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Fig. 4. Recombination breakpoints in HIV-Tmt ZA012-P0 and ZAD12-P19 genomes.
The genome organizations of HiV-1mt ZA0O12-PO and HIV-Tmt ZA012-P19 are
schematically represented (upper two diagrams). The region from the initiation of
vpr to the end of env that included recombination breakpoint sites is depicted in the
third diagram; the HIV-1mt ZA012-P0 (17 SGA sequences) or HIV-Tmt ZA012-P19
(seven SGA sequences) are depicted (bottom), Sequences from HIV-1mt ZA012-PO
were classified into seven patterns of recombination breakpoints (R1 to R7).
Sequences from HIV-1mt ZA012-P19 were classified into one recombination break-
point pattern (R8). The numbers (left) indicate the numbers of sequences per
analyzed sequence.

breakpoints in the region (Fig. 4). One recombination breakpoint was
detected at nucleotide positions 178~187 of the vpr gene in 1/17 SGA
sequences (5736-5745 in HXB2 numbering, recombination type R1)
with 10 identical base pairs between NL-DT5R and 97ZA012.
In addition to R1, we identified the following recombination types:
the vpr gene in 3/17 SGA sequences (5760-5767; R2), the initiation of
tat in 2/17 SGA sequences, (5821-5839; R3), the end of the vpr gene
in 1/17 SGA sequence (5852-5865; R4), the initiation of rev in 6/17
SGA sequences (5960-6000; R5), the end of the vpu gene in 1/17 SGA
sequence (6357-6392; R6) and the upstream of V1/V2 of the env
gene in 3/17 SGA sequences (6467-6491; R7). These results suggest
that homologous recombination occurs in various sites with homo-
logous sequences.

Next, seven SGA sequences were amplified from viral RNA
isolated from the culture supernatant of PtM PBMCs infected with
HIV-1mt ZA012-P19, and nucleotide sequences and recombination
breakpoints were determined in the same manner. Unexpectedly,
all the sequences of HIV-1mt ZA012-P19 had three recombination
breakpoints in the region from the vpr to env genes (recombina-
tion type R8 in Fig. 4). The first breakpoint was located in the vpr
gene (5760-5767), the second was located in the vpu gene (6194~
6213), and the third was located in env (6467-6491) with the
N-terminal portion of C1 region from NL4-3 sequence. Although
the pattern of recombination breakpoint of the virus differed from
those of HIV-1mt ZA012-PO, the first and third recombination
breakpoints were identical to the recombination type of R2 and R7,
respectively (Fig. 4). It is likely that HIV-1mt ZA012-P19 was
generated from further recombination events that occurred in
the middle of the vpu gene (6194-6213) between recombination
type R2 and R7 of HIV-1mt ZA012-PO0.

It is conceivable that the genome of HIV-1mt ZA012-P19
acquired several amino acid mutations associated with the
enhanced replication in PtM PBMCs. Compared with the deduced
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amino acid sequences in HIV-1mt ZA012-P0, HIV-1mt ZA012-P19
acquired substitutions from Lys to Arg at amino acid position 432
in Pol-RT and Asp to Glu at position 232 in Pol-IN that were in the
NL-DTSR backbone. In addition, an amino acid substitution from
Phe to Ser at 139 in Nef was found in HIV-1mt ZA012-P19
compared to 17 SGA sequences derived from HIV-1mt ZA012-PO.
No nonsynonymous substitutions were identified in Gag and Vif,
the proteins responsible for evading TRIM5a and APOBEC3.
Around the recombination break points in HIV-1mt ZA012-P19,
the vpr and vpu genes keep each open reading frame and do not
contain any mutations in the region derived from NL-DT5R,
respectively. Furthermore, consensus amino acid sequence of
HIV-1mt ZA012-P0O and -P19 were also identical in the regions
derived from HIV-1 97ZA012, respectively. These facts suggest that
recombination was occurred to keep these genes intact.

Phylogenetic analysis of env genes

It is likely that HIV-1mt ZA012-P0O generated by IHR in human
(C8166-CCR5 cells was a swarm carrying diverse env sequences of
the parental HIV-1 97ZA012, which evolved to HIV-1mt ZA012-P19
through in vitro passages. To evaluate the env variants selected in
C8166-CCR5 cells or primary PtM cells, we determined 22
sequences of HIV-1 97ZA012, 17 sequences of HIV-1mt ZA012-PO

o HIV-197ZA012
# HIV-1mt ZA012-P0

© HIV-1mt ZA012-P19

HIV-1 97ZA012 refel
HIV-1 98CN007

e
0.01

Fig. 5. Phylogenic analysis of partial env sequences. A neighbor-joining phylogenic
tree was constructed from the partial nucleic acid sequences of env (nucleotide
positions 211-2571 based on env of HXB2 numbering). The sequences of HIV-1
97ZA012 (white circle), HIV-1mt ZA012-P0 (grey circle) and HIV-1mt ZA012-P19
(black circle) were determined from SGA sequences. HIV-1 97ZA012 (accession
number: AF286227) and 98CN0O07 (AF286230) reference sequences were obtained
from the Los Alamos HIV sequence database (http:/fhiv-web.lanlgov/). R1-R8
correspond to the patterns of recombination breakpoint types in Fig. 2. Bootstrap
values were computed from 1000 bootstrap replicates, and only > 90% are shown
at branches. The scale bar indicates the substitutions per site.
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and seven sequences of HIV-1mt ZA012-P19 from SGA. Next, we
conducted a phylogenetic analysis of the nucleotide sequences of
the 3’ terminal 2361 bp of each viral env derived from HIV-1
97ZA012 and shared by all variants of HIV-1mt ZA012-P0 and -P19
(Fig. 5). These sequences were divided into two clusters: the larger
cluster included 19 sequences of HIV-1 97ZA012, 8 sequences of
HIV-1mt ZA012-PO and 7 sequences of HIV-1mt ZA012-P19; and
the smaller cluster included 3 sequences of HIV-1 97ZA012 and
9 sequences of HIV-1mt ZA012-P0. Recombination types R2, R3, R5
and R7 (Fig. 4) were intermingled among the sequences of the two
groups, suggesting that homologous recombination could occur in
various env templates.

To compare the genetic diversity of env in these viruses, we
computed the mean of all pair-wise distances between any two
viral env sequences in each of the viruses. The computed diversity
of env in HIV-1mt ZA012-PO was 0.0038 + 0.0025 ( + standard
deviation, SD), which was significantly lower than that in the
parental HIV-1 97ZA012 (0.0044 + 0.0021; p <0.05). The com-
puted diversity of HIV-1mt ZA012-P19 env was 0.0012 + 0.00078,
which showed significantly lower variation compared to HIV-1mt
ZA012-PO (p < 0.0001).

Co-receptor usage of HIV-1mt ZA012-P19

To characterize co-receptor usage of HIV-1mt ZA012-P19 after
long-term in vitro passage, we conducted an entry assay using
TZM-bl cells with small molecule antagonists (Fig. 6). Viral
infectivity of the CXCR4-tropic virus (NL4-3) was reduced in the
presence of an increasing amount of the CXCR4 inhibitor,
AMD3100, but was not affected by the CCR5 inhibitor, AD101.
In contrast, the CCR5-tropic virus, SIVmac239, was inhibited in the
presence of an increasing amount of AD101 but not by AMD3100.
Similar to the results using SIVmac239, HIV-1mt ZA012-P19
exhibited sensitivity to inhibition by AD101 but resistance to
AMD3100, indicating that the virus maintained its CCR5-tropism
after the serial passage.
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Replication of HIV-1mt ZA012 in pig-tailed macaques

Since HIV-1mt ZA012-P19 utilized CCR5 as a co-receptor and
exhibited increased infectivity to primary cells of PtMs, we next
assessed the in vivo replication capacity of the virus by experi-
mental infection of PtMs. Two PtMs were inoculated intravenously
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Fig. 7. HIV-1mt ZA012 infection of pig-tailed macaques. Two pig-tailed macaques

were inoculated intravenously with HIV-1mt ZA012 (100,000 TCIDsp), and the

plasma viral RNA burdens (A) and circulating CD4*% T-lymphocytes (B) were
monitored.
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Fig. 6. Co-receptor usage of HIV-1mt ZA012-P19. Infectivity of HIV-1 NL4-3, SIVmac239 and HIV-1mt ZA012-P19 to TZM-bl cells was assessed in the presence of increasing
amounts of AMD3100 (CXCR4 inhibitor), AD101 (CCRS inhibitor) or both. The experiment was conducted in triplicate.
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with 1.0 x 10° TCIDsq of the HIV-1mt prepared in PtM PBMCs, and
plasma viral RNA burdens and the numbers of circulating CD4*
T-lymphocytes were monitored periodically (Fig. 7A). Plasma viral
RNA loads in PtMO1 peaked (1.0 x 10° copies/mL) at 2 weeks post-
infection (wpi) and declined thereafter to levels below the detec-
tion limit at 8 wpi. PtMO2 exhibited a peak plasma viral RNA
burden (2.3 x 10° copies/mL) at 1.5 wpi and maintained more than
1 x 10* copies/mL by 9 wpi, but the viral load declined to levels
below the detection limit at 16 wpi. The numbers of CD4"
T-lymphocytes in the circulation in both animals were not affected
(Fig. 7B). Furthermore, we analyzed naive and memory popula-
tions of CD4™" T cells and no preferential depletion of circulating
memory CD4™ T-lymphocyte was observed (data not shown).

Discussion

In this study, we used IHR to generate a new HIV-1mt carrying
env from the CCR5-tropic subtype C HIV-1 clinical isolate. This
recombination method has been used to generate infectious HIV-1
or SHIV by joining two linear DNAs in regions with completely
identical sequences (Chen et al,, 2000; Kalyanaraman et al., 1988;
Kellam and Larder, 1994; Luciw et al,, 1995; Srinivasan et al., 1989;
Velpandi et al, 1991). Recently, we applied IHR to generate a
replication~-competent SHIV carrying subtype C env that was
inserted within the env sequence of subtype B (Fujita et al,
2013). Here, we utilized the same method to generate HIV-1mt
by replacing a coding sequence region from subtype B with that of
a primary isolate of subtype C and investigated recombination
breakpoints in detail by analyzing the sequences of the resultant
viruses. We found seven variants with different recombination
breakpoints that were located within overlapped sequences
between fragments | and Il These variants were selected as
replication-competent virus in C8166-CCR5 cells that maintained
their variability, suggesting that THR events occur frequently in
cells co-transfected with DNA fragments. In addition, it appears
that the length of identical sequence of as short as 8bp is
sufficient for IHR (recombination type R2 in Fig. 4). Furthermore,
IHR is suggested to occur between various DNA templates, based
on the phylogenetic analysis results that indicated intermingled types
of recombination breakpoints among different env sequences.

To develop a virus that efficiently infects monkey cells, it is
important to choose an env that mediates efficient entry to
macaque cells. The Env proteins in most A-D subtypes of HIV-1
clinical isolates from infected individuals during the acute phase of
infection do not mediate efficient entry using macaque CD4
receptors (Humes et al, 2012). In a preliminary experiment in
C8166-CCR5 cells, we generated five strains of replication-
competent HIV-1mt carrying env from subtype C HIV-1 clinical
isolates, including 97ZA012, but only three were infectious to PtM
cells (data not shown). The generation of SHIV 97ZA012 that can
establish infection in rhesus macaques as described previously
(Fujita et al., 2013) also suggested that Env of HIV-1 97ZA012 can
generate recombinant viruses that are infectious to macaque cells.

The serial passage of HIV-1mt ZA012-PO through PtM PBMCs
resulted in the loss of variants with recombination breakpoints
and led to the emergence of HIV-1mt ZA012-P19 variants with
shared uniform mosaic breakpoints not detected before the
passage (Fig. 4). It is possible that recombination type R8 was
generated through additional recombination events within homo-
logous sequences in the vpu region between variants with recom-
bination type R2 and R7 because recombinant breakpoints located
on vpr and env regions of the virus were identical to that of R2 and
R7, respectively. This possibility of recombination between R2 and
R7 is also supported by the previous finding that the AAAAA tract
within the putative site of recombination is a recombination

hotspot during reverse transcription because the sequence facil-
itates template switching by pausing and dissociation of reverse
transcriptase and results in frequent recombination (Quinones-
Mateu et al., 2002).

HIV-1mt ZA012-P19 acquired three amino acid substitutions
(K432R of Pol-RT, D232E of Pol-IN and F138S of Nef) through serial
passages in PtM PBMCs, but the biological significance of these
mutations remains undetermined, It has been reported previously
that two amino acid substitutions (N222K and V234I) in the
C-terminus of Pol-IN of NL4-3 could augment replication of HIV-
Tmt in cynomolgus macaque HSC-F and human MT4/CCR5 cells
(Nomaguchi et al., 2013). A D232E mutation observed in this study
was positioned near these two residues, which might be asso-
ciated with increased replication in primate cells.

HIV-1mt ZA012 established infection in PtMs with the peak
viremia reaching 1.0-2.3 x 10° copies/mL at 1.5 or 2 wpi (Fig. 7).
In contrast, NL-DT5R exhibited low levels of replication in PtMs
(at most 3.5 % 10* copies/mlL at peak viremia) regardless of CD8*
cell-depletion, as described previously (Igarashi et al, 2007).
Plasma viral RNA load at peak viremia in HSIV-vif infected new-
born PtMs showed 0.5-1.0 x 10° copies/mL (Thippeshappa et al.,
2011). The highest peak viral level has been achieved by stHIV-1
infection of PtMs, reaching 1.0 x 10°~10° copies/mL at the peak
(Hatziioannou et al, 2009). Although HIV-1mt ZA012 failed to
persist its replication over 10 weeks, the replication capacity of the
virus in the acute phase appeared to be comparable to or greater
than known monkey-tropic HIV-1 isolates. The caveat is that HIV-
1mt ZA012 was obtained through “autologous” cell passage.

The derivative of NL-DT5R was designed to counteract or evade
restrictions by macaque TRIM5o and APOBEC3G but not by
interferon (IFN)-stimulated genes (ISGs). One of the IFNa-
inducible host factors, tetherin, inhibits release of viral particles
from infected cells (Neil et al, 2008). HIV-1 Vpu is able to
counteract human tetherin activity but fails to downregulate this
activity in macaque (Jia et al., 2009). On the other hand, unlike
HIV-1 HXB2 or NL4-3, some strains of HIV-1 appear to antagonize
macaque tetherin by its N-terminal transmembrane (TM) domain
of Vpu (Shingai et al., 2011). It has been reported that replication of
monkey-tropic HIV-1 could be controlled in macaque lymphocytes
treated with IFN-a (Bitzegeio et al, 2013; Thippeshappa et al,
2013). Further investigations are required to determine whether
HIV-1mt ZA012-P19 that encodes the N-terminal TM domain of
Vpu, Env and Nef from subtype C could efficiently replicate in the
presence of PtM tetherin or ISGs.

We generated the first CCR5-tropic HIV-1mt in the currently
available derivatives of HIV-1 that can establish infection in
macaques. NL-DT5R, HSIV-vif and stHIV-1 are infectious to PtMs,
but these viruses are CXCR4 or CXCR4/CCR5 dual tropic. Several
monkey-tropic HIV-1 isolates carrying CCR5-tropic env have been
reported, but the viral replication was less efficient than NL-DT5R
(Yamashita et al, 2008). The CCR5-tropic viruses preferentially
infect memory CD4* T-lymphocytes and efficiently replicate in
effector sites in vivo (i.e., lymphocytes in the lung or gastrointest-
inal tract) (Brenchley et al,, 2004; Mehandru et al,, 2004; Okoye
et al, 2007; Picker et al, 2004). Although we characterized
co-receptor usage of HIV-1mt ZA012-P19 in vitro, further investi-
gation is needed to determine whether the virus behaves similarly
to CCR5-tropic HIV-1 isolates in patients in vivo.

In this study, we generated a new monkey-tropic HIV-1. The viral
swarm HIV-1mt ZA012-P19 carries env sequences from CCR5-tropic
subtype C HIV-1, and it successfully established infection in PtMs
with a high peak viremia comparable or greater than the monkey-
tropic HIV-1 strains currently available. Although the monkey-tropic
HIV-1 requires further adaptation to improve its in vivo replication
capacity, the virus potentially serves as a nonhuman primate model
for AIDS, which reproduces infection with currently circulating HIV-1.
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Materials and methods
Cells

293 T cells (DuBridge et al., 1987) were maintained in Dulbecco's
Modified Eagle Medium (D-MEM; Wako, Osaka, Japan) supplemen-
ted with 10% (vol/vol) fetal bovine serum (FBS; HyClone Labora-
tories, Logan, UT) and 1 mM t-glutamine. TZM-bl cells (Platt et al.,
1998) from the NIH AIDS research and reference reagent program
were maintained in D-MEM supplemented with 10% FBS, 1 mM
L-glutamine and 1 mM sodium pyruvate. The human T-cell line,
C8166-CCR5 (Shimizu et al,, 2006) was maintained in Rosewell Park
Memorial Institute 1640 medium (RPMI-1640; Invitrogen, Carlsbad,
CA) supplemented with 10% FBS. PtM PBMCs from uninfected
monkeys were isolated using the ficoll density gradient separation
method. For this procedure, a mixture of 95% lymphocyte separa-
tion medium (Wako) and 5% phosphate buffered saline (PBS) was
used as a separation solution as described previously (Agy et al.,
1992; Frumkin et al., 1993). Residual erythrocytes were lysed in ACK
lysing buffer (0.15 M NH4Cl, 10 mM KHCO3, 1.0 mM EDTA- Nay).
Depletion of CD8* cells was conducted with the magnetic-activated
cell sorting (MACS) system (Miltenyi Biotec, Gladbach, Germany).
Briefly, isolated PtM PBMCs were stained with phycoerythrin (PE)-
conjugated anti-CD8 antibodies (clone SK1, BD Biosciences, San Jose,
CA) and then labeled with anti-PE MicroBeads (Miltenyi Biotec).
CD8™ cells were removed using a magnetic column according to the
manufacturer's instructions. PBMCs were cultured in RPMI-1640
supplemented with 10% FBS, 2mM sodium pyruvate, 2 mM L-
glutamine, 50nM 2-mercaptoethanol and 40 pg/mL gentamicin.
PBMCs were stimulated with 25 pg/mL Concanavalin A (conA) for
20 h and then cultured in the presence of 160 U/mL human recom-
binant interleukin-2 (IL-2; Wako).

Viruses

A stock of NL-DT5R virus was prepared from C8166-CCR5 cells
transfected with a plasmid encoding full-length proviral DNA of
NL-DTS5R (pNL-DT5R) using the DEAE-Dextran/osmotic shock
procedure (Takai and Ohmori, 1990). SIVmac239 (Kestler et al.,
1988) stock virus was prepared from the culture supernatant of
293 T cells transfected with a plasmid encoding full-length
proviral DNA of SIVmac239 with Lipofectamine (Invitrogen).
CCR5-tropic subtype C HIV-1 clinical isolates including 97ZA012
were obtained from the NIH AIDS research and reference reagent
program.

Generation of recombinant virus through intracellular homologous
recombination

To generate recombinant virus by IHR, overlapping viral geno-
mic DNA fragments were prepared by PCR amplification. A region
spanning the 5 LTR to env was amplified from pNL-DT5R (Gen-
Bank accession number: AB266485) using the HIV-1-U3-Notl-F
forward primer (5'-ATGCGGCCGCTGGAAGGGCTAATTTGGTCC-
CAAAG-3'; nucleotide positions 1-25 in NL-DT5R, and additional
Notl site sequences) and the env-2R reverse primer (5-CACA-
GAGTGGGGTTAATTTTACAC-3’; nucleotide positions 6761-6784 in
NL-DT5R). PCR was conducted with Expand long-range dNTPack
(Roche Diagnostic, Basel, Switzerland). PCR conditions were as
follows: 94 °C for 2 min followed by 10 cycles of 94 °C for 15,
55 °C for 30 s and 68 °C for 8 min, 25 cycles of 94 °C for 15 s, 55 °C
for 30s, 68 °C for 8 min, with 20 s increments at 68 °C for each
successive cycle and a final elongation period of 68 °C for 7 min
(fragment I in Fig. 1A). Amplification of a DNA fragment spanning
the initiation of vpr to the 3’ LTR was derived from subtype C HIV-
1 clinical isolates of the HIV-1 97ZA012 strain. Viral RNA was

isolated from culture supernatant using a QIAamp viral RNA mini
kit (Qiagen, Hilden, Germany). Complementary DNA (cDNA) was
synthesized with Super Script Ill first-strand synthesis SuperMix
(Invitrogen) using the OFM19-R reverse primer (5-AGGCAAGCTT-
TATTGAGGCTTA-3'; nucleotide positions 9604-9625 based on the
HXB2 numbering). PCR amplification of the viral cDNA was
conducted using HIV-1vpr-F forward primer (5-AGATGGAA-
CAAGCCCCAGAAGA-3'; nucleotide positions 5558-5579 in the
HXB2 numbering) and OFM19-R reverse primer with the same
conditions (fragment II in Fig. 1A). To prepare a fragment spanning
the initiation of 5’ LTR to the MA region of gag, proviral DNA was
extracted from proviral DNA of subtype C HIV-1 isolate-infected
C8166-CCR5 cells using DNeasy Blood & Tissue kits (Qiagen). The
following amplification was conducted using HIV-1cladeC-U3-
Notl-F forward primer (5-ATGCGGCCGCTGGAAGGGTTAATTTACT-
CAAGAG-3’; nucleotide positions 1-24 in the HXB2 numbering
plus Notl site sequences) and the PreSCA-R reverse primer
(5'-AATCTATCCCATTCTGCAGC-3’; nucleotide positions 1433-1414
in the HXB2 numbering) (fragment Il in Fig. 1A). The PCR products
were purified using QIAquick PCR purification kits (Qiagen).

Recombinant viruses were generated by means of IHR in the
cell. PCR-amplified linear viral DNA fragments were co-transfected
into C8166-CCR5 cells by the DEAE-dextran/osmotic shock proce-
dure (Takai and Ohmmori, 1990). After transfection, cells were
maintained and passaged every 3 days. The culture supernatant
was harvested upon observation of virus-induced CPE.

Virus titration

The infectious titer of the viruses was defined as the median
tissue culture infectious dose (TCIDsp) in TZM-bl cells as described
previously (Li et al., 2005). Four-fold, serially diluted viral stock
was used to inoculated TZM-bl cells (5000 cells per 200 pL of
growth medium containing DEAE-Dextran at a final concentration
of 12.5 pg/mL) in quadruplicate in flat-bottom 96-well plates. After
incubation for 48 h at 37 °C, the culture supernatant was removed
and the cells were treated with 50 pL of Cell lysis solution (Toyo-
Inki, Tokyo, Japan) for 15 min at room temperature with shaking.
Then, 30 pL of the cell lysate were transferred to F96 MicroWell
plates (Thermo Fisher Scientific, Roskilde, Denmark), and the
relative luminescence units (RLU) after adding 50 pL of luciferase
substrate (PicaGene, Toyo-Inki) to each well was determined using
a microplate reader (Mithrus LB940, Berthold Technologies, Bad
Wildbad, Germany). Viral infectivity was measured in RLUs, and
positive wells were defined as RLU > 2 x background. The TCIDsg
was calculated as described previously (Reed and Muench, 1938).

Viral growth kinetics in pig-tailed macaque PBMCs

PtM PBMCs were isolated from two uninfected animals and
CD8™ cells were depleted as described above. Two days after
stimulation with Concanavarin A (25 pg/mL), 2.5 x 10° cells of
CD8* cell-depleted PtM PBMCs were inoculated with 2.5 x 10*
TCIDsq of viral stocks by spinoculation (O'Doherty et al,, 2000) at
1200g for 1 h at room temperature. After washing with PBS, the
infected cells in 200 pL of culture medium were cultured in round-
bottom 96-well plates at 37 °C. The upper 150 pL of culture
supernatant without aspirating cells in the bottom of the well
was exchanged with fresh medium everyday. The harvested
supernatant was stored at —20 °C prior to measure the activity
of RT associated with virions.

RT assay

The virion-associated RT activity in culture supernatant was
monitored as described previously (Willey et al, 1988). Briefly,
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6 pul of culture supernatant were combined with 30 pL of RT
reaction cocktail [50 mM Tris-HCl, 75 mM KCl, 10 mM dithiothreitol,
495 mM MgCl,, 10 mg/mL polyA RNA, 5 mg/mL oligo-dTso, 0.05%
NP40] and 1.66 x 10% Bq equivalent o**P-dTTP (PerkinElmer, Wal-
tham, Massachusetts, USA) and incubated at 37 °C for 2 h with gentle
agitation. Next, 3 pL of incubated mixture were blotted onto DE81
ion exchange cellulose paper (GE healthcare, Buckinghamshire, UK).
After four washes with 2 x saline sodium citrate (SSC), the residual
radioactivity from synthesized DNA was counted using a liquid
scintillation counter.

Single genome amplification (SGA)

SGA of the region spanning the initiation region of vpr to the
end of the env gene was conducted as described previously
(Salazar-Gonzalez et al,, 2008). Synthesized viral ¢cDNA was end-
point diluted and then subjected to nested-PCR. First-round PCR
was conducted with KOD-FX (TOYOBO, Osaka, Japan) in a total of
20 pL of reaction mixture, using the SGA-16F forward primer
(5'-TGCAGCAGAGTAATCITCCCACTACAGG-3/; nucleotide positions
5260-5283 in NL-DT5R) and the SGA-OFM19R reverse primer
(5'-AGGCAAGCTTTATTGAGGCTTAAGCAGTGG-37;  9771-9800 in
NL-DT5R). The first-round PCR conditions were as follows: 94 °C
for 2 min, followed by 35 cycles of 98 °C for 10's, 63 °C for 30 s and
68 °C for 5 min. Second-round PCR was performed using 1 pL of
the first-round PCR product using the SGA-17F forward primer
(5'-AGAAGAGACAATAGGAGAGGCCTTCGAATG-3';  5610-5639 in
NL-DT5R) and the SGA-2.5R reverse primer (5'-AAAGCAGCTGCT-
TATATGCAGCATCTGAGG-3'; 9673-9702 in NL-DT5R). The second-
round PCR conditions were the same as those in the first-round
PCR. Amplification of the target sequence was confirmed with
agarose gel electrophoresis. According to a Poisson distribution,
when a positive ratio of amplification from diluted cDNA is < 30%
in multiple replicate PCR reactions, the amplicons are predicted
to be amplified from one-copy of template with the probability
of >80%. The single genome amplicons were purified before
sequence analysis.

Genomic analysis

Sequence analysis was performed using the BigDye terminator
v. 3.1 cycle sequencing kit (Applied Biosystems, Foster City, CA)
and the ABI PRISM 3130x! genetic analyzer (Applied Biosystems).
The 3'-terminal 2304 nucleotide sequences of env were aligned
using the Clustal X software (Thompson et al., 1997). A neighbor-
joining phylogenetic tree (Saitou and Nei, 1987) using Kimura's
two-parameter model (Kimura, 1980) was constructed using
MEGA 5 software (Tamura et al., 2011), and bootstrap values were
computed from 1000 bootstrap replicates (Felsenstein, 1985). Pair-
wise distances between any two nucleic acid sequences of the
3’ terminal 2361 bp of each viral env within the parental HIV-1
97ZA012, HIV-1mt ZA012-P0O and HIV-1mt ZA012-P19 were calcu-
lated with Kimura's two-parameter model (Kimura, 1980) by using
MEGA 5 software (Tamura et al., 2011). The statistical significance
between each viral pair-wise distance was calculated with Stu-
dent's t test using GraphPad Prism software (San Diego, CA, USA).

Co-receptor usage assay

Employing a previously reported method (Nishimura et al.,
2010) with minor modifications, co-receptor usage of viruses was
determined using the small molecule antagonists, AD101 (Trkola
et al, 2002) provided by Dr. Julie Strizki (Schering-Plough
Research Institute, Kenilworth, NJ) and AMD3100 (Sigma-Aldrich,
St. Louis, MO) (Donzella et al., 1998). Briefly, freshly trypsinized
TZM-bl cells (5000 cells per 100 pL of growth medium containing

DEAE-Dextran at a final concentration of 12.5 pg/mL) were seeded
in flat-bottom 96-well plates. The cells were incubated with 50 pL
of co-receptor antagonists at final concentrations ranging from
0.1 nM to 1000 nM for 1 h at 37 °C and inoculated with 100 TCIDsq
of replication-competent virus in triplicate. After incubation for
48 h at 37 °C, luciferase activity was measured, and the percent
infectivity relative to that measured in mock-treated wells was
determined.

Experimental infection of pig-tailed macaques with HIV-1mt ZA012

HIV-1mt ZA012 challenge stock was prepared from culture
supernatant of PtM PBMCs infected with HIV-1mt ZA012-P19. The
virus was titrated with PtM PBMCs as described previously (Fujita
et al,, 2013). Two pig-tailed macaques, PtMO1 and PtM02 aged
7 and 6 years, respectively, were intravenously inoculated with
1.0 x 10° TCIDgo of HIV-1mt ZA012. Plasma viral RNA loads were
measured with TagMan real time RT-PCR as described previously
(Miyake et al., 2006) with minor modifications; RT-PCR was con-
ducted for HIV-1 vpr amplification using the NM3rNvpr-F forward
primer  (5-CAGAAGACCAAGGGCCACAG-3') and NM3rNvpr-R
reverse primer (5'-GTCTAACAGCTTCACTCTTAAGTTCCTCI-3'). PCR
products were detected with a labeled probe, NM3rNvpr-T
(5'-Fam-AGGGAGCCATACAATGAATGGACACT-Tamra-3'; Perkin Elmer).
Animal experiments were conducted in the biosafety level 3 animal
facility, in compliance with institutional regulations approved by the
Committee for Experimental Use of Nonhuman Primates of the
Institute for Virus Research, Kyoto University, Kyoto, Japan.

Flow cytometry

To enumerate CD4" T-lymphocytes, and memory and naive
CD4™" T-lymphocytes, whole blood samples were stained with
fluorescently labeled mouse monoclonal antibodies. Anti-CD3
(clone SP34-2) conjugated with Pacific Blue, anti-CD4 (clone
L200) conjugated with PerCP-Cy5.5, anti-CD8 (clone SK1) conju-
gated with APC-Cy7, anti-CD20 (clone L27) conjugated with FITC
and anti-CD95 (clone DX2) conjugated with APC were purchased
from BD Biosciences, and anti-CD28 (clone CD28.2) conjugated
with PE was purchased from eBioscience (San Diego, CA).
CD28"shCDY5'ow D4+ or CD28MeMowrpg5hishCDA " T-cell subsets
were considered as naive or memory CD4* T-lymphocytes, respec-
tively (Pitcher et al., 2002). The absolute number of lymphocytes in
the blood was determined using an automated hematology analy-
zer, KX-21 (Sysmex, Kobe, Japan).
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One of the major missions of animal virology is to understand
how viruses replicate and cause asymptomatic/symptomatic con-
ditions in individuals (Nomaguchi and Adachi, 2010). It is espe-
cially important for virologists who work on viruses pathogenic
for humans to elucidate bases underlying the in vivo viral charac-
teristics. Toward this end, animal model studies in some ways are
necessary to precisely analyze the in vivo situation, and also are
essential for developing countermeasures against virus infections.
Since a full variety of viruses with distinct biological properties
exist, we virologists should study “the target virus” in a special-
ized manner, in addition to common theoretical/experimental
approaches. The Research Topic entitled “Animal model stud-
ies on viral infections” collects articles that describe the studies
on numerous virus species for their animal models, or those at
various stages toward animal experiments.

Articles in this Research Topic were written by experts in
various research fields, and can be fairly grouped into a few
categories: (i) descriptions/evaluations/new challenges of animal
model studies for investigating the biology of viruses; (ii) exper-
imental materials/methods for upcoming animal model stud-
ies; (iii) observations important for animal model studies. (i)
Reynaud and Horvat (2013) have described the animal mod-
els for human herpesvirus 6 to better understand its pathogenic
property. Studies on filoviruses, classified as biosafety level-4
and represent a serious world-wide problem today, have been
reviewed by Nakayama and Saijo (2013). Mailly et al. (2013) have
focused on the quest for appropriate animal models for hepatitis
C virus. Clark et al. {2013) have discussed about the use of non-
human primates as models for dengue hemorrhagic fever/dengue
shock syndrome. Ohsugi (2013) has summarized mouse strains
transgenic for the fax gene of human T-cell leukemia virus
type 1 (HTLV-1). Also, a bovine model for HTLV-1 patho-
genesis has been described by Aida et al. (2013). Challenging
new attempts to establish human immunodeficiency virus type
1 (HIV-1)/macaque infection models have been reviewed by
Misra et al. (2013), and also by Saito and Akari (2013). Another
approach to understand HIV-1 biology in vivo has been described
by Matsuyama-Murata et al. (2013). (i) Kodama et al. (2013) has
described a new and simple method to prepare human dendritic
cells from peripheral blood mononuclear cells. Doi et al. (2013)
have summarized their studies on macaque-tropic HIV-1 clones.

Ikeno et al. (2013) has reported a new, sensitive, and quantitative
system to monitor measles virus infection in humanized mice.
Iwami et al. (2013) have summarized the quantification of viral
infection dynamics based on various quantitative analyses. (iii)
Tada et al. (2013) have suggested that LEDGF/p75 may be a cel-
lular factor acting as a species-barrier against HIV-1 in mouse
cells. Kuwata et al. (2013) have shown that simian immunode-
ficiency virus may acquire the increased infectivity and resistance
to neutralizing antibodies by truncation of its gp41 cytoplasmic
tail. Ohsugi et al. (2013) have reported that natural infection sta-
tus of laboratory mice by murine norovirus. Finally, Kajitani et al.
(2013) have described the possible involvement of E1"E4 protein
of human papillomavirus type 18 in its differentiation-dependent
life cycle.

We are proud to add our “Animal model studies on viral infec-
tions” to a series of Research Topic in Frontiers in Microbiology.
A wide variety of DNA and RNA viruses are covered by this
special issue consisting of original research, review, mini-review,
methods, and opinion articles. As we described in the beginning,
animal studies are certainly required for understanding virus
replicative/pathogenic properties in vivo and for overcoming
virally-caused infectious diseases. We human virologists should
make every effort to fight against numbers of unique pathogenic
viruses.
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Abstract

Overlapping peptides of different lengths from a certain immunodominant region can be presented by the same HILA class I molecule and
elicit different T cell responses. However, how peptide-length specificity of antigen-specific CD8% T lymphocytes influence cross-reactivity
profiles of these cells remains elusive. This question is particularly important in the face of highly variable pathogens such as HIV-1. Here,
we examined this problem by using HLA-B*35:01-restricted CD8" T lymphocytes specific for Nef epitopes, i.e., RY11 (RPQVPLRPMTY),
VY8 (VPLRPMTY), and RM9 (RPQVPLRPM), in which VY8 and RM9 were contained entirely within RY11, in combination with a T cell
receptor (TCR) reconstruction system as well as HLA-B35 tetramers and a set of a single-variant peptide library. The TCR reactivity toward the
peptide-length variants was classified into three types: mutually exclusive specificity toward (1) RY11 or (2) VY8 and (3) cross-recognition
toward RM9 and RY11. TCR cross-reactivity toward variant peptides was similar within the same peptide-length reactivity type but was
markedly different between the types. Thus, TCRs showing similar peptide-length reactivity have shared peptide recognition footprints and

thereby similar weakness to antigenic variations, providing us with further insight into the antiviral vaccine design.
© 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HIV-1; CD8" T cell; TCR; Antigenic peptide; Cross-reactivity; HLA-B#35:01

1. Introduction

HLA class I (HLA-I) molecules form a highly polymorphic
antigen-binding cleft and play a central role in selection and
presentation of antigenic peptides to T lymphocytes. Crystal
structures of HLLA-I in complex with an antigenic peptide have
shown that the central residues in the peptide are generally
exposed at the outside of the HLA binding groove, thus
affording recognition by cognate T cell receptors (TCRs) [1].
The fixed anchors at the N- and C-termini of the antigenic
peptide of 8-13 amino acids in length, and the closed
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2-2-1 Chuo-ku, Honjo, Kumamoto 860-0811, Japan. Tel.: 481 96 373 6826;
fax: +81 96 373 6825.
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! Present address: Department of Immunology, Kinki University School of
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conformation of the HLA-I groove, force longer peptides to
bulge further out of the groove to accommodate the extra
central peptide residues [2]. Such a difference in peptide
conformation as well as the size of the central bulge bound to
HLA substantially influences the TCR selection and recogni-
tion [3]. The same HLA-I molecule can eventually present
various closely related overlapping peptides of different
lengths [4], while closely related HLA-I allomorphs have
different length preference toward overlapping epitopes in
some settings that result in qualitatively variable T cell-
mediated viral control [5—9].

Viruses such as the highly variable HIV-1 and hepatitis C
viruses can mutate and thus escape from CTL responses
[10,11], and it is becoming evident that CTLs with the ca-
pacity to cross-recognize naturally occurring viral variants are
advantageous for viral control in vivo [12—17]. In a region of
viral proteins where multiple overlapping epitopes of various
length are clustering, a mutation results in a change in multiple

1286-4579/$ - see front matter © 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/.micinf.2013.12.005

- 985 —



2 C. Motozono et al. / Microbes and Infection xx (2013) 18

epitopes and may differentially influence T cell responses
specific for such epitopes [5]. This case is likely where an
HLA-I allomorph presents multiple overlapping epitopes of
different length. However, how such overlapping peptides of
different lengths presented by the same HLA allele affect
length preference and cross-reactive potency of TCRs toward
variant peptides remains unclear.

In HIV-1 Nef, a highly immunogeneic viral protein, a
number of CTL epitopes are located within a multi-restricted,
immunodominant central region spanning residues 73-94 and
113-147, including a highly conserved polyproline region at
residues 73-82 [18.19]. In particular, HLA-B*35:01, which
prefers proline at the second position of its bound peptides
[19,20], can present multiple overlapping epitopes within this
region, leading to elicitation of different antigen-specific CTL
responses [5,6,19,20]. In fact, we previously reported that in
HIV-infected patients with HLA-B*35:01, Nef protein elicited
dominant CTL responses [21], with a short epitope (VYS;
VPLRPMTY) and an amino-terminal extended long epitope
(RY11; RPQVPLRPMTY) being different optimal epitopes
presented by HLA-B#35:01 [5.6]. There is also another po-
tential epitopic peptide sequence, RM9 (RPQVPLRPM),
within RYI11. In this present study, employing TCR-
reconstructed T cells, we carefully investigated peptide-
length preferences of various TCRs and examined whether,
and if so how, cross-reactivity profiles of these TCRs were
affected by peptide-length preference.

2. Materials and Methods
2.1. Reagents

HLA-B35 tetramers in complex with the RY11, RM9 or
VY8 peptides were prepared as previously described [21].
Peptides were designed based on the subtype B consensus
sequence of HIV-1 Nef (see Los Alamos database at http://
www.hiv.lanl.gov/content/index) and were prepared by using
an automated multiple peptide synthesizer. The purity and
integrity of the synthesized peptides was examined by high-
performance liquid chromatography and mass spectrometry,
and the peptides with >90% purity were used in this study.
Antibodies used were the following: PE-conjugated anti-
mouse CD3e mAb (2C11: BioLegend), anti-human CD8-
PerCP (BD Biosciences), and anti-human CD3-FITC
(DakoCytomation).

2.2. CTL clones

CTL clones that had been established by using PBMC
samples taken from HLA-B*35:01" individuals (Pt-01, -03,
-19, and -33) with an HIV-1 infection were used [5,6,21].
CTL clone H231 generated from PBMC from Pt-01 was
designated CTL 01-H231, and other clones were similarly
designated. Cytotoxic assays were done as previously
described [5,6,21]. The study was conducted in accordance
with the human experimentation guidelines of Kumamoto
University.

2.3. TCR reconstruction

TCR-encoding genes of CTL clones were obtained by
using a SMART PCR cDNA synthesis kit (Clontech, Palo
Alto, CA) as described previously [22,23]. The resultant TCR
af3 genes were separately cloned into a retrovirus vector pMX
(provided by T. Kitamura at Tokyo University) and delivered
into a TCR-deficient mouse T cell hybridoma cell line, TG40
(provided by T. Saito at RIKEN Institute), as previously
described [6,22]. The human CDS8c gene was similarly
delivered into the cells as needed. TG40 cells transduced with
TCR genes isolated from CTL 01-H231 were designated
TG40-H231 and other TCR-transduced cells were similarly
designated.

TCR recognition of cognate antigens was measured in
terms of IL-2 secretion by TCR-transduced TG40 cells, as
described earlier [6,22]. Unless otherwise specified, CIR cells
expressing HLA-B*#35:01 (CIR-B3501, 10* cells/well), TCR-
transduced TG40 cells (2 x 10" cells/well), and peptides were
mixed and incubated for 24 h at 37 °C. The resultant culture
supernatant was then collected, and the amount of IL-2 was
determined by analyzing the proliferative activity of the IL-2
indicator cell line CTLL-2.

2.4. Flow cytometric analysis

CTL clones were stained with PE- or allophycocyanin-
labeled HLA-B35 tetramers at 37 °C for 15 min followed by
incubation with anti-CD8-PerCP and anti-CD3-FITC at 4 °C
for 15 min. By flow cytometry, CD3" CD8* live cells were
gated and analyzed for tetramer binding, as described previ-
ously [6]. TCR-reconstructed TG40 cells were stained with
HLA-B35 tetramers at 4 °C for 15 min followed by anti-CD3-
PE at 4 °C for 20 min. By flow cytometry, CD3" live cells
were gated and analyzed for tetramer binding as described
earlier [6,22]. Cells were analyzed by use of a FACS Calibur
or FACS Canto 1I flow cytometer (BD Biosciences), and the
data were further analyzed by using Flow Jo (Treestar, San
Diego CA).

2.5. Structural modeling of pMHC

The crystal structure of HLA-B*35:01 with the VY8 pep-
tide at a resolution of 2.00 A (PDB code: 1AIN {24]) was
taken from the Protein Data Bank to construct the complexes
between HLA-B*35:01 and RM9 or RY11. The modeling was
performed by using tools available in the Molecular Operating
Environment (MOE, MOE 2012.1001; Chemical Computing
Group Inc., Montreal, Quebec, Canada) as follows: First,
hydrogen was added to the HLA structure. The HLA-B*35:01
structure was thermodynamically optimized by energy mini-
mization using MOE and an AMBERI12EHT force field [25]
combined with the generalized Born model of aqueous sol-
vation implemented in MOE [26]. Next, the RM9 or RY11
peptide models on the HLA-B*35:01 structure were con-
structed by the homology modeling technique using ‘MOE-
Homology’ in MOE. Finally, the RM9 or RY11 model was
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docked with the HLA-B*35:01 structures by using the auto-
mated ligand docking program ASEDock [27] operated in
MOE.

3. Results

3.1. Multiple overlapping epitopic sequences in Nef in
the context of HLA-B*35:01

In the HLA-B*35:01-restricted epitopic peptide sequence
RPQVPLRPMTY (RY11), located in the immunodominant
central region of Nef (Fig. 1), there are two additional se-
quences, VPLRPMTY (VY8) and RPQVPLRPM (RM9), that
have similar motifs for HLA-B*35:01 binding, i.e., Pro at
position 2 (P2) and a hydrophobic residue at the C-terminus
{19—21). In fact, RY11 [21,28] and VY8 {5,29] have been
reported as CTL epitopes presented by HLA-B*35:01,
although RM9 is not yet known to be an HLA-B*35:01-
restricted epitope. The results of an HLA-stabilization assay
showed that RM9 bound to HLA-B*35:01 with a half maximal
binding level (BL5q) of 22 uM, which is comparable to that of
RY11 (23 pM) and VY8 (41 pM), suggesting that RM9 could
also be presented by HLLA-B*35:01 for TCR recognition.
Corroboratively, the peptide replacement structural modeling
studies showed that RM9 could be accommodated in the
peptide-binding groove of HLA-B*35:01, as could RY11 and
VY8 (Fig. 1). Also, VY8, RM9, and RY11 peptides each had a
distinct surface area available for TCR binding (Fig. 1).

Because CD8" T lymphocytes have preference toward
peptide-length variants [3,8,9,21,30,31], we tested again a panel
of CTL clones (CTL01-H231, CTL03-G8, CTL19-27, CTL19-
139, and CTL33-S1) for cytotoxic activity toward cells pulsed
with VY8, RM9 or RY11 peptides. All CTL clones showed
cytotoxic activity toward target cells pulsed with RY11
(Fig. 2A), suggesting that RY11 contained antigenic de-
terminants recognized by all of these TCRs, which would be
consistent with previous studies [6,21]. However, CTL19-139
and CTL33-S1 showed more potent activity toward cells
pulsed with VY8 than with RY11 and no response toward cells

RY11l: RPQVPLRPMTY
RM9: RPQVPLREM
VY8 VPLRPMTY

Fig. 1. Structural modeling of HLLA-B*35:01 in complex with RY11, RM9 or
VY8. The HLA-B*35:01-peptide complex models were constructed by using
the crystal structures of HLA-B*35:01 in complex with VY8 at a resolution of
2.00 A (PDB code: 1A1N [24)), as described in Materials and Methods. RY11
(blue) and RM9 (magenta) are superimposed on the VY8 (cyan) peptide-HLA-
B*35:01 model.

pulsed with RM9 (Fig. 2A). In support of this finding, these
clones showed binding exclusively to VY8/B35 tetramers and
not to RM9/B35 or RY11/B35 tetramers (Fig. 2B), indicating
that CTL19-139 and CTL33-S1 were exclusively specific for
VYS8. CTL0O1-H231 did not show cytotoxic activity toward cells
pulsed with RM9 or VY8 (Fig. 2A). In fact, CTLO1-H231
bound exclusively to RY11/B35 tetramers, but not to RM9/B35
or VY8/B35 ones (Fig. 2B), indicating that CTLO1-H231 was
exclusively specific for RY11. On the other hand, CTL03-G8
and CTL19-27 showed cytotoxic activity toward cells pulsed
with both RM9 and RY11; although at a lower peptide con-
centration these clones showed about 10 times more potent
activity toward RM9- than toward RY11-pulsed cells (Fig. 2A).
Consistently, CTL03-G8 and CTL19-27 exhibited higher
binding activity toward the RM9/B35 tetramer than toward the
RY11/B35 one (Fig. 2B), suggesting that RM9 could be an
epitope for these CTLs.

3.2. Fine specificity analysis by use of TCR-
reconstructed cells

To certify fine specificity and peptide-length preference of
the above CTLs, TCRs isolated from these CTLs were
reconstructed on TCR-deficient T cell line TG40 cells;
because this method allowed us to precisely examine the TCR-
peptide-MHC interaction without any influence of functional
differences among primary CTLs [6,22,23]. By introduction of
TCR genes into TG40 cells (designated TG40-H231, TG40-
G8, TG40-27, TG40-139, and TG40-S1), TCR/CD3 expres-
sion was clearly observed in all cells (Fig. 3A), confirming
TCR reconstruction on the TG40 cell surface. We next tested
the TCR specificity by peptide titration and tetramer staining.
We confirmed that TG40-139 and S1 efficiently recognized
target cells pulsed with the VY8 peptide and bound to VY8/
B35 tetramers (Fig. 3B and C), in good agreement with the
CTL data shown in Fig. 2. As expected, TG40-H231 exclu-
sively recognized target cells pulsed with RY11 (Fig. 3B) and
bound to the RY11/B35 tetramer but not to the RM9/B35
tetramer (Fig. 3C). On the other hand, TG40-G8 and TG40-27
responded towards cells pulsed with both RM9 and RY11
without much difference in sensitivity in the peptide titration
experiments (Fig. 3B); whereas both cells showed a different
pattern of tetramer binding (Fig. 3C). TG40-G8 showed sub-
stantial binding activity toward RM9/B35 tetramers (Fig. 3C),
but weak binding activity toward RY11/B35 ones (Fig. 3C). In
contrast, TG40-27 showed extremely weak or virtually no
binding to RY11/B35 or RM9/B35 tetramers (Fig. 3C),
although CTL19-27 bound to both tetramers (Fig. 2B). Taken
together, these data indicate that TCRs that favorably recog-
nized RM9 also cross-recognized RY11 in the context of
HLA-B*35:01, at least to some extent.

3.3. Cross-reactivity profiles of TCRs towards an array
of variant peptides

We next analyzed TCR cross-reactivity towards 198
RY11-based variant peptides. Overall, TG40-H231, TG40-
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Fig. 2. Specificity of CTL clones toward overlapping epitopic peptides. A) Cytotoxic activity of CTL clones (CTL01-H231, CTL03-G8, CTL19-27, CTL19-139,
and CTL33-S1) toward overlapping peptides is shown. As target cells, CIR cells expressing HLA-B#35:01 (C1R-B3501) were pulsed with various concentrations
of RY11, RM9 or VY8 peptides. Data presented are the mean of duplicate assays. B) CTL clones were stained with HLLA-B35 tetramers in complex with RY11,
RM9 or VY8. Live CD3" cells were gated and analyzed for antigen specificity by binding with HLA-B35 tetramers.

G8, and TG40-27 retained reactivity towards 72, 45, and 46
out of the 198 variant peptides tested (36.4%, 22.7%, and
23.2% recognition, respectively; Fig. 4). Interestingly,
although TG40-G8 and TG40-27 showed cross-reactivity
towards only some amino acid variations at P1-P9, they
showed cross-reactivity toward most amino acid residues at
P10 and P11, suggesting that these peptides likely bound to
HLA-B*35:01 with extending two amino acids at the C-
terminus from the peptide-binding region, rather than their
central region bulging for TCR-binding, as shown previously
from crystal structural data [7,32]. This observation was
consistent with the length preference of RM9 peptide by
these TCRs, as was shown above. However, it is not clear

why neither TG40-G8 nor -27 recognized Pro at P10
(Fig. 4). In contrast, TG40-H231 efficiently recognized all
mutations at P8 of RY11, whereas these cells showed limited
cross-recognition toward hydrophobic residues at P11
(Fig. 4). We also tested cross-reactivity profiles of TG40-139
and TG40-S1 by using 144 RY11-variant peptides contain-
ing mutations from P4 to P11, which corresponded to P1 to
P8 of the VY8 sequence. TG40-139 and TG40-S1 showed
unique cross-reactivity footprints compared with the other
TCRs tested. All these data suggest that TCRs having
similar peptide-length preference showed cross-recognition
patterns related to the amino acid variations in the epitope
peptides.
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Fig. 3. Specificity analysis of reconstructed TCRs from H231, G8, 27, 139, and S1 CTL clones were reconstructed on TCR-deficient TG40 cells. A) Cell-surface
expression of reconstructed TCRs was evaluated by staining with PE-conjugated anti-mouse CD3e mAb. The mean fluorescence intensity of CD3 expression is
indicated in each histogram. The mock-transduced TG40 cells were used as a negative control (shaded). B) TG40/CDS8 cells expressing the indicated TCRs were
analyzed for their IL-2 secretion in response to various concentrations of the RY11, RM9 or VY8 peptides. The amount of IL-2 obtained for the mock-transduced
TG40/CD8 was always <2.0. This assay was repeated three to four times for each peptide. C) HLA tetramer binding activity of TCR-transduced TG40 cells was
analyzed. The mean fluorescence intensity of HLA tetramers is indicated in each histogram. The mock-transduced TG40 cells were used as a negative control

(shaded), and the mean fluorescence intensity of these cells was <3.2.

4. Discussion

Here, we highlighted TCR fine specificity and cross-
reactivity toward peptide-length variants as well as amino
acid variations within the defined length of three HIV-1 Nef
peptides by using a number of TCRs restricted by the same
HLA-I molecule, HLA-B*35:01. Tetramer and peptide

titration assays in combination with the TCR-reconstruction
system revealed that the length preference of TCRs could be
categorized into three types: mutually exclusive specificity
toward RY11 or VY8 and cross-recognition toward RM9 and
RY11. In addition, the cross-reactivity profiles toward amino
acid variations of TCRs were unique and shared within the
length-preference type but were very different between the
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Fig. 4. Cross-reactivity footprints of TG40/CDS cells expressing the indicated TCRs were tested for their capacity to recognize C1R-B3501 pulsed with each of
198 different peptides. The amino acid in each of the eleven positions in the RPQVPLRPMTY sequence was substituted by cach of the 19 amino acids except for
cysteine. The residues of the index peptide are listed horizontally at the top of the chart, and the letters along the sides indicate the residues replacing the index
residue. The ECsq value of each peptide was calculated as the concentration of peptide that exhibited a half-maximal activation of TCR-transduced TG40 cells in
response to 10™° M index peptide defined as maximal. Amino acid substitution peptide analogs were tested for binding to HLA-B35 by using TAP-deficient RMA-
S cells; and the concentration of the peptide that yielded a half maximal binding level (BLsg) was calculated as described earlier [22]. The TCR-pMHC interaction
was determined by the ECs/BLsg values, and >100 was defined as negative. The index residues at each position are outlined in black. This assay was repeated

three to four times for each variant peptide.

three types. These results suggest that the length of the epitope
peptide substantially influenced the cross-reactivity profiles of
the cognate TCRs toward variant antigens.

The overlapping epitopes of different lengths presented by
the same HLA-I are widely observed in HIV-1 infection: for
example, HLA-B27-restricted Gag epitopes, KL.8 (Gag263-
270: KRWIILGL) and KK10 (Gag263-272: KRWIILGLNK)
[7]; HLA-BS57-restricted Gag peptides, KI8 (Gagl62-169:
KAFSPEVI) and KF11 (Gagl62-172: KAFSPEVIPMF) (8];
HLA-B*54:01-restricted Pol epitopes, FT8 (Poll55-162:
FPISPIET), FV9 (Pol155-163: FPISPIETV), FP10
(Poll155-164: FPISPIETVP), and FV11 (Pol 155-165: FPIS-
PIETVPV) [9]. In all of these cases, each of these epitopes
generated different CDS8 T subsets; although only one of each
overlapping epitopes can often be dominant in vivo [7—9]. In
the HLA-B*35:01-restricted overlapping epitope case here,
VY8 is a dominant epitope in the early phase of an HIV-1
infection, whereas RY11 becomes dominant in the chronic
phase [21]; although the RM9-specific response in vivo has not
been systematically analyzed yet. The pathways and mecha-
nisms by which one of these epitopes becomes dominant over
the others remain elusive. It would be interesting to determine
the susceptibility of precursor peptides to proteasomes and
other intracellular or ER-resident proteases such as ERAP1
[33] among these peptides in a future study. In contrast, it has
been reported that the VY8/HLA-B35 complex shows more
stability than the RY11/HLA-B35 complex in heat-
denaturation experiments [6] and that such a difference in
biochemical property between peptide-HLA complexes, rather
than interaction between TCR and peptide-HLA complex is
most likely associated with potent antiviral activity toward
HIV-infected CD4" T lymphocytes by the VY8-specific CTLs
[6,21]. Tt will therefore be intriguing to determine the

thermostability profiles of all of these complexes between
HLA-I molecule and overlapping peptides and compare their
association with immunodominant hierarchy as well as with
the antiviral potency of T lymphocytes recognizing these
epitopes.

We previously found that the Arg to Thr and Tyr to Phe
mutations at the position 1 and 11 in the RY11 sequence were
associated with escape from CTL responses specific for RY11
and VY8, respectively [5]. Consistently, we showed here that
RY11-specific TCRs (such as H231) failed to recognize pep-
tides having the mutations at the position 1 and that VY8-
specific TCRs (such as 139 and S1) were substantially
reduced recognition toward the peptide with the mutation at
the C-terminus (Fig. 4). These results suggest that the differ-
ential cross-reactivity profiles of TCRs specific for over-
lapping epitopes of different lengths contribute, at least in part,
in forming sequence polymorphisms of naturally-arising CTL-
escape viral variants at a population level.

One may raise a question how RM9-specific TCRs can
recognize both RM9 and RY11 although RY11- and VY8-
specific TCRs can only recognize the cognate peptides. In
this regard, the crystal structure analyses of the peptide-HLA
complexes show that the peptide can be bound with HLA in
a C-terminally-extended way in some settings and that such
complexes are recognized by the cognate TCRs [7,32]. It
might be likely that a fraction of RY11 can be eventually
bound with HLA-B*35:01 in a C-terminally-extended way
and recognized by RM9-specific TCRs. Further structural
study is needed to clarify whether a peptide can be bound with
HLA with different modes: i.e., a C-terminal extended way or
a central region bulged.

The TCR reconstruction system used here showed tetramer
binding activity mostly consistent with the data generated by
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CTL clones except in the case of TG40-27. This TCR-
reconstructed cell showed extremely weak or virtually no
binding activity toward RY11/B35 or RM9/B35 tetramers
(Fig. 3C), although CTL19-27 bound to both tetramers
(Fig. 2B). TCR-tetramer binding on the T cell surface may be
influenced by several factors [34] such as TCR-peptide-HLA
binding activity itself [35], expression level of TCRs on the
cell surface [36], membrane architecture of T cells [37], co-
receptors including CD8 [35,38], and so on. Given that
TGA40-27 responded to peptide-pulsed cells when human CD8
was expressed on the cell surface, it is likely that antigen
recognition by the TCR from CTL19-27 was CDS8 dependent,
as previously described in the case of other TCR specificities
[35,38]. Further experiments are needed to reveal the possible
difference in antiviral activity of CTLs whose antigen recog-
nition is dependent or independent on co-receptors.
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ABSTRACT

Host and viral factors influence the HIV-1 infection course. Reduced Nef function has been observed in HIV-1 controllers during
the chronic phase, but the kinetics and mechanisms of Nef attenuation in such individuals remain unclear. We examined plasma
RNA-derived Nef clones from 10 recently infected individuals who subsequently suppressed viremia to less than 2,000 RNA cop-
ies/ml within 1 year postinfection (acute controllers) and 50 recently infected individuals who did not control viremia (acute
progressors). Nef clones from acute controllers displayed a lesser ability to downregulate CD4 and HLA class I from the cell sur-
face and a reduced ability to enhance virion infectivity compared to those from acute progressors (all P < 0.01). HLA class I
downregulation activity correlated inversely with days postinfection (Spearman’s R = —0.85, P = 0.004) and positively with
baseline plasma viral load (Spearman’s R = 0.81, P = 0.007) in acute controllers but not in acute progressors. Nef polymor-
phisms associated with functional changes over time were identified in follow-up samples from six controllers. For one such in-
dividual, mutational analyses indicated that four polymorphisms selected by HLA-A*31 and B*37 acted in combination to re-
duce Nef steady-state protein levels and HLA class I downregulation activity. Our results demonstrate that relative control of
initial HIV-1 viremia is associated with Nef clones that display reduced function, which in turn may influence the course of
HIV-1 infection. Transmission of impaired Nef sequences likely contributed in part to this observation; however, accumulation
of HLA-associated polymorphisms in Nef that impair function also suggests that CD8" T-cell pressures play a role in this phe-
nomenon.

IMPORTANCE

Rare individuals can spontaneously control HIV-1 viremia in the absence of antiretroviral treatment. Understanding the host
and viral factors that contribute to the controller phenotype may identify new strategies to design effective vaccines or
therapeutics. The HIV-1 Nef protein enhances viral pathogenesis through multiple mechanisms. We examined the func-
tion of plasma HIV-1 RNA-derived Nef clones isolated from 10 recently infected individuals who subsequently controlled
HIV viremia compared to the function of those from 50 individuals who failed to control viremia. Our results demonstrate
that early Nef clones from HIV controllers displayed lower HLA class I and CD4 downregulation activity, as well as a re-
duced ability to enhance virion infectivity. The accumulation of HLA-associated polymorphisms in Nef during the first
year postinfection was associated with impaired protein function in some controllers. This report highlights the potential
for host immune responses to modulate HIV pathogenicity and disease outcome by targeting cytotoxic T lymphocyte
(CTL) epitopes in Nef.
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are HIV-1-infected individuals who suppress plasma viral
loads (pVL) to fewer than 50 RNA copies/ml (“elite control-
lers” [EC]) or to fewer than 2,000 RNA copies/ml (“viremic con-
trollers”) in the absence of antiretroviral therapy provide an op-
portunity to identify host and viral determinants of spontaneous
HIV-1 control that could aid development of vaccines or novel
therapeutics. However, the mechanisms underlying the HIV-1
controller phenotype, particularly those acting at the acute/early
infection stage, remain incompletely defined.

Host genetic and immune factors influence HIV-1 control.
Protective human leukocyte antigen (HLA) class I alleles, notably
B*57 and B*27, have been associated with lower pVL and delayed
rates of disease progression in natural-history studies (1, 2) and
genome-wide-association studies (3-5), and these alleles are en-
riched among HIV-1 controllers (6-8). Polyfunctional cytokine
production and rapid perforin or granzyme expression are also
frequently observed in CD8” cytotoxic T lymphocytes (CTL)
from controllers (9-11), suggesting that qualitative immune char-
acteristics also influence viremia (12). While CTL responses tar-
geting the HIV-1 Gag protein are likely to be central mediators of
immune control (13), responses to Nef might also be beneficial
(14, 15). Taking the data together, cellular immune responses rec-
ognizing mutationally constrained viral epitopes presented by
certain HLA alleles are believed to be key to effective HIV-1 sup-
pression (16).

Viral genetic factors also influence HIV-1 pathogenesis. In
vitro viral replication capacity independently associates with early
clinical markers of pathogenesis (17). Moreover, Gag, Pol, and
Nef proteins from chronically infected EC have consistently dis-
played relative functional attenuation (18-21), suggesting that
impaired viral function is a hallmark of this phenotype (22). In
many cases, host expression of protective HLA alleles or the pres-
ence of specific HLA-associated escape mutations or both are as-
sociated with even lower viral protein function in these individu-
als, suggesting that adaptation to host HLA-restricted CTL can
further attenuate HIV-1. Consistent with the observed “genetic
fragility” (i.e., mutationally sensitive nature) of the HIV-1 p24
capsid protein as a result of its critical role in virion assembly (23),
functional costs of CTL escape have been observed most readily in
Gag (24-28), but immune-driven functional costs have also been
demonstrated in Pol (18, 29) and Env (19, 30). The observation
that compensatory mutations that offset the functional impact of
escape arise more frequently in progressors than in controllers
(28, 31) (likely due in part to severely reduced viral replication in
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the latter individuals) further complicates the study of HIV-1 ad-
aptation to its host and its pathogenic consequences.

A major gap in our knowledge of HIV-1 controllers is a poor
understanding of early events following infection that contribute
to clinical outcome in these individuals (22). HIV-1 controller
cohorts are generally comprised of individuals identified during
the chronic phase; as such, sequence/function relationships in
early controller viruses and the role of early host immune re-
sponses in modulating viral pathogenesis remain incompletely
defined. A recent study by our group demonstrated reduced in
vitro replication capacities of recombinant HIV-1 strains encod-
ing gag and protease from 18 recently infected individuals who
subsequently controlled pVL to less than 2,000 RNA copies/ml
compared to those from 45 individuals who progressed with
bigher viremia, which was likely due to both transmission of less-
fit strains and selection of CTL escape mutations by protective
HLA alleles (32). It remains to be determined whether other viral
proteins in controllers exhibit similar early evidence of relative
attenuation. In particular, we hypothesized that HIV-1 Nef, an
~27-kDa accessory protein that enhances viral pathogenesis, may
play an early role in determining HIV-1 control. Nef interacts with
anumber of host proteins and performs multiple functions (33),
including downregulation of cell surface CD4 (34) and HLA class
1(35), upregulation of HLA class II invariant chain (CD74) (36),
enhancement of virion infectivity (37), stimulation of viral repli-
cation in peripheral blood mononuclear cells (PBMC) (38), and
alteration of T cell receptor (TCR) signaling (39, 40). Nef’s rele-
vance to pathogenesis is illustrated by the exceptionally slow dis-
ease progression exhibited by individuals infected with nef-de-
leted or nef-defective HIV-1 (41-44).

To enhance our understanding of early Nef function in HIV-1
controllers, we examined the sequence and in vitro function of
plasma RNA-derived clonal nef sequences from 10 recently in-
fected individuals who subsequently suppressed pVL to less than
2,000 RNA copies/ml in the absence of treatment (acute control-
lers; “AC”) and from 50 recently infected individuals who failed to
suppress viremia (acute progressors, “AP”). Nef clones were as-
sessed for their ability to downregulate CD4 and HLA class I and
to enhance virion infectivity. Longitudinal assessments were also
performed on Nef clones from six AC from whom follow-up sam-
ples were available, including one individual for whom the impact
of HLA-associated polymorphisms on Nef function was explored
in detail using site-directed mutagenesis. Overall, our results in-
dicate that HIV-1 viremia control is associated with the presence
of early Nef clones that display reduced in vitro function. This
reduced function is likely a result of acquisition of partially atten-
uated viral strains at transmission, combined with the subsequent
selection of escape mutations by host CTL responses that impair
one or more Nef activities.

MATERIALS AND METHODS

Study subjects. This study was approved by the Research Ethics Boards at
Simon Fraser University (Burnaby, BC, Canada) and the Massachusetts
General Hospital (Boston, MA). As described previously (32), partici-
pants were identified at sites in the United States, Australia, and Germany
during acute/early HIV-1infection as defined by the Acute Infection Early
Disease Research Program (AIEDRP) criteria (45). Study subjects in-
cluded #n = 10 acute controllers (AC) who spontaneously suppressed
HIV-1 plasma viremia to less than 2,000 RNA copies/ml during the first
year of infection and n = 50 acute progressors (AP) who failed to suppress
HIV-1 viremia to less than 2,000 RNA copies/ml during this time (Fig. 1).
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FIG 1 Plasma viral loads of AC and AP during the first year postinfection. Lines illustrate the plasma viral load (in HIV RNA copies/ml) for each participant. (A)
Data are plotted for 10 AC who achieved viremic control (<2,000 RNA copies/ml) within the first year of infection. (B) Data are plotted for 50 AP who did not
control viremia during this time. Dashed lines indicate the threshold value (2,000 RNA copies/ml) used to identify acute controllers.

The earliest available plasma samples were studied. For AC and AP, these
were collected an estimated median of 72 (interquartile range [IQR], 57 to
99) days and 56 (IQR, 39 to 75) days postinfection, respectively (Table 1).
Additional follow-up analyses were conducted for six AC for whom sam-
ples were available (Table 1). All participants remained untreated for a
minimum of 1 year postinfection.

Viral (HIV-1 Nef) and Host (HLA class I) genotyping. HIV-1 nef
gene products were amplified from plasma RNA as described previously
(32). Briefly, nested reverse transcription-PCR (RT-PCR) was performed
using HIV-1-specific primers, where the second-round forward and re-
verse primers included EcoRI and Sacll restriction sites, respectively, used
for cloning. Amplicons were ligated into pIRES2-enhanced green fluores-
cent protein (EGFP) (Clontech), transformed into Escherichia cloni 10G
cells (Lucigen), and selected on LB agar plates containing kanamycin.
Colonies were screened by restriction enzyme digest to verify nef inser-
tion. Nested RT-PCR amplicons and pIRES2-nef-EGFP clones were se-
quenced bidirectionally on a 3130x] or 3730x] automated DNA sequencer
(Applied Biosystems, Inc.). Chromatograms were analyzed using Se-
quencher v5.0 (Genecodes) or RECall (46). In bulk sequences, nucleotide
mixtures were called if the subdominant peak height exceeded 25% (Se-
quencher) or the subdominant peak area exceeded 20% (RECall) of the
dominant peak. All sequences were confirmed to be HIV-1 subtype B
using the Recombinant Identification Program (RIP; http://www.hiv.lanl
.gov/content/sequence/RIP/RIP html). nef sequences were aligned to
HXB2 using an in-house tool based on the HyPhy platform (47), and
phylogenetic analysis was conducted using PhyML (48, 49). Each clone
sequence was also compared to the original bulk sequence to enumerate
the number of amino acid differences between them. These steps ensured
that each Nef clone encoded an intact open reading frame and was free of
gross genetic defects (e.g., large deletions) and that clones chosen for
functional analysis were representative of each individual’s circulating
viral quasispecies. HLA class I typing was performed using genomic DNA
extracted from PBMC or plasma using sequence-based methods (50).

CD4 and HLA class I downregulation assays. Nef-mediated CD4 and
HLA class I downregulation function was assessed by flow cytometry fol-
lowing transient transfection, as described previously (21). Briefly, 3 X
10° CEM-A*02-positive (CEM-A*02") cells in Opti-MEM (Life Technol-
ogies) were transfected with 5 pg of pIRES2-#ef-EGFP by electroporation
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(Bio-Rad Gene Pulser MXcell) (square wave, 250 V, 2,000 wF, infinite (2,
25 ms) and recovered in R10+ medium (RPMI 1640 containing 10% fetal
calf serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml) (Sigma). After 24 h, unfixed transfected cells were
stained with allophycocyanin (APC)-labeled anti-CD4 and phycoerythrin
(PE)-labeled anti-HLA-A*02 antibodies (BD Biosciences), and surface
expression of these molecules was detected using a Guava easyCyte 8HT
flow cytometer (Millipore). For each Nef clone, the median fluorescence
intensity (MFI) of CD4 or HLA class I on GFP-positive (Nef-producing)
cells was normalized to that of cells transfected with a positive control
(pIRES2-EGFP containing SF2 strain Nef; Nefgp,) and a negative control
(empty pIRES2-EGFP) using the following formula: (MFL, ene ner —
MFIDQW;“ wmm;)/(MFIpositive control MFInegative control)' Normalized values
less than 1.0 represent downregulation activities lower than those of the
positive-control Nefgy,, while values greater than 1.0 represent down-
regulation activities higher than those of Nefgy,. The calculated value of
the negative control is zero. Each clone was tested in a minimum of 3
replicates, and the results were averaged.

Virion infectivity assays. nef clones were transferred into a pNL4.3
backbone plasmid as described previously (51) and confirmed by se-
quencing. Recombinant viruses carrying nef from HIV-1 strain SF2
(NL4.3-nefgp,) and those lacking nef (NL4.3Anef) served as positive and
negative controls, respectively. Infectious viruses were generated by trans-
fection of HEK-293T cells with each proviral clone, and virus-containing
supernatant was harvested at 48 h, as described previously (52). Viral
stocks were quantified using a p24“*® enzyme-linked immunosorbent
assay (ELISA) (ZeptoMetrix Corp.), and aliquots were stored at —80°C
until use. Recombinant virus infectivity was determined by exposing 10*
TZM-bl cells (catalog no. 8129; NIH AIDS Reagent Program) to 3 ng
p24S% virus stock followed by chemiluminescence detection 48 h later, as
described previously (53). Infectivity values represent the means of the
results of duplicate experiments, normalized to NL4.3-#efqg,, such that
values less than 1.0 or greater than 1.0 indicated lower or higher activity
than the positive-control strain, respectively.

Western blot analysis. Steady-state Nef protein levels were measured
by Western blotting for a subset of AC and AP clones. For this, 5 X 10°
CEM-A*02" cells were transfected with 10 pg of pIRES2-nef-EGFP using
electroporation. After 24 h, cells were pelleted, lysed, and analyzed as
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