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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: IM9C [28]). The binding energies, Ey;nq (kcal/mol), of the complex were calculated using MOE as
described previously [42.43]. The formula Eying = Ecompiex — (Eca + Ecypa) Was used for the Eyipg calculation, where Eeompiex is the energy of the CA/CypA
complex models, Ecp 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 TRIM5a) 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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Introduction

Virus-specific GD8 T-cell responses play a central role in the
control of human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) replication [1,2,3,4,5]. Genetic
diversities of HLA or major histocompatibility complex class I
(MHC-T) result in various patterns of GD8" T-cell responses in
HIV-infected individuals. Cumulative studies on HIV infection
have indicated the association of MHC-I genotypes with higher or
lower viral loads [6,7,8,9,10]. In some MHGC-1 alleles associating
with lower viral loads and slower disease progression, certain
CD8" T-cell responses restricted by these MHC-I molecules have
been shown to be responsible for HIV control [11,12,13]. In
rhesus macaque AIDS models, Mamu-4*01, Mamu-B*08, and
Mamu-B*17 are known as protective alleles, and macaques
possessing these alleles tend to show slower disease progression
after STVmac251/SIVmac239 challenge [14,15,16,17].

PLOS ONE | www.plosone.org

Recent studies have indicated great contribution of CD8" T-cell
responses targeting Gag epitopes to reduction in viral loads in
HIV/SIV infection [18,19,20,21]. Viral control associated with
some protective MHC-I alleles is attributed to Gag epitope-specific
CD8" T-cell responses [22,23,24]. For instance, CD8" T-cell
responses specific for the HLA-B*57-restricted Gagosg-240 TW10
and HLA-B*27-restricted Gagggs-o70 KK 10 epitopes exert strong
suppressive pressure on HIV replication and frequently select for
an escape mutation with viral fitness costs, leading to lower viral
loads [22,24,25,26,27]. On the other hand, CD8" T-cell responses
targeting SIV antigens other than Gag, such as Mamu-B*08- or
Mamu-B*17-restricted Vif and Nef epitopes, have been indicated
to exert strong suppressive pressure on SIV  replication
[28,29,30,31,32,33]. Accumulation of our knowledge on the
potential of these non-Gag-specific as well as Gag-specific CD8*
T-cell responses for HIV/SIV control should be encouraged for
elucidation of viral control mechanisms.

January 2013 | Volume 8 | Issue 1 | 54300
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We have been examining SIVmac239 infection in multiple induced dominant Gag-specific CD8" T-cell responses and tended
groups of Burmese rhesus macaques sharing MHC-I genotypes at to show slower disease progression after SIVmac239 challenge
the haplotype level and indicated an association of MHC-I [21]. Prophylactic immunization of these A" macaques with a

haplotypes with AIDS progression [21,34]. In our previous study, DNA vaccine prime and a Gag-expressing Sendai virus (SeV-Gag)
a group of macaques sharing MHC-I haplotype 90-120-la (A) vector boost resulted in SIV control based on Gag-specific CD8"*
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Figure 1. Plasma viral loads after SI¥Vmac239 challenge in unvaccinated macaques. Plasma viral foads (SIV gag RNA copies/m! plasma)
were determined as described previously [35]. The lower limit of detection is approximately 4x10? copies/ml. (A) Changes in plasma viral loads after
challenge in unvaccinated macaques possessing MHC-| haplotype D. (B) Changes in geometric means of plasma viral loads after challenge in five
unvaccinated D* animals in the present study and twenty D™ animals in our previous cohorts [21]. Three of twenty D™ animals were euthanized
because of AIDS before 12 months, and we compared viral loads between D* and D™ animals until 12 months. (C) Comparison of plasma viral loads
at 3 months (left panel), 6 months (middle panel), and 9 months (right panel) between the unvaccinated D* and the D™ animals. Viral loads at 6
months and 9 months in D* animals were significantly lower than those in the latter D™ animals (p =0.0360 at 6 months and p =0.0135 at 9 months
by t-test).

doi:10.1371/journal.pone.0054300.g001
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Figure 2. SIV Gag-specific CD8" T-cell responses in unvacci-
nated D" macaques at week 2 after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g002

T-cell responses [35,36]. Accumulation of data on interaction
between virus replication and T-cell responses in multiple groups
of macaques sharing individual MHC-I haplotypes would provide
great insights into our understanding of the mechanism for HIV/
SIV control.

In the present study, we investigated SIVmac239 infection of a
group of Burmese rhesus macaques possessing the MHC-I
haplotype 90-010-Id (D), which was not associated with dominant
Gag-specific CD8" T-cell responses. These animals had persistent
viremia in the early phase but showed significant reduction of viral
loads around 6 months after SIV challenge. Most D™ animals
showed predominant Nef-specific but not Gag-specific CD8" T-
cell responses. This study presents a protective MHC-I haplotype,
indicating the potential of non-Gag antigen-specific CD8" T-cell
responses to contribute to SIV control.

Materials and Methods

Ethics Statement

Animal experiments were carried out in National Institute of
Biomedical Innovation (NIBP) and Institute for Virus Research in
Kyoto University (IVRKU) after approval by the Committee on
the Ethics of Animal Experiments of NIBP and IVRKU in
accordance with the guidelines for animal experiments at NIBP,
IVRKU, and National Institute of Infectious Diseases. To prevent
viral transmission, animals were housed in individual cages
allowing them to make sight and sound contact with one another,
where the temperature was kept at 25°C with light in 12 hours per
day. Animals were fed with apples and commercial monkey diet
(Type CMK-2, Clea Japan, Inc. Tokyo). Blood collection,
vaccination, and SIV challenge were performed under ketamine
anesthesia. The endpoint for euthanasia was determined by typical
signs of AIDS including reduction in peripheral CD4" T-cell
counts (less than 200 cells/pl), 10% loss of body weight, diarrhea,
and general weakness. At euthanasia, animals were deeply
anesthetized with pentobarbital under ketamine anesthesia, and
then, whole blood was collected from left ventricle.

Animal Experiments

We examined SIV infections in a group of Burmese rhesus
macaques (n= 10) sharing the MHC-I haplotype 90-07/0-1d (D).
The determination of MHC-I haplotypes was based on the family
study in combination with the reference strand-mediated confor-
mation analysis (RSCA) of Mamu-A and Mamu-B genes and
detection of major Mamu-4 and Mamu-B alleles by cloning the
reverse transcription (RT)-PCR products as described previously
[21,34,37]. Macaques R01-012 and R01-009 used in our previous
report [35] and macaques R03-021 and R03-016 used in an

PLOS ONE | www.plosone.org
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unpublished experiment were included in the present study. Five
macaques R01-009, R06-020, R06-033, R03-021, and R03-016
received a prophylactic DNA prime/SeV-Gag boost vaccine
(referred to as DNA/SeV-Gag vaccine) [35]. The DNA used for
the vaccination, CMV-SHIVdEN, was constructed from an env-
deleted and ngf-deleted simian~human immunodeficiency virus
SHIVMD14YE [38] molecular clone DNA (SIVGPI) and has the
genes encoding SIVmac239 Gag, Pol, Vif, and Vpx, and HIV Tat
and Rev. At the DNA vaccination, animals received 5 mg of
CMV-SHIVAEN DNA intramuscularly. Six weeks after the DNA
prime, animals received a single boost intranasally with 6x10% cell
infectious units (CIUs) of F-deleted replication-defective SeV-Gag
[39,40]. All animals were challenged intravenously with 1,000
TCIDsq (50 percent tissue culture infective doses) of SIVmac239
[41]. At week 1 after SIV challenge, macaque R03-021 was
inoculated with nonspecific immunoglobulin G (IgG) and
macaques R03-016 with IgG purified from neutralizing anti-
body-positive plasma of chronically SIV-infected macaques in our
previous experiment [42].

Analysis of SIV Antigen-specific CD8" T-cell Responses

SIV antigen-specific CD8" T-cell responses were measured by
flow-cytometric analysis of gamma interferon (IFN-v) induction as
described previously [43]. Autologous herpesvirus papio-immor-
talized B-lymphoblastoid cell lines (B-LCLs) were established from
peripheral blood mononuclear cells (PBMCs) which were obtained
from individual macaques before SIV challenge [44]. PBMCs
obtained from SIV-infected macaques were cocultured with
autologous B-LCLs pulsed with peptides or peptide pools using
panels of overlapping peptides spanning the entire SIVmac239
Gag, Pol, Vif, Vpx, Vpr, Tat, Rev, Env, and Nef amino acid
sequences. Alternatively, PBMCs were cocultured with B-LCLs
infected with a vaccinia virus vector expressing SIVmac239 Gag
for Gag-specific stimulation. Intracellular IFN-y staining was
performed using CytofixCytoperm kit (BD, Tokyo, Japan).
Fluorescein isothiocianate-conjugated anti-human CD4 (BD),
Peridinin chlorophyll protein (PerCP)-conjugated anti-human
CD8 (BD), allophycocyanin Cy7 (APC-Cy7)-conjugated anti-
human CD3 (BD), and phycoerythrin (PE)-conjugated anti-human
IFN-y antibodies (Biolegend, San Diego, CA) were used. Specific
T-cell levels were calculated by subtracting non-specific IFN-y* T-
cell frequencies from those after peptide-specific stimulation.
Specific T-cell levels less than 100 cells per million PBMCs were
considered negative.

Sequencing Analysis of Plasma Viral Genomes

Viral RNAs were extracted using High Pure Viral RNA kit
(Roche Diagnostics, Tokyo, Japan) from macaque plasma samples.
Fragments of cDNAs encoding SIVmac239 Gag 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
described before [45]. Predominant non-synonymous mutations
were determined.

Statistical Analysis

Statistical analysis was performed using Prism software version
4.03 with significance levels set at a P value of <0.050 (GraphPad
Software, Inc., San Diego, CA). Plasma viral loads were log
transformed and compared by an unpaired two-tailed t test.
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Figure 3. SIV antigen-specific CD8" T-cell responses in unvaccinated D" macaques. Responses were measured by the detection of antigen-
specific IFN-y induction in PBMCs obtained at indicated time points after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g003

Results (referred to as D* macaques). Confirmed MHC-I alleles consisting
) o . ) of this haplotype is Mamu-A1%*032:02, Mamu-B*004:01, and Mamu-
Lower Viral Loads in D™ Macaques in the Chronic Phase B*]02:01:01. These animals showed lower set-point plasma viral

~of SIV Infection loads (Fig. 1). Comparison of plasma viral loads between these five
We first investigated SITVmac239 infection of five unvaccinated animals and our previous cohorts of SIVmac239-infected Burmese
Burmese rhesus macaques sharing the MHC-I haplotype D D-negative (D7) rhesus macaques (n=20) [21] revealed no
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Nefy15-129-specific (lower panels) CD8" T-cell responses were examined at indicated time points after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g004
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significant difference at 3 months after SIV challenge (p = 0.2436
by t-test), but viral loads in the former D* animals became
significantly lower than the latter after 6 months (p=10.0360 at 6
months and p =0.0135 at 9 months by t-test; Fig. 1). Four of these
five macaques sharing MHC-I haplotype D showed low viral
loads, less than 5X 10° copies/ml, after 6 months, whereas
macaque R01-012 maintained relatively higher viral loads.

Predominant Nef-specific CD8* T-cell Responses

We examined SIV antigen-specific CD8" T-cell responses by
detection of antigen-specific IFN-y induction. In the very acute
phase, we did not have enough PBMC samples for measurement
of individual SIV antigen-specific CD8" T-cell responses and
focused on examining Gag-specific CD8" T-cell responses in most
animals. At week 2 after challenge, Gag-specific CD8" T-cell
responses were undetectable in four of five animals (Fig. 2).
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Figure 7. SIV antigen-specific CD8" T-cell responses in vaccinated D" animals after SiVmac239 challenge. Samples for this analysis were

unavailable in macaque R01-009.
doi:10.1371/journal.pone.0054300.g007

PLOS ONE | www.plosone.org

January 2013 | Volume 8 | Issue 1 | €54300



R06-020 R06-033

102 -
wk5 wk14 wk60

wk5 wk12 wk 117

|

103

specific CD8 T cell frequencies (/million PBMCs)

102

wk 14

T T
wk 12 wk 117 wk 60

R03-021

wk5 wk12 wk51

wk 12

involvement of Non-Gag-Specific CTL in SV Control

R03-016

wk3 wk12 wk59

wk 12

wk 51 wk 59

Figure 8. SIV Nef-specific CD8" T-cell responses in macaques R06-020, R06-033, R03-021, and R03-016. Nef;5_,o-specific (upper panels)
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We then examined CD8" T-cell responses specific for individual
SIV antigens in the early and the late phases (Fig. 3). Nef-specific
but not Gag-specific CD8" T-cell responses were predominant in
most D™ animals. Gag-specific CD8* T-cell responses were
dominantly induced in macaque R08-005 showing very low set-
point viral loads. Macaque R0O1-012 having higher viral loads
showed poor CD8" T-cell responses in the early phase.

Among four D* animals controlling SIV replication with less
than 5x10° copies/ml of plasma viral loads after 6 months, Gag-
specific CD8" T-cell responses were dominant only in macaque
R08-005, while efficient Nef-specific CD8" T-cell responses were
induced in the remaining three, suggesting possible contribution of
Nef-specific CD8" T-cell responses to SIV control in these three
controllers (R05-006, R06-034, and R-360). We then attempted to
localize Nef CD8% T-cell epitopes shared in these animals and
found Nefss_so-specific and Nefy;s_jog-specific CD8" T-cell
responses (Fig. 4), although we did not have enough samples for
mapping the exact epitopes.

Reduction of Viral Loads in the Early Phase of SIV

Infection by Prophylactic Vaccination

We also investigated SIVmac239 infection of additional five,
vaccinated Burmese rhesus macaques sharing the MHC-I
haplotype D. These animals received a prophylactic DNA/SeV-
Gag vaccination. In four of these five vaccinated macaques,
plasma viremia became undetectable after 6 months, while
macaque R06-033 showed persistent viremia (Fig. 5A). Difference
in viral loads between unvaccinated and vaccinated D™ animals
was unclear in the acute phase, but the latter vaccinees showed
significant reduction in viral loads compared to those in the former
unvaccinated at 3 months (p=0.0360; Fig. 5B). After 6 months,
unvaccinated animals also showed reduced viral loads, and the
difference in viral loads between unvaccinated and vaccinated
became unclear.

In contrast to unvaccinated D* animals, all five vaccinated
animals elicited Gag-specific CD8" T-cell responses at week 2 after
challenge (Fig. 6), reflecting the effect of prophylactic vaccination.
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We then examined CD8" T-cell responses specific for individual
SIV antigens in these vaccinated animals (Fig. 7). Samples for this
analysis were unavailable in vaccinated macaque RO1-009.
Vaccinated animals except for macaque RO06-020 showed
dominant Gag-specific CD8" T-cell responses even at 1-2 months.
However, Gag-specific CD8" T-cell responses became not
dominant after 1 year, while Nef-specific or Vif-specific CD8*
T-cell responses became predominant, instead, in most vaccinees
except for macaque R03-016.

Like three unvaccinated macaques (R05-006, R06-034, and R-
360), vaccinated D' animals induced Nefss 49-specific and
Nef5_199-specific CD8" T-cell responses after SIV challenge
(Fig. 8). In analyses of three unvaccinated (Fig. 4) and four
vaccinated animals (Fig. 8), Nefss 4o-specific CD8* T-cell
responses were induced in the early phase in six animals but
mostly became undetectable in the chronic phase. Nefjs.99-
specific CD8" T-cell responses were also induced in most animals
except for macaque R06-020 which showed Nefs.196-specific
ones in the chronic phase (data not shown). Macaques R05-006,
R03-021, and R03-016 showed efficient Nefj 5. 99-specific CD8*
T-cell responses not in the early phase but in the chronic phase. In
contrast, vaccinated animal R06-033 that failed to control viremia
showed higher Nef}5_90-specific CD8" T-cell responses in the
early phase than those in the chronic phase.

Selection of Mutations in Nef CD8" T-cell Epitope-coding
Regions

To see the effect of selective pressure by Nef-specific CD8* T-
cell responses on viral genome mutations, we next analyzed
nucleotide sequences in viral ngf cDNAs amplified from plasma
RNAs obtained at several time points after SIV challenge.
Nonsynonymous mutations detected predominantly in Nefzs 4o
coding and Nef5-199-coding regions were as shown in Fig. 9.
Remarkably, all the unvaccinated and vaccinated D* animals
showed rapid selection of mutations in the Nefss_s9-coding region
in 3 months. On the other hand, mutations in the Nefj;5_99-
coding region were observed in the late phase in all the three
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the residue is indicated by asterisks. Samples for this analysis were
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doi:10.1371/journal.pone.0054300.g009

unvaccinated animals eliciting Nef};5_190-specific CD8F T-cell
responses. These mutations were also detected in two of three
vaccinated animals eliciting Nef) ;5 j99-specific CD8" T-cell
Tesponses.

We also analyzed viral gag sequences to see the effect of Gag-
specific CD8" T-cell pressure on viral genome mutations in
vaccinated animals (data not shown). Our previous study [35]
showed rapid selection of a mutation leading to a glutamine (Q)-
to-lysine (K) change at the 58th residue in Gag (Q58K) at week 5
in vaccinated macaque R01-009, although no more samples were
available for this sequencing analysis. This Q58K mutation results
in escape from Gagsg_gs-specific CD8" T-cell recognition. In the
present study, macaque R03-016 showed rapid selection of a
mutation leading to a K-to-asparagine (N) change at the 478th
residue in Gag in 1 month. These results may reflect rapid
disappearance of detectable plasma viremia in 1 or 2 months in
these two vaccinees. Macaque R06-020 showed selection of a gag
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Figure 10. IFN-y induction in CD8" T cells after stimulation with
the wild-type or the mutant peptide. PBMCs obtained at week 31
from macaque R06-033 were stimulated by coculture with B-LCL pulsed
with indicated concentrations of the wild-type Nef;;5_1,9 peptide (open
circles, 115-129, LAIDMSHFIKEKGGL) or the mutant Nef;15_159 peptide
with a K126R alteration {closed triangles, 115-129.126R, LAIDMSHF}-
KERGGL).

doi:10.1371/journal.pone.0054300.g010

mutation in 3 months, while other two vaccinees (R06-033 and
R03-021) selected no gag mutation in the early phase.

Discussion

HIV infection in humans with polymorphic MHC-I genotypes
induces various patterns of viral antigen-specific CD8" T-cell
responses. Previous studies have found several protective MHC-I
alleles associated with lower viral loads and slower disease
progression in HIV/SIV infection (7,13,14,16,17]. Elucidation
of the mechanisms of viral control associated with individual
protective. MHC-I alleles would contribute to HIV cure and
vaccine-based prevention. Because CD8" T-cell responses specific
for some MHC-I-restricted epitopes can be affected by those
specific for other MHC-I-restricted epitopes due to immunodo-
minance [29,46,47], macaque groups sharing MHC-I genotypes
at the haplotype level are useful for the analysis of cooperation of
multiple epitope-specific CD8* T-cell responses. Previously, we
reported a group of Burmese rhesus macaques sharing MHC-I
haplotype 90-120-Ia (A), which dominantly induce Gag-specific
CD8" T-cell responses and tend to show slower disease
progression after SIVmac239 challenge [21]. In the present study,
we presented another type of protective MHC-I haplotype, which
is not associated with dominant Gag-specific CD8* T-cell
responses. Significant reduction of viral loads in unvaccinated
macaques possessing this D haplotype compared to those in D™
macaques was observed after 6 months. Analysis of SIV infection
in macaques sharing this protective MHC-I haplotype would lead
to understanding of CD8" T-cell cooperation for viral control.

Analyses of antigen-specific CD8" T-cell responses after
SIVmac239 challenge indicate that this MHGC-I haplotype D is
associated with predominant Nef-specific CD8" T-cell responses.
Nefispecific CD8" T-cell responses were efficiently induced in all
SIV controllers, whereas Gag-specific CD8" T-cell responses were
dominant in only one of them. We found Nefzs_49-specific and
Nef}5_129-specific CD8" T-cell responses shared in D" animals.
We were unable to determine the MHC-I alleles restricting these
epitopes, but these responses are not usually induced in our
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previous D™ cohorts and considered to be associated with this
MHC-I haplotype D.

Sequencing analysis of viral genomes showed rapid selection of
mutations in the Nefzg_44-coding region within 3 months in all the
D* animals. This is consistent with our results that Nefss 49
specific CD8" T-cell responses were mostly induced in the early
phase but undetectable in the chronic phase. These mutations
were not consistently selected in our previous D™ cohorts and thus
considered as MHC-I haplotype D-associated mutations. This
suggests strong selective pressure by Nefss. 49-specific CD8™ T-cell
responses in the acute phase of SIVmac239 infection in D
macaques, although it remains undetermined whether these
mutations result in viral escape from Nefss_s9-specific CD8" T-
cell recognition.

Nef} 5. 196-specific CD8* T-cell responses were detected in six
D" animals. In five of them, nonsynonymous mutations in the
Nef) 9. 126-coding region were observed in the chronic phase. At
least, we confirmed viral escape from Nef}5_j99-specific CD8" T-
cell recognition by a mutation leading to a K-to-arginine (R)
(K126R) substitution at Nef residue 126 (Fig. 10). The number of
nonsynonymous substitutions per the number of sites estimated to
be nonsynonymous (dN) exceeded that estimated to be synony-
mous (dS) during the evolution process of Nefys.199-coding
region, but the value did not show statistically significant difference
from that of neutral selection. Among three unvaccinated animals
that controlled SIV replication without dominant Gag-specific
CD8" T-cell responses, amino acid substitutions in the Nef)9..196-
coding region were observed in a year in macaques R06-034 and
R-360 but after 2 years in macaque R05-006. The former two
animals tended to show earlier increases in plasma viral loads
in the chronic phase, while the latter R05-006 maintained
higher frequencies of Nef);5_;29-specific CD8" T-cell responses.
Nef}15_90-specific CD8" T-cell responses were efficient in the
chronic phase in vaccinated controllers R03-021 and R03-016 but
decreased in RO06-033 that failed to contain SIV replication.
Although a possible effect of this haplotype-associated factors other
than CD8" T-cell responses such as NK activity on SIV infection
[48,49,50] remains undetermined, these results imply involvement
of Nef-specific CD8"* T-cell responses in the SIV control associated
with MHC-I haplotype D.

Unvaccinated macaque R08-005 dominandy elicited Gag
antigen-specific CD8" T-cell responses and showed rapid selection
of a mutation encoding Gag 257 residue, which was not observed
in any other D* animals. Nef-specific CD8" T-cell responses were
detectable only at week 2 in the acute phase (data not shown) and

References

1. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB (1994) Virus-specific
CD8+ cytotoxic T-lymphocyte activity associated with control of viremia in
primary human immunodeficiency virus type 1 infection. J Virol 68: 6103-6110.

2. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, et al. (1994) Temporal
association of cellular immune responses with the initial control of viremia in
primary human immunodeficiency virus type 1 syndrome. J Virol 68: 4650~
4655.

3. Matano T, Shibata R, Siemon C, Connors M, Lane HC, et al. (1998)
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: 164-169.

4. Jin X, Bauer DE, Tutdeton SE, Lewin §, Gettie A, et al. (1999) Dramatic rise in
plasma viremia after CD8+ T cell depletion in simian immunodeficiency virus-
infected macaques. J Exp Med 189: 991-998.

5. Schmitz JE, Kuroda M], Santra S, Sasseville VG, Simon MA, et al. (1999)
Control of viremia in simian immunodeficiency virus infection by CD8+
lymphocytes. Science 283: 857-860.

6. Carrington M, Nelson GW, Martin MP, Kissner T, Vlahov D, et al. (1999) HLA
and HIV-1: heterozygote advantage and B*35-Cw*04 disadvantage. Science
283: 1748-1752.

7. Migueles SA, Sabbaghian MS, Shupert WL, Bettinotti MP, Marincola FM, et al.
(2000) HLA B#*5701 is highly associated with restriction of virus replication in a

PLOS ONE | www.plosone.org

Involvement of Non-Gag-Specific CTL in SIV Control

a mutation in the Nefyy-coding region was rapidly selected. It is
speculated that those dominant Gag-specific CD8" T-cell
responses associated with the second, non-D MHC-I haplotype
were effective in this animal. Nefys qo-specific CD8" T-cell
responses may not be efficient due to immunodominance but
exert some suppressive pressure on viral replication.

DNA/SeV-Gag vaccination resulted in earlier reduction of viral
loads after SIV challenge. Vaccinees showed significantly lower
viral loads at 3 months than those in unvaccinated animals. Gag-
specific CD8" T-cell responses were elicited at week 2 in all the
vaccinees but not in the unvaccinated except for one animal R08-
005. No gag mutations were shared in the vaccinees in the acute
phase, but three of them showed rapid selection of individual non-
synonymous mutations in gag. Rapid selection of mutations in the
Nefss 44-coding region was consistently detected even in these
vaccinees. These results suggest broader CD8" T-cell responses
consisting of dominant vaccine antigen Gag-specific and inefficient
naive-derived Nef-specific ones in the acute phase. In three
vaccinated animals, Gag-specific CD8" T-cell responses became
lower or undetectable, and instead, Nef-specific CD8" T-cell
responses became predominant in the chronic phase.

In summary, we found a protective MHGC-I haplotype not
associated with dominant Gag-specific CD8* T-cell responses in
SIVmac239 infection. Our results in D™ macaques suggest
suppressive pressure by Nefss 4o-specific and Nefj s 199-specific
CD8" T-cell responses on SIV replication, contributing to
reduction in set-point viral loads. DNA/SeV-Gag-vaccinated D*
animals induced Gag-specific CD8" T-cell responses in addition to
Nef-specific ones after SIV challenge, resulting in earlier
containment of SIV replication. This study presents a pattern of
SIV control with involvement of non-Gag antigen-specific CD8*
T-cell responses, contributing to accumulation of our knowledge
on HIV/SIV control mechanisms.
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Abstract T-cell immunoglobulin domain and mucin do-
main containing protein 1 (TIM1), also known as a cellular
receptor for hepatitis A virus (HAVCRI1) or a molecule
induced by ischemic injury in the kidney (KIM1), is in-
volved in the regulation of immune responses. We investi-
gated a natural selection history of TIM! by comparative
sequencing analysis in 24 different primates. It was found
that 7IM1 had become a pseudogene in multiple lineages of
the New World monkey. We also investigated T cell lines
originated from four different New World monkey species
and confirmed that 7IM/ was not expressed at the mRNA
level. On the other hand, there were ten amino acid sites in
the Ig domain of TIM1 in the other primates, which were
suggested to be under positive natural selection. In addition,
mucin domain of TIM1 was highly polymorphic in the Old
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World monkeys, which might be under balanced selection.
These data suggested that 7/M] underwent a lineage-
specific evolutionary pathway in the primates.

Keywords Natural selection - Molecular evolution -
Pseudogene - TIM1 - Primate

Introduction

Comparative genomics is a useful tool for understanding the
gene function from the view point of evolution. It has
recently been reported that genes involved in regulation of
immune system may have undergone the control of positive
selection (Gibbs et al. 2007; Kosiol et al. 2008). The accel-
erated evolution may be due to a direct consequence of
complex selection pressure exerted by infectious reagents
including microbes and viruses (Barreiro and Quintana-
Murci 2010). The known cases include genes of defensin
family, which play crucial roles in antibacterial activity
(Hollox and Armour 2008), and genes of APOBEC family,
which are known to function as specific inhibitors against
the infection of human immunodeficiency virus-1 (HIV-1)
(Sawyer et al. 2004).

We previously performed a comparative genome anal-
ysis of primates and reported that genes encoding the
immunoglobulin superfamily (IgSF) were classified into
11 functional categories based on the Gene Ontology
(GO) database. The IgSF genes in three functional cat-
egories, immune system process (GO:0002376), defense
response (G0O:0006952), and multi-organism process
(GO:0051704), had more chance to be under the posi-
tive natural selection than the IgSF genes in the other
categories (Ohtani et al. 2011). In our previous compar-
ative genome analysis, we focused on the orthologous
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IgSF genes that appeared to be functional in all of
human, chimpanzee, orangutan, rhesus macaque, and
common marmoset. In other words, we excluded several
genes of which an ortholog was considered to be non-
functional, i.e., deleted gene, grossly rearranged gene, or
pseudogene, in any of the five primate species. Such a
lineage-specific destruction of IgSF genes, especially
those involved in the immune response, may be inter-
esting in view of the natural selection occurred during
the evolution of primates. One of the excluded genes in
our previous analysis was a gene for T-cell Ig domain
and mucin domain containing protein 1 (TIM1), which
was suggested to be a pseudogene due to an insertion in
the common marmoset, while it should be functional in
the other primates. TIM1 tightly linked to immune
system, playing an important role in generation and/or
maintenance of the balance between T helper 1 (Thl)
cells and T helper 2 (Th2) cells, and it is up-regulated
in Th2 cells after activation and interacts with its ligand
expressed on antigen-presenting cells (de Souza and
Kane 2006). TIMI can be found in the non-primate
mammals including mouse and rat. However, TIM]
orthologs are not found in the non-mammalian verte-
brates such as chiken and zebrafish, implying that it
might be involved in the mammalian-specific function.
In addition, it was reported that 7/M/ is highly poly-
morphic in humans, but quite less polymorphic in chim-
panzees, especially around the mucin domain (Nakajima
et al. 2005). These observations suggested a unique
evolutionary feature of 7/M/ in the primates.

In human, TIMI located on chromosome 5 at band
g33 contains two distinct domains (Ig domain and mu-
cin domain) (Khademi et al. 2004). It is known that
TIM1 is a cellular receptor for hepatitis A virus
(HAVCR1) in human (Feigelstock et al. 1998). TIM1
is also known to be induced in the kidney by ischemic
injury and is called as kidney injury molecule 1 (KIM1)
(Ichimura et al. 1998). It has been reported that 7IM!
polymorphisms are associated with various immune-
related diseases and infectious diseases, including asth-
ma, allergic rhinitis, atopic dermatitis, multiple sclerosis,
type 1 diabetes, rheumatoid arthritis, AIDS, and cerebral
malaria (Khademi et al. 2004; Kuchroo et al. 2003;
Mclntire et al. 2004, Meyers et al. 2005b; Su et al
2008; Wichukchinda et al. 2010). These data implied
that variations in 7/M] might have been more or less
selected during the evolution of humans.

In the present study, we determined nucleotide
sequences of exons or equivalent regions of 7IM! from
24 different primate species, including eight hominoids,
six Old World monkeys, nine New World monkeys, and
one prosimian, to investigate an evolutionary history of
TIMI.

@ Springer

Materials and methods
Subjects

DNA samples from 24 primate species including human
(Homo sapiens), chimpanzee (Pan troglodytes), bonobo
(Pan paniscus), western gorilla (Gorilla gorilla), Bor-
nean orangutan (Pongo pygmaeus), western black-
crested gibbon (Nomascus concolor), lar gibbon
(Hylobates lar), siamang (Symphalangus syndactylus),
rhesus macaque (Macaca mulatta), long-tailed macaque
(Macaca fascicularis), Hamadryas baboon (Papio ham-
adryas), mantled Guereza colobus (Colobus guereza),
dusky leaf monkey (Trachypithecus obscurus), silver
leaf monkey (Trachypithecus cristatus), Geoffroy’s spi-
der monkey (Ateles geoffroyi), white-fronted spider
monkey (Ateles belzebuth), tufted capuchin (Cebus
apella), common squirrel monkey (Saimiri sciureus),
white-lipped tamarin (Saguinus labiatus), golden-
handed tamarin (Saguinus midas), cotton-top tamarin
(Saguinus oedipus), golden lion tamarin (Leonthopithe-
cus rosalia), common marmoset (Callithrix jacchus),
and Sunda slow loris (Nycticebus coucang) were the
subjects.

Polymerase chain reaction (PCR) and sequencing analysis

Sequence information for homologous regions to the
coding regions of human 7/MI was obtained from 24
primate species by direct sequencing of PCR products
from the genomic DNA samples. Primers used for PCR
and direct sequencing were designed by referring the
human, chimpanzee, rhesus macaque, common marmo-
set gene sequences, and whole-genome shotgun sequen-
ces from prosimians deposited in the UCSC Genome
Browser and NCBI BLAST (http://blast.ncbinim.nih.
gov/Blast.cgi) (Supplemental Table S1). PCR condition
was composed of a denaturing step (94 °C for 2 min),
35 cycles of chain reaction (94 °C for 30 s, 56 °C for
30 s, and 72 °C for 1 min), and a final extention step
(72 °C for 5 min). The PCR products were then puri-
fied and sequenced by the BigDye Terminator cycling
system using an ABI3130x automated DNA sequencer
(Applied Biosystems, Foster City, CA, USA). Editing
and assembly of sequences were done by using
SEQUENCHER (Gene Codes, Ann Arbor, MI, USA).
When sequence variations (heterozygous sequences) in a
specific species were detected, the sequences which
were more conserved among 24 primate species were
considered as ancestral sequences and used for statistical
analyses. The TIMI sequences determined in this study
were deposited in DNA Data Bank of Japan (DDBJ)
(Supplemental Table S2).
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Expression analysis of 7/M1

Total RNA was extracted from a human T cell line, Jurkat,
and four different T cell lines originated from the New
World monkeys, HSF-10 (tufted capuchin), HSQ-115 (com-
mon squirrel monkey), HST-3 (white-lipped tamarin) (Akari
et al., manuscript in preparation), and HSCj-109 (common
marmoset) (Hohjoh et al. 2009), by using RNAiso (TaKaRa
Bio Inc., Shiga, Japan). Extracted RNAs (500 ng) were
subjected to reverse transcription (RT) by using RT reagent
Kit (TaKaRa Bio Inc., Shiga, Japan). Aliquots of RT prod-
ucts were used for the expression analysis of 7/M 1. Primers
for PCR were designed in the highly conserved regions of
TIM1 among human and the New World monkeys (Supple-
mental Table S3). PCR condition was the same as that
described in the previous section.

Diversity of TIM1 mucin domain in the Old World monkeys

Nucleotide sequences for the mucin domain from eight
samples of thesus macaques were determined by sequencing
of PCR products, which were cloned into pT7Blue Blunt
vector and transformed Nova Blue Single Competent cells
using the Perfectly Blunt cloning kit (Novagen Inc., Madi-
son, WI). Colony PCR was used to identify positive clones,
and at least 20 positive clones from each sample were
subsequently sequenced as described previously. We also
examined length variations of exon 4 from 16 rhesus mac-
aques and 10 crab-eating macaques by direct sequencing of
the PCR products.

Statistical analyses

We used both Bn-Bs program and PAML program as de-
scribed previously (Ohtani et al. 2011). In brief, the Bn-Bs
program was used to investigate the presence of branch-
specific positive selection (the branch model). The Bn-Bs
program estimates the values of non-synonymous substitu-
tion rate (dn) and synonymous substitution rate (ds) based
on the modified Nei—Gojobori method, where a phylogenet-
ic tree is given (Zhang et al. 1998). The value of w, an
abbreviation for the value of dn/ds, is a criterion of natural
selective pressure acting on the gene, and the modified Nei—
Gojobori method has been used for estimating non-
synonymous/synonymous substitution rates (Nei and
Gojobori 1986). Statistical significance of the difference
between dn and ds was examined by Z-test (Chatterjee et
al. 2009). An ordinary least-squares method was used to
estimate branch lengths and variances for Z-test. The least-
squares method gives estimates for evolutionary distances
among the analyzed sequences (Rzhetsky and Nei 1993).
The PAML program version 4.7 was used to investigate the
presence of site-specific positive selection (the site model).

The site model treats w allowing the variance among codons
(Yang 20035; Yang and Nielsen 2000), and the following null
and alternative models were implemented in the site model:
MO (null), Mla (nearly neutral), M2a (positive selection)
(Wong et al. 2004), M3 (discrete), M7 (beta), and M8 (beta
and w) (Yang and Nielsen 200¢). The likelihood ratio tests
(LRT) of three pairwise comparisons, i.e., comparisons of
Mla vs. M2a, Mla vs. M3, and M7 vs. M8, determined
whether particular models would provide a significantly
better fit. When the LRT suggested positive selection, the
Bayes empirical Bayes (BEB) method was used to detect the
sites under the positive selection (Yang et al. 2005). To
investigate a possible selection operated on exon 4 region
of TIM] alleles in rhesus macaques, we calculated Tajima’s
D (Tajima 1989; Tamura et al. 2011).

Results

TIM]1 is non-functional in several lineages of New World
monkey

TIM1 is a member of TIM gene family composing of TIM1,
TIM3, and TIM4, in the human genome (Khademi et al.
2004). In the previous comparative genome analysis, we
searched for orthologous genes for human TIM1, TIM3,
and 7/M4 in the genome of chimpanzee, orangutan, rhesus -
macaque, and common marmoset by using the UCSC/
MULTIZ alignment program. It was found that there was
an insertion of 205 bp in exon 2-equivalent region in the
common marmoset gene, which would generate multiple
frameshift/nonsense mutations in the coding sequence and/
or destroy the splicing junction.

To confirm the presence of deleterious insertion in 7M1/
in the genome of common marmoset and possibly in other
primate genomes, we determined nucleotide sequences for
exons or equivalent regions of 7/MI from 24 primate spe-
cies including human, chimpanzee, orangutan, rhesus ma-
caque, and common marmoset. For this purpose, we
designed primers by referring the known TIMI sequences
(Supplemental Table 1). The sequencing analysis of the
genomic gene for 7/M1 revealed the deleterious insertions
of 206212 bp in several New World monkeys, i.e., golden
lion tamarin (212 bp), cotton-top tamarin (206 bp), white-
lipped tamarin (207 bp), and golden-handed tamarin
(210 bp) (Supplemental Figure S1). It was speculated that
the insertion had been occurred within a sequence stretch of
13 bp, AGCCTCATCCTAC, corresponding to codons 9-13,
because these sequences were repeated and flanked the
insertion in the genomes of common marmoset and cotton-
top tamarin, and there were a few substitutions in this
sequence stretch from the other New World monkeys (Sup-
plemental Figure S1). The inserted sequences belong to the
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LINE/L1 (L1PA7) repeat, which contain a poly A stretch at
one end in a reverse orientation to the TIM1 coding sequen-
ces, and homologous sequences can be found as multiple
copies in the marmoset genome. On the other hand, we
found nucleotide substitutions in exon 3-equivalent regions,
which resulted in termination mutations in three other New
World monkeys not carrying the insertion, common squirrel
monkey (S84X), tufted capuchin (V22X), and Geoffroy’s
spider monkey (C36X) (Fig. 1). Among the New World
monkey species investigated in this study, only the white-
fronted spider monkey appeared to carry a functional gene
for TIM1.

To investigate whether 7/M! was non-functional in the
New World monkey lineages, we performed RT-PCR anal-
ysis of mRNA expression in T cell lines originated from
human, tufted capuchin, squirrel monkey, white-lipped tam-
arin, and common marmoset. As illustrated in Fig. 2a, two
pairs of primers were used in the RT-PCR analysis, where

forward primers were designed in exon 3 and junction of
exon 5—exon 6, while reverse primers were designed in exon
9 and junction of exon 5—exon 6 (Supplemental Table S3).
The TIMI expression was confirmed in the human T cell
line, but could not be detected in the T cell lines from the
New World monkeys carrying either the insertions (common
marmoset and white-lipped tamarin) or the nonsense muta-
tions (common squirrel monkey and tufted capuchin)
(Fig. 2). No expression of TIM3 and TIM4 was observed
in the T cell lines from human and the New World monkeys
(data not shown).

Positive selection sites of TIM! in the primates

In the other primate species than the New World monkey,
TIM1 appeared to be functional, and there were many sub-
stitutions. When we calculated the dn and ds values in each
primate lineage, it was found that the dn values were higher
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Fig. 1 Phylogenetic trees for TIM1 in the primate evolution. Values
above branches indicate estimated values of dn and ds per lineage by
using the Bn-Bs program. Upper values are for the entire coding
region, while lower values are for the Ig domain. Daggers indicate
that the dn value was higher than the ds value. Asterisks indicate that
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there is a significant difference between the dn and ds values (" p<
0.01; *p<0.05; Z-test). Vertical lines indicate that /M1 had become
pseudogene in the specific lineage. 4drrows indicate the species for
which the mRNA expression of 7/M/ in T cell line was investigated
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Fig. 2 Expression of TIMI in T cell lines. a TIM1 ¢cDNA is schemat-
ically shown. Arrows indicate the regions of PCR primers which were
designed in the highly conserved coding regions of TIMI among
human and New World monkeys. b From lefi to right: lane I 100-bp
ladder size marker, lane 2 Jurkat (human), lane 3 HSF-10 (tufted
capuchin), lane 4 HSQ-115 (common squirrel monkey), lane 5 HST-
3 (white-lipped tamarin), lane 6 HSCj-109 (common marmoset), and
lane 7 100-bp ladder size marker. A marker gene (CRTH2) was used as
a positive control of gene expression because it is known to be
expressed in T cells especially in Th2-type cells

than the ds values in several lineages, especially in the Old
World monkeys (Fig. ). Sequence alignment of TIM1 at the
amino acid (AA) level in the primates is shown in Fig. 3. To
identify possible target sites for positive selection, we ana-
lyzed the TIMI sequences by the BEB method. Sixteen
TIM1 sequences from primate species, human, chimpanzee,
bonobo, western gorilla, Bornean orangutan, western black-
crested gibbon, lar gibbon, siamang, rhesus macaque, long-
tailed macaque, Hamadryas baboon, mantled Guereza colo-
bus, dusky leaf monkey, silver leaf monkey, white-fronted
spider monkey, and Sunda slow loris, were used in the
statistical test. It was revealed that 14 AA sites, at 23, 25,
30, 37, 51, 54, 58, 59, 72, 93, 102,120, 125, and 288
positions equivalent to the human TIM1, were the positively
selected sites. These 14 AA sites were highly variable
among the 16 primate sequences, e.g., AA site at 23 was
lysine in hominoid; asparagine in rhesus macaque, long-
tailed macaque, Hamadryas baboon, and mantled Guereza
colobus; tyrosine in dusky leaf monkey and silver leaf
monkey; serine in white-fronted spider monkey; and gluta-
mine in Sunda slow loris. Most of the positive selection sites
(10/14: 71.4 %) were found in the Ig domain (Fig. 3a, b).

Diversity of TIM1 in the Old World monkey

As shown in Fig. 3, a large number of deletion/insertion
events were observed in the mucin domain (Fig. 3b, c). It
was reported that human TIM1 exhibited a high degree of
amino-acid variability in the mucin domain (Nakajima et al.
2003). Because the mucin domain of TIMI encoded by
exon 4 might be under the positive selection in the Old
World monkey (Supplemental Table S4), we investigated
the diversity of TIM1 in rhesus macaques by determining
nucleotide sequences for the mucin domain from eight sam-
ples (16 haplotypes). As shown in Fig. 4, a high level of
sequence diversity with multiple insertion/deletion of 18-bp
sequences, A(T/C)GACAAC(G/A)A/G)C(T/C)CT(T/G)
CCA forming a part of AA stretch Thr-Thr-Thr-Thr-Leu-
Pro (TTTTLP), was observed in the mucin domain of thesus
TIM1. We then investigated a possible selection by using
the Bn-Bs program, but no statistically significant data were
obtained, presumably because the compared sequences were
not long enough to give a definite conclusion. However,
when we calculated Tajima’s D for these 7/M1 alleles, a
value of 0.607 was obtained, which suggested a balanced
selection of polymorphisms in the mucin domain of TIM1 in
the Old World monkey.

On the other hand, because the diversity of mucin domain
in the rhesus macaques could be detectable as a length
diversity of exon 4, we examined length variations of
TIMI exon 4 in additional samples of rhesus and long-
tailed macaques. It was found that the length polymorphism
was due to the repeat number polymorphisms or insertion/
deletion polymorphisms of 18-bp unit and its components of
3- and 6-bp repeats (Supplemental Table S5).

Discussion

In this study, we investigated sequence diversity in the
protein coding exons of T/M1 from various species by direct
sequencing method. Although there were a few sites with
heterozygous sequences, we used “evolutionary conserved”
sequences obtained from each sample in the statistical anal-
yses so that the substitutions were underestimated in this
study. Even though there was an underestimation, we dem-
onstrated that the Ig domain of TIM1 has been under the
positive selection during the course of primate evolution.
Another interesting finding was that TIM1 has undergone
pseudogene evolution in the New World monkey. It was
suggested that the generation of pseudogene had occurred
several times over the New World monkey lineages, by the
insertion of deleterious sequences or base substitutions lead-
ing to a termination codon. Similar natural selection pattern
was reported for type 1 vomeronasal receptors (V/RL), in
which the pseudogene generation had independently
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Fig. 3 Alignments of TIM1 amino acid sequences from 24 primate
species. Dots indicate identities to the human reference sequence,
while dashes indicate alignment gaps. Asterisks indicate AA sites

occurred in the human and other primate lineages, implying
that the function of VIRL might be highly lineage specific
(Mundy and Cook 2003).

TIM1 plays an important role in generation and/or main-
tenance of the balance between Thl and Th2 cells (Su et al.
2008). It is known that a natural ligand for TIM1 is T-cell Ig
domain and mucin domain containing protein 4 (TIM4)
(Meyers et al. 2003a), and the interaction of TIM1 with
TIM4 plays a crucial role in sustaining the polarization
status of Th2 cells (Khademi et al. 2004; Mariat et al.
2005). Because TIM1 expressed on the surface of Th2 cells
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identified as being under the significant positive selection (p<0.05).
a, b, ¢, and d represent quarter parts of TIM1 from N-terminus to C-
terminus. Ig and mucin domains are schematically indicated

regulated the immune response by modulating cytokine
production in mammals, the Th1/Th2 balance might be
skewed or affected by the lack of TIM1 in the most lineages
of New World monkey. Previous study demonstrated that
expression of Thl-type cytokines, IFN-y and TNF-f3, was
considerably lower than that of Th2-type cytokines, IL-4
and IL-10, in a New World monkey, owl monkey (Pico de
Coana et al. 2004). This observation may support the dis-
turbance of Th1/Th2 balance in the owl monkey lacking
TIM1, although we cannot exclude a possibility that some
other molecules than TIM1 might regulate Th1/Th2 balance
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Fig. 3 (continued)

in the primates including the TIM1-deficient New World  codons, when it is aligned with human 7/M! (Supplemental
monkey. It is interesting to note that there is a 7IM/-like = Figure S2).

gene on chromosome 13 in the marmoset genome, which 1t is known that TIM1 is a cellular receptor for hepatitis A
might replace the function of T/M/. However, this TIM1-  virus (HAV) in human (Feigelstock et al. 1998). The results
like gene lacks introns and contains several in-frame stop  in this study suggested that the New World monkey lineages
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Fig. 4 Diversity of the mucin domain in rhesus macaques. Dots indicate identities to the haplotype | sequence, while dashes indicate alignment gaps
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might lack a cellular receptor for HAV, TIM1. However,
because the New World monkey is susceptible to HAV
infection (Mathiesen et al. 1980), further studies are needed
to clarify or find other cellular receptors for HAV in the New
World monkey and a cause or reason of pseudogene gener-
ation, which had occurred in several lineages of the New
World monkey. In addition, it has been reported that TIM1
polymorphisms are associated with resistance to autoim-
mune diseases including multiple sclerosis, which are asso-
ciated with the imbalance between Thl and Th2 cells
(Khademi et al. 2004). Nevertheless, common marmosets
are used as an animal model for multiple sclerosis, experi-
mental autoimmune encephalomyelitis (Uccelli et al. 2003).
Thus, susceptibilities of the New World monkey to the
autoimmune diseases should be investigated in relation to
the non-functional TIM1.

In this study, 14 AA sites of TIM1 were identified as
positively selected sites in the evolutional course of primates
other than the New World monkey. It was suggested that the
Ig domain of TIM1 was a binding site for HAV (Feigelstock
et al. 1998). In addition, structural conformation of the
mucin domain is required for the efficient viral entry (Mcln-
tire et al. 2003). In this study, TIM1 was considered to be
under the significant positive natural selection in the Ig
domain, prompting us to investigate the three dimensional
(3D) structures of the Ig domains using SWISS-MODEL, an
Automated Comparative Protein Modeling Server (http://
swissmodel.expasy.org/SWISS-MODEL html) (Bordoli et
al. 2009). As shown in Fig. 5, it was suggested that most
of the target sites for the positive selection accumulated on
the surface of Ig domain. These observations support a
hypothesis that the evolution of TIM1 in the primates might
be driven by exogenous pathogens. The positively selected
sites in the Ig domain of TIM1 in the primates other than the
New World monkey and a high level diversity in the mucin
domain of TIM1 in the Old World monkey might be a direct
consequence of a selection pressure exerted by HAV. How-
ever, because TIM1 polymorphisms are also associated with
other infectious diseases including HIV/AIDS and cerebral
malaria, further functional studies are required to clarify the

Fig. 5 Three-dimensional
structures of TIM1 modeled by
SWISS-MODEL. 4rrows indi-
cate AA sites identified as being
under the positive selection by
using the BEB method in the
PAML program. a human
TIM1, b rhesus macaque TIM1,
¢ long-haired spider monkey
TIMI
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mechanism of natural selection at specific sites of Ig and
mucin domains of TIM1. For example, we are now investi-
gating whether the TIM1 repeat polymorphism would influ-
ence the production level of neutralizing antibodies against
challenging Simian Immunodeficiency Virus (SIV) in ex-
perimental models of SIV vaccination in rhesus macaques
(Sugimoto et al. 2010; Ishii et al. 2012; Nomura et al. 2012).

Because TIM1 is known to interact with TIM4 and both
Ig and mucin domains of TIM1 are involved in this interac-
tion (Meyers et al. 2005a), one might speculate a co-
evolution of TIM1 and TIM4. 1t should be noted here that
human TIM family includes three members, TIM1, TIM3,
and TIM4, while mouse TIM family includes eight mem-
bers, TIM1 toTIMS. Although we searched for orthologs of
mouse TIM2, TIMS5, TIM6, TIM7, and TIMS in the com-
mon marmoset genome by using Blat program (http://
genome.ucsc.edu/cgl-bin‘hgBlat), we could not detect any
orthologous genes. Therefore, TIM family in the New World
monkey consists of only two functional members, TIM3 and
TIM4. Then, we investigated a possible evolutionary selec-
tion of TIM3 and TIM4. However, no significant positive
selection appeared to operate on the evolution of TIM3 and
TIM4 in the primates (Supplemental Table S6). A marginal
and non-significant positive selection for TIM4 in chimpan-
zee was observed, but it may not correlate with co-evolution
of TIM1 and TIM4, because the mucin domain of TIM1 is
virtually non-polymorphic in chimpanzee (Nakajima et al.
2003). Nevertheless, the observations in this study suggest
that the diversity of TIM family is widely ranged among
mammalian species. It may be of interest to investigate
whether the binding affinity of TIM1 and TIM4 would be
affected by the TIM1 variations in future experiments. On
the other hand, it may be noteworthy that TIM1, TIM3, and
TIM4 can independently serve as receptors for phosphati-
dylserine to mediate uptake of apoptotic cells (Kobayashi et
al. 2007; Freeman et al. 2010), implying that their cooper-
ation would be dispensable in some functional aspects.

In conclusion, we investigated the molecular evolution of
TIM1 in 24 primate species. TIM1 had become pseudo-
genes in most lineages of the New World monkey, while it




