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Abstract

Like all retroviruses HIV DNA exists in a variety of forms. When quantified, the provirus is
clearly in a minority. The majority of viral DNA forms are dead-ends. In vivo probably upwards of 100
virions are necessary to infect a typically infected cell. Because of this, there is a strong stochastic
component to determining which virions make it to the provirus. These findings help reconcile many
basic features of HIV virology with general biology.

Productive HIV infection is dependent on provirus formation

Integration is an intimate part of the retrovirus life cycle. To accomplish integration, the infecting
virion undergoes complex structural changes and gains access to the nucleus (recently reviewed in
Greene and Peterlin, 2002). The first step of the infection process is specific binding to the surface
receptor CD4 and chemokine receptors mainly CCRS and CXCR4 on target cells. Receptor interactions
trigger conformational changes in the virus envelope proteins which ultimately lead to the fusion of the
lipid bilayers of the virus and the cell. Virus uncoating within the cell gives rise to the reverse transcrip-
tion complex, a loose structure of viral and host proteins which is porous to dNTPs. This allows synthe-
sis of a single DNA molecule from the two copies of plus stranded genomic RNA in the virion.

Completion of this reverse transcription step yields the so-called preintegration complex (PIC)
which can be isolated from the cytoplasmic fraction of infected cells and is capable of integrating its
dsDNA into target DNA in vitro (Miller et al., 1997). The PIC contains viral dsDNA, virus-derived
proteins including integrase (IN), as well as host proteins i.e., HMGal and BAF (Chen and Engelman,
1998; Farnet and Bushman, 1997; Lin and Engelman, 2003; Mansharamani et al., 2003; Miller et al.,
1997). As PICs have an estimated diameter of 28 nm, too large to enter the nucleus merely by diffusion
through the aqueous channel of the nuclear pore, they depend on active nuclear import (figure 1).

For oncoretroviruses it is known that PICs gain access to the host DNA when the nuclear mem-
brane is disassembled during mitosis. Yet recent experiments have shown that HIV DNA nuclear import
and integration are mitosis-independent even in proliferating cells (Katz et al., 2003), hence HIV trans-
port follows another route. The signals needed for nuclear localization are found in the PIC-associated
viral proteins as well as in the viral DNA in the form of a triple-helical structure called the DNA-flap
(Greene and Peterlin, 2002; Zennou et al., 2000). Once translocated to the nucleus, the integration
reaction can proceed (figure 1). For this, IN cleaves the 3' termini of the viral dsDNA to generate two
nucleotide 5' overhangs at each end (Pauza, 1990). Subsequently IN triggers a transesterification reac-
tion in which the 3' hydroxyl groups attack phosphodiester bonds on opposite strands of chromosomal
DNA that are 5 bases apart (Brown, 1997; Vincent et al., 1990). This initial joining of the viral DNA to
the host DNA results in a transient gapped structure with mismatched viral 5' ends that has to be modi-
fied by gap filling, trimming of the 5' ends and ligation to form the final integrated provirus (Brown,
1997; Hindmarsh and Leis, 1999).

HIV provirus formation is a prerequisite to efficient transcription and virus production (Englund
etal., 1995; LaFemina et al., 1992; Sakai et al., 1993; Stevenson et al., 1990). In addition it ensures the
stable maintenance of the retroviral genomic information within the host cell. After integrating into the
host chromosome, the HIV DNA may remain silent (latent) or be actively transcribed. Both, the chro-
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matin structure around the integration site and, probably more important, the metabolic state of the host
cell determine the outcome (Adams et al., 1994; Jordan et al., 2001). As transcriptionally active chromo-
somal loci are favored in HIV integration, and completion of HIV reverse transcription depends on cellu-
lar activation at least for the CD4 T cells, the main targets of HIV in vivo, latent infection is of low
frequency (Schroder et al., 2002; Stevenson et al., 1990; Zack et al., 1992).

Non-integrated HIV DNA forms dominate

Although the linear DNA molecule is the precursor to the provirus, HIV infection of target cells
generates a number of non-integrated DNA species (Barbosa et al., 1994; Butler et al., 2001; Kim et al.,
1989; Robinson and Zinkus, 1990; Vandegraaff ez al., 2001). For example, (i) the ends of the linear DNA
may be joined to form a 2-LTR circle; (ii) homologous recombination between the two LTRs in a 2-LTR
circle yields circles with a single LTR; (iii) autointegration of the viral DNA ends into a preexisting HIV
DNA circles results in rearranged circular products. Depending on the site of integration and subsequent
recombination a series of complex DNA structures may result (Brown, 1997; Green and Peterlin, 2002).

Non-integrated forms represent the largest fraction of HIV DNA in the nucleus. The relative abun-
dance is non-integrated linear DNA > integrated provirus > 1-LTR circles > 2-LTR circles (Butler et al.,
2001; Kim et al., 1989; Vandegraaff ez al., 2001). Kinetically they seem to appear in the same order. Three
to fours hours after synchronous HIV infection, full-length viral DNA can be detected. Approximately
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Figure 1. Schematic description of the generation of the multiple HIV DNA forms. The pre-integration
complex (PIC) can be isolated from the cytoplasm of HIV-infected cells and is fully competent to integrate
into dsDNA in vitro. It contains the viral dsDNA with its triple-helical region (flap), the virus-derived
proteins including integrase (IN), and cellular proteins (not shown). After passing through the nuclear
pore, the linear HIV DNA may be integrated into the host chromosome to generate the provirus. Alternatively,
it may stay non-integrated linear or may undergo circularization to one of the various forms.
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one hour thereafter, the integrated DNA form starts to accumulate but accounts for only about 10% of
the total HIV DNA synthesized in a single infection round. Around 8-12 h post infection when the
linear viral DNA reaches its maximum level, circular HIV DNA forms become detectable. The 1-LTR
and the 2-LTR forms are minor products that may appear in the order of 10% and 1% of the total HIV
DNA respectively. However, these values should be taken as rough estimates as the infection kinetics
and the relative distribution of the retroviral DNA forms depend on many factors including the target
cells and the virus used, as well as the particular infection conditions. One illustrative example is an
early infection experiment performed with spleen necrosis virus. While chicken cells accumulate about
200 copies of non-integrated retroviral DNA shortly after infection, susceptible rat cells accumulate just
2 copies (Keshet and Temin, 1979). Likewise the presence or absence of regulatory elements such as the
central polypurine tract in HIV-based vectors may decrease the kinetics and the level of provirus forma-
tion (Butler et al., 2001; Zennou et al., 2000).

As linear HIV DNA is the substrate for integration, the circular forms are side products that do not
give rise to infectious progeny. They are solely located in the nucleus where they are generated by non-
homologous end joining (2-LTR circles), homologous recombination (1-LTR circle) or intramolecular
integration of the linear DNA form (auto-integration circles) (Brown, 1997; Kim et al., 1989). With the
exception of the latter, their generation depends on cellular enzymes rather then the viral integrase.
Since the free ends of linear viral DNA mimic double strand breaks of the chromosome and thus may
provide a signal for apoptosis, circularization might be considered as a repair process to reduce such
cellular danger signals (Li et al., 2001). A further complication is the observation of 2-LTR circles with
non-complete LTRs, the region around the ligation point lacking numerous bases. The interpretation
here is that the linear form of retroviral DNA underwent exonuclease digestion followed by aberrant
blunt end ligation (Jurriaans et al., 1992).

Multiple HIV DNA forms in vivo

How are the multiple HIV DNA forms distributed in infected cells in vivo and what does their
existence tell us about the infection process within infected individuals? The first demonstration of high
levels of non-integrated HIV DNA in vivo was made by Pang and colleagues (Pang et al., 1990). By
combining DNA separation via gel electrophoresis and quantitative PCR they showed (i) that non-
integrated linear, non-integrated circular and integrated HIV DNA forms are present in blood and brain
tissue of AIDS patients and (ii) that the ratio of non-integrated to integrated HIV may vary by 2 orders
of magnitude between patients with a maximum of ~80:1. Using PCR adapted to identify and distin-
guish between these various forms several groups have analyzed the relative proportions of HIV DNA
forms in patient material and have addressed specific questions about HIV infection in vivo. Most
notable is the extensive study of Chun and colleagues who characterized HIV DNA forms and replica-
tion competence in activated/resting CD4 T cells from lymph nodes and blood of 14 asymptomatic HIV
carriers (Chun et al., 1997). They estimated that around 10° CD4 T cells per person might be HIV-
infected of which 1.2x107 contain latent provirus and 1.4x10° may produce infectious virus after appro-
priate T cell stimulation. Non-integrated HIV DNA was about 100 fold more frequent than the provirus
form. Thus, like the situation ex vivo, the majority of HIV DNA in vivo is non-integrated.

An interesting attempt was made to use the episomal 2-LTR form of HIV DNA as an indicator of
recent infection events in vivo (Sharkey et al., 2000). The underlying logic was as follows: HIV infec-
tion results in the generation of various DNA forms including episomal forms; since the virus has no
mechanism to maintain such forms in infected cells, they should be labile; thus the detection of an
episomal form should imply a recent infection event. With HIV episome-specific PCR that amplifies
across the LTR circle junction, Sharkey and colleagues analyzed HIV carriers having undetectable HIV
RNA loads due to highly active anti-retroviral therapy. Two-LTR circles were detectable in the periph-
eral blood mononuclear cells of 48 of the 63 patients tested. This was interpreted as a result of ongoing
replication within aviremic patients, a conclusion in line with studies using RNA transcripts or HIV
sequence evolution as an indicator. More recent work however questioned the lability of episomal HIV
DNA (Butler et al., 2001; Pierson et al., 2002). In fact, the circular HIV DNA forms were found to be
rather stable and decreased in concentration only as a function of dilution by cell division. In addition,
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a cohort study of structured treatment interruption showed that the level of episomal HIV DNA does not
correlate with new cycles of HIV infection in vivo (Fischer et al., 2003), again questioning the notion
that episomal forms are short lived.

HIV DNA forms within single infected cells

All the above studies are basically population-based studies while the phenomena are occurring at
the single cell level. By limiting dilution of peripheral blood mononuclear cells followed by virus isola-
tion and HIV-specific PCR, the HIV provirus copy number was estimated to be close to 1 per infected
cell (Brinchmann et al., 1991; Simmonds et al., 1990). As infection is occurring mainly in lymphoid
organs, it is possible that the situation might be somewhat different. More recent analysis using HIV-
specific fluorescence in situ hybridization (FISH) on splenocytes from splenectomized HIV patients
showed that the majority of infected cells carries more than one provirus with a mean of 3—4 proviruses
per infected cell (Jung et al., 2002). Subsequent isolation of HIV-positive nuclei by laser microdissec-
tion and transfer to PCR tubes allowed nested amplification of nuclear DNA capable of detecting ~1
copy. The segment studied were the hypervariable regions V1 and V2 of the gp120 coding sequences.
This was possible without interference from the probe because the 7 kb FISH probe was deleted in env.

Sequence analysis of cloned DNA indicated an extraordinary genetic diversity on the single cell
level—up to 29% amino acid variation in the V1V2 regions! Interestingly, the number of HIV variants
per infected cell were much greater than the number of proviruses. This can readily be explained con-
sidering that the nested PCR amplified all HIV DNA forms while FISH detected the integrated forms
only. An analogy with the Birnboim-Doly rapid preparation of plasmid DNA helps understand this
difference—the two strands of circular DNA remain intertwined despite denaturation and hence can
rapidly rehybridize on themselves when neutralized.

As (1) the number of HIV DNA molecules per nucleus (N) is finite and (ii) the sequence heteroge-
neity is so extensive that most sequences per nucleus are unique, extensive sequencing of cloned DNA
amplified from a single nucleus should asymptote towards N. While such a study is ongoing it is already
clear that N equals ~10-20 times the number of proviruses per cell (Vartanian ef al., unpublished). As
one virion gives rise to a single DNA molecule and on average a splenocyte harbours 3—4 proviruses per
nucleus, a nucleus is invaded by between 30-60 PICs. Schwartz et al showed that the proteosome
degrades up to 70% of incoming virions (Schwartz et al., 1998). Therefore the number of virions neces-
sary to infect a cell in vivo may be in excess of (30—60)/0.3 or 100-200.

Indeed, given the capacity of an infected lymphoblast to produce hundreds of progeny as evi-
denced by electron microscopic studies ex vivo (Fais et al., 1995), in the dense confines of lymphoid
tissue it is hard to imagine that only a single virion would infect an adjacent lymphoblast. In line with
the above observations are in vitro infection experiments with two recombinant HIV that carry different
marker genes. Both, direct and cell-mediated infection of T cells showed a preference for multi-infec-
tion providing mechanistic support for the in vivo observations and suggesting that individual target
cells might differ in their susceptibility towards infection (Dang et al., 2004). Indeed, this latter notion
fits well the striking diversity of proviral copy numbers in transduced CD34+ hematopoietic stem cell
clones after infection with retroviral gene therapy vectors (Kustikova et al., 2003).

Infection of a single cell by many virions could well be a general phenomenon in virology. How-
ever, in order to quantify the number of incoming virions some trait is needed to distinguish them from
de novo production of progeny viruses. For retroviruses the incoming genome is RNA which is reverse
transcribed into DNA providing a simple difference. For the Epstein-Barr herpesvirus it has been known
for awhile that cells can be multiply infected (Lindahl et al., 1976; Meerbach et al., 2001). The distin-
guishing trait was the circular episomal form that serves as template for linear genomes via a rolling
circle mechanism. For RNA viruses, such as poliovirus, there is no such trait distinguishing parent and
daughter genomes. However, recombinants are a telltale sign. Following vaccination with the three
attenuated polioviruses, recombinants among them have been described, as have recombinants between
vaccinating strains and wild type poliovirus and other enteroviruses (Cuervo et al., 2001; Guillot et al.,
2000). Along with the HIV data, such examples indicate that multi-infection is probably commonplace,
an inevitable consequence of the capacity of a cell to produce hundreds of virions in a very small space.
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Ramifications of massive infection

Massive infection provides a raison d’étre for the large burst sizes typical of productively in-
fected cells. Secondly, they throw new light on the meaning of particle to plaque forming unit (PFU)
ratios. If indeed the majority of incoming virions are degraded or sidelined in the cytoplasm and nucleus,
then this will show up as a lower PFU count than expected. As the prevailing hypothesis does not
incorporate massive infection of target cells, the inevitable conclusion was that there are large numbers
of defective virions. The data now indicate an alternative explanation for low PFU to particle ratios.
Third, if non-integrated forms dominate over proviruses than there should be numerous infected cells
that harbor circular or degraded DNA and no provirus. As the non-integrated forms are, to a good first
approximation, transcriptionally silent these cells should not be recognized by HIV specific cellular
immunity and persist for some time becoming diluted by mitosis. Fourth, the excess of non-integrated
DNA show that when simply performing PCR on total HIV DNA of any sample, the read out reflects
dead-end forms far more than proviral DNA. Equating a single DNA copy to a single cell is clearly
erroneous—a sample with say 600 copies per 150 000 cells for example may reflect as few as 10 cells!
Fifth, as a minority of incoming viruses attains the nucleus there is a strong stochastic component to
those virions that “make it”. This suggests that genetic drift will be very important in the radiation into
sequence space. Sixth, as the majority (~80%) of infected cells harbor more than one provirus then,
while there could be transcriptional biases, there will be a great deal of heterokaryon formation and
hence recombination. This is born out by analysis (Wain-Hobson e? al., 2003).

In conclusion, not only is the extracellular space a highly hostile environment for the virus with
millions of viruses being destroyed per day (Ho et al., 1995; Wei et al., 1995) but also the intracellular
space decimates virions. There is a striking analogy with the high carrier capacity of plants, fish and
some other life forms where the majority of progeny die before reproducing themselves.
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