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Origin of the Transmitted Virus in HIV
Infection: Infected Cells Versus Cell-Free Virus

Manish Sagar

Boston University, Massachusetts

All human immunodeficiency virus type 1 (HIV-1)-infected inocula, such as genital secretions, breast milk, and

blood, contain both cell-free virus and infected cells. The relative contributions of cell-free and/or cell-

associated virus in establishing an infection in a naive host during the different modes of HIV-1 acquisition

remains unclear. Studies aim to elucidate the source of the acquired virus because strategies to prevent acqui-

sition may have differential efficacy against the different modes of transmission. In this review, I will detail some
of the challenges in identifying the source of the transmitted virus, genotypic and phenotypic differences among
cell-free compared with cell-associated HIV-1, and implications on the efficacy for prevention strategies.
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Although, it has been estimated that around 75 million
people have acquired human immunodeficiency virus
type 1 (HIV-1) in the world, transmission is fairly inef-
ficient [1]. Sexual contact remains the most common
route for HIV-1 acquisition. It has been commonly
quoted that 1 in 1000 sexual contacts results in a trans-
mission event, but this estimate can vary dramatically
depending on acquisition cofactors, such as the type
of sexual contact, circumcision status, and concomitant
presence of inflammation or ulceration in the genital
mucosa [2]. On the other hand, transmission occurs
more frequently with the other less common modes
of HIV-1 acquisition, such as mother-to-child trans-
mission and injection drug use [3]. One factor that like-
ly influences the observed differences in transmission
frequency among the various routes of acquisition is
the amount of infectious virus present in the inoculum.
Indeed, numerous studies have shown that levels of cell-
free in the blood or genital secretions correlate with
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infectiousness [4-7]. It should be noted, however, that
all infectious sources contain both cell-free virus and in-
fected cells [8]. It is possible that an infected cell from
the infectious inoculum enters a naive individual and
that de novo virus generation from this cell leads to
the new systemic infection. Indeed, a study of mother-
to-infant transmission via breast milk suggested that the
risk of virus acquisition is more closely correlated with
cellular virus loads as opposed to the virus level in cell-
free milk [9]. Furthermore, cases of HIV-1 transmission
in which the transmitting partner has undetectable cell-
free virus suggests that the newly infected subject may
have acquired virus from infected cells, which continue
to harbor infectious virus even in the presence of anti-
retroviral therapy [10]. Thus, it is of critical importance
that we gain greater understanding about the role of
cell-associated virus during mucosal HIV-1 acquisition.

In this review, I will summarize studies that have at-
tempted to elucidate the origin of the transmitted virus
in newly infected subjects. I will discuss the challenges
associated with determining if the transmitted virus
originates from an infected cell or the pool of cell-free
virions. Even though cell-associated virus, compared
with cell-free virus, has not been examined extensively,
I will discuss the theoretical reasons why infected cells
may be a major contributor to the infections acquired
by newly infected subjects. Finally, I will discuss how
transmission of virus from infected cells may negatively
impact the efficacy of prevention strategies.
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CHALLENGES IN IDENTIFYING THE ORIGIN
OF THE TRANSMITTED VARIANTS

Although cell-associated virus potentially plays an important
role during all modes of HIV-1 acquisition, it has received a
limited amount of research attention, perhaps because cell-
free virus is easier to both isolate from infected specimens
and manipulate in vitro. Studies have attempted to decipher
the origin of transmitted viruses by using sequence and phylo-
genetic analysis. The most informative studies have examined
virus sequences from newly infected individuals early after esti-
mated acquisition and compared them to both blood- and gen-
ital secretion-derived cell-free and cell-associated genotypes
circulating in the transmitting partner [11-14]. For instance,
Butler et al contend that, in 6 homosexual couples, virus se-
quences in the newly infected subject were consistently more
closely related to genotypes of the virus in the seminal plasma
as opposed to the infected cells [11]. This conclusion, however,
has been challenged by other groups because of potential meth-
odological flaws [15]. In contrast, the same group showed that a
newly infected homosexual man was infected by a virus that was
more closely related to genotypes present in the transmitting
partner’s seminal cells as opposed to seminal plasma [14]. Fur-
thermore, other studies of heterosexual couples have failed to
demonstrate that the virus circulating in the newly infected sub-
ject consistently matches either the cell-free or cell-associated
strains in the transmitting partner [12, 13]. These investigations
are limited by the ability to sample the appropriate infectious
source very soon after transmission was estimated to have oc-
curred; because the HIV-1 genotype diversifies at a relatively
fast rate, the sequences of virus from the transmitting
partner at the time of transmission may be different from
those circulating during sampling. Furthermore, incomplete de-
termination of all sequences present in a chronically infected
transmitting partner may also present difficulties in precisely
defining the origin of the transmitted strain. Although some
but not all chronically infected subjects harbor different mixture
of genotypes in cellular as compared to cell-free genital
samples, these compartments do not contain completely dis-
tinct genotypes [11, 13, 14, 16-18]. These challenges will likely
make it exceedingly difficult to use sequencing and phylogenetic
studies to definitively determine the source of the transmitted
strain.

It is quite possible that the source of the infecting virus may
vary among individuals and different routes of transmission. As
stated, naive individuals can acquire HIV-1 in multiple ways,
such as through sexual contact; from an infected mother, either
in utero, during delivery, or through breast-feeding; or by direct
exposure to infected blood. The different routes of transmission
present diverse challenges for the virus in establishing a new
infection. For instance, the virus does not have to traverse an
epithelial barrier during parenteral as opposed to mucosal

transmission, and this may facilitate virus transfer from infected
cells. Previous in vitro studies, however, have documented that
infected cells and cell-free virus can transcytose across colum-
nar epithelia, similar to what the virus may encounter in an in-
fant’s gastrointestinal tract [19, 20]. While a single column of
cells is also present in the some portions of the genital tract,
such as the anal and cervical epithelia, the penile and vaginal
mucosa have stratified cell layers that likely make it difficult
for cell-free and especially cell-associated virus to reach deeper
lying target cells. Besides physical barrier differences, the types
of infected cells present in the infected inoculum during differ-
ent routes of transmission may influence whether transmission
involves cell-associated or cell-free virus. For example, the
quantity of different infected cell types, such as CD4" T cells,
macrophages, and dendritic cells, likely varies in genital secre-
tions, breast milk and blood, which will impact the source of the
acquired virus [8].In addition, previous studies have shown that
an exposed individual is more likely to acquire HIV-1 if they
share major histocompatibility complex (MHC) class I alleles
with the corresponding transmitting partner [21,22]. HLA dis-
cordance presumably allows an exposed individual’s cell-medi-
ated immune responses to consider invading infected cells and
presumably virions as foreign. This HLA mismatch transmission
frequency relationship may be more relevant for cell-associated
transmission than for cell-free transmission because of
the greater abundance of MHC antigens in infected cells, com-
pared with the number in virions. In aggregate, these caveats
suggest that sequence and phylogenetic studies are unlikely to
provide a universal answer about the contribution of cell-asso-
ciated or cell-free virus to HIV-1 transmission because the
source may vary both by route of acquisition and among trans-
mission pairs.

THEORETICAL BASIS THAT SUPPORTS THE
IMPORTANCE OF CELL-ASSOCIATED VIRUS

Whereas phylogenetic and sequence analysis have failed to
demonstrate that either infected cells or cell-free virions are
the source of the transmitted virus among newly infected sub-
jects, similar types of studies have definitively shown that,
although a source partner may have diverse viruses, a small
number of variants productively infect a naive individual [23-
25]. Newer investigations have used the sequences isolated from
acutely infected subjects to mathematically predict the genotype
of the acquired virus, referred to as the transmitted/founder
strain (T/F) [26]. Because transmission frequency is low, espe-
cially with sexual contact, and only a small number of variants
establish an infection in a naive host, this suggests that virus ac-
quisition and systemic dissemination is a relatively low proba-
bility event. Modeling of this low probability event by use of a
Poisson distribution suggests that newly infected subjects
should rarely acquire >1 T/F strain because the likelihood of
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Transmitted sequences have ancestral genotypes. In this example, multiple envelope sequences were isolated from plasma specimens col-

lected from a newly infected subject prior to seroconversion (white) and some duration after the acute infection period (light gray). Sequences were also
obtained from the linked transmitting partner at the time of estimated transmission (dark gray) and prior to the time of transmission (black). Phylogenetic
analysis was conducted as detailed previously [35]. The envelope sequences present in the newly infected subject sampled prior to seroconversion are more
closely related to the envelope sequences found in the transmitting partner at a time prior to rather than at the time of estimated transmission. Longitudinal
envelopes were collected approximately every 9 months. The arrow points to the most recent common ancestor. The outgroup sequence is labeled at the top

of the tree. The bar at the bottom denotes a 10% genetic difference.

>2 low probability events occurring independently is exceed-
ingly rare [27]. Contrary to this expectation, however, 20%-
60% of newly infected subjects harbor >1 virus [23, 28, 29].
The number of strains acquired early after infection correlates
with factors present at the time of estimated acquisition, such
as genital inflammation and hormonal contraceptive use,
which also enhance transmission frequency. Indeed, studies
suggest that routes of acquisition that have greater predicted
transmission frequency, such as injection drug use, may lead
to the acquisition of a greater number of T/F strains [30, 31].
Thus, it could be argued that in certain settings the probability
of >1 cell-free virus establishing an infection in a naive host is
not necessarily a low probability event. On the other hand, ac-
quisition of >1 virus may be a linked occurrence rather than
multiple independents events. One possibility is that acquisition
involves cell-associated virus because infected cells can harbor
multiple HIV-1 variants [32]. Thus, the likelihood that a single
infected cell both enters a naive host and generates de novo

viruses is a relatively low probability occurrence. Once this
rare event happens, however, multiple variants can establish
the new infection because infected cells often harbor >1 virus.

In the absence of definitive data that show that T/F strains
originate either from the donor cell-free or cell-associated com-
partment, further genotypic and phenotypic characteristics may
help determine the origin of the acquired virus. Phylogenetic
analysis of full-length envelope sequences shows that newly in-
fected subjects preferentially acquire a minority virus that is
more closely related to strains circulating earlier during the
transmitter’s infection (termed ancestral genotypes) than to
strains circulating in the transmitter near the time of estimated
transmission [33, 34]. We have further shown that the envelope
sequences of strains found in newly infected individuals during
the acute infection period are more closely related to sequences
of strains found in the transmitter prior to as opposed to at the
time of transmission (Figure 1) [35]. Furthermore, acquired vi-
ruses have significantly shorter and less glycosylated envelopes
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Figure 2. Envelopes of viruses circulating in newly infected subjects confer lower replication capacity than those of viruses circulating in the transmitting

partner. Shown are replication kinetics observed among recombinant viruses incorporating envelopes from a newly infected individual sampled prior to
seroconversion (circles) and the linked transmitting partner (squares). Replication was examined in CD4* T cells from 4 different human immunodeficiency
virus type 1—negative volunteer blood donors (4-D0). Generation of the replication-competent recombinant virus incorporating the envelopes from each
partner and the infection assay was described previously [47]. The CD4* T cells were exposed to equivalent amounts of infectious virus, estimated
using titers from a luciferase reporter cell line, TZM-bl. The amount of infectious virus present in the culture supernatant was assessed as relative
light units (RLUs) generated from TZM-bl cells. In CD4* T cells from all 4 donors, virus incorporating the transmitting partner's envelopes replicates at

higher levels than virus from the newly infected individual.

with less charged V3 loops, compared with the quasispecies cir-
culating in the transmitting partner or during chronic infection
[33, 34, 36]. Because viruses increase envelope length, glycosyl-
ation, and V3 charge over the course of infection, this suggests
that viruses with ancestral genotypes are favored for transmis-
sion [37-39].

Phenotypic data also suggests that the transmitted strains
have ancestral properties. Viruses in chronically infected subject
often evolve to use the CCR5 and CXCR4 coreceptor, but the
majority of newly infected subjects are infected with CCR5-
using strains (termed R5 strains) [40]. Over the course of infec-
tion, these R5 strains gain the ability to enter cells even if they
express the CCR5 receptor at low levels or in an atypical confor-
mation. On the other hand, T/F strains and variants isolated

soon after infection cannot enter cells that have low CCR5 levels
or a different CCR5 conformation [41-43]. Newer studies fur-
ther suggest that T/F strains have an enhanced ability to repli-
cate in the presence of type 1 interferons and that viruses lose
this relative interferon resistance early over the course of infec-
tion [44, 45]. Furthermore, it has been shown that, over the
course of infection, evolution in the envelope gene confers
greater replication capacity [46]. On the other hand, we have
demonstrated in various primary cell culture systems that enve-
lopes of viruses isolated from newly infected subjects soon after
the estimated time of transmission confer significantly lower
replication capacity than those of viruses circulating in chroni-
cally infected transmitting partners (Figure 2) [47]. These
findings contrast with those of a recent study that showed
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that full-length T/F genomes had greater infectivity than unre-
lated strains from individuals with chronic infection [44]. These
2 studies potentially generated discordant results because exam-
ination of the envelope phenotype only, as opposed to the full-
length genome, misses the contribution of other portions of the
viral genome to infectivity. On the other hand, comparison of
the phenotype of the transmitted virus to the phenotype of a
small number of unrelated viruses from a person with chronic
infection, as opposed to the phenotype of variants circulating in
the transmitting partner, potentially introduces selection bias
into the comparison. In aggregate, these evaluations suggest
that viruses circulating during early infection, compared with
the majority of contemporaneous strains circulating in a chron-
ically infected subject, have exclusive R5 tropism, require rela-
tively high CCR5 concentrations, have relative resistance to type
1 interferons, and have potentially decreased replication capac-
ity. It can be argued that viruses with these ancestral properties
potentially originate from infected cells because soon after
acquisition, HIV can establish a latent state. These infected
cells can harbor archived virus that can be activated to generate
infectious virus [48]. Collectively, studies from my group and
others suggest that envelope features may come full circle dur-
ing a cycle of transmission and infection within a host because,
at the time of transmission, genotypic and phenotypic features
of the virus envelope are restored to a more ancestral state.

It remains unclear how viruses with ancestral features, such
as shorter and less glycosylated envelopes with lower replication
capacity, are favored for transmission from the diverse quasis-
pecies present in the transmitting partner. It is well known that
shorter envelopes with less glycosylation are generally more
neutralization sensitive and that infected subjects develop neu-
tralizing antibodies against previously circulating strains [37, 38,
49, 50]. Cell-free viruses with ancestral envelope genotypes are
likely sensitive to neutralization by antibodies present in the
chronically infected transmitting partner. Indeed, one study
showed that envelopes present in recently infected heterosexual
subjects were more sensitive than the transmitter’s strains to
neutralization by the transmitting partner’s plasma [34]. This
property, however, was not found in investigations of homosex-
ual couples or in mother and child transmitting pairs [51, 52].
Thus, a transmitting partner’s humoral immune response poten-
tially suppresses the cell-free viruses with envelope genotype
properties commonly found in variants present in newly infected
subjects. On the other hand, we and others have shown that cell-
associated virus is generally less susceptible to neutralization than
cell-free virus [53-55]. Thus, it is possible that, because cell asso-
ciation confers escape from neutralization, viruses with ancestral
envelope features can be acquired by a naive subject even though
the transmitting partner harbors neutralizing antibodies against
those specific strains. In addition, it is well known that, in vitro,
HIV-1 dissemination during cell-to-cell contact occurs more effi-
ciently than cell-free spread [56, 57]. Cell-to-cell transfer enhances

HIV-1 transmission by concentrating the relevant receptors and
accelerating the rate-limiting step of infection, namely entry with-
in the host cell [58]. Thus, virus envelopes isolated from newly
infected subjects, compared with those circulating in the transmit-
ting partner, can have lower replication capacity but still be pref-
erentially transmitted because cell-associated virus has a higher
transmission capacity than cell-free HIV-1. In aggregate, cell-
associated as opposed to cell-free virus both can bypass circulating
donor antibodies that may neutralize the types of viruses favored
for transmission and has enhanced ability to infect target cells
present at the initial site of invasion.

POTENTIAL IMPORTANCE OF CELL-
ASSOCIATED VIRUS FOR PREVENTION
STRATEGIES

If transmission involves cell-associated virus rather than cell-free
virus, this has significant implications for prevention strategies
predicated on generating neutralizing antibodies to prevent HIV
transmission. We and others have shown that only certain types
of neutralizing antibodies with specific functionalities are equally
efficient in blocking cell-associated and cell-free HIV [53-55, 59].
We suggested that steric hindrance retards the ability of some
neutralizing antibodies, such as anti-envelope surface unit-
directed antibodies, from inhibiting cell-associated infection
even though they are highly potent against cell-free virus. On
the other hand, other neutralizing antibodies, such as anti-
envelope transmembrane-directed antibodies, efficiently block
cell-associated virus potentially because they bind target cell
membranes, which allows them to be present at the synapse be-
tween an HIV-1-laden and naive cell prior to virion transfer [53,
54]. This suggests that vaccines generating broadly neutralizing
antibodies prior to HIV-1 exposure may not necessarily prevent
virus acquisition from infected cells if they lack the specific func-
tionalities required to block cell-to-cell virion transfer. Further-
more, stopping acquisition of cell-associated virus as opposed to
cell-free virus may require significantly higher antibody levels,
which add another challenge to developing an effective vaccine.
It can be argued that previous primate models of simian immu-
nodeficiency virus infection have demonstrated that transmission
can be blocked with passive infusion of broadly neutralizing an-
tibodies [60, 61]. It should be noted, however, that all of these
studies have exclusively used cell-free viruses and that challenge
has never consisted of infected cells.

SUMMARY AND CONCLUSIONS

Both in vitro studies and in vivo animal models have
primarily concentrated on developing strategies that can block
transmission of cell-free virus, even though all infectious sourc-
es, such as genital secretions, breast milk, and blood, contain
both cell-associated and cell-free viruses. Infected cells can
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harbor viruses with ancestral envelope properties commonly
found in the variants isolated from acutely infected subjects.
In addition, virus transfer occurs more efficiently with cell-
associated virus than with cell-free virus, even in the presence
of neutralizing antibodies. Thus, strategies aimed at blocking
HIV-1 transmission must be examined for their efficacy against
both cell-free and cell-associated viruses.
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