Involvement of Non-Gag-Specific CTL in SIV Control

We have been examining SIVmac239 infection in multiple induced dominant Gag-specific GD8" T-cell responses and tended
groups of Burmese rhesus macaques sharing MEHC-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" macacues 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-Ia (A) vector boost resulted in SIV control based on Gag-specific CD8*
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Figure 1. Plasma viral loads after SIVmac239 challenge in unvaccinated macaques. Plasma viral loads (SIV gag RNA copies/ml 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-I 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.0054300.9002

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-T
haplotype 90-010-1d (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 90-010-1d (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-A 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
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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 nefdeleted simian—-human immunodeficiency virus
SHIVMD14YE [38] molecular clone DNA (SIVGP1) 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-SHIVJEN DNA intramuscularly. Six weeks after the DNA
prime, animals received a single boost intranasally with 6 x10° cell
infectious units (CIUs) of F-deleted replication-defective SeV-Gag
[39,40]. All animals were challenged intravenously with 1,000
TCIDso (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-y) 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

Lower Viral Loads in D¥ Macaques in the Chronic Phase
of SIV Infection

We first investigated SIVmac239 infection of five unvaccinated
Burmese rhesus macaques sharing the MHC-I haplotype D
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(referred to as D* macaques). Confirmed MHC-I alleles consisting
of this haplotype is Mamu-A1%032:02, Mamu-B*004:01, and Mamu-
B*102:01:01. These animals showed lower set-point plasma viral
loads (Fig. 1). Comparison of plasma viral loads between these five
animals and our previous cohorts of SIVmac239-infected Burmese
D-negative (D7) rhesus macaques (n=20) [21] revealed no

January 2013 | Volume 8 | Issue 1 | 54300

— 438 -



Involvement of Non-Gag-Specific CTL in SIV Control

R05-006 R06-034 R-360

102

T T T
wk3 wk16 wk68 wk5 wk12 wk60

102

specific CD8 T cell frequencies (/million PBMCs)

wk 15 wk 76 wk 16 wk 68 wk 12 wk 60

Figure 4. SIV Nef-specific CD8" T-cell responses in macaques R05-006, R06-034, and R-360. Nefss_so-specific (upper panels) and
Nef,1s_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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Figure 5. Plasma viral loads after SIVmac239 challenge in vaccinated D" macaques. (A) Changes in plasma viral loads after challenge
vaccinated macaques possessing MHC-l haplotype D. (B} Comparison of plasma viral loads at 3 months (left panel) and 6 months (right panel)
between five unvaccinated D" and five vaccinated D* animals. Viral loads at 3 months in vaccinated animals were significantly lower than those in the
unvaccinated (p=0.0149 by t-test).

doi:10.1371/journal.pone.0054300.g005
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Figure 6. SIV Gag-specific CD8" T-cell responses in vaccinated
D" macaques at week 2 after SIVmac239 challenge.
doi:10.1371/journal.pone.0054300.g006
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significant difference at 8 months after SIV challenge (p = 0.2436
by t-test), but viral loads in the former DY animals became
significantly lower than the latter after 6 months (p=0.0360 at 6
months and p=0.0135 at 9 months by t-test; Fig. 1). Four of these
five macaques sharing MHGC-I haplotype D showed low viral
loads, less than 5x10° copics/ml, after 6 months, whereas
macaque RO1-012 maintained relatively higher viral loads.

Predominant Nef-specific CD8" T-cell Responses

We examined SIV antigen-specific CD8” T-cell responses by
detection ol 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.0054300.9g007
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doi:10.1371/journal.pone.0054300.g008

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 R01-012 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 4o-specific and Nefy s 90-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.

PLOS ONE | www.plosone.org

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 R01-009.
Vaccinated animals except for macaque R06-020 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 g4o-specific and
Nefi5-129-specific CD8* T-cell responses after SIV challenge
(Fig. 8). In analyses of three unvaccinated (Fig. 4) and four
vaccinated animals (Fig. 8), Nefys_yo-specific GD8" T-cell
responses were induced in the early phase in six animals but
mostly became undetectable in the chronic phase. Nefj;5_99-
specific CD8" T-cell responses were also induced in most animals
except for macaque R06-020 which showed Nef} ;s j96-specific
ones in the chronic phase (data not shown). Macaques R05-006,
R03-021, and R03-016 showed efficient Nefy;5_109-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);s_199-specific GD8" 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 n¢gf cDNAs amplified from plasma
RNAs obtained at several time points after SIV challenge.
Nonsynonymous mutations detected predominantly in Nefss_s40-
coding and Nef};5_190-coding regions were as shown in Fig. 9.
Remarkably, all the unvaccinated and vaccinated D* animals
showed rapid selection of mutations in the Nefss_49-coding region
in 3 months. On the other hand, mutations in the Nef|5_j99-
coding region were observed in the late phase in all the three
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Figure 9. Predominant non-synonymous mutations in Nefs;s._40-
coding and Nef;,5.120-coding regions of viral ¢cDNAs in D"
animals after SIVmac239 challenge. Amino acid substitutions are
shown. Detection of similar levels of wild-type and mutant sequences at
the residue is indicated by asterisks. Samples for this analysis were
unavailable in macaque R01-009.
doi:10.1371/journal.pone.0054300.g009

unvaccinated animals eliciting Nef)5_199-specific CD8" T-cell
responses. These mutations were also detected in two of three
vaccinated animals cliciting Nefj 5 jo9-specific CD8% T-cell
responses.

We also analyzed viral gag sequences to sce 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 Gagso_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_,39 peptide (open
circles, 115-129, LAIDMSHFIKEKGGL) or the mutant Nef,5.129 peptide
with a K126R alteration (closed triangles, 115-129.126R, LAIDMSHFI-
KERGGL).

doi:10.1371/journal.pone.0054300.g010

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

Discussion

HIV infection in humans with polymorphic MHC-I genotypes
induces various patterns of viral antigen-specific CD8" T-cell
responscs. Previous studies have found several protective MHC-I
alleles associated with lower viral loads and slower discase
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 MHGC-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 MHC-I haplotype D is
associated with predominant Nef-specific CD8" T-cell responses.
Nef-specific 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 Nefss_49-specific and
Nef) 15 199-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-T 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 4o
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 MHGC-I haplotype D-associated mutations. This
suggests strong selective pressure by Nefss.s9-specific CD8F 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 CcDhg* T-
cell recognition.

Nef} 5 100-specific CD8™ T-cell responses were detected in six
D" animals. In five of them, nonsynonymous mutations in the
Nefi19-106-coding region were observed in the chronic phase. At
least, we confirmed viral escape from Nef)5_;99-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 Nef|s_j99-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 Nefj19.126-
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 Nefj;s_j99-specific CD8* T-cell responses.
Nef)15-109-specific CD8" T-cell responses were efficient in the
chronic phase in vaccinated controllers R03-021 and R03-016 but
decreased in R06-033 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 Nefspecific CD8" T-cell responses in the SIV control associated
with MHC-I haplotype D.

Unvaccinated macaque R08-005 dominantly 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
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a mutation in the Nefyo-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_yo-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
Nefzp.-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 MHC-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 Nef}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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No Viral Evolution in the Lymph Nodes of Simian Immunodeficiency
Virus-Infected Rhesus Macaques during Combined Antiretroviral

Therapy

Megu Oue, Saori Sakabe, Mariko Horiike, Mika Yasui, Tomoyuki Miura, Tatsuhiko lgarashi

Laboratory of Primate Model, Experimental Research Center for Infectious Diseases, Institute for Virus Research, Kyoto University, Kyoto, Japan

To elucidate the mode of viral persistence in primate lentivirus-infected individuals during combination antiretroviral therapy
(cART), four simian immunodeficiency virus 239-infected monkeys were treated with cART for 1 year. The viral env genes pre-
pared from total RNA extracted from the mesenteric lymph nodes collected at the completion of therapy were assessed by single
genome amplification. Analyses of nucleotide substitutions and phylogeny revealed no viral evolution during cART.

ombination antiretroviral therapy (cART) has transformed
human immunodeficiency virus (HIV) infection from an in-
curable disease to a manageable one. It suppresses the viral burden
in patients to undetectable levels (1-3), lowers the chance of viral
transmission (4), increases the number of CD4* T lymphocytes
(1, 2), reconstitutes immunity (5-7), and extends the life expec-
tancy of patients (8). However, cART does not cure patients be-
cause of its inability to eradicate the virus from infected individu-
als (9), suggesting the existence of a viral reservoir that is
refractory to cART. Its identification and eradication are therefore
requisites for a functional cure for AIDS. To establish a strategy for
eradication of the HIV reservoir, the mechanism of persistence of
the virus must be elucidated. Two mechanisms of viral persistence
have been proposed: one is ongoing cycles of viral replication de-
spite the presence of antivirals (10), and the other is provirus in-
tegration into long-lived cells (11). Whereas previous studies con-
cerning this issue have been extensively conducted with clinical
specimens from HIV-1-infected patients, including plasma,
peripheral blood mononuclear cells, and gut-associated lym-
phatic tissues (12—14), lymph nodes, which are epicenters of virus
replication in infected individuals not undergoing therapy (15—
17), have only rarely been subjected to scrutiny. In animal models
of cART, in particular, the simian immunodeficiency virus (SIV)-
macaque model, which allows systemic examination, the location
of the viral reservoir and the mechanism of viral holding have not
been studied in detail.

To elucidate how the virus is maintained during cART in an
animal model of anti-HIV chemotherapy, we administered a
combination of nucleotide/nucleoside reverse transcriptase in-
hibitors (azidothymidine, lamivudine, and tenofovir disoproxil
fumarate) and protease inhibitors (lopinavir with ritonavir) to
four SIV239-infected rhesus macaques for 1 year (18). Although
the plasma viral RNA loads of the animals were suppressed to
levels below the assay detection limit during the period of chemo-
therapy, a systemic analysis conducted at the completion of ther-
apy revealed viral RNA present in lymphatic tissues, especially in
mesenteric and splenic lymph nodes (MLN and SLN, respectively)
at high titers. Reasoning that any possible mode(s) of viral persis-
tence should be in operation in tissues with high levels of viral
RINA expression, we investigated viral genes in these tissues.

It is expected that viral genes accumulate nucleotide substitu-
tions in proportion to the time postinfection in individuals not
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undergoing therapy because of continuous virus replication me-
diated by the error-prone viral reverse transcriptase. Such muta-
tion rates have indeed been observed in the V3 loop of env, p17 of
gag (19), and the C2-to-C5 region of env (20) in HIV-1-infected
patients, as well as in the env gene from monkeys experimentally
infected with SIV (21, 22). We hypothesized that viral genes would
accumulate mutations if the virus was continuously replicating in
the reservoir despite the presence of antivirals.

First, to ascertain whether such an accumulation of mutations
took place at a detectable magnitude in our experimental system,
we used SIV239, a molecularly cloned virus, to infect macaques for
1 year and periodically sampled viral genes from the untreated
control animal (MM521). To reveal ongoing expression of viral
genes at sampling, total RNA was extracted from plasma samples
collected at 8, 18, 42, and 68 weeks postinfection (wpi) and exam-
ined. Single-genome amplification (SGA) (23) was used to am-
plify the viral genes present and to avoid the selective amplifica-
tion of a particular genotype or recombination between genotypes
during PCR. Using a nested PCR method, we amplified the entire
env gene, which accumulates nucleotide substitutions in the great-
est numbers, following reverse transcription of cDNA from the
extracted RNA. The initial PCR cycles were carried out with the
following primers: forward, SIV20F (5'-CTC CAG GAC TAG
CAT AAA TGG-3'); reverse, SHenv9R (5'-GGG TAT CTA ACA
TAT GCC TC-3"). Successive PCR cycles were run with the fol-
lowing primers: forward, SIV21F (5'-CTC TCT CAG CTA TAC
CGC CC-3"); reverse, SHenv8R (5'-GCC TTC TTC CTT TTC
TAA G-3’). The PCR products from an average of 12 independent
reactions per time point were directly subjected to sequencing.

We computed the number of mutations in each SGA clone
obtained from plasma samples of an untreated monkey (MM521)
through a comparison with that of the inoculum virus (Fig. 1). A
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FIG 1 Time-dependent accumulation of nucleotide substitutions in SIV ge-
nomes circulating in an infected and untreated rhesus macaque. The se-
quences of viral env genes in circulation collected at 8, 18, 42, and 68 wpi from
SIV239-infected animals and an untreated animal (MM521) were determined.
Tamura-Nei distances (36) of the sequences were computed with the MEGAS
software (37), and the number of nucleotide substitutions per site was plotted
against the number of weeks postinfection. Each symbol represents a single
genomic amplicon derived from plasma samples collected at the time points
designated.

linear relationship with a coefficient of 1.25 X 107 (+* = 0.8503,
P < 0.0001; GraphPad Prism, La Jolla, CA) was revealed between
the number of mutations in the SGA clones and the time postin-
fection. By using the coefficient, the cumulative number of muta-
tions per annum was determined to be 6.5 X 107 substitutions/
site/year, a value comparable to those of SIV and HIV reported
previously (9 X 1077 [21, 22] and 6.0 X 107> [23] substitutions/
site/year, respectively). The accuracy of the “molecular clock” in
our experimental setting prompted us to examine viral RNA ex-
tracted from the lymph nodes of animals that underwent cART for
1 year.

Total RNA was extracted from the MLN of four treated ani-
mals and one untreated animal, as well as the SLN of one of the
treated animals (MMS530), at the completion of the observation
period and used as the template for PCR; the products were sub-
jected to sequence analysis as described above. On average, 10
sequences were obtained from each sample (Fig. 2A and Table 1).
The number of mutations observed in the env gene from MM521
(untreated) was, on average, 25 of 2,700 bases. In contrast, the
number in treated animals was, on average, 1.5 of 2,700 bases
(Table 1). The difference in the number of mutations in env be-
tween the plasma and MLN samples from the untreated animal,
MM521, at 68 wpi (at necropsy) was statistically insignificant (P >
0.05; Fig. 2A), justifying our comparison of these two distinct
anatomical compartments. Thus, we proceeded to compare the
substitution numbers in plasma at 8 wpi, immediately before the
onset of cART, with those from the lymph nodes of animals
treated with cART at necropsy (61 to 65 wpi). The number of
nucleotide substitutions in the env gene in both the plasma and
MLN of the untreated animal (MM521) at 68 wpi was higher than
thatin plasma at 8 wpi (P < 0.0001). In contrast, those in the MLN
of treated animals at the completion of cART were unchanged
(MM528 and SLN of MM530) or decreased significantly
(MM491, MM499, and MLN of MM530) (Fig. 2A). The results
indicated that the virus did not accumulate further mutations be-
yond those obtained by 8 wpi.

As the samples were collected from animals at various time
points postinfection, the numbers depicted in Fig. 2A were con-
verted to substitutions/site/year (Fig. 2B) for further analysis.
Comparison of the number of viral mutations in plasma at 8 wpi
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FIG 2 Nucleotide substitutions in env genes from SIV239-infected animals.
The number of mutations in env from the plasma (PL, at 8 and 68 wpi) and
MLN (at 68 wpi) of an SIV-infected but untreated animal (MM521) and from
the plasma (at 8 wpi) and MLN (at necropsy, 61, 63, 64, or 65 wpi) and SLN (at
necropsy, 65 wpi) from SIV-infected and treated monkeys (MM491, MM499,
MM528, and MM530) were assessed as described in the legend to Fig. 1. (A)
Numbers of nucleotide substitutions per site are shown. The statistical
significance of differences between substitution numbers was evaluated by
Student’s ¢ test using GraphPad Prism. ¥, P < 0.05; **, P < 0.001; ¥, P <
0.0001; NS, P > 0.05. (B) Numbers of nucleotide substitutions per annum
are shown. *, P < 0.001; NS, P > 0.05.

(median, 5.9 X 1077 substitutions/site/year) with that in the MLN
(median, 7.2 X 107° substitutions/site/year) in the untreated an-
imal, MM521, indicated no statistically significant difference (P =
0.6265), as predicted by the analysis in Fig. 2A. Next, we compared
the numbers in animals that underwent chemotherapy. At 8 wpi,
the treated animals were equivalent to MM521 (an untreated an-
imal) in terms of therapeutic status, since cART was started after
sample collection at 8 wpi. Not unexpectedly, there was no statis-
tically significant difference in the number of substitutions/site/
year in plasma between the untreated and treated animals
(MM491, 8.5 X 1077 MM499, 9.8 X 107% MM528, 1.6 X 107
MM530, 8.5 X 107% MM521, 5.9 X 107?), except for MM528
(P = 0.0048 compared to the value for the untreated animal). In
contrast, the number of mutations per annum in the lymph nodes
of treated animals collected at necropsy (median, 3.4 X 10~ % sub-
stitutions/site/year) was significantly lower than thatin the plasma
of the animals at 8 wpi (median, 9.8 X 1077 substitutions/site/
year; P << 0.0001). The number of mutations per year in the lymph
nodes also differed significantly between the untreated and treated
macaques (P < 0.0001). This supports the hypothesis that ongo-
ing viral replication contributed little, if anything, to viral persis-
tence during cART.
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TABLE 1 Origins and numbers of env clones

No. of nucleotide

No SIV Evolution in Lymph Nodes during cART

Examination of the nucleotide substitution numbers did
not indicate discernible de novo virus replication during cART.

Sarmo] No.of substitutions Therefore, we next investigated continuous viral replication
Animal (cART) and Czﬁgzéon SC(%)AO Minimum/ during cART through phylogenetic analysis of viral env clones.
specimen time (wpi)  clones maximum  Mean+SD Cloneswere obtained from the untreated animal (derived from
MM521 (untreated) plasma at 8, 18, 42, and 68 wpi and from MLN) and from one of
Plasma 3 10 1/8 33422 the treated animals (derived from plasma at 8 wpi and from
Plasma 68 10 20/29 249 %32  MLN at necropsy) (Fig. 3; see Fig. S1 in the supplemental ma-
MLN 68 12 20/33 250 =34 terjal). To illustrate the accumulation and specific sites of
MMA491 (treated) mutations, Highlighter plot analysis (http://www.hiv.lanl.gov
Plasma 8 10 1/7 35+ 1.8 /content/sequence/HIGHLIGHT/help.html) was also performed.
q p p
MLN 63 10 072 0.6 £0.8 Phylogenetic analysis of the viral genes from the untreated animal
MM499 (treated) revealed that (i) env clones from plasma exhibited increasing ge-
Plasma 3 1 2/7 42+ 17 netic distance from the inoculum virus with time; (ii) clones ob-
MLN 64 10 0/4 0.7+ 1.3 tained at a given time point branched out of the one immediatel
g point y
before, a clear demonstration of viral evolution; and (iii) clones
Ml\lfli:i;treated) N 10 Wi 66+ 24 from lymph nodes formed a cluster with those from plasma col-
MLN 61 1 0/3 (12)° 17+ 11  lected at the same time. In contrast, clones from treated animals,
regardless of the tissue origin or time point, formed a cluster with
MMS530 (treated) clones derived from the plasma of the untreated animal at 8 wpi
Plasma 8 10 2/8 40*17 : . . .
MIN p 10 o/4 21 x12 and the inoculum virus (Fig. 3; see Fig. S1). The results of the
SIN 65 10 /6 24+ 19 Highlighter plot analysis were consistent with those of the phylo-
“Tnterpreted as a hypermutant driven by APOBEC3G/F (Hypermut 2.0, genetic analysis. These results clearly demonstrated that viral evo-
hitp://www.hiv.lanl.govicontent/index). lution did not take place in SIV239-infected rhesus macaques dur-
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FIG 3 Phylogenetic relationship of env sequences from treated (MM530) and untreated (MM521) SIV-infected animals. Sequences of the entire env gene from both
animals were subjected to phylogenetic analysis. The phylogenetic tree was constructed by the maximum-likelihood method (38). Open circles, sequences in the plasma
of MMS530 at 8 wpi; closed circles, those from the MLN of MM530 at 65 wpi; open triangles, those from plasma of MM521 at 8 wpi; closed triangles, those from plasma
of MM521 at 18 wpi; open inverted triangles, those from plasma of MM521 at 42 wpi; closed inverted triangles, those from plasma of MM 521 at 68 wpi; closed rectangles,
those from MLN of MM521 at 68 wpi. The scale represents a genetic distance equivalent to 0.002 substitution/site. The corresponding sequence of SIVmac251 32H
(GenBank accession no. D01065) was used as the outgroup.
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mononuclear cells and gut-associated lymphatic tissues obtained
from HIV-1 patients undergoing cART also found no evidence of
de novo viral replication (13).

In contrast, other studies have reported continuous virus rep-
lication during combined chemotherapy (10, 12). One possible
explanation for this discrepancy is the thorough suppression of
the plasma viral burden, <20 copies/ml at necropsy, that was
achieved in this study (18). De novo virus replication was detected
in HIV-1-infected patients whose plasma viral RNA burdens
ranged from 20 to 400 copies/ml but not in those with <20 cop-
ies/ml (24). Our findings also indicate that the cART regimen we
used (18) was robust enough to halt viral evolution nearly com-
pletely in animals.

Our sample size, an average of 10 sequences from each speci-
men, may conceivably have limited our ability to detect minor
populations with signs of ongoing replication. An analysis of four
animals, however, did not reveal the genotypes detailed in the
present study. Therefore, while our results cannot rule out possi-
ble de novo viral replication during cART, the data indicate that it
is not a major mode of viral persistence in individuals whose virus
replication levels are thoroughly suppressed by cART.

The locations of other potential viral reservoirs, in addition to
resting CD4™ T lymphocytes, an already established HIV/SIV res-
ervoir found to be present in blood (25-28), lymph nodes (25),
and the spleen (29), remains elusive. While the cART regimen we
developed suppressed viral RNA levels nearly completely in the
circulation and fairly well in effector sites, such as the gastrointes-
tinal tract and lungs, viral RNA expression levels in lymph nodes
were not contained effectively (18), suggesting that the viral res-
ervoir consists of cells present in lymph nodes. We also detected
CD3-positive cells, most likely CD4™ T lymphocytes, expressing
Nef protein in the follicles of the MLN of an SIV-infected animal
that exhibited a viral rebound upon the cessation of cART (18).
On the basis of their location, these might be Tfh cells, which are of
the memory phenotype (30-32). The results of the present study
have further narrowed the location of the viral reservoir from our
previous study (18) to cells with longer half-lives that retain pro-
virus for at least 1 year. Since resting CD4 ™ T cells possess long
half-lives (33), these cells satisfy this criterion for a viral reservoir
during cART. It is conceivable that resting CD4" T cells func-
tioned as the predominant viral reservoir in the SIV239-rhesus
macaque model for patients undergoing cART employed in our
study, as in preceding studies concerning the issue in the context
of HIV and SIV infections.

Lymph nodes serve as a major HIV reservoir throughout the
course of infection without intervention by cART (15-17). During
clinical latency, the virus persists as an intact provirus, which can
produce infectious viral particles upon cell activation, in a minis-
cule fraction of the resting CD4™ T lymphocytes in lymph nodes
(25). An extensive examination of lymph node specimens from
HIV patients undergoing cART revealed an infinitesimal amount
of viral RNA-positive cells by in situ hybridization (34). Hockett et
al. (34) revealed that cART lowers the number of viral RNA-pos-
itive cells in Iymph nodes but that the number of viral copies in
each infected cell is constant, regardless of the viral burden in the
circulation, suggesting the existence of virus-infected cells actively
transcribing viral genes during cART, as we found previously in
the lymph nodes of SIV239-infected animals undergoing cART
(18). Our present observations, together with those of Hockett et
al. (34), indicate that the viral RNA-positive cells present in lymph
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nodes during cART may represent cells infected with virus prior to
the initiation of cART and transcribing viral RNA from integrated
provirus during therapy.

Current cART is unable to eradicate the viral reservoir or, more
precisely, provirus integrated in the reservoir. On the basis of our
results, it is important to establish strategies to target specifically
long-lived cells that harbor intact provirus while unlocking the
dormant state of the provirus, perhaps by using histone deacety-
lase (35), to achieve a functional cure for AIDS.
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Human immunodeficiency virus type 1 (HIV-1) replication in macaque cells is restricted mainly by antiviral cellular APOBEC3,
TRIM5a/TRIMS5CypA, and tetherin proteins. For basic and clinical HIV-1/AIDS studies, efforts to construct macaque-tropic
HIV-1 (HIV-1mt) have been made by us and others. Although rhesus macaques are commonly and successfully used as infection
models, no HIV-1 derivatives suitable for in vivo rhesus research are available to date. In this study, to obtain novel HIV-1mt
clones that are resistant to major restriction factors, we altered Gag and Vpu of our best HIV-1mt clone described previously.
First, by sequence- and structure-guided mutagenesis, three amino acid residues in Gag-capsid (CA) (M94L/R98S/G114Q) were
found to be responsible for viral growth enhancement in a macaque cell line. Results of in vitro TRIM5a susceptibility testing of
HIV-1mt carrying these substitutions correlated well with the increased viral replication potential in macaque peripheral blood
mononuclear cells (PBMCs) with different TRIMS5 alleles, suggesting that the three amino acids in HIV-1mt CA are involved in
the interaction with TRIM5c. Second, we replaced the transmembrane domain of Vpu of this clone with the corresponding re-
gion of simian immunodeficiency virus SIVgsn166 Vpu. The resultant clone, MN4/LSDQgtu, was able to antagonize macaque
but not human tetherin, and its Vpu effectively functioned during viral replication in a macaque cell line. Notably, MN4/
LSDQgtu grew comparably to SIVmac239 and much better than any of our other HIV-Imt clones in rhesus macaque PBMCs. In
sum, MN4/LSDQgtu is the first HIV-1 derivative that exhibits resistance to the major restriction factors in rhesus macaque cells.

uman immunodeficiency virus type 1 (HIV-1) has spread
globally in human populations following cross-species trans-
mission of simian immunodeficiency virus (SIV) from chimpan-
zees (1, 2). HIV-1 replicates well in humans and causes disease-
inducing persistent infection only in humans. HIV-1 infection is
impeded after virus entry in rhesus macaques (RhMs) and cyno-
molgus macaques (CyMs), which are frequently used for experi-
mental viral infection studies (3). The block of HIV-1 infection in
macaque cells is attributable to intrinsic restriction factors, in-
cluding APOBEC3, TRIM5a/TRIM5CypA, and tetherin proteins
(1, 4-6). These factors exert their antiretroviral activity in a spe-
cies-specific manner, and HIV-1 effectively subverts their coun-
terparts in human cells (1, 4-6). In contrast, a standard patho-
genic clone, SIVmac239, for AIDS model studies evades the
restriction factors and replicates well in macaques. HIV-1 and
SIVmac239 are mutually related primate lentiviruses and cause
AIDS in their respective hosts. Nevertheless, there are significant
differences between the two viruses in genome organization, the
viral replication profile in vivo, and disease progression (7-9). Itis
therefore most preferable to generate pathogenic HIV-1 deriva-
tives to establish AIDS macaque models (7-9). Importantly, con-
struction of HIV-1 derivatives that overcome the species barrier
would contribute much to the understanding of the molecular
interaction of viral and host proteins.

Of the intrinsic restriction factors in macaque cells, major de-
terminants of the HIV-1 host range are the APOBEC3 and TRIM5
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proteins (4, 8, 10). APOBEC3G is the strongest inhibitor of HIV-1
replication among APOBEC3 family proteins. It exhibits cytidine
deaminase activity and causes hypermutation in the HIV-1 ge-
nome following incorporation into progeny virions in producer
cells. HIV-1 Vif is able to degrade human APOBEC3G and neu-
tralize its antiviral activity but is not effective against macaque
APOBEC3G (4-6, 11, 12). Macaque TRIMS5 proteins recognize
and interact with the incoming HIV-1 cores and inhibit viral in-
fection prior to reverse transcription (4, 6, 13, 14). TRIMS pro-
teins are composed of N-terminal RING, B-box 2, and coiled-coil
domains. The C termini of TRIM5a and TRIMS5CypA are the
B30.2/SPRY and cyclophilin A (CypA) domains, respectively. All
these domains in TRIMS5 proteins are necessary to exert full re-
striction activity. Although the mechanism underlying TRIM5-
mediated restriction has not been completely defined, inhibition
of viral infection is initiated by capsid (CA) recognition with the
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B30.2/SPRY or CypA domain. Sequence variation in the two do-
mains determines species-specific restriction of retroviral infec-
tion. RhM TRIMS5 genes have been reported to be highly polymor-
phic (4, 6, 13, 14). Tetherin works as a virion release inhibition
factor, and HIV-1 Vpu counteracts human but not macaque teth-
erin (4-6, 15). Tetherin may not be a potent barrier to limit cross-
species transmission relative to APOBEC3G and TRIMS5 proteins.
However, tetherin antagonism is important for viral replication in
vivo, because most primate lentiviruses have the ability to coun-
teract tetherin, and tetherin-mediated restriction contributes to
inhibiting viral replication in vivo (4, 5, 15). Recently, a novel
anti-HIV-1 factor, SAMHDI, has been identified (4-6). Several
Vpx and Vpr proteins appear to degrade SAMHDI in a species-
specific manner. However, SAMHD1 may be a weak species bar-
rier, since HIV-1 has spread successfully and continuously in hu-
mans despite the lack of anti-SAMHDI1 activity (4).

‘We and others have reported the construction of HIV-1 deriv-
atives that have the ability to evade restriction factors for macaque
model studies (16-21). As a common feature, all reported ma-
caque-tropic HIV-1 (HIV-1mt) clones have the vif gene, which
can neutralize macaque APOBEC3G (e.g., SIVmac239 vif). This
modification is essential to evade APOBEC3G restriction and to
gain the ability to replicate in macaque cells. To circumvent the
restriction by TRIMS5 proteins, two approaches have been taken.
One approach is the use of pig-tailed macaques that do not express
HIV-1-restrictive TRIMS5 proteins. In this case, HIV-1 derivatives
carrying authentic HIV-1 CA have been used as challenge viruses
(stHIV-1gy [16] and HSIV-vif [21]). Another approach is the re-
placement of the entire HIV-1 CA with the corresponding region
of SIVmac239 (stHIV-lgcargy [16, 17]). Although stHIV-
lsca+sv replicates well in RhM cells, the CA region is not derived
from HIV-1. Recently, chimeric viruses between simian-human
immunodeficiency virus (SHIVpyy,, and SHIV ye) and an HIV-1
derivative (stHIV-1gsnU) that display anti-macaque tetherin ac-
tivity have been reported (22, 23). However, the former construct
is SHIV, and the latter is pig-tailed macaque-tropic HIV-1 carry-
ing full-length SIVgsn71 (SIV from greater spot-nosed monkey)
Vpu. While RhMs have been commonly and frequently used for
viral infection experiments, no RhM-tropic HIV-1 derivatives
that exhibit resistance to known major intrinsic restriction factors
(APOBECS3, TRIMS, and tetherin proteins) have been reported.

‘We have previously described a unique HIV-1mit clone, desig-
nated MN4Rh-3, which can evade APOBEC3 and TRIM5CypA
proteins but not TRIM5« and tetherin restrictions in macaque
cells (Fig. 1) (19, 24). In this study, we generated new HIV-1mt
clones from MN4Rh-3 that potentially possess an improved ca-
pacity to antagonize RhM TRIM5a and tetherin proteins. First,
we constructed a number of MN4Rh-3 CA mutant clones; exam-
ined their growth potentials in an RhM lymphocyte cell line,
M1.3S (25); and selected a new HIV-1mt clone, MN4/LSDQ, car-
rying only three amino acid substitutions in MN4Rh-3 CA (Fig.
1). MN4/LSDQ exhibited enhanced growth potential accompa-
nied by increased resistance to macaque TRIMS5a restriction.
Next, we replaced the transmembrane (TM) domain of MN4/
LSDQ Vpu with the corresponding region of SIVgsn166 (another
SIVgsn) Vpu, which shows anti-macaque tetherin activity (26).
The resultant clone, MN4/LSDQgtu, gained the ability to antago-
nize specifically macaque tetherin (Fig. 1). The replication effi-
ciency of MN4/LSDQgtu in RhM peripheral blood mononuclear
cells (PBMCs) was comparable to that of SIVmac239 and was
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FIG 1 Proviral genome structures of various HIV-1mt clones. HIV-1 NL4-3
(32), SIVmac239 MA239 (71), and SIVgsn166 (GenBank accession number
AF468659) sequences are indicated by white, black, and red areas, respectively.
Green arrows show adaptive mutations that enhance viral growth potential
(47). Orange arrows show the CA-Q110D mutation that augments viral
growth in macaque cells/monkeys (19, 24). Blue arrows indicate CA substitu-
tions (M94L/R985/G114Q) identified in this study that are responsible for
viral growth enhancement. H6/7L, loop between helices 6 and 7 in Gag-CA.

superior to those of the other HIV-1mt clones (MN4Rh-3 and
MN4/LSDQ). MN4/LSDQgtu is the first HIV-1 derivative that
is highly resistant to the known major restriction factors
(APOBEC3, TRIMS, and tetherin proteins) in RhM cells. Gen-
eration of MN4/LSDQgtu also served to find amino acid resi-
dues in CA involved in the interaction with macaque TRIM5«a
and to verify HIV-1mt growth enhancement in macaque cells
by macaque tetherin antagonism.

MATERIALS AND METHODS

Cells. An RhM lymphocyte cell line, M1.3S (25), was maintained in RPMI
1640 medium containing 10% heat-inactivated fetal bovine serum (FBS)
and 50 units/ml of recombinant human interleukin-2 (IL-2) (Bio-Rad
Laboratories Inc., Hercules, CA). The human monolayer cell lines 293T
(27) and HEp2 (ATCC CCL-23) and the RhM kidney cell line LLC-MK2
(ATCC CCL-7) were maintained in Eagle’s minimal essential medium
(MEM) containing 10% FBS. MAGI cells (28) were cultured in MEM
containing 10% FBS, 200 pg/ml G418 (Sigma-Aldrich Co., St. Louis,
MO), and 100 pg/ml hygromycin B (Sigma-Aldrich Co.).

Plasmid DNA. The construction of MN4Rh-3, SIVmac239 clone
MA239N, and its nef-deficient variant MA239N-AN was described previ-
ously (19, 25). CA alterations of HIV-1mt proviral clones were performed
by replacing target sites of HIV-Imt CA with the corresponding sites
of SIVmac239 (both codons and amino acids were changed to those of
SIVmac239) by using the QuikChange site-directed mutagenesis kit
(Agilent Technologies Inc., Santa Clara, CA). MN4/LSDQ was generated
by introducing the following codon/amino acid substitutions into
MN4Rh-3 (uppercase letters represent amino acids and lowercase letters
represent codons): M(atg) to L(ctt) at amino acid position 94, R(agg) to
S(tca) at position 98, and G(gga) to Q(cag) at position 114. Each vpu gene
of SIVmon (SIV from mona monkey)/SIVmus (SIV from mustached
monkey)/SIVgsn (SIVmon/mus/gsn) was synthesized (TaKaRa Bio Inc.,
Otsu, Japan) and cloned into pSG-cFLAG to express mon-, mus-, and
gsn-Vpu, respectively, as described previously (29). Full-length Vpu se-
quences composed of the TM domain of SIVmon/mus/gsn Vpu and the
cytoplasmic domain of HIV-1y,.; Vpu (monTM-, musTM-, and
gsnTM-Vpu, respectively) were made by overlapping PCR and inserted
into the pSG-cFLAG expression vector, as described previously (29). The
resultant clones were designated pSG-VpucFLAG constructs. RhM and
human tetherin sequences were amplified by PCR using ¢cDNAs from
ML.3S cells and HeLa cells, respectively. The amplified products were
cloned into the pCIneo vector (Promega Corporation, Madison, WI) to
generate pCIneo-RhM tetherin and pCIneo-Human tetherin. The se-
quence of RhM tetherin from M1.3S cells was identical to that of an RhM
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tetherin variant [Mac(m)3] (30, 31). For flow cytometry analysis, pIRES-
HIV-1-Vpu-hrGFP and pIRES-gsnTM-Vpu-hrGFP were constructed as
described previously (29). The MN4/LSDQdtu clone was constructed by
replacing the TM domain of MN4/LSDQ Vpu with the corresponding
region of HIV-1,,,,, Vpu (22) by using the QuikChange site-directed
mutagenesis kit (Agilent Technologies Inc.). The MN4/LSDQgtu clone
was generated by overlapping PCR between MN4/LSDQ and gsnTM-
Vpu. vpu-deficient HIV-1mt clones were constructed by changing the
initiation codon (ATG) to AGG and the second codon of each construct to
TAG (stop codon).

Virus stocks and reverse transcriptase assay. Virus stocks were pre-
pared from 2937T cells transfected with proviral clones by the calcium-
phosphate coprecipitation method (32). Virion-associated reverse trans-
criptase (RT) activity was measured as described previously (33), with the
following modifications: 5 pul of culture supernatant was mixed with 25 pl
of an RT reaction mixture containing a template primer of poly(A) (500
pg/ml; Midland Certified Reagent Company Inc., Midland, TX) and oli-
go(dT),,_5 (1.25 pg/ml; New England BioLabs Inc., Ipswich, MA) in 50
mM Tris (pF 7.8), 75 mM KCl, 2 mM dithiothreitol, 5 mM MgCl,, 0.05%
Nonidet P-40, and 9.25 kBq of [a-"*P]dTTP (29.6 TBq/mmol; Perkin-
Elmer Inc., Waltham, MA). After incubation at 37°C for 3 h, 10 !l of the
reaction mixture was spotted onto DES1 anion-exchange paper (GE
Healthcare UK Ltd., Buckinghamshire, England) and washed four times
with 2> SSC (0.3 M NaCl plus 0.03 M sodium citrate) to remove unin-
corporated [«-"*P]dTTP. Spots were then counted with a scintillation
counter.

Virus replication assays. Virus replication in M1.3$ cells was moni-
tored as described previously (25). For infection of macaque primary cells,
RhM and CyM PBMCs were separated by Ficoll-Paque Plus (GE Health-
care UK Ltd.) and stimulated with RPMI 1640 medium containing 10%
FBS, 50 units/ml of recombinant human IL-2, and 2 pug/ml of phytohem-
agglutinin L (PHA-L) (Roche Diagnostics GmbH, Mannheim, Germany).
Primary PBMCs without CD8 ™ cell depletion were used in this study. On
day 3 poststimulation, cells were spin infected (34) with equal amounts of
viruses prepared from transfected 2937 cells and cultured in the presence
of IL-2. Viral growth was monitored by RT activity released into the cul-
ture supernatants. The genotype of TRIMS5 alleles was analyzed as de-
scribed previously (35).

TRIM5« susceptibility assays. Assays using recombinant Sendai vi-
rus (SeV)-RhM TRIM5a and SeV-CyM TRIM5a expression systems were
performed as described previously (36). MT4 cells (10%) were infected
with SeV expressing each TRIM S5« at a multiplicity of infection of 10 PFU
per cell and incubated at 37°C for 9 h. Cells were then superinfected with
HIV-1mt derivatives (20 ng of Gag-p24) or SIVmac239 (20 ng of Gag-
p27). Culture supernatants were collected at intervals, and the amount of
Gag-p24 or Gag-p27 produced was determined by using RETROtek anti-
gen enzyme-linked immunosorbent assay (ELISA) kits (ZeptoMetrix
Corporation, Buffalo, NY).

Virion release assays. Tetherin-null 293T cells were used for virion
release assays. For analysis of Vpu expression vectors, subconfluent 293T
cells in 24-well dishes were cotransfected with vpu-deficient MN4Rh-3
(300 ng), pCIneo-RhM tetherin (5 ng), and various pSG-VpucFLAG vec-
tors (200 ng) by using Lipofectamine 2000 (Life Technologies Corpora-
tion, Carlsbad, CA). On day 2 posttransfection, virion production in the
cell culture supernatants was measured by RT assays. For analysis of pro-
viral clones, 700 ng of MA239N/MA239N-AN or 300 ng of MN4 deriva-
tives and an appropriate amount of pCIneo-RhM tetherin or pClneo-
Human tetherin were used for cotransfection.

Flow cytometry analysis. Flow cytometry analysis was performed to
examine cell surface CD4 or tetherin downregulation by Vpu, as described
previously (29). For analysis of cell surface CD4, MAGI cells in 60-mm
dishes were transfected with pIRES-hrGFP-Vpu vectors. On day 2 post-
transfection, cells were trypsinized, washed with phosphate-buffered sa-
line (PBS), and resuspended in PBS containing 10% FBS. Cells were then
stained with a phycoerythrin (PE)-conjugated mouse anti-human CD4
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antibody (BD Biosciences, San Jose, CA). For analysis of cell surface teth-
erin, LLC-MK2 or HEp2 cells in 60-mm dishes were transfected with
pIRES-hrGFP-Vpu vectors and harvested as described above. Cells were
then reacted with an anti-FIM1.24 monoclonal antibody (a generous gift
from Chugai Pharmaceutical Co. Ltd., Chuo-ku, Japan) and stained
with a secondary PE-conjugated anti-mouse [g antibody (BD Biosci-
ences). Stained cells were analyzed with a FACSCalibur instrument
using CELLQuest software (BD Biosciences).

Prediction of the effects of amino acid substitutions on the stability
of the HIV-1mt CA N-terminal domain. The three-dimensional (3-D)
model of the HIV-1mt CA N-terminal domain (NTD) was constructed by
homology maodeling using “MOE-Align” and “MOE-Homology” in the
Molecular Operating Environment (MOE) (Chemical Computing Group
Inc., Quebec, Canada) and refined as described previously (19). The crys-
tal structure of the HIV-1 CA NTD at a resolution 0£2.00 A (Protein Data
Bank [PDB] accession number 1M9C) (37) was used as the modeling
template. The changes in the stability of the CA NTD by mutations were
computed by using the Protein Design application in MOE. Single-point
mutations on the CA protein were generated, and ensembles of protein
conformations were generated by using the LowMode MD module in
MOE to calculate average stability using Boltzmann distribution. Finally,
the stability scores of the structures refined by energy minimization were
obtained through the stability scoring function of the Protein Design ap-
plication.

Structural modeling of the Vpu TM domains. We first constructed
3-D structural models for monomers of Vpu TM domains encoded in three
HIV-1mt clones (MN4/LSDQ, MN4/LSDQdtu, and MN4/LSDQgtu) with
PyMOL on the basis of the previously reported structure of the HIV-15,,
Vpu TM domain (PDB accession number 1PI8) (38). The HIV-1p,, Vpu
TM domain has a sequence identical to that of the MN4/LSDQ Vpu TM
domain. The 3-D structures of their tetramers were then predicted from the
constructed monomer structures with Rosetta 3.4 (39). We performed sym-
metry docking and predicted 10,000 tetramer structures for each molecule.
Among the predicted structures, the structure with the best total score was
selected as the model of the respective molecules. We compared the predicted
tetramer structure of the MN4/LSDQ Vpu TM domain with the nuclear
magnetic resonance (NMR) structure of the tetramer of the HIV-1,,, Vpu
TM domain (PDB accession number 1P18). Their overall structures were
highly similar. The root mean square deviation of C-o atoms between them
was 1.64 A.

RESULTS

Sequence homology- and structure-based modifications led to
the identification of HIV-1mt CA residues that are responsible
for the enhancement of viral growth in RhM cells. TRIM5 pro-
teins inhibit retroviral infection in a species-specific manner. The
RhM TRIMS5 coding sequence is highly polymorphic, and com-
mon RhM TRIMS5 alleles (Mamu-1 to Mamu-7) can be divided
into three groups based on polymorphisms at amino acid posi-
tions 339 to 341 within the B30.2/SPRY domain: TRIM5™"
(Mamu-1 to Mamu-3), TRIM5? (Mamu-4 to Mamu-6), and
TRIM5“P* (Mamu-7) (35, 40, 41), CyM TRIMS5« has a Q residue
at the corresponding site (TRIM5<), and CyM TRIMS5CypA has a
CypA sequence slightly different from that of RhM TRIM5CypA
(42, 43). RbM and CyM TRIM5« proteins encoded by TRIMS5'™?
and TRIM5? inhibit HIV-1 infection. On the other hand, CyM
TRIMS5CypA, but not RbM TRIM5CypaA, restricts HIV-1 replica-
tion (42, 43). We have shown previously that a CXCR4-tropic
MN4Rh-3 clone evaded CyM TRIM5CypA but was susceptible to
TRIM5a restriction (19) and that its replication in TRIM5a ho-
mozygous CyM PBMCs/individuals was strongly restricted (24).
Similarly, MN4Rh-3 replicated quite well ina CyM HSC-F cellline
(TRIM5Y?*) but very poorly in an RhM M1.3S cell line
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A B-hairpin helix 1 helix 2 helix 3
HMN4Rh-3 1 PIVQNLQGOMVHQAISPRTLNAWVKVVEEKAFSPEVIPMFSALSEGATPODLYTHLNTVE 60
SL~AN 1 PVQQTGGENYIHVPLSPRTLNAWVKLVEDKKFGAEVVPGFQALSEGCTP YDINQMLECVE 60
SIvmac239 1 PVQQ-IGENYVHLPLSPRTLNAWVKLIEEKKFGAEVVPGFQALSEGCTPYDIHNQMLNCVE 59
R98S G114Q
helix 4 Mo4L helix 5 helix 6
MN4Rh-3 61 GHQAAMOMLKETINEEAAEWDRLEPQPAP-QQGQMREPRGSDIAGTTSTLDEQIGUMTRY 119
GL~AN 61 DHQAAMQIIREIINDEAADWDAQHPIPGPLPAGQLRDPRGSDIAGTTSTVEEQIQWMYRP 120

SIvmac239 60 DHQARMQIIRDIINEEAADWDLQHPQPAP-QQGQLREPSGSDIAGTTSSVDEQIQWHMYRY 118

helix 7 helix 8

MN4Rh~3 120 QNPIPVGEIYKRWIILGLNKIVRMYSPTSILDIRQGPKEPFRDYVDRFYKTLRAEQASQE 179
GL-AN 121 QNPVPVGNIYRRWIQIGLQRCVRMYNPTNILDVKQGPKEPFQSYVDRFYKSLRAEQTDPA 180
SIVmac239119 QNPIPVGHNIYRRWIQLGLOKCVRMYNPTNILDVKQGPKEPFQSYVDRFYKSLRAEQTDAA 178

helix 9 helix 10 helix 11
MN4Rh-3 180 VEKNWMTETLLVQNANPDCKTILKALGPGATLEEMMTACQGVGEPGHKARVL 230
GL~AN 181 VKNWMTQTLLIQNANPDCKLVLKGLGHMNPTLEEMLTACOGV GGP GOKARLY 231
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FIG 2 Identification of amino acid residues in HIV-1mt CA that are critical for viral growth enhancement in macaque cells. (A) Alignment of Gag-CA sequences.
CA amino acid sequences of HIV-1mt MN4Rh-3 (19, 24), HIV-2 GL-AN (72), and SIVmac239 MA239 (71) are aligned. The N-terminal 3-hairpin and helices
1to 11 are indicated based on previously reported analyses (50, 73). The CA-Q110D mutation in MN4Rh-3 (19, 24) is shaded. Substitutions of three amino acids
that contribute to the enhancement of HIV-1mt growth in macaque cells, described in this work, are indicated by arrows. (B) Growth kinetics of a parental clone,
MN4Rh-3, and its CA mutants carrying a single-amino-acid change (see Table 1 for the mutants). Viruses were prepared from 293T cells transfected with the
proviral clones indicated, and equal amounts (2 X 10° RT units) were inoculated into M1.3S cells (3 X 10 cells). Virus replication was monitored by RT activity
released into the culture supernatants. Representative data from two independent experiments are shown. (C) Schematic CA structure of HIV-1mt clones.
Amino acid substitutions are indicated in the order in which they were introduced into HIV-1mt CA. Black areas show sequences from SIVmac239. Helices 4 to
7 are shown as gray areas with the helix number. (D) Growth kinetics of CXCR4-tropic (left) and CCR5-tropic (right) HIV-1mt clones with different CA proteins
(see reference 19 for CCR5-tropic MN5Rh-3). Viruses were prepared from 293T cells transfected with the indicated proviral clones, and equal amounts (2.5 X
10° RT units) were inoculated into M1.3S cells (10° cells). Virus replication was monitored by RT activity released into the culture supernatants. Representative
data from two independent experiments are shown.

(TRIMS5™*/TF) (data not shown). Besides being a TRIM5a target,
Gag-CA functions in various viral replication steps (44, 45). We
thus used the M1.3S cell line as a target for multicycle infection to
screen viral clones with increased replication potential following
CA mutagenesis.

11450 jviasm.org

Modifications of MN4Rh-3 CA were performed based on se-
quence homology and structural modeling. As shown in Fig. 2A,
the amino acid sequence identity of CA between HIV-1 and
SIVmac239 is not high (~67% for SIVmac239 versus HIV-1,y 4 5
and ~72% for SIVmac239 versus MN4Rh-3), but sequences are
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relatively well conserved between HIV-2 and SIVmac239 (~90%
for SIVmac239 versus HIV-24 an). Nevertheless, macaque
TRIMS5a restricts HIV-1 and HIV-2 infection but not SIVmac239.
This distinct susceptibility to macaque TRIM5a results from the
different CA sequences of each virus. We first selected amino acid
residues in MN4Rh-3/HIV-2¢, 5y CA that are different from
those of SIVmac239 CA and replaced these target residues with
those of SIVmac239 (Table 1, MN4/SD and initial screening). The
resultant clones were examined for their growth potential in
M1.3S cells (Fig. 2B and Table 1). Of 25 clones tested, only
MN4Rh-3 carrying an R98S change in CA (MN4/5SD) exhibited
enhanced viral growth efficiency (Table 1 and Fig. 2B). We previ-
ously found a growth-enhancing mutation, G114E, in CA by HIV-
1mt adaptation in macaque cells (19). Since viral replication effi-
ciency was decreased by the introduction of G114E into MN4Rh-3
(data not shown), we introduced an SIVmac239 CA-type G114Q
mutation into the MN4/SD clone, and the resultant clone was
designated MN4/SDQ (Fig. 2C and D). Moreover, we predicted
an additional mutation that might improve the growth ability of
MN4Rh-3 in macaque cells. Using HIV-2 CA, we previously
found a key role of hydrogen bond formation between D97 within
H4/5L (aloop between helices 4 and 5) and R119 within H6/7L (a
loop between helices 6 and 7) in determining viral sensitivity to
TRIM5a: TRIMS5a-sensitive CA had a common H4/5L confor-
mation with a decreased probability of hydrogen bond formation
(46). The corresponding hydrogen bond was predicted to be
formed between E96 in H4/5L and R118 in H6/7L of the
MN4Rh-3 CANTD. We assumed that the simultaneous introduc-
tion of SIV-CA-like amino acid residues at M94 in H4/5L and
G114 in helix 6 might imitate the structural property of the SIV-
mac239 CA NTD surface for TRIM5a resistance and might be
beneficial to improve the growth ability of MN4Rh-3 in macaque
cells. The M94 residue is located in H4/5L, protruding its side
chain near the G114 residue in helix 6. We therefore generated
MN4/SDQ carrying the M94L mutation (MN4/LSDQ) (Fig. 2C
and D). Three-dimensional locations of M94L, R98S, Q110D, and
G114Q in the CA NTD are shown in Fig. 3. In addition, we con-
structed a series of CCR5-tropic viruses (MN5Rh-3, MN5/SD,
MN5/SDQ, and MN5/LSDQ) (Fig. 2D), which carry the Env se-
quence derived from NF462 and a growth-enhancing Env $304G
mutation (47). The growth potential of these viruses in M1.3S cells
was analyzed. As shown in Fig. 2D, viral growth potential was
enhanced with increasing amino acid substitutions in CA. MN4/
LSDQ and MN5/LSDQ exhibited the highest replication potential
in M1.3S cells in each group.

We constructed numerous HIV-1mt clones carrying CA mu-
tations, including those described previously (48—50). All CA mu-
tations and the growth potentials of the mutant viruses are sum-
marized in Table 1. In the mutants derived from four HIV-1mt
clones (MN4Rh-3, MN4/SD, MN4/SDQ, and MN4/LSDQ), most
amino acid substitutions gave neutral or negative effects: CA
amino acid substitutions that did not alter replication efficiency
(L6, E71D, T108S, Q178A, and P206V) or those that strikingly
reduced the growth potential (e.g., Q50Y, T54Q, K70R, R82L, and
L83Q; more than two consecutive mutations; and mutations in
the B-hairpin domain). All listed HIV-1mt clones produced a sig-
nificant amount of virions from transfected 293T cells, but none
of them displayed a higher replication potential than MN4/LSDQ
in M1.3S cells. In sum, M94L/R98S/G114Q substitutions in CA
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contributed to the growth enhancement of MN4Rh-3 in macaque
cells.

Prediction of the effects of amino acid substitutions on the
stability of the HIV-1 CANTD. To investigate whether the M94L,
R98S, Q110D, and G114Q mutations in MN4Rh-3 CA influenced
the structural property of the protein, we analyzed the changes in
stability by the mutations using the Protein Design application in
MOE. The changes in stability by each of the point mutations
M94L, R98S, Q110D, and G114Q were —0.41, 0.09, 0.25, and
—1.70 keal/mol, respectively (Fig. 3). The data suggested distinct
effects of the single mutations at positions 94, 98, 110, and 114 on
the stability of the HIV-Imt CA NTD. The Q110D mutation was
predicted to destabilize the CA NTD. The R98S mutation has a
similar negative effect on structure but to a much lesser extent.
These mutations are considered to be more or less disadvanta-
geous in terms of the CA structure. Nevertheless, they were critical
for HIV-1mt growth enhancement in macaque cells (19) (Table 1
and Fig. 2). Therefore, these mutations must have given essential
functions to CA protein in viral replication, which surpassed the
structural disadvantage. On the other hand, M94L and G114Q
mutations were predicted to stabilize the CA NTD. Therefore,
these mutations may function as compensatory mutations that
can redress structural disadvantages caused by R98S and Q110D
mutations and increase growth ability in macaque cells. Our ex-
perimental data on MN4Rh-3, MN5Rh-3, and their derivatives
having R985/Q110D mutations, R985/Q110D/G114Q mutations,
and M94L/R98S/Q110D/G114Q mutations (Fig. 2) are consistent
with this possibility.

Enhancement of viral replication efficiency by introduction
of CA mutations (M94L/R985/G114Q) correlates well with in-
creased resistance to TRIM5« restriction. Some particular CA
alterations (M94L/R985/G114Q) of MN4Rh-3 markedly pro-
moted viral replication in M1.3$ cells with TRIM5"""™ (Fig,
2D). Since TRIMS5 proteins are potent restriction factors as species
barriers (4, 8, 10) and can affect SIV transmission/replication in
vivo (40, 51), it was expected that CA mutations (M94L/R98S/
G114Q) would increase TRIM5a resistance as well as viral growth
potential. To examine the effect of CA alterations on TRIM5a
resistance, we carried out TRIM5a susceptibility assays using the
recombinant SeV-TRIM5a expression system (36). TRIM5a re-
sistance, as determined by this system, has been shown to be well
reflected in the viral growth potential in macaque PBMCs/indi-
viduals due to the higher expression level of TRIM5« than that in
feline CRFK cells stably expressing TRIM5a (19, 24). Four HIV-
imt clones (MN4Rh-3, MN4/SD, MN4/SDQ, and MN4/LSDQ)
were assayed for their resistance to RhM-TRIM5a (TRIM5™7)
and CyM-TRIM5« (TRIM59), using SIVmac239 as a positive
control. As shown in Fig. 4, the growth kinetics of SIVmac239 in
cells expressing RhM- or CyM-TRIM5a or control B30.2/
SPRY(—) TRIMS5 were similar. Consistent with a previous analy-
sis (19), MN4Rh-3 replication was strongly restricted in both
RhM- and CyM-TRIMS5a-expressing cells relative to that in con-
trol cells. Of note, TRIM5a. resistance of MN4/SD, MN4/SDQ,
and MN4/LSDQ quite paralleled their growth ability in M1.3S
cells (see Fig. 2D for virus growth). While TRIM 5« resistance of
MN4/SD was increased relative to that of MN4Rh-3, MN4/SDQ
exhibited higher resistance, especially to CyM-TRIM5a, than
MN4/SD. MN4/LSDQ, which has the highest growth potential
among the four HIV-1mt clones, showed the highest level of
TRIM5a resistance, especially to RhM-TRIM5¢a. The HIV-1mt
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TABLE 1 HIV-1mt CA mutants constructed in this study

Clone designation CA mutation(s)” Growth potential®
MN4Rh-37 None (parental clone) ++
MN4/SD R98S +++
MN4/SDQ R98S, G114Q +++
MN4/LSDQ M94L, R98S, G114Q + 4+
Initial screening
E71D E71D ++
R82L R82L -
RL82LQ RLS2, 83LQ -
T108S T108S ++
Q178A Q178A +
P206V P206V ++
PD L6p -
PDQ Lé6P, G114Q -
PYD L6P, Q50Y +
PYDQ L6P, Q50Y, G114Q +
PYQD L6P, Q50Y, T54Q -+
PYQDQ L6P, Q50Y, T54Q, G114Q +
GG LQ6, 7GG -
GG-T117Y LQ6, 7GG, T117Y -
IGGN LQGQ6-91GGN -
IGGN-T117Y LQGQ6-9IGGN, T117Y .
5IGGN NLQGQ5-9IGGN -
YD Q50Y -
YDQ Q50Y, G114Q -
YQD Q50Y, T54Q -
YQDQ Q50Y, T54Q, G114Q -
IIRDI MLKET68-72IIRDI -
TDA ASQ176-178TDA -
VNP PGA206-208VNP -
Mutants from MN4/SD
L6l-S L61, R98S ++
YQ-S Q50Y, T54Q, R98S -
DS E71D, R98S +++
SS R98S, T108S +++
SA R98S, Q178A F++
SV R98S, P206V +++
SAV R98S, Q178A, P206V +++
DSAV E71D, R98S, Q178A, P206V +++
Mutants from MN4/SDQ or MN4/LSDQ
L6I-LSDQ L6lI, M94L, R98S, G114Q + -4+
YQ-LDQ Q50Y, T54Q, M94L, G114Q -
YQ-SDQ Q50Y, T54Q, R98S, G114Q -
YQ-LSDQ Q50Y, T54Q, M94L, R98S, G114Q -
K70R-LSDQ K70R, M94L, R98S, G114Q —
E71D-LSDQ E71D, M94L, R98S, G114Q +++
E79D-LSDQ E79D, M94L, R98S, G114Q ++++
R82L-LSDQ R82L, M94L, R98S, G114Q -
L83Q-LSDQ L83Q, M94L, R98S, G114Q -
T108S-LSDQ M94L, R98S, T108S, G114Q + o+
E79D-T108S-LSDQ E79D, M94L, R98S, T108S, G114Q + -+ +
E127N-LSDQ M94L, R98S, G114Q, E127N + -+
1134Q-LSDQ M94L, R98S, G114Q, 1134Q —
LSDQN M94L, R98S, G114Q, S148N -
1152V-LSDQ M94L, R98S, G114Q, 1152V +++
LSDQA MO94L, R98S, G114Q, Q178A + 44+
TY-LSDQA L6I, M10Y, M94L, R98S, G114Q, Q178A ++
YQ-LSDQA Q50Y, T54Q, M94L, R98S, G114Q, Q178A -
LSDQA-P159§ MO94L, R98S, G114Q), P159S, Q178A + -+
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