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Panning

FIG. 3. Reactivity of phage to SIV Ag increased from the
fourth round of panning. Phage samples that were eluted
after panning were examined by ELISA for their ability to
bind SIV proteins.

majority of these primer pairs worked with efficiency suffi-
cient for the construction of the Ig library.

Construction of Fab library from SIVsmH635FC-
infected macaque H723

The Fab library was constructed using the pComb3X sys-
tem ¥ from RNA extracted from lymph nodes of rhesus ma-

493

caque H723, which was infected with a derivative of
SIVsmE543-3, SIVsmH635FC.31*2 This animal was used as a
source of RNA since previous studies demonstrated that it
mounted a vigorous antibody response.*! Plasma collected at
the time of death from H723 contained abundant antibodies
against viral structural proteins Env and Gag (Fig. 2A). The
NAD titer of plasma from this macaque sharply increased in
acute infection and remained high until death (Fig. 2B),
making this an attractive source of Ig genes for this study. The
Ig variable regions, VH, Vk, and V1, which were amplified
from a lymph node of H723 (Fig. 1), were joined to conserved
domains, CH1, Cx, and C4, by overlap extension PCR, re-
spectively. The final Fab gene fragment, which was generated
by overlap extension PCR of heavy and light chains, was in-
serted into pComb3X after digestion with Sfil. The resultant
ligation mix was transformed into XL1-Blue Escherichia coli
cells, and the phage library was prepared by adding helper
phage. The size of the Ig library from macaque H723, esti-
mated by the ability to transform XL1-blue, was 2.1x10° CFU.

Selection of SIV-specific Fab clones by panning

Biopanning was performed on a whole, Triton X-100-
disrupted SIVsmE543-3 Ag-coated 96-well plate. The ability
of phage to bind SIV Ag increased from the fourth round of
panning, indicating successful selection of SIV-specific Fab
(Fig. 3). Phagemid DNA was prepared from the fourth and
fifth round of panning, and transformed into TOP10F' E. coli
cells to select clones that produce SIV-specific Fabs. Colonies
were screened for reactivity of bacterial supernatants to SIV
Ag using ELISA. SIV-specific Fab clones were sequenced, and
a total of 20 independent clones were obtained (Table 2). Se-
quence analysis revealed that Fab clones expressed VH alleles,
IGHV3 and IGHV4; Vk alleles, IGKV1 and IGKV2; and V.

TABLE 2. CHARACTERISTICS OF FAB CLONES FROM AN SIV-INFECTED RHESUS MACAQUE

Clone VH allele VH CDR3 Vi or V). allele Vi or VA CDR3 WwB? NAP
B404 IGHV3-h*01(P)° TTGLQISEWFSTDGDEYFEF IGLV3-25*02 QSSSGYHWV gp120 >90%
B406 IGHV3-h*02(P) VSGLQVSEWFSTDGDEYFEF IGLV6-57*01 QSVDGTYNRL gp120 >90%
B433 IGHV3-h*01(P) SRGADFWSGSDRYFDF IGLV3-25*02 HSVDSSAHHWYV gp120 >90%
B448 IGHV3-h*01(P) TTGLQISEWFSADGDEFFEF IGLV6-57*01 QSIDGYNRL gp120 >90%
B402 IGHV4-4*07 IKQSYGRTV IGKV2-40*01 MQGLDFPFT gp4l —d
B405 IGHV4-28*01 ARRGGGPRARWFDV IGKV2-40*01 MQALGFPPT gpdl —
B407 IGHV4-4*07 ARRGVLRTSRIFDF IGKV2-40%01 MQALGFPPT gp4l —
B408 IGHV4-4*02 IKQSYGRTI IGKV2-40%01 MQALQFPFT gp4l —
B416 IGHV4-28*01 ARRGVYAGSRVFDF IGKV2-40*01 MQAREFPPT gp4l —
B417 IGHV4-4*02 VRRGVSAPAGTMLYFDL IGKV2-40*01 MQGIESPPT gpél —
B418 IGHV4-4*07 IKQSYGRTI IGKV2-40*01 MQGLDFPFT gp4l —
B431 IGHV4-30-2*01 ARRGSYCSGNQCSRIFDS IGKV2-40*01 MQALGFPPT gp4l —
B434 IGHV4-4*02 VRRGVSAPAGTMLYFDL IGKV2-40*01 MQGIESPPT gp4l —
B438 IGHV4-28*05 ARRGVYAGSRVFDF IGKV2-40*01 MQSLEFPPT gp41 —
B442 IGHV4-28*01 ARRGVYAGSRVFDF IGKV2-40%*01 MQALGFPPT gp4l —_—
B444 IGHV4-39*07 ARRGSICSGNQCSRIFDY IGKV2-40*01 MQALGFPPT gp4l —
B503 IGHV4-4*07 IKQSYGRTV IGKV2-40*01 MQGLDFPFT gp4l —
B505 IGHV4-b*01 ARRGVIGTSRIFDF IGKV2-40*01 LQGLGFPPT gp4l —
B450 IGHV4-39*07 ARQGPAAGVDS IGKV1-17*01 LOHYSYPLT p27 —
B455 IGHV4-4*07 ASHNFWSGPDY IGLV4-69*01 QTWDTGIVL p27 —_—

*Western blotting analysis was performed to determine the target viral protein.
"Neutralization assay was performed by infection of TZM-bl cells with SIVsmH635FC. Neutralization was shown by % inhibition of

infection.
(P) pseudogene.
4, < 50% inhibition.
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alleles, IGLV3, IGLV4, and IGLV6. Fourteen clones with the
IGKV2-40*01 allele showed homologous CDR3 sequences,
suggesting that these clones had the same origin.

Western blot assay was performed using crude bacterial
supernatants to determine the target protein recognized by
the each of these Fab clones (Table 2). Four Fab clones, B404,
B406, B433, and B448, recognized Env gpl120. Two clones,
B450 and B455, recognized Gag p27. The other 14 clones,
which had the predominant IGKV sequence, recognized Env
gp41. The four anti-gp120 Fab clones were closely related to
one another, but two anti-p27 Fab clones had distinct origins
(Table 2). Identification of Fab clones against multiple pro-
teins with multiple V gene alleles suggests that the library
from SIVsmH635FC-infected macaque, H723, contains a wide
variety of Fab genes against SIV.

Reactivity of Fabs to SIV or HIV-2-infected cells

Four anti-gp120 Fabs (B404, B406, B433, and B448), one
anti-gp41 Fab (B408), and two anti-p27 Fabs (B450 and B455)
were affinity purified and examined for their ability to bind
virus-infected cells. Anti-gp120 and anti-gp41 Fabs efficiently
bound cells infected with SIVsmE543-3, SIVmac239, and
SIVmac316. However, reactivity to HIV-2g1p; differed
among the Fab clones (Fig. 4A). B404 and B408 showed sig-
nificant reactivity to HIV-2gn123, whereas very weak to no
reactivity was observed for B406, B433, and B448 (Fig. 4A and
B). Anti-p27 Fab™ cells were observed only after permeabili-
zation, consistent with the cytoplasmic localization of the Gag
protein (Fig. 4A). These Fabs cross-react with all the SIV
strains and HIV-2¢y123, though the fluorescence intensity of
B455 was low against HIV-2gy123 (Fig. 4B). Results showed
that these Fabs efficiently bound diverse strains of SIVsm/
mac, and some of them were cross-reactive with HIV-2.

Neutralizing activity of anti-gp120 Fabs against various
S1V strains

The neutralizing activity of the Fab clones was tested using
a neutralization assay against SIVsmH635FC (Table 2). All the
crude bacterial supernatants from anti-gp120 Fab clones had
high neutralizing activity, though anti-gp41 and anti-Gag Fab
clones did not show any inhibitory effect. To analyze the
spectrum and potency of neutralizing activity, we examined
the capacity of purified Fabs to neutralize other SIV strains,
SIVsmE543-3, SIVmac239, and SIVmac316, and HIV-2gh123
(Fig. 5). Consistent with the results from crude bacterial
supernatants, purified anti-gp120 Fabs, B404, B406, B433,
and B448, efficiently neutralized SIVsmH635FC, whereas
the anti-gp41 Fab, B408, had no effect. Neutralization of
SIVsmH635FC was achieved at a concentration of 16-80ng/
ml for ICgy and at 3.2-16 ng/ml for ICs; (Fig. 5A).

-
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SIVsmE543-3, which is genetically close to SIVsm
H635FC but considerably more resistant to antibody neu-
tralization, was also neutralized by these anti-gp120 Fabs
(Fig. 5B). The maximum inhibition of SIVsmE543-3 ranged
from 60% to 80%, indicating that its neutralizing activity
was moderate compared with that of SIVsmH635FC.
However, IC5, against STVsmE543-3 was 3.2 ng/ml, which
was the same level as that of SIVsmH635FC. Furthermore,
the broad spectrum of these anti-gp120 Fabs was shown
by neutralization of the genetically heterologous, neu-
tralization-sensitive SIV strain, SIVmac316 (Fig. 5D).
Neutralization of SIVmac316 was similar to that of
SIVsmH635FC. The low ICsy value against various
SIV strains (3.2-16ng/ml) demonstrated the potency of
these Fabs since broad-spectrum anti-HIV-1 NAbs did not
neutralize most of the primary HIV-1 strains at less than
10ng/ml.”

SIVmac239, another heterologous strain, and HIV-2g123
were not neutralized by any Fab (Fig. 5C and E). HIV-2Gy123
was not neutralized, perhaps because of its low cross-
reactivity, though B404 bound HIV-2gy123 (Fig. 4). Un-
successful neutralization of SIVmac239 may be related to the
Env structure, which is highly resistant to antibody neutrali-
zation,'®!” as well as the antigenic difference between SIV-
mac239 and SIVsmH635FC.

The neutralization pattern of these anti-gp120 Fabs was
similar to that of the plasma sample of the macaque from
which the library was constructed (Fig. 5, right panels). The
neutralizing activity of H723 plasma was markedly high
against SIVsmH635FC and SIVmac316, moderate against
SIVsmHG543, and extremely low against SIVmac239 and HIV-
2GH12s- This similarity suggests that anti-gp120 Fabs, B404,
B406, B433, and B448, may be representative NAbs in the host
macaque.

Anti-gp 120 Fab clones share the same epitope on gp120

To identify the epitope recognized by anti-gpl120 Fab
clones, we performed competition ELISA using IgG-B404,
which was converted from Fab B404 to a complete rhesus IgG.
The binding and neutralizing ability of IgG-404 was shown to
be similar to Fab B404 by ELISA and neutralizing assay (data
not shown). In the first experiment, the binding of anti-gp120
Fabs, B404, B406, B433, and B448, was examined in competi-
tion with IgG-B404 to determine whether these Fabs recognize
the same epitope. As shown in Fig. 6A, all the anti-gp120 Fabs
were inhibited with similar kinetics by IgG-B404. This com-
petition suggests that these Fabs recognize the same epitope,
or that there is an overlap in their epitopes. In the second
experiment, murine MAbs were examined for their binding
ability in competition with IgG-B404 to identify the epitope of
B404. IgG-B404 competed with three murine MAbs, KK42,

FIG.4. Ability of Fabs to bind virus-infected cells. Uninfected PM1 cells and PM1 cells that were infected with SIVsmE543-3,
SIVmac239, SIVmac316, and HIV-2¢123 were incubated with Fab, B404, B406, B433, B448, B408, B450, and B455, and the
reactivity of Fab was analyzed by flow cytometry. (A) Percentages of cell-surface Fab™ cells without permeabilization (upper)
and Fab* cells after staining both surface and intracellular staining by permeabilization (lower) are shown. (B) Flow cyto-
metry profiles of PM1 cells infected with SIVsmE543-3, STVmac239, and HIV-2¢p123 are shown as representative samples. The
results of surface staining were shown in Fab clones against gp120 and gp41, and those of surface and intracellular staining
were shown in Anti-p27 Fab, as indicated on the right. The tinted histogram represents cells stained by the Fab indicated on

the left. The dotted line shows unstained control.
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FIG. 6. Identification of epitope specificity of anti-gp120 Fab
clones by competition ELISA. (A) IgG-B404 inhibited the
binding of anti-gp120 Fabs, B404, B406, B433, and B448, but did
not inhibit anti-gp41 Fab B406. (B) IgG-B404 competed with the
binding of murine MAbs, KK42, KK45, and KK46, which rec-
ognize a linear epitope in the V3 loop of gp120. (C) IgG-B404
did not compete with murine MAbs, KK8 (V1/V2), KK17
(AA8-303), KKé5 (V1), KK68 (C1), and VM.18S (unknown).
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KK45 and KK46, which all recognize a linear epitope in the V3
loop of gp120 (Fig. 6B). In contrast, IgG-B404 did not compete
with murine MAbs that target other epitopes (Fig. 6C). The
results suggest that anti-gp120 Fabs, B404, B406, B433, and
B448, recognize an epitope containing the V3 loop of gp120.

Discussion

We obtained a panel of MAbs against SIV from an SIV-
infected rhesus macaque by using the phage display method.
The use of a combinatorial library displayed on the phage
surface is an efficient, fast, and well-established strategy to
generate MAbs from infected or vaccinated donors.”” The
genomic structure of macaque Ig genes closely resembles that
of human and germline sequences of macaque V, D, and J
segments and shows high identity with those of humans.**-!
Therefore, oligonucleotide primers for human Ig variable re-
gions were used to amplify macaque variable regions. In this
study, we modified primers for human Ig genes to improve
their specificity for rhesus macaques. The successful selection
of 20 monoclonal Fabs with multiple targets and origins, one
of which is close to the human IGHV pseudogene, suggests
that rhesus-specific primers were effective in amplifying suf-
ficiently diverse Ig genes to select antibodies from rhesus
macaque. Although identification of unknown germline se-
quences of rhesus macaque Ig genes is required for further
improvement of the amplification system specific to rhesus Ig
genes, the primers used in this study would clearly be valu-
able for constructing libraries to generate new MAbs from
rhesus macaques.

Although we generated a diversity of Fab clones to SIV
envelope and Gag proteins, Fab clones against gp4l com-
prised the majority. In addition, anti-gp41 Fab B402 and B405
were repeatedly obtained during the screening. One possible
reason for the dominance of anti-gp41 Fab could be a bias in
the panning procedure toward Fabs that bound this particular
antigen. Apparently, the amount of gp120 was low in the
absence of Con A,*® consistent with the very low signal of
anti-gp120 Fabs in ELISA. The signals of two anti-p27 Fabs in
ELISA were also low compared with anti-gp41 Fabs, sug-
gesting inefficient binding of p27 on the well. The repeated
amplification of phage during panning, which excludes minor
populations, might result in the dominance of anti-gp41 Fab,
which was advantageous for binding to Ag coated on the
plate. Selection of Fabs against particular epitopes may also
result from the biased panning. Despite the biased selection,
identification of Fabs against Env gp120, gp41, and Gag p27 in
this study suggests that panning partially reflects antibody
response i1 vivo because these viral proteins are major targets
for antibodies in macaque H723 (Fig. 2).

Anti-gp120 Fabs, B404, B406, B433, and B448, showed
neutralizing activity against three of the four SIV strains used
in this study. Of these SIV strains, SIVsmH543-3 was shown to

s

FIG. 5. Anti-gp120 Fabs, B404, B406, B433, and B448, neutralized various SIV strains. Neutralizing activity against
SIVsmH635 (A), SIVsmES543-3 (B), SIVmac239 (C), STVmac316 (D), and HIV-2¢yy123 (E) was measured using Fabs (left panels)
and plasma samples (right panels). Titration curves of percent inhibition of virus infectivity by anti-gp120 Fab clones, B404
(circles), B406 (squares), B433 (diamonds), and B448 (inverted triangles), are shown with anti-gp41 Fab B408 (triangles) as a
negative control. A plasma sample from SIVsmH635-infected macaque H723 (black circles), from which the phage library was
constructed, is compared with that from normal macaque MM464 (crosses). The 50% and 90% inhibitory doses are shown by

the dotted line.
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be resistant to antibody neutralization through analysis using
sera that broadly neutralize genetically diverse SIV strains.'
Fab B404, B406, B433, and B448 are the first MAbs that can
neutralize SIVsmH543-3. The successful selection of these
NADbs against neutralization-resistant SIV may be due to the
robust antibody response in H723 from which the Fab library
was constructed. H723 was inoculated with SIVsmH635FC, a
derivative of SIVsmH543-3. The genomes of SIVsmH543-3
and SIVsmH635FC differ by only 15 nucleotides, but their
sensitivities to neutralization are significantly different.*’*?
Inoculation of macaques with neutralization-sensitive
SIVsmH635FC resulted in the emergence of revertants to
SIVsmH543-3 and variants with diverse V1/V2 and V4 re-
gions.®® Antibody response to these mutant viruses is con-
sistent with the identification of NAbs against SIVsmH543-3
in H723, though we did not analyze the neutralizing activity
of plasma samples from H723 against these mutant viruses.

The relationship between SIVmac239 and SIVmac316 is
similar to the relationship between SIVsmHS543-3 and
SIVsmH635FC in terms of genetic homology and sensitivity to
neutralization. SIVmac239 is highly resistant to neutralization
by polyclonal antisera or MAbs, though SIVmac316, which is
genetically close to SIVmac239, is highly sensitive to neu-
tralization."®'” Anti-gp120 Fabs, B404, B406, B433, and B448,
showed efficient neutralization against SIVmac316, but no
neutralization was observed against SIVmac239. Neutraliza-
tion of SIVmac316 suggests that B404, B406, B433, and B448
have a broad neutralizing activity against diverse SIV strains
because the similarity of the Env amino acid sequence is only
83.1% between SIVsmH635 and SIVmac316. Recognition of a
conformational epitope by these anti-gp120 Fabs may make it
possible to neutralize various SIV strains. Although the anti-
gp120 Fabs were shown to recognize an epitipe including the
V3 loop, amino acid sequences in the V3 loop was signifi-
cantly different among SIV strains and HIV-2, to which these
Fabs bound. The panning using antigen by Triton X-100
treatment, which did not cause the destruction of the protein
secondary structure, may prompt an efficient selection of Fabs
against conformational epitopes. Unsuccessful neutralization
of SIVmac239 by these Fabs, despite their ability to bind
SIVmac239, simply confirms that this virus is resistant to
antibody neutralization. The mechanism of resistance may be
similar to that observed in primary HIV-1 strains®*'® and the
Env structure would be important for resistance.’®*”

The present study demonstrates that the phage display
method is a powerful tool to obtain MAbs from rhesus ma-
caques. This approach will help to identify antigens and epi-
topes recognized by the immune response during SIV
infection. The use of the SIV virion as an antigen and mono-
clonal antibodies to capture viral protein will improve the
efficiency of obtaining potent neutralizing antibodies. Fab
clones with neutralizing activity will be useful to analyze the
mechanism of broad neutralization using the SIV macaque
model.
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Evolution of the env gene in transmitted R5-tropic human immunodeficiency virus type 1 (HIV-1) strains is
the most widely accepted mechanism driving coreceptor switching. In some infected individuals, however, a
shift in coreceptor utilization can occur as a result of the reemergence of a cotransmitted, but rapidly
controlled, X4 virus. The latter possibility was studied by dually infecting rhesus macaques with X4 and RS
chimeric simian simian/human immunodeficiency viruses (SHIVs) and monitoring the replication status of
each virus using specific primer pairs. In one of the infected monkeys, both SHIVs were potently suppressed
by week 12 postinoculation, but a burst of viremia at week 51 was accompanied by an unrelenting loss of total
CD4* T cells and the development of clinical disease. PCR analyses of plasma viral RNA indicated an env gene
segment containing the V3 region from the inoculated X4 SHIV had been transferred into the genetic
background of the input R5 SHIV by intergenomic recombination, creating an X4 virus with novel replicative,
serological, and pathogenic properties. These results indicate that the effects of retrovirus recombination in
vivo can be functionally profound and may even occur when one of the recombination participants is unde-

tectable in the circulation as cell-free virus.

Human immunodeficiency virus type 1 (HIV-1) infections of
humans and simian immunodeficiency virus (SIV) infections of
macaques are both initiated by the binding of virions to CD4
receptors present on the surface of target cells. In addition
to CD4, both primate lentiviruses require a second receptor
(or coreceptor) for successful cell entry (1). For HIV-1, the
chemokine receptors CCR5 and CXCR4 are the major core-
ceptors. In vivo, the predominant HIV-1 population detected
in the blood in recently infected individuals utilizes the CCRS
receptor (and are designated R5 viruses) (51, 55, 60). In a large
fraction of individuals infected with HIV-1 subtypes B and D,
virus strains capable of using CXCR4 (X4 viruses) or both
CCRS5 and CXCR4 (R5/X4 viruses) have been recovered from
the plasma during the late phase of the chronic infection (6,
22). This shift has been termed “coreceptor switching” and is
frequently associated with a more rapid loss of CD4™ T cells
and an accelerated clinical course (6, 44).

Several mechanisms have been proposed to explain the
change in HIV-1 coreceptor utilization (40). Genetic evolution
of the env gene present in the transmitted RS virus, facilitated
by the error-prone nature of the HIV-1 reverse transcriptase, is
the most widely accepted explanation for coreceptor switching.
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This mechanism is consistent with the predominance of R5
HIV-1 strains during the asymptomatic phase of the infection,
as well as the resistance of individuals, homozygous for a 32-bp
deletion of the CCRS5 allele (ccr5-A32), to HIV infection (7,
50). Point mutations affecting the gp120 V3 loop that introduce
positively charged amino acids at positions 11, 24, and 25 have
been associated with the shifted utilization of the CXCR4
chemokine receptor, although changes in other regions of the
env gene may also contribute to this process (8, 11, 14, 21, 39,
43). A second mechanism to explain coreceptor switching pro-
poses that X4 and R5 HIV-1 strains are both transmitted to
new recipients, but the X4 viruses are more readily controlled
and are not detected in the plasma during the asymptomatic
phase of the infection, remaining suppressed as long as the
immune system is functional (40, 53). As immune competence
wanes, the previously constrained X4 and/or dualtropic viruses
replicate more freely and begin targeting naive CD4* T lym-
phocytes for depletion.

Although pathogenic SIVs have been reported to use a
plethora of non-CXCR4 coreceptors in addition to CCRS5 (27),
they are predominantly R5-tropic in macaque cells, and core-
ceptor switching has rarely been reported (25, 33, 59). In con-
trast, there have been several reports of coreceptor switching
in rhesus monkeys infected with R5-tropic SHIVs (12, 13, 34,
42). However, in contrast to the delayed emergence of X4- or
R5/X4-tropic viruses in HIV-1-infected individuals, all of the
R5-SHIV-infected animals have been rapid progressors and
the coreceptor switch occurred within a few months of virus
inoculation (2).
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In this report, we have studied the reemergence mechanism
of coreceptor switching by dually infecting rhesus monkeys
with X4 and R5 SHIVs. Envelope-specific primer pairs and
probes were used to individually monitor each virus strain in
vivo. In one of the inoculated animals, the replication of the
input X4 and R5 SHIVs, measured by levels of viral RNA in
the plasma, was suppressed to the limits of detection by week
12 postinoculation (p.i.). Nonetheless, this monkey experi-
enced a transient burst of virus production at week 25 and a
sustained surge of viremia after week 51 p.i., which was ac-
companied by a marked decline in the number of circulating
CD4" T lymphocytes and death from immunodeficiency at
week 100 p.i. In this normally progressing macaque, a recom-
bination event occurred between weeks 25 and 50, which trans-
ferred an env gene segment that included the V3 region from
the starting X4-tropic SHIV into the genetic background of the
input RS SHIV, and created a novel X4 virus with augmented
replicative and pathogenic properties. Single genome am-
plification (SGA) revealed additional recombination events
affecting two regions of gp41 and a 142-nucleotide (nt) seg-
ment encompassing tat, rev, and vpu gene sequences. In all
cases, the gene sequences were transferred unidirectionally
from the X4 SHIV input virus into the RS SHIV genome.
Interestingly, high levels of neutralizing antibodies (NAbs) di-
rected against the starting X4-tropic SHIV contributed to its
durable suppression by week 10 p.i. In contrast, no NAbs were
detected against the starting R5-tropic SHIV or the novel
recombinant X4 SHIV that emerged after week 50 p.i., which
accelerated progression to AIDS.

MATERIALS AND METHODS

Virus and animal experiments. The construction and characterization of the
SHIVpiiisr-clone 7 (SHIVpzr-cL7), SHIVpizr.cr.g and SIVioe030 molec-
ular clones and their use to generate virus stocks have been described previously
(18, 46, 52). The origin and preparation of the tissue culture-derived SHIV spgga
have been previously reported (34). The 50% tissue culture infective doses
(TCIDsg) of SHIVpyyar.cr.s and SHIV pge» were determined by infecting
rhesus macaque peripheral blood mononuclear cells (PBMC) in quadruplicate
with serial 4-fold dilutions of the animal challenge stocks and then assaying for
the reverse transcription (RT) activities in the culture supernatants on day 14 for
RT activity (58). Rhesus macaques (Macaca mulatta) were maintained in accor-
dance with the guidelines of the Committee on the Care and Use of Laboratory
Animals (30) and were housed in a biosafety level 2 facility; biosafety level 3
practices were followed. Phlebotomies, intravenous virus inoculations, euthana-
sia, and tissue sample collections were performed as previously described (10).

Quantitation of plasma viral RNA and cell associated viral DNA levels. SIV
gag RNA levels in plasma or cell-associated viral DNA frequencies in PBMC
were determined by real-time RT-PCR (ABI Prism 7700 sequence detection
system; Applied Biosystems, Foster City, CA), respectively, as previously re-
ported (10). SIV-, SHIVyy;5-, or SHIV spg-derived RNAs were separately mon-
itored in dually infected rhesus monkeys by using primer pairs and probes
specific for the env gene present in each virus, as shown in Table S1 in the
supplemental material.

Lymphocyte immunophenotyping and intracellular cytokine assays. EDTA-
treated blood samples were stained for flow cytometric analysis as described
previously using combinations of the following fluorochrome-conjugated mono-
clonal antibodies (MAbs): CD3 (fluorescein isothiocyanate [FITC] or phyco-
erythrin [PE]), CD4 (PE, peridinin chlorophyll protein-Cy5.5 [PerCP-Cy5.5] or
allophycocyanin [APC]), CD8 (PerCP or APC), CD28 (FITC or PE), and CD95
(APC) (31, 32).

For intracellular cytokine assays, immune stimulation using SIVmac239 Gag
peptides 15 amino acids in length was performed on frozen lymphocytes as
described previously (34, 38).

SGA of plasma virus RNA. SGA and direct sequencing were used to charac-
terize and quantitate circulating virus populations in macaque CE43 at various
times p.i., as previously described (48), with the following modifications. Plasma

J. VIROL.

viral RNA was extracted by using a QIAamp viral RNA minikit (Qiagen) and
then reverse transcribed using SuperScript I First-Strand Synthesis SuperMix
(Invitrogen). cDNA was serially diluted to identify a dilution at which PCR-
positive wells constituted <30% of the total number of reactions. After direct
sequencing, any sequence with mixed bases was excluded. First-round PCR
amplifications were performed using the following PCR parameters: 1 cycle of
94°C for 2 min; 40 cycles of a denaturing step of 94°C for 20 s, an annealing step
of 55°C for 30 s, and an extension step of 68°C for 1 or 2 min; followed by a final
extension of 68°C for 5 min. Second-round PCR amplifications were performed
with 2 pl from the first-round PCR products. The second-round PCR was
performed under the conditions used for the first-round PCR. The primer sets
used for the V3, gp41, and vpu regions are indicated in Table S1 in the supple-
mental material. Amplified gene segments were directly sequenced by using an
Applied Biosystems 3130XL genetic analyzer.

Construction of replication-competent viruses used in coreceptor utilization
assays. Full-length infectious molecular clones, containing the entire env genes
of SHIVs circulating in macaques DB3T and DB3N at week 2 p.i., were con-
structed by RT-PCR amplification of plasma viral RNA, as previously described
(34). The 3,040-bp amplified products, which included the entire env gene, were
cloned into the EcoRI and Sall (newly created) sites of pSHIVADS. The two
replication-competent SHIVs clones obtained were designated SHIV opg psaTs
and SHIV spg.esane.

Coreceptor utilization assays in macaque PBMC. Rhesus monkey PBMC (10°
cells in 100 p! of RPMI 1640) were dispensed in triplicate in 96-well round-
bottom plates as previously described (17). CCRS (AD101)- or CXCR4
(AMD3100)-specific inhibitors (8 M) in 25 pl was added to each well, followed
by incubation for 1 h at 37°C. Test virus (multiplicity of infection = 0.01) in 75
.t was then spinoculated (36) onto the cells at 1,200 X g for 1 h at 37°C, and the
cultures were maintained for 14 days. One-half (100 pl) of the culture superna-
tant was replaced daily with fresh medium containing 1 uM coreceptor inhibitor
in 0.2% dimethyl sulfoxide (DMSO). Control cultures without inhibitors were
maintained with medium containing 0.2% DMSO. The daily supernatant sam-
ples collected were monitored for progeny virus production by *P RT assay as
previously described (58).

Virus replication assay in rhesus monkey PBMC. The preparation and infec-
tion of rhesus monkey PBMC have been previously described (34). Briefly,
PBMC stimulated with concanavalin A and cultured in the presence of recom-
binant human interleukin-2 were spinoculated (1,200 X g for 1 h) (36) with virus
normalized for RT activity. Virus replication was assessed by an RT assay of the
culture supernatant as described above.

Virus neutralization assays. Virus neutralization assays were performed as
previously described (34). Briefly, plasma samples (1:20 dilution) from the mon-
key CE43 were incubated with virus in quadruplicate in 96-well flat-bottom
culture plates in a total volume of 50 pl for 1 h at 37°C. Prechallenge plasma
samples from each animal served as controls. Freshly trypsin-treated TZM-bl
cells were added, cultures were maintained for an additional 28 h, and intracel-
lular luciferase activity was measured as previously described (57). Any sample
resulting in a 50% reduction of luciferase activity compared to that obtained with
the uninfected control sample was considered positive for NAbs.

RESULTS

Emergence of a highly pathogenic virus in a macaque dually
inoculated with R5 and X4 SHIVs. Although it is currently
accepted that the slow evolution of R5-tropic HIV-1 env genes
is the major pathway driving coreceptor switching in chroni-
cally infected individuals, the reemergence of cotransmitted,
but durably suppressed, X4 viral strains has also been proposed
as an alternative mechanism (28, 40). To evaluate this second
mechanism, monkeys were dually infected with an attenuated
derivative of the X4-tropic SHIV > (SHIVpyiar-crg [46])
and the recently described R5-tropic SHIV ,g4, (34). In some
of these inoculated macaques, this virus combination resulted
in the rapid and complete loss of both naive and memory
CD4* T cells during the acute infection, a finding reminiscent
of the “CD4 crash” observed with the highly pathogenic X4
SHIVg ¢p and SHIV 14355 (19, 41). To circumvent this prob-
lem, a low dose (75 TCIDs,) of SHIVp112r.c1.5 Was coinocu-
lated with the R5-tropic SHIV s gk, (7,500 TCID.) to mini-
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FIG. 1. Plasma viremia and CD4™ T cell levels in a rhesus monkey
dually infected with X4- and R5-tropic SHIVs. Macaque CE43 was
inoculated intravenously with the X4-tropic SHIVy,y;, and the RS-
tropic SHIV 5. Plasma viral RNA levels were measured using env
gene primer pairs specific for each SHIV or gag gene primer pairs able
to detect both viruses. The numbers of total circulating CD4* T cells
were determined during the 100 weeks of infection by flow cytometry.

mize the massive loss of naive and memory CD4™ T cells.
Three different primer pair sets were used to measure plasma
vira]l RNA in these infected monkeys: (i) an HIV-1 gp41 mem-
brane-spanning pair, specific for the R5 SHIV; (ii) an HIV-1
gp120 V5 pair, specific for the X4-tropic SHIV; and (iii) an
SIV gag gene pair for detecting both SHIVs.

One of the dually infected animals (CE43), which did not
experience the complete loss of CD4™ T cells acutely, gener-
ated peak levels of R5 SHIV viremia on day 10 p.i. and peak
X4 SHIV viral RNA loads on 14 p.i. (Fig. 1). A composite viral
RNA profile was observed using the SIV gag gene primers.
Both SHIVs were rapidly and effectively controlled by week
10 p.i., as monitored with the env gene primer pairs, and at
week 15 the total viral RNA in the plasma was barely (200
RNA copies/ml) above the limits of detection (100 RNA cop-
ies/ml) using the gag primer pairs. At the conclusion of this
early phase of the infection, the numbers of circulating CD4™
T cells were similar to those measured at the time of virus
inoculation (Fig. 1).

After week 15, virus replication gradually increased and
peaked (10* RNA copies/ml) at week 27 p.i., using the gag gene
primers to monitor plasma viral RNA loads. This increase in

RECOMBINATION ALTERS SHIV PATHOGENIC PHENOTYPE
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plasma viremia was not detectable with env gene primer pairs
specific for either the X4-tropic or the R5-tropic SHIVs. A
second much larger and sustained burst of virus replication,
also only detectable with the gag primers, occurred after week
51 and peaked (2.2 X 10° RNA copies/ml) at week 59 p.i. The
resulting elevated levels of plasma viremia were accompanied
by a marked decline of naive CD4™ T lymphocytes (from 168
cells/pl at week 59 to 23 cells/pl at week 71 and 8 cells/ul at
week 75). This precipitous loss of naive CD4" T cells was
followed by a downhill clinical course characterized by pro-
tracted anorexia, severe diarrhea, and marked weight loss,
beginning at week 90 p.i., and required euthanasia of monkey
CEA43 at week 100. Necropsy revealed the existence of Pneu-
mocystis carinii pneumonia; in addition, Entamoeba species
were visualized on direct fecal smear samples.

The sudden and sustained increase in plasma viremia after
week 51 p.i., coupled with the irreversible loss of naive CD4™
T lymphocytes and the onset of clinical disease, suggested that
a highly pathogenic virus population had emerged in macaque
CE43. Accordingly, 10 ml of blood collected at the time of
euthanasia was inoculated intravenously into two recipient an-
imals (DB3T and DB3N). High levels of peak viremia were
measurable in both of these monkeys between weeks 2 and
3 p.i. (Fig. 2). An extremely rapid and complete loss of naive
and memory CD4™ T lymphocytes occurred in macaque
DB3T, requiring euthanasia at week 22 because of intractable
diarrhea and marked weight loss. Animal DB3N also experi-

~ enced a massive depletion of its naive CD4™ T cells (from

1,200 cells/pl at week 0 to 40 cells/ul at week 7) and yet was
able to control its set-point viremia to more modest levels and
to preserve its memory CD4* T cells. The rapid elimination of
naive CD4* T lymphocytes in these two recipients of blood
from macaque CE43 is similar to the results described previ-
ously for animals dually inoculated with high doses of X4-
tropic SHIVs.

A coreceptor switch mediated by intergenomic X4 and RS
SHIV recombination occurred in macaque CE43. The extraor-
dinarily rapid depletion of naive CD4" T lymphocytes in the
dually infected macaque CE43 and in two of its immediate
blood transfusion recipients suggested that a highly virulent X4
SHIV had emerged in animal CE43 even though the X4
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FIG. 2. The transfer of blood from macaque CE43 causes the rapid loss of naive CD4™ T cells in two recipient animals. Portions (10 ml) of
bload, collected from macaque CE43 at the time of euthanasia, were transfused into macaques DB3T and DB3N, and the levels of plasma viremia

and CD4* T cell subsets were determined.
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FIG. 3. Two populations of circulating SHIVs bearing distinctive V3 regions are present in the dually infected macaque CE43 at the time of
its euthanasia. SGA and direct sequencing of plasma samples collected at week 100 p.i. were used to generate amplicons containing the gp120 V3
region. The bracketed sequences include the V3 region derived from the starting X4-tropic SHIV, ;.. The gp120 amino acid sequences present
in the inoculated SHIV , g and SHIVy,, 4, are shown in the top and bottom lines, respectively. The ES3T7 and ES3N6 sequences were amplified
from the plasma of macaques DB3T and DB3N (see Fig. 2), respectively, at week 2 p.i. The opposing arrows indicate the location of the V3 loop.

SHIVpi112r.c1g it Was inoculated with was undetectable after
week 10 p.i. (see Fig. 1). SGA was therefore used to charac-
terize the virus present in plasma at the time of euthanasia
(week 100 p.i.). As shown in Fig. 3, this analysis revealed the
existence of two SHIV populations bearing distinctive env
genes. One population, the product of X4 SHIV/RS SHIV
intergenomic recombination, carried a 220+-nt segment, which
included the entire 105-nt V3 region from the starting X4
SHIV py1:- that had been inserted into SHIV ¢ env gene. The
second population carried a V3 region similar to that present
in the original R5-tropic SHIV zpe. At week 100 when ma-
caque CE43 was euthanized, 59% (16 of 27 amplicons) carried
a V3 region resembling that of the inoculated X4-tropic
SHIVp;51> and 41% (11 of 27 amplicons) bore a V3 gene
segment similar to that present in the original R5-tropic SHIV.
In addition, two gene segments from the gp41 coding region of
the starting X4-tropic SHIV (Fig. 4, underlined DH12 [X4]-A
and DH12 [X4]-B amino acid sequences) had been inserted
into analogous positions of the SHIV ,¢ env genes of both
virus populations.

Coreceptor usage properties of the recombinant SHIVs that
emerged in macaque CE43. Not unexpectedly, RT-PCR, clon-
ing, and sequence analyses of plasma collected at week 2 p.i.
from the recipients (monkeys DB3N and DB3T) of the CE43
blood transfusion revealed the presence of nearly equal num-
bers of the two circulating recombinant SHIV populations
(data not shown). Full-length replication competent SHIV mo-
lecular clones were constructed, which contained an entire env

gene, amplified from the week 2 plasma samples collected
from macaque DB3T or macaque DB3N (designated ES3T7
and ES3NG6, respectively, in the gpl20 V3 alignments pre-
sented in Fig. 3). The coreceptor utilization properties of the
resulting SHIVs (SHIV ,pg g3y and SHIV Apg ggane) Were
assayed in a 14-day replication assay in the presence of CCRS5
or CXCR4 small molecule inhibitors. As shown in Fig. 5,
replication of the RS5-tropic SIVmac239 and the X4-tropic
SHIVpor.cr7 controls was completely blocked by the
CCRS5- and CXCR4-specific inhibitors, respectively, as previ-
ously reported (17). In this assay, the RS inhibitor suppressed
replication of SHIV , ¢ 317, Which carries a gp120 V3 region
similar to that present in the R5-tropic SHIVADS inoculum. In
contrast, the replication of SHIV ,pg :g3ns Which contains a
gp120 V3 region similar to the input X4-tropic SHIV 1ok c1.8
was blocked by the X4 inhibitor. Taken together, these results
show that the recombination-mediated insertion of an X4
gpl20 determinant into the genetic background to a CCRS5-
utilizing erv gene was sufficient to shift coreceptor utilization.

Timing of the X4/R5 SHIV intergenomic recombinations
during in vivo infection. SGA and direct sequencing were used
to characterize and quantitate circulating virus populations at
various times following the dual inoculation of macaque CE43
with X4-tropic and R5-tropic SHIVs. The results obtained are
summarized in Fig. 6. At week 31 p.i., a single circulating SHIV
species was identified in the burst of virus replication that was
undetectable by RT-PCR of the plasma samples, using either
of the two env-specific primer pairs (see Fig. 1). All of the
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FIG. 4. Two regions of the input X4 SHIV gp4l env gene region have been transferred by intergenomic recombination into the genetic
background of SHIV 5,s. SGA and direct sequencing of gp41 env sequences present in plasma viral RNA at week 100 p.i. are shown. The gp4l
sequences in the input SHIV 4p¢ and SHIVyy;, are presented in the top and bottom lines, respectively. The heptad repeat 2 (HR2), transmem-
brane (TM), and lentivirus lytic peptide (LLP) regions are annotated at the top. The origin of the gp41 sequences are indicated at the bottom.

amplicons (18/18) generated at this time contained the two
gp41 segments from the starting X4 SHIV, embedded into the
R5-SHIV env gene, as previously seen in the week 100 plasma
sample (Fig. 3). The remainder of the original R5-tropic env
gene present in the week 31 SHIV remained essentially un-
changed from that present in the starting inoculum. Interest-
ingly, the recombination events involving the gp41 gene seg-
ment had eliminated the target sequences used to amplify the
starting RS-tropic SHIV, explaining our inability to detect this
virus with isolate-specific gp41 primer pairs after week 20 p.i.
All amplicons of the week 31 plasma virus also contained a
previously unrecognized 147-nt segment containing overlap-
ping tat, rev, and vpu gene sequences (Fig. 7) from the input
X4-tropic SHIV, which had been inserted into the genetic
background of the RS5-tropic SHIV (Fig. 6). No amplicons
representing the original X4-tropic SHIV env gene were de-
tectable in plasma at week 31 p.i. by SGA.

At week 64 p.i., SGA revealed the presence of two circulat-
ing viral populations (Fig. 6). One was indistinguishable from
the single circulating RS virus species identified at week 31.
The second virus population at week 64 p.i. (56% of the am-
plicons) carried the V3 region from the starting X4-tropic

SHIV embedded into the genetic background of the R5 env
gene. A similar ratio of the two SHIV species persisted in the
plasma from week 64 to the time of euthanasia at week 100.
Taken together, these results suggested that the rapid loss of
CD4™ T cells accompanying the increased plasma virus loads
in macaque CE43 after week 51 was associated with recombi-
nation-mediated coreceptor switching that introduced novel
CXCR4 entry determinants into the circulating monophyletic
R5-tropic virus.

The emergence of the X4 V3 recombinant SHIV at week
64 p.i. raised the possibility that the earlier fat, rev, or vpu gene
and gp41 recombinant virus might have been a necessary
intermediate because it conferred augmented replicative
properties that facilitated recombination. This was evalu-
ated by infecting rhesus monkey PBMC with the original
SHIV 55 and recombinant SHIVs containing the tat, rev,
and vpu gene and gp41 inserts with (designated SHIV 4p¢.
es3Ne) or without (designated SHIV g ps317) the V3 se-
quences. As shown in Fig. 8, the SHIV carrying only the fat,
rev, and vpu gene plus gp41 inserts exhibited robust infectivity
in macaque PBMC compared to the original SHIV 4, The
addition of V3 sequences to this recombinant greatly acceler-
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FIG. 5. Coreceptor utilization by SHIVs containing recombinant env genes. The indicated viruses were spinoculated onto rhesus PBMC in the
presence of CCRS (AD101)- or CXCR4 (AMD3100)-specific inhibitors. Particle-associated reverse transcriptase activity released into the medium
during a 14-day infection was measured in the presence or absence (dashed lined) of inhibitor.

ated virus production in PBMC. Taken together, these results
suggest that the week 31 SHIV recombinant may be more fit in
vivo, than the input RS SHIV. Thus the incorporation of the
tat, rev, and vpu gene plus gp41 sequences may have facilitated

SHIVADS

SHIVDH12

Week 31 (100%)

the subsequent coinfection of CD4™* T cells and resulted in the
generation of the week 64 recombinant X4 SHIV.

X4 SHIV proviral DNA was detectable in PBMC but not as
cell-free virus in the blood of macaque CE43. The SGA anal-

Week 64 (44%)

Week 64 (56%)

Week 100 (41%) == -

Week 100 (59%) »ﬁ’ 1

= b o

e - 2173, - S— .

FIG. 6. Time line of recombination events occurring in macaque CEA43 following the inoculation of X4 and R5 SHIVs. Sequences present in
the starting R5-tropic SHIV spg are indicated in white, and those from the X4-tropic SHIVyy,, are indicated in red. The black rectangles denote
HIV-1 gp120 variable regions, and the yellow bar denotes the SIVmac239 nef gene. The locations of primer pairs and probe sequences used to
detect the R5 and X4 SHIVs are indicated by the pair of opposing arrows. The numbers in parentheses represent the percentage of each
recombinant at the indicated times, as determined by SGA. Note that the recombination-mediated insertion of gp41 sequences from SHIVDH12
into SHIVADS at week 31 eliminated sequences used for detecting the starting R5 SHIVADS.
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FIG. 7. A short gene segment containing overlapping fat and rev and adjacent vpu sequences was transferred from the input X4 SHIVDHI12
into R5 SHIVADS by intergenomic recombination. SGA and direct sequencing of plasma samples collected at weeks 31 and 64 p.i. were used to
generate amplicons containing the first exons of the fat, rev, and vpu genes shown. The black bars below each sequence indicate the region
contributed by the starting X4-tropic SHIVDH]12. The numbers in parentheses denote the amplicons with the indicated sequence.

yses reported above indicated that after week 20 p.i., the pre-
dominant viruses circulating in plasma were derivatives of the
starting R5 SHIV into which segments of the original X4 SHIV
have been additively inserted. The absence of detectable X4
SHIV RNA in the plasma after week 10 prompted us to ex-
amine infected cells for the presence of the input X4 SHIV
provirus. Since lymph node specimens were not available, pre-
served PBMC were analyzed by real-time DNA PCR, using the
same primers and probe previously used in real-time RT-PCRs
for detection of the starting X4-tropic SHIV RNA in plasma.
As shown in Fig. 9, the cell-associated X4 SHIV DNA peaked
at 334 copies/10° PBMC at week 3 p.. and then gradually
declined over the next 12 months. At week 27 p.i., just prior to
the emergence of the tat, rev, and vpu gene and gp41 recom-
binants, the frequency of cell-associated X4 SHIV DNA was 53
copies/10° PBMC. The detection of cell-associated X4 SHIV
proviral DNA in circulating PBMC suggested that low levels of
virus-infected CD4™ T cells were present in some body com-
partment of macaque CE43, most likely secondary lymphoid
tissues.

Immune responses directed against the starting and recom-
binant SHIVs in macaque CE43. Antiviral SIV Gag-specific
(present in both X4 and RS SHIVs) cytotoxic T lymphocyte

12000 ~>-Mock Infection
“#SHIVapg (Original Clone)
10000 *SHIVaps-£s3Ns
“©SHIVaps.es3T7
g 00 “*SlVmaczas
O 6000

0 2 4 6 8 10 12 14 16

FIG. 8. Replication of recombinant SHIVs in rhesus PBMC. Rhe-
sus monkey PBMC were infected with original SHIV 4,5 and recom-
binant SHIVs containing the tat, rev, or vpu gene and gp41 inserts with
(SHIV spg.esane) OF Without (SHIV e ps317) the V3 sequences, nor-
malized for RT activity. Virus production was monitored by RT activ-
ity released into the medium.

responses were measured by flow cytometry by intracellular
staining for tumor necrosis factor alpha and or gamma inter-
feron at weeks 19, 35, and 43 p.i. The levels of anti-Gag specific
CD8™* T cells at these times were 0, 3.1, and 3.6%, respectively,
indicating that a strong antiviral cell-mediated response had
been elicited during the first year of the dual SHIV infection.

Antiviral NAbs directed against the starting X4 and RS
SHIVs were also assessed. A 1:20 dilution of plasma samples,
collected at different times throughout the 100-week infection
of macaque CE43, was used in the TZM-bl cell assay system to
determine the presence of neutralization activity against each
virus. As shown in Fig. 10, high levels of NAbs directed against
the starting X4-tropic SHIV 4, were detected by week 8 and
peaked at week 14 p.i. This result is consistent with previous
reports from our laboratory, using a different virus neutraliza-
tion assay system, showing that X4 SHIV,,;,, derivatives gen-
erate NAbs between weeks 4 and 10 p.i. (10, 20). A limiting
dilution assay indicated a 50% neutralization titer of 1:121
against the input X4 SHIVy,, at week 14 p.i. After week
45 p.., the levels of NAb activity against the starting
SHIVpyy1,, measured at a 1:20 dilution of plasma, had de-
clined to near background levels (<30% neutralization).

We recently reported that NAbs directed against SHIV 554
became detectable after week 25 p.i. in some infected rhesus
monkeys, and the titers measured correlated with the levels of

400 1

300 -8~ Input X4 SHIV DNA

200

Viral DNA coples / 105 cells
b
8

(-]

0 10 20 30 40 50 60
Weeks Pl
FIG. 9. Cell-associated X4 SHIVpy;, DNA loads in PBMC. The
frequencies of PBMC-associated viral DNA in macaque CE43 were
determined over a 55-week period by quantitative real-time PCR using
the primers and probe specifically detecting the starting X4 SHIVpyy,
env gene.
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FIG. 10. Neutralizing antibodies are directed against the input X4
SHIVDH]12 but not against the recombinant X4 SHIV that emerged in
macaque CE43. Plasma samples (1:20 dilution) were collected from
dually infected animal CE43 at the indicated times, incubated with the
input X4 SHIVpyy,, the input SHIVspg, or the recombinant X4
SHIVggane for 1 h at 37°C, and assayed for infectivity in TZM-bl cells.
Plasma viral RNA levels were determined by using gag gene primer
pairs and probes.

set point viremia (34). In general, anti-SHIV ,,; NAbs were
not detected when plasma viral loads were lower than 103
RNA copies/ml. As shown in Fig. 8, NAbs directed against the
starting R5 SHIV 41,5 were never detected during the 100-week
observation period, even when plasma viremia exceeded 10°
RNA copies/ml at week 59 p.i. The TZM-bl cell assay system
was also used to monitor any NAD activity directed against the
recombinant X4 SHIV, which emerged at week 51 p.i. As
‘represented by the reconstructed SHIV , g pg3ne, Which exclu-
sively uses CXCR4 to enter rhesus PBMC, no NAbs were
detected during the entire course of infection in macaque
CEA43. These results suggest that both cell-mediated and hu-
moral immune responses potently and durably suppressed the
input X4 SHIV, which became undetectable by RT-PCR in
plasma after week 10 p.i. On the other hand, the late-emerging
recombinant X4 SHIV elicited no NAbs, due to either contin-
ued masking of envelope glycoprotein epitopes (derived pri-
marily from the original R5 SHIV) or to irreversible damage to
the immune system accompanying the rapid depletion of
CD4™* T cells after week 70 p.i.

DISCUSSION

Coreceptor switching has rarely been reported during patho-
genic SIV infections of rhesus macaques, although a molecular
clone (SIVmacl55/T3), carrying the env gene recovered from
the tissues of an infected monkey, has been constructed, which
uses CXCR4 in cell entry assays and causes the depletion of
naive CD4% T lymphocytes in inoculated rhesus macaques
(37). In contrast, coreceptor switching has been reported in
rhesus monkeys infected with R5 SHIVs. Cheng-Mayer and
coworkers have described the emergence of dualtropic or X4-
tropic SHIVs in four rapid progressors following inoculations
of SHIVgg,6ps derivatives (12, 13, 42). We previously re-

J. VIROL.

ported that one of three RS SHIV 5, rapid progressors had
experienced coreceptor switching (34). In all of these animals,
coreceptor switching occurred within months of virus inocula-
tion rather than during the late symptomatic phase of infection
as reported for HIV-1.

The overwhelming evidence accumulated over more than 2
decades of HIV-1 natural history studies points to the evolu-
tion of a transmitted R5-tropic env gene, particularly its V3
loop, as the driving force for coreceptor switching in chroni-
cally infected individuals. Numerous reports have identified R5
HIV-1 strains, but not X4 viruses, in plasma following sero-
conversion or during the asymptomatic phase of the in vivo
infection. The X4 virus that emerges during the late stages of
the HIV-1 infection usually bears an env gene, which is genet-
ically related to the homologue present in the coexisting R5
strain except for changes in the V3 region. These results are
consistent with SGA analyses that have identified only one or
two transmitted virus species in plasma of recently HIV-1-
infected individuals, the vast majority of which were R5-tropic
(23, 47, 49).

It is still possible that the reemergence of cotransmitted
X4-tropic HIV-1 strains may contribute to coreceptor switch-
ing in some infected individuals. SGA analyses performed to
date have only evaluated virus strains circulating in the blood
during the acute infection and not in tissues such as the gut-
associated lymphoid tissues and draining lymph nodes, the
primary site of virus replication during the acute infection. A
recent clonal analysis of HIV-1 present in 150 recent serocon-
verters revealed that CXCR4 using viruses, validated in cell
entry assays, were present in seven individuals (15). Even if the
establishment of dual X4 and R5 HIV-1 infections occurs at
low frequencies in recently exposed individuals, the generation
of dualtropic/X4 strains by substitutional evolution of the input
RS virus can occur at anytime following virus acquisition. The
SHIV/macaque system described here could therefore also
model the intrapatient recombination between RS HIV-1 env
gene NADb escape variants and suppressed X4 HIV strains,
which emerged postacquisition. An X4 HIV-1 recombinant
arising from such an event might be able to change its neutral-
ization phenotype and target both naive and memory CD4™ T
lymphocytes in vivo, thereby further compromising the im-
mune system. In this regard, several studies, published since
2005, have reported a high prevalence of circulating dualtropic
or X4-tropic viral strains (50% or greater) in heavily treatment
experienced HIV-1-infected patients (9, 16, 56) compared to
antiretroviral naive individuals (18 to 19%) (3, 29). In one of
these studies, 11 of 23 patients on highly active antiretroviral
therapy (HAART) for 5 years with undetectable levels of viral
RNA experienced a switch from RS (at baseline) to X4-tropic
strains (9). It is currently unclear why HAART suppression of
HIV-1 replication unmasks preexisting CXCR4 utilizing virus
strains. Taken together, these studies suggest that previously
unrecognized X4 HIV-1 variants may be present throughout
the infection.

Our results demonstrate that the potential consequences of
recombination /n vivo may be functionally profound. Retrovi-
rus recombination is predicated on the dual infection of a

single cell by two viruses, the copackaging of nonhomologous

genomic RNAs into progeny particles, and template switching
during subsequent rounds of reverse transcription. For HIV-1,
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recombination events have given rise to circulating recombi-
nant forms (45), augmented the spread of resistance to anti-
retroviral drugs (35), and accelerated disease progression (26).
Although we have described recombination between X4 and
R5 env gene segments in a single dually infected animal, sev-
eral studies have reported X4 and RS intrapatient recombina-
tion events in HIV-1-infected individuals (4, 24, 54). Moreover,
a recent study examining the genotype and coreceptor usage of
clones derived from sequential isolates from four patients ex-
periencing coreceptor switching determined that (i) 9% of
clones using the CXCR4 receptor arose by recombination and
(ii) a majority of breakpoints identified were located in the
gp120 C2 region and involved the transfer of the V3 region of
gp120 (28).

In the present study, the recombination events observed in
macaque CE43 were multistep and invariably unidirectional
(transfer of gene segments from the input X4 SHIV into the
genetic background of the starting R5-tropic SHIV). Based on
coreceptor usage, a plausible scenario to explain our results
would involve a SHIV coinfection of memory CD4™ T lym-
phocytes, which, unlike the naive CD4" subset, are susceptible
to both X4 and R5 SHIVs. The transfers of tat, rev, or vpu and
gp41 gene segments from the X4 SHIV into the genetic back-
ground of the starting RS SHIV between weeks 15 and 31 p.i.
were the first recombination events identified (Fig. 6). Infec-
tivity analyses carried out in rhesus monkey PBMC demon-
strated that these early recombinations greatly improved the
replication capacity of the input RS SHIV and was reflected by
a transient increase of set-point viremia during this phase of
the infection.

The subsequent transfer of the gp120 V3 region from the
X4-tropic SHIV parent to the monophyletic recombinant R5
SHIV circulating at week 50 p.. greatly increased plasma
viremia and irreversibly altered the clinical course. This second
phase of recombination created a virus with two novel prop-
erties: (i) the capacity of infect both memory and naive CD4*
T lymphocytes and (ii) a neutralization-resistant X4-tropic
gp120. In contrast to the starting X4 SHIV, which possessed
neutralization epitopes mapping to the V1/V2 and V4 regions
of gp120 (5), the novel recombinant X4 SHIV that emerged
had acquired the neutralization resistant properties of the in-
put R5 SHIV (Fig. 10). The unidirectionality of the recombi-
nations described (X4 SHIV to R5 SHIV) were all stochastic
events, very likely driven by the prior in vivo passaging of the
X4-tropic SHIVyy,;,, that optimized replication in macaques
(19), as well as the NAD sensitivities of the starting X4 and RS
SHIVs. The products of these recombinations (a nearly 50/
50% mixture of recombinant X4 and R5 SHIVs, each possess-
ing robust replication properties) were highly virulent, accel-
erating progression to AIDS in macaque CE43 and causing an
extraordinarily rapid depletion of CD4™ T cells following in-
travenous transfer to two recipient animals.
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Major histocompatibility complex class I-restricted cytotoxic

T lymphocyte responses during primary simian
immunodeficiency virus infection in Burmese rhesus
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ABSTRACT

Major histocompatibility complex class I (MHC-I)-restricted CD8™ cytotoxic T lymphocyte (CTL) re-
sponses are crucial for the control of human immunodeficiency virus (HIV) and simian immunodefi-
ciency virus (SIV) replication. In particular, Gag-specific CTL responses have been shown to exert strong
suppressive pressure on HIV/SIV replication. Additionally, association of Vif-specific CTL frequencies
with in vitroanti-SIV efficacy has been suggested recently. Host MHC-I genotypes could affect theimmun-
odominance patterns of these potent CTL responses. Here, Gag- and Vif-specific CTL responses during
primary SIVmac239 infection were examined in three groups of Burmese rhesus macaques, each group
having a different MHC-I haplotype. The first group of four macaques, which possessed the MHC-I hap-
lotype 90-010-Ie, did not show Gag- or Vif-specific CTL responses. However, Nef-specific CTL responses
were elicited, suggesting that primary SIV infection does not induce predominant CTL responses specific
for Gag/Vif epitopes restricted by 90-010-Ie-derived MHC-I molecules. In contrast, Gag- and Vif-specific
CTL responses were induced in the second group of two 89-075-Iw-positive animals and the third group
of two 91-010-Is-positive animals. Considering the potential of prophylactic vaccination to affect CTL
immunodominance post-viral exposure, these groups of macaques would be useful for evaluation of
vaccine antigen-specific CTL efficacy against SIV infection.

Key words cytotoxic T lymphocyte, human immunodeficiency virus, major histocompatibility complex, simian immunode-
ficiency virus.

Virus-specific CD8% CTL responses are crucial for the
control of HIV and SIV replication (1-5). CTLs recognize
specific epitopes which are presented on the target cell
surface by binding to the MHC-I molecule. There have
been many reports indicating association of MHC-I (HLA
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class I) genotypes with rapid or delayed AIDS progres-
sion in HIV-infected people (6-8). For instance, most of
the HIV-infected individuals possessing HLA-B*57 have a
better prognosis and smaller viral loads, implicating HLA-
B*57-restricted epitope-specific CTL responses in control
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MHC-l-restricted CTL and SIV infection

of this virus (9, 10). Indian rhesus macaques possessing
the MHC-I allele Mamu-B*17 tend to show smaller vi-
ral loads after STVmac239 challenge (11). These findings
imply possible HIV control by induction of particular ef-
fective CTL responses.

The potential of Gag-specific CTL responses to con-
tribute to viral control was suggested by a cohort study
indicating association of HIV control with the breadth
of Gag-specific CTL responses (12). This was supported
by an in vitro study indicating the ability of Gag-specific
CTLs to respond rapidly to SIV infection (13). We pre-
viously developed a prophylactic AIDS vaccine using a
Sendai virus vector expressing SIVmac239 Gag (14) and
showed that Gag-specific CTL responses were responsible
for vaccine-based SIV containment in a group of Burmese
rhesus macaques possessing the MHC-1 haplotype 90—
120-1a (15, 16). Furthermore, our recent study analyzing
the potential of CD8* cells to suppress SIV replication in
vitrosuggested association of in vitroanti-SIV efficacy with
numbers of Vif-specific CTL frequencies (17). We also
found weaker correlation between anti-SIV efficacy and
numbers of Nef-specific CTL frequencies. These results
imply the potency of Gag- and Vif-specific (and possibly
Nef-specific) CTLs in suppressing HIV/SIV replication.

The immunodominance patterns of these potent CTL
responses could be affected by host MHC-I genotypes (18,
19). Better understanding of these MHC-I-associated CTL
immunodominance patterns during primary HIV/SIV in-
fection would contribute to elucidation of the interac-
tion between viral replication and host CTL responses. In
the present study, we examined whether Gag- and Vif-
specific CTL responses are efficiently induced during pri-
mary SIVmac239 infection in three groups of Burmese
rhesus macaques possessing different MHC-I haplotypes.
One group did not induce Gag- or Vif-specific CTL re-
sponses, whereas the other two groups elicited Gag- and
Vif-specific CTL responses efficiently. These groups of
macaques would be useful for analysis of the impact of
Gag- and Vif-specific CTL responses on SIV replication in
vivo.

MATERIALS AND METHODS

Animal experiments

Animal experiments using Burmese rhesus macaques
(Macaca mulatta) possessing either the MHC-I haplo-
types 90-010-Ie, 89-075-Iw or 91-010-Is were performed
in the Institute for Virus Research, Kyoto University, in
accordance with the institutional regulations approved by
the Committee for Experimental Use of Non-human Pri-
mates. The MHC-I haplotypes of macaques were deter-
mined as described previously (20, 21). These animals

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 1. Plasma viral loads after SIV challenge. (a) The first group
of Burmese rhesus macaques, which possessed MHC-I haplotype 90-
010-le (R-510, R-514, R-522, and R-529) and (b) the second group,
which possessed 89-075-iw (R-511 and R-518) and the third group,
which possessed 97-010-Is (R-512 and R-533) were challenged with
SIVmac239. The viral loads (SIV gag RNA copies/mL) were determined as
described previously (15).

were challenged intravenously with 1000 50% tissue cul-
ture infective doses (TCIDsq) of SIVmac239 (22).

Analysis of virus-specific cytotoxic T
lymphocyte responses

Virus-specific CD8" T-cell frequencies were measured
by flow cytometric analysis of IFN-y induction af-
ter specific stimulation as described previously (17).
PBMCs were cocultured with autologous herpesvirus
papio-immortalized B-lymphoblastoid cell lines pulsed
with peptide pools using panels of overlapping peptides

769

— 458 —



