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Abstract

Substantial effort is being directed toward generating vaccines that can prevent the heterosexual
transmission of HIV-1. If “Selection” for specific variants during sexual intercourse occurs, then
vaccines should be designed to prevent transmission of these specific viruses. Using the SIV—
rhesus macague model to test the hypothesis that specific HIV genotypes are more efficient at
producing infection by sexual transmission, it was possible to demonstrate that the genotypic
determinants that permit SIV or SHIV to produce systemic infection differ depending on the route
of virusinoculation. This finding supports the conclusion that there is selection for viral genotypes
during sexual transmission of HIVV. However, the ability of avirus to grow in rhesus macaque
monocyte-derived macrophages /1 vitro does not predict the outcome of intravaginal inoculation
with that virus. We did find that after intravenous inoculation all the vaginally transmitting viruses
produced plasma antigenemia and high levels of plasmaviral RNA. In contrast, although the
nontransmitting viruses infect rhesus macaques after intravenous inoculation, the infection that
occurs after intravenous inoculation is characterized by alack of viral antigen in plasmaand low
levels of plasmaviral RNA. On the basis of these results, it is clear that viruses which are adapted
to replicate to high levels /n vivo are transmitted by vaginal inoculation. This principle may also
apply to the transmission of HIV in humans.

INTRODUCTION

HeTEROSEXUAL INTERcourse Remains the mMost common means of HIV-1 transmission. Substantial effort
is being directed toward generating vaccines that can prevent the transmission of HIV-1 by
this route. Because empirical attempts at producing an HIV-1 vaccine have been
unsuccessful, thereis an increasing emphasis on understanding the biology of heterosexual
transmission of HIV-1. It is hoped that a thorough understanding of the transmission and
dissemination of HIV following sexual contact will provide the basis for rationale vaccine
design and development.

In particular, it will be important to determine if a subset of viral variants is commonly
transmitted by sexual contact. If “selection” for specific variants by sexual intercourse
occurs, then vaccines should be designed to prevent transmission of these specific viruses.
HIV-1 variants can be defined in at least two ways: viruses that differ on the basis of
nuclectide sequence are genotypic variants, whereas viruses that differ on the basis of
biologic behavior are phenotypic variants. A few studies have been undertaken in humans
that were recently infected with HIV-1. Most of these studies have concluded that, on the
basis of the envelope sequence, there is selection for alimited number of genotypesin acute
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HIV infection.1~3 However, this restriction on genotype does not extend to other regions of
the viral genome.1:2:4 It is aso not clear that this restriction on the viral genotype in acute
infection is related to the route of HIV transmission.

We used the SIV—hesus macaque model to test the hypothesis that specific HIV genotypes
are more efficient at producing infection by sexual transmission. For these studies three
molecular clones of SIV, two molecular clones of SIV/HIV (SHIV) chimeric viruses, and
uncloned stocks of SIV and SHIV were used for vaginal inoculation of rhesus macagues.
The molecular clones are well characterized with regard to sequence. In addition, these
molecular clones have well-defined /n vitrotropism and replication phenotypes and using
them allowed usto determine if mucosal transmission is associated with a specific /n vitro
virus phenotype. Because an article describing the details of these studies has been
submitted,4a only a summary and discussion of the work are provided here.

METHODS AND RESULTS

For the purposes of this article, vaginal transmission of SIV is defined as the ability to detect
virusin peripheral blood mononuclear cells (PBMCs), by virusisolation or polymerase
chain reaction (PCR), after vaginal inoculation. This definition does not rule out the
possibility that a virus can cross the mucosa but cannot disseminate systemically.
SHIVHXBc2 and SHIV89.6 are chimeras between SIVmac239 and HIV-1 molecular
clones.577 Both viruses reliably produce infection in intravenously inoculated macagques.5
We have reported6 that four intravaginal inoculations of SHIVHXBCc2 fail to produce a
systemic infection in rhesus macaques. In contrast, as few as three intravaginal inoculations
of SHIV 89.6 consistently result in viremiain rhesus macagques.6 One experiment in this
study demonstrated that after intravaginally inoculating animals with a mixed inoculum
containing both viruses, only the SHIV89.6 genome could be detected in the PBMCs of the
animals. The only difference in the genotype of these two viruses is that the gpl60-coding
region is derived from different parental HIV-1 clones. Thusthisis clear evidence that, in
the rhesus macague system, the coding sequence of gp160 influences the ability of avirusto
produce systemic infection after intravaginal inoculation. In addition, we have systemically
infected rhesus macaques with a single intravaginal application of SHIV89.6-PD.
SHIV89.6-PD is a pathogenic variant of SHIV89.6 that was derived from the plasma of a
rhesus macague that developed AIDS after intravenous inoculation with blood from another
rhesus macague infected with SHIV89.6.7 A manuscript describing this stock in detail has
been submitted.4a The genetic changes that distinguish SHIV89.6PD from the parental
SHIV 89.6 have not been defined, but are the subject of intense investigation.

A second study involved the use of three molecular clones of SIV to assess transmission of
viral variants during vaginal inoculation: SIVmac239, SIVmaclAll, and a chimeric virus that
consisted of the regions encoding gp41, some accessory genes, and the long terminal repeats
(LTRs) of SIVmac239 in the background of SIVmaclAll (SIVmaclAll/239). Intravenous
inoculation of all three of these viruses reliably produces infection in rhesus macaques.8
Animalsinoculated intravaginally with SIVmac239 and SIVmacl All/239 reliably become
infected after a single intravaginal inoculation, whereas animal s inoculated intravaginally
with SIVmaclAll only rarely become infected. The only difference in the genotype of
SIVmacl All and SIVmacl All/239 is that the gp41, some accessory genes, and LTRs of the
latter virus are derived from SIVmac239.9 Thus the coding sequences of gp41 and/or the

L TR can influence the ability of avirusto produce systemic infection after intravaginal
inoculation.

We have shown that not all the virus genotypes that produce systemic infection by
intravenous inoculation are capable of producing systemic infection by intravaginal

AIDS Res Hum Retroviruses. Author manuscript; availablein PMC 2012 July 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MILLER

Page 3

inoculation. These results clearly demonstrate that the genotypic determinants that permit
SIV or SHIV to produce systemic infection differ depending on the route of virus
inoculation. However, the phenotypic characteristics that may be common to genotypes that
produce systemic infection following vaginal inoculation remain undefined. A summary of
the /n vitro phenotype of the viruses used in this study is providein Table 1. Ascan be
clearly seen, the ability of avirusto grow in rhesus macaque monocyte-derived
macrophages /n vitro does not predict the outcome of intravaginal inoculation. SIVmacl All
and SHIVHXBc2 replicate efficiently in rhesus macaque macrophages but do not transmit
vaginally, whereas SIVmac239 and SHI1V89.6 do not replicate in macrophages but do
transmit vaginally.

Because all the viruses used in this study systemically infect animals after intravenous
inoculation, we next sought to determine if viruses that transmit vaginally share acommon
in vivoreplication phenotype in intravenously inoculated animals. We assessed two
parameters: (1) ability of avirusto produce plasma antigenemia or plasmaviral RNA levels,
and (2) the cell-associated virus load in animals infected with a particular virus. A summary
of thisanalysisis presented in Table 2. These /n vivo studies demonstrate that viruses that
produce a plasma antigenemia after intravenous inoculation are uniformly capable of
producing systemic infection after intravaginal inoculation. Not shown are the data that
demonstrated that relative levels of viral RNA in plasma after intravenous inocul ation
paralleled the results of the plasma antigenemia analysis. Thus animals inocul ated
intravenously with SHIV89.6, SHIV89.6-PD, SIVmac239, and SIVmaclAll/239 have
detectable plasma antigen and relatively high plasmalevels of vira RNA, whereas animals
inoculated intravenously with SHIVHXBc2 and SIVmaclAll do not have a plasma
antigenemia and have relatively low plasmavira RNA levels. The data on plasma
antigenemia in animals inoculated intravenously with SHIVHXBc2 and SHIV89.6 were
published by other investigators.5 Thus the /n vivoreplicative capacity of the SHIV and SIV
clones and isolates used in these studies predict the ability of each virus to produce systemic
infection after intravaginal inoculation.

DISCUSSION

Thefindingsin the SHIV and SIV studies summarized here are the first clear demonstration
that there is selection, or exclusion, of specific genotypes during vaginal transmission.
Previous studies demonstrated that a limited number of genotypes, as characterized by the
nuclectide sequence in specific regions of the envelope gene, are found in humans recently
infected with HIV-1. In one study, it was shown that two individuals, infected by
heterosexual contact, had viral variants with a gp120 sequence that was found in only a
minor fraction of the proviral population in the blood of the transmitter.2 A more recent
study by the same group characterized vira variants in a single transmitter—recipient
heterosexual pair and concluded that whereas the V 3 loop sequences in the major variant of
the donor and recipient were similarly, the sequence of the V1-V2 env sequencesin the
recipient were found only in aminor variant of the donor.9 The authors speculate that this
was because these variants had a selective advantage in penetrating the mucosal barrier
during sexual contact. A study involving arelatively large number of acute seroconverters
found that, when the nucleotide sequences of virusesin each individual were compared,
there was little sequence heterogeneity in two normally hyper-variable regions of the env
gene.1 However, this result was not limited to individual s that had been infected by sexual
contact but was also found in individuals infected parenterally.1 This finding does not
support the hypothesis that viruses with certain envel ope nucleotide sequences are
transmitted by sexual contact because they can more efficiently penetrate the vaginal
mucosa, but rather supports the idea that only alimited number of the viral genetic variants
in adonor have the fitness to initiate an infection in a naive recipient, regardless of the route
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of transmission. Interestingly, in these studies the sequence homogeneity of the envelope did
not extend to the gag gene.1:2 Thus the acute seroconverters were apparently infected with
multiple virus variants that were homogeneous in envel ope nucleotide sequence but
heterogeneous in gag nucleotide sequence.

With regard to preferential sexual transmission of viruses with a particular phenotype,
numerous studies have demonstrated that individuals acutely infected with HIV-1 have a
viral variant that can grow in primary macrophages but not in T cell lines and does not cause
syncytiain MT-2 cells. It has been widely presumed that these viral variants with a
macrophage-tropic/non-syncytium-inducing (NSI) viral phenotype are selectively
transmitted by sexual contact. This notion has been championed to explain the finding of
limited genetic heterogeneity of HIV envelope in individualsinfected by sexual contact.
Thus avirus with a envel ope sequence that allows it to replicate in macrophages would be
more likely to be transmitted by sexual contact because the virus could infect the most likely
target cellsin the genital mucosa. However, as with envelope nucleotide homogeneity, this
apparent restriction of viral phenotype in acutely infected people occurs regardless of the
route of transmission. In addition, one study of arelatively large number of acute
seroconverters infected by sexual contact found that the virus that was transmitted to the
donor had the same phenotype as the major viral variant in the donor.10 In this study, all of
the HIV-1 isolates from 21 individuals with primary HIV-1 infection replicated in
monocyte-derived macrophage cultures. Seven of these isolates also replicated in T cell lines
and were thus dual tropic. Studies on 10 pairs of individuals consisting of the index case and
seroconverting sexua partner showed that, when the viral phenoypesin the two individuals
forming atransmission pair were compared, the phenotype of the HIV-1 was the samein
both individualsin 9 of the 10 transmission pairs. Further, both of the individualsin five of
the pairs were infected with a syncytium-inducing (SI) variant. Thus, this study found that
there was no selection for macrophage-tropic/NS| viruses during sexual transmission.10 As
the authors of this study10 point out, there are a number of case reports and smaller studies
in which index caseswith T cell-tropic/S| variants infected a sexual partner.2:11714 In
approximately half of these transmission events, the seroconverting partner became infected
withaT cell-tropic/Sl variant.

The significance of macrophage-tropic versus T cell-tropic HIV-1 phenotypes has been
called into question. In a carefully controlled /n vitro study, six of eight macrophage-tropic
HIV-1 isolates or clones were able to infect one or more T cell lines productively, producing
high titers of viral p24 antigen and infectious progeny virus.14 This demonstrates that most
“macrophage-tropic” HIV isolates are actually dual tropic. It has long been recognized that
essentially all “macrophage-tropic” HIV-isolates replicatein primary T cells. The
differences in the results of the studies reported above may have resulted from differencesin
culture techniques, but there also have been differencesin the way the same results have
been interpreted by different groups. Fundamentally, it is difficult, perhaps impossible, to
extend any /n vitrofinding to the /n vivo situation. When all the published data are
reviewed, it seems clear that there is no restriction on the sexual transmission of HIV-1
variants that can replicate in T cell lines but not macrophages /17 vitro. The results of the /n
vivoSIV and SHIV studies described here support that conclusion.

We have demonstrated that only some viral genotypes can produce a systemic infection after
vaginal inoculation. This supports the conclusion that thereis selection for viral genotypes
during sexual transmission of HIVV. However, the common phenotype, if any, of the selected
genotypesis hot apparent from /n vitro studies of viral phenotype. We did find that all the
viruses that were capable of transmission by vaginal inoculation had a common /n vivo
phenotype. After intravenous inoculation of rhesus macagues, all the transmitting viruses
produced plasma antigenemia and high levels of plasmaviral RNA. In contrast, although the
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nontransmitting viruses infect rhesus macaques after intravenous inoculation, the infection
that occurs after intravenous inoculation is characterized by alack of viral antigen in plasma
and the low levels of plasmaviral RNA. On the basis of these results, it islikely that viruses
that are adapted to replicate to high levels /n vivo are capable of being transmitted by
vaginal inoculation. This principle may aso apply to the transmission of HIV in humans.
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Relationship of in Vitro Phenotype of SIV and SHIV to Vaginal Transmission in Rhesus

Table 1

Virusisolate/clone

Replicationin T cell lines  Replication in macrophages  Replication kinetics  Vaginal transmission

SIVmac251
SHIV89.6PD

SI VmaclAll/239
SHIV89.6
SIVmac239
SIVmaclAll
SHIVHXBc2

+

+

+

+

+

+

Rapid
Intermediate
Delayed
Delayed
Delayed
Rapid

Intermediate

Yes
Yes
Yes
Yes
Yes
No
No
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Relationship of /n Vitro Phenotyped of SIV and SHIV to Vaginal Transmission in Rhesus Macagques

Virusisolate/clone Plasma antigenemia after intravenous PBMC load after intravenousinoculation  Vaginal transmission
inoculation
SIVmac251 + High Yes
SIVmac239 + High Yes
SIVmaclAll/239 + Intermediate Yes
SHIV89.6 + Intermediate Yes
SHIV89.6PD + High Yes
SIVmaclAll - Low No
SHIVHXBc2 - Intermediate No

aThe data were generated by characterizing the virologic parametersin rhesus macagues that were infected with each virus clone or isolate by

intravenous inoculation.
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