
SIV infection, i.e., CD8™ T-cell responses specific for epitopes re-
stricted by MHC-I molecules derived from the second haplotypes
may be suppressed by dominant CD8" T-cell responses specific for
A-derived MHC-I-restricted epitopes.

Journal of Virology
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TABLE 4 Alleles in the second MHC-I haplotypes in macaques®

Group Macaque Allele(s)

AT R02-007 AI*008:01, B*007:02

AT R06-037 AI*052:01, A2*005:13, B*089:02/03°

AY R0O7-001 A1*032:02, B*066:01

AY R07-004 AI*008:01, B*007:02, B*039:01

A* R07-009 ND*

A" R06-019 A17032:02, A2*005:02, B*106:01, B*124:01

E* RO1-011 AI*004:01, B*004:01, B*060:03, B*102:01

E* R05-007 A17%032:03, B*042:01, B*066:01, B¥089:01

E* R08-003 B*074:02, B*101:01

E* R08-007 A2*005:10, B*054:02, B*061:04, B*063:02,
B*124:01

E* R09-011 A17%041:02, B*061:02, B*068:04/05%

E* R06-038 A1%004:01, A-new,® B*001:01, B*007:02/
03, B*017:03

B* R06-001 AI*008:01

B* R06-039 A17%032:02, B*004:01, B*033:01, B*066:01,
B*102:01

B* R10-005 AI*003:01, B*019:01

B* R10-008 B*026:02, B*045:07, B*051:06

7t R02-004 ND/

I R04-014 A4*014:03, B*071:01

I R06-022 A5*030:06, B*102:01

I R10-001 A1*004:01, B*026:02, B¥043:01, BX073:01

“ Detected alleles not included in the first MHC-1 haplotypes (Ain A*, EinE*, Bin
B*, or]inJ" animals) are shown.

Y The Mamu-B allele has sequences identical to B*089:02 and B*089:03 in exons 2 and 3.
€ MHC-1 alleles other than those consisting of the MHC-I haplotype A were not
detected.

4 The Mamu-B allele has sequences identical to B*068:04 and B*068:05 in exons 2 and 3.
¢ New Mamu-A allele 96% similar to A1*018:03 by sequence homology in exons 2

and 3.

SMHC-1 alleles other than those consisting of the MHC-I haplotype ] were not
detected.

Nef-specific CD8™ T-cell responses were induced efficiently at
3 months or 1 year postchallenge in groups A, E*, and B* but
notin mostJ* animals, which showed higher viral loads and rapid
disease progression. The former three groups had relatively higher
numbers of nonsynonymous nef mutations, which correlated
with Nef-specific CD8" T-cell responses at 1 year (P = 0.0063;
* = 0.4765; data not shown). Thus, these Nef-specific CD8™ T-
cell responses, whose suppressive pressure might be less than that
of Gag-specific ones, may play roles in the suppression of SIV
replication, while we have not determined Nef epitopes for those
CD8" T-cell responses exerting strong suppressive pressure. No
nef mutations common to each group were detected, which sug-
gests multiple Nef epitope-specific CD8" T-cell responses. Re-
garding the Nef-specific CD8" T-cell responses in SIV-infected
E* animals, some Nef epitopes are speculated to be restricted by
E-derived MHC-I molecules. Our results, however, indicate that
primary SIV infection induces no predominant CD8" T-cell re-
sponses specific for Gag epitopes restricted by E-derived MHC-I
molecules in the early phase. In ] animals, we found no predom-
inant CD8* T-cell responses specific for J-derived, MHC-I-re-
stricted epitopes in the early phase of SIV infection.

This study indicates differences in the patterns of CTL immu-
nodominance among these groups. Gag-specific CD8* T-cell re-
sponses were induced in group A™, showing slower disease pro-
gression, and Nef-specific CTL responses were induced in those
animals other than group J* animals, which showed rapid disease
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progression. These results can be reasonably explained by the dif-
ferences in MHC-I haplotypes, although it is difficult to com-
pletely rule out the possibility of disease progression associating
with other genes located around the MHC-I locus. In our previous
study (21), the challenge of A* macaques with a mutant SIV-
mac239 carrying Gagl216S and GagD244E mutations showed
higher set point viral loads, indicating that these A-derived, MHC-
I-restricted, Gag,os.216 and Gagys;.,40 epitope-specific CD8™* T-
cell responses are responsible for lower viral loads in group A*
animals.

Our analysis revealed differences in the target antigens for pre-
dominant CD8™ T-cell responses but not in the magnitudes of
SIV-specific CD8™ T-cell responses among four groups. However,
we found differences in polyfunctional SIV-specific CD4™ T-cell
responses in the chronic phase. Remarkably, plasma viral loads
inversely correlated with the polyfunctionality of SIV-specific
CD8™" T cells as well as CD4™ T cells. These results suggest stron-
ger polyfunctional T cell responses in animals with lower viral
loads, which, conversely, could contribute to the sustained sup-
pression of viral replication in the chronic phase.

In summary, we examined SIVmac239 infection in four groups
of Burmese rhesus macaques, with each group sharing different
MHC-T haplotypes. Our results indicate the association of MHC-I
haplotypes with disease progression. This study presents a robust
AIDS model of SIV infection facilitating the analysis of virus-host
immune interaction.
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INTRODUCGTION

Innate and acquired immune responses play an important role in
the control of infectious pathogens. Pathogenic microbes are able
to escape from the host innate immune responses and replicate
in the hosts. After the acute growth phase, pathogen-specific neu-
‘tralizing antibody and cytotoxic T lymphocyte (CTL) responses
are induced and prevent the onset of pathogenic manifestations in
most of acute infectious diseases. In HIV and simian immunode-
ficiency virus (SIV) infections, these acquired immune responses
are induced but fail to contain the virus and allow persistent viral
replication, leading to AIDS progression, while persistent SIVsm
infection of natural hosts, sooty mangabeys, does not result in
disease onset (Silvestri etal, 200%). Effective neutralizing anti-
body responses are not efficiently induced in the acute phase
(Burton etal., 2004). In contrast, virus-specific CTL responses
play a main role in the reduction of viral loads from the peak to
the set-point levels (Borrow et al,, 1994; Koup etal., 1994; Matano
etal., 1998; Ho etal, 1999; Schimitz et al., 1999). Previous studies
suggest that, among various viral antigen-specific CTL responses,
those directed against the viral structural protein Gag contribute
to the control of viral replication (Edwards etal, 2002; Zuniga
et al, 2008; Borghans et al,, 2007; Kiepiela etal, 2007).

In virus-infected cells, antigenic peptides that are processed
from viral proteins via the proteasome pathway and bound to
MHC-I (HLA class I) molecules are presented on the cell surface.
CTLs recognize antigenic peptide (epitope)-MHC-I complexes on
the cell surface by their TCRs and eliminate the virus-infected cells
by inducing apoptosis or lysis. Because presentation of antigenic
peptides is restricted by MHC-I molecules, CTL efficacy is affected
by MHC-I (HLA class I) genotypes.

ASSOCIATION OF HLA ALLELES WITH HIV PROGRESSION
HIV-infected individuals without anti-retroviral therapy (ART)
mostly develop AIDS in 5-10 years after HIV exposure

Virus-specific cytotoxic T lymphocytes (CTLs) are major effectors in acquired immune
responses against viral infection. Virus-specific CTLs recognize specific viral peptides pre-
sented by major histocompatibility complex class-l (MHC-I) on the surface of virus-infected
target cells via their T cell receptor (TCR) and eliminate target cells by both direct and
indirect mechanisms. In human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) infections, host immune responses fail to contain the virus and allow
persistent viral replication, leading to AIDS progression. CTL responses exert strong sup-
pressive pressure on HIV/SIV replication and cumulative studies have indicated association
of HLA/MHC-I genotypes with rapid or slow AIDS progression.

Keywords: CTL, HIV, HLA, Mamu, MHC-1, MHC-| haplotype, SIV

(Lui et al.. 1988; Farewell et al, 1992). Humans have a single poly-
morphic HLA-A, HLA-B, and HLA-C locus per chromosome.
A number of studies on HIV-infected individuals reported the
association of HLA genotypes with disease progression (Tang
etal, 2002; Kiepiele etal, 2004 Wang etsl, 2009; Leslie etal.,
2(110). Indeed, association of HLA-B*57 (Migueles etal., 2000;
Altfeld etal, 2003; Miura etal, 20069) and HLA-B*27 (Goudder
etal, 1997; Feeney etal, 2004; Altfeld etal, 2006; Schnei-
dewind ¢tal, 2007) with lower viral loads in the chronic phase
and slow disease progression has been indicated. HLA-B*57-
restricted Gagago—249 TW10 (TSTLQEQIGW) and HLA-B*27-
restricted Gagagz—272 KK10 (KRWIILGLNK) epitope-specific CTL
responses exert strong suppressive pressure on HIV replication and
often select for viral genome mutations resulting in viral escape
from these CTL recognition with viral fitness costs (Goulder et al,,
1997; Feeney etal., 2004). Some HIV-infected individuals possess-
ing those HLA alleles associating with slower disease progression
control viral replication for long periods, while the frequency of
such elite controllers is under 1% (Lambuotte etal., 2005; Grabar
etal., 2009). In contrast, HLA genotypes such as HLA-B*35 asso-
ciating with rapid disease progression have also been reported
(Carrington etal, 1999 Gao etal, 2001). HLA-B*35 subtypes
are divided into HLA-B*35-Px and HLA-B*35-Py based on the
specificity of binding ability to epitope peptides in the P9 pocket.
The former group, HLA-B*35-Px alleles including HLA-B*3502,
B*3503, and B*3504 associate with rapid disease progression,
whereas the latter HLA-B*35-Py alleles including HLA-B*3501
and HLA-B*3508 associate with relatively slower progression (Gao
etal, 2001). Such differences in disease progression among HLA-B
subtypes are also known in HLA-B*58 (Leslie etal., 2010).

ANIVIAL AlDS MODELS
Robust non-human primate AIDS models showing high
pathogenic homology to human HIV infections are essential for
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AIDS research. While it is difficult to analyze the early phase in
human HIV infection, animal models have considerable advan-
tages in immunological analysis in the acute phase. Furthermore,
comparisons among the hosts infected with the same virus strain
are possible in animal AIDS models, although highly diversi-
fied HIVs are prevalent in humans. An important characteristic
of HIV infection is selective loss of memory CCR5" CD4™
T lymphocytes in the acute phase leading to persistent virus
replication (Connor etal, 1997; Zhang etal, 1999 Brenchley
etal, 2004). HIV tropism for CCR5T CD4" memory cells is
considered as one central mechanism for persistent infection.
R5-tropic SIVmac251/SIVmac239 or SIVsmE660/SIVsmE543-
3 infection of rhesus macaques inducing the acute, selective
loss of memory CD4% T lymphocytes is currently considered
the best AIDS model for analysis of AIDS pathogenesis and
evaluation of vaccine efficacy (Veazey etal, 1998; Nishimura
etal, 2004; Bontrop and Watkins, 2005, Mattapallil eval., 2005
Morgan etal, 2008). Recent studies indicated an associa-
tion of restriction factor TRIMS5a genotypes with disease
progression in macaques infected with pathogenic SIVs such
as SIVsmE660/SIVsmE543-3 but not in SIVmac239 infection
(Kirmaier etal., 2010; Lim et al,, 2010; de Grootetal,, 2011; Fenizia
etal., 2011 Letvin etal, 2011; Revnolds etal, 2011; Veh etal.,
2611). Macaque AIDS models of chimeric simian-human immun-
odeficiency virus (SHIV) infection are also known. Infection with
X4-tropic SHIVs such as SHIV89.6P results in acute CD4™ T cell
depletion, while R5-tropic SHIVs such as SHIV162P3 induce per-
sistent infection leading to chronic disease progression (Tsat et al.,
2007; Nishimura et gb,, 2010; Zhuang et o, 2011). These SHIVs are
useful especially for the analysis of Env-specific antibody responses
(Ngetal, 2010; Watkins etal,, 2011).

GENETIC FEATURES OF MHC-1 IN MACAQUES

Human classical MHC-I alleles are composed of a single polymor-
phic HLA-A, HLA-B, and HLA-C locus per chromosome. MHC-I
haplotypes in rhesus macaques, however, have variable num-
bers of Mamu-A and Mamu-B loci (Boyson etal., 1996; Adams
and Parham, 2001; Daza-Vamenia etal, 2004; Kulski etal., 2004;
Otting et al, 2003; Figure 1). A number of studies described SIV
infections in macaques sharing one or two MHC-I alleles, while
few studies have examined SIV infection in macaques sharing an
MHC-I haplotype.

PROTECTIVE MHC-1 ALLELES IN INDIAN RHESUS
MACAQUES AGAINST SIV INFECTION

Simian immunodeficiency virus infections of Indian rhesus
macaques are widely used as an AIDS model. Mamu-A*01,
Mamu-B*08, and Mamu-B*17 are known as protective alleles and
macaques possessing these alleles tend to show slow disease pro-
gression after SIVmac251/SIVmac239 challenge (Muhi et al., 2002;
Mothe etal., 2003; Yant etal., 2006; Loffredo etal,, 2007h). Four-
teen Mamu-A*01-restricted SIVmac239 CTL epitopes have been
reported (Allen etal, 2001; Mothe etal, 2002b). Mamu-A*01-
restricted Tatpg_35 SL8 (STPESANL)-specific and Gagjg)—1s9
CM9 (CTPYDINQM)-specific CTL responses are induced dom-
inantly in SIVmac239 infection. Both epitope-specific CTLs
show strong suppressive capacity against SIVmac239 replication
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HLA-B HLA-C HLA-A
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L
m-A

Man
FIGURE 1 | Comparison of genome structures of MHC-| sub-regions
in humans and rhesus macaques. Humans have a single polymorphic

HLA-A, HLA-B, and HLA-C locus per chromosome, while rhesus macaques
have variable numbers of Mamu-A and Mamu-B loci per chromosome.

in vitro (Loffredo etal, 2005), while the latter but not the for-
mer play a major role in suppression of viral replication in vivo
(¥ Connor etal, 2002; Loffredo etal,, 2007¢). In SHIV89.6P infec-
tion, Mamu-A*0l-positive macaques elicit CM9-specific CTL
responses and show slower disease progression than Mamu-
A*01-negative animals (Zhang etal, 2002). Eight Mamu-B*08-
restricted SIVmac239 CTL epitopes have been reported; previous
studies indicated that Vifj;3_13; RL9 (RRAIRGEQL), Vif175-179
RL8 (RRDNRRGL), and N€f137_146 RL10 (RRHRILDIYL)
epitope-specific CTL responses contribute to viral control
(Loffredo etal, 20078 Loflredo etal. 2008; Valentine etal,
200%; Mudd etal,, 2012). SIVmac239 Vifgs_73 HW8 (HLEVQ-
GYW), Nefigs—173 IW9 (IRYPKTFGW), and Nefjg5_203 MW9
(MHPAQTSQW) have been reported as Mamu-B*17-restricted
CTL epitopes (Mothe et al,, 20022). In addition, cRW9 (RHLAFK-
CLW) in an alternate reading frame is known as a cryptic epitope
(Maness et al., 2007). The cRW9-coding region [nucleotides 6889
6915 in STVmac239 (accession number M33262)] is located in the
same open reading frame that encodes exon 1 of the Rev protein
but is downstream of the splice donor site. So, it is not predicted
to be translated under normal biological circuamstances. However,
SIVmac239-infected Mamu-B*17-positive macaques efficiently
induce cRW9-specific CTL responses.

ASSOCIATION OF MHC-1 HAPLOTYPES WITH DISEASE
PROGRESSION AFTER SlVmac23% CHALLENGE IN

BURMESE RHESUS MACAQUES

We accumulated groups of Burmese rhesus macaques sharing indi-
vidual MHC-I haplotypes (Tanaka-Takahashi et al., 2007; Naruse
etal, 2010). SIVmac239 challenge of Burmese rhesus macaques
mostly results in persistent viremia (geometric means of setpoint
plasma viral loads: about 10° copies/ml) leading to AIDS (mean
survival periods: about 2 years; Nomuractal., 2012). Further anal-
ysis revealed the association of MHC-I haplotypes with disease
progression after STVmac239 challenge.
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