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Abstract

The importance of recombination in retroviral evolution has been acknowledged for several decades.
Consequently, after the identification of HIV as the etiological agent of AIDS, it was suspected that
recombination could also play a central role in the evolution of this virus. However, only recently,
extensive epidemiologic studies of HIV infections worldwide have provided an estimate for the oc-
currence of recombination in vivo, unveiling recombination frequencies that dwarf those initially
expected. Nowadays, recombination is regarded as an integral part of the infectious cycle of this
retrovirus, which impacts on diagnosis and treatment of infections, especially when genetically dis-
tant viruses have been at the origin of the recombinant forms. Retroviral recombination is observed
when two genetically divergent genomic RNA molecules are present in the same viral particle, and
arises during the reverse transcription step. This review focuses on the mechanisms that have been
proposed to account for the occurrence of recombination in retroviruses, from the strand displace-
ment model, according to which recombination occurs during second DNA strand synthesis; to the
description of the factors responsible for copy-choice recombination during first DNA strand synthe-
sis, such as the presence of breaks, pause sites, or secondary structures in the genomic RNA. Most
of these models have been supported by experimental data obtained from in vitro reconstituted
systems or from cell infection studies using academic model sequences. The situation in vivo is
expected to be more complex, since several factors come into play when recombination involves
relatively distant isolates, as in the case of inter-subtype recombination. At present, it is clear that
further studies are needed in order to evaluate whether a prevailing mechanism exists for in vivo
recombination, and these studies will also be essential for understanding how the underlying mech-
anisms of recombination contribute to the evolution of HIV. (AIDS Reviews 2005;7:92-102)
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ruses are classified into three phylogenetic groups: M,
O and N, which most likely reflect three independent
events of cross-species transmission from chimpan-

The human immunodeficiency virus (HIV) is character-
ized by a high genetic variability. Two types of HIV have
been identified to date, named HIV-1 and HIV-2, result-
ing from the introduction in humans of simian immuno-
deficiency viruses (SIV) from chimpanzee (SIVcpz) and
from sooty mangabey (SIVsm), respectively’. HIV-1 vi-
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zees?. The M group (for main), representing the sub-
stantial majority of strains found worldwide, is further
subdivided into nine clades or subtypes (A-D, F-H, J
and K), among which subtypes A and F have been
further split into two sub-subtypes®4. These subtypes
present a relatively well-defined geographic distribu-
tion in different regions of the world (Fig. 1), probably
reflecting founder effects rather than a higher infectiv-
ity of a given subtype with respect to others®. The
highest degree of viral diversity is observed in the Af-
rican continent, where all subtypes are represented®”’
(Fig. 1). The O (for outlier) and N (for non-M/non-0)
groups remain essentially restricted to Central Africa,
where they represent a minority of the infections®?.
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Figure 1. HIV genetic subtypes circulating in different regions of the world. The map is based on sequences of the env gene. Letters from A to K
indicate HIV-1 subtypes of the M group. Letters O and N indicate HIV-1 groups other than M (see text). Predominant circulating recombinant forms
(CRF) are also shown. The font size for each of the genetic forms indicates the approximate prevalence of various strains in each region.

HIV-2, in contrast to HIV-1, is mostly geographically
restricted to West Africa, where sooty mangabeys are
widely present, and has been subdivided into eight
phylogenetic groups™. To date, HIV-2 appears to play
a less important role in the AIDS pandemic, and it has
been by far less studied than HIV-1.

Recombinant forms in the epidemics

Recent epidemiologic studies have revealed the impor-
tance of recombination as a prevalent mechanism ac-
countable for the generation of viral diversity in the global
pandemic™. Indeed, apart from pure viruses belonging to
groups and subtypes, other genetic variants have been
detected with distinctive parts of their genome corre-
sponding to different subtypes. These strains are as-
sumed to have arisen by recombination between parental
strains belonging to different subtypes (inter-subtype re-
combinants). Among these, some isolates with coincident
mosaic genomes found in epidemiologically unlinked in-
dividuals are called circulating recombinant forms (CRF)*
and can be considered as emergent lineages. Sixteen
CRF have been described to date', named with an iden-
tifying number and the letters corresponding to the sub-
types involved in their generation. The nomenclature
‘cpx”, for complex, is employed when more than two
subtypes had been at the origin of the CRF. In addition to
these CRF, other forms of inter-subtype recombinants are
found with considerable prevalence in single individuals,
and are therefore called unique recombinant forms (URF).

The overall proportion of HIV-1 recombinant forms has
been recently estimated to account for almost 20% of
worldwide HIV-1 infections'®.

Recombination in HIV-1 has also been shown to oc-
cur between isolates from different groups' s, or from
the same subtype'®. Intra-subtype recombination, even
if it is now accepted as a very frequent process, has
always been downplayed mostly because sequence
similarity hampers its identification, while inter-subtype
recombinants are easier to detect. The difficulty in
identifying intra-subtype recombinants, as well as the
low number of fully sequenced genomes from certain
areas, suggests that the impact of recombination in the
HIV epidemic is still underestimated.

Requirements for the recombination
process

The genome of retroviruses consists of an RNA mole-
cule of positive polarity, present in two copies in each
viral particle. For recombination to occur, the two copies
of genomic RNA present within the capsid must be ge-
netically different'-°. Cell infection results in the introduc-
tion of the viral capsid, containing the two copies of RNA
and the viral enzymes, into the cytoplasm. The subse-
quent availability of nucleotides, to which the capsid is
permeable, allows the reverse transcriptase (RT) to con-
vert the genomic RNA into its double stranded DNA copy.
Recombination results from the generation, during re-
verse transcription, of a chimeric DNA carrying part of
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Figure 2. Outline of the recombination process. Genetically distinct viral particles are shown as virions containing black or grey genomic RNAs (the
RNA dimer is shown within the viral capsid in the viral particle). Dual infection leads to integration of two proviruses in the cell's genome. The result-
ing viral progeny will be constituted by heterozygous and homozygous virions. Within the viral progeny, each particle is potentially assembled re-
cruiting proteins synthesized from each of the two proviruses. This is schematically indicated by viral capsids and envelopes partially black or grey.
After infection of a second target cell by a heterozygous virion, a chimeric provirus can be generated during reverse transcription (the example
given is the one of recombination occurring during first-strand synthesis, by copy choice), leading to the production of recombinant viral particles.

the genetic information from each of the two genomic
RNAs. As detailed below, the generation of such chime-
ric molecules has been proposed to occur both during
synthesis of the first DNA strand (also indicated as minus
DNA strand) and of the second DNA strand (plus DNA
strand), through different mechanisms. In order for two
genetically distinct RNAs to be present in the same viral
particle, several requisites (outlined in Fig. 2) must be
fulfilled. First, the two parental viruses must be able to
infect the same patient and the same cellular subset,
albeit not necessarily simultaneously. Second, at the
level of the assembly of the viral particles, the different
genomic RNAs must be able to form a functional dimer,
recognized by the viral packaging machinery. A third
point concerns the fact that, when two proviruses are
present within the same cell, it is likely that the structural
proteins of both viruses could be recruited for the as-
sembly of the same chimeric particle. This might result in
interference among these proteins during assembly.

As our knowledge of the HIV infectious cycle increas-
es, it appears clear that HIV-1 fulfils most of these re-
quirements. Indeed, the geographic distribution shows
the presence of several areas where different M sub-
types as well as isolates from O and N groups co-cir-
culate’ (Fig. 1), thereby making coinfection of the same
individual by genetically divergent isolates a likely
event. In addition, the high replication rate of HIV-1,
with the production of up to 1070 particles per day?,

and the poor fidelity of the reverse transcription pro-
cess??? introducing on average one point mutation
per infectious cycle?, increase the probability of gen-
erating heterozygous virions even if infection occurs
with a relatively homogeneous viral population.
Concerning the possibility of infection of a cell by more
than one virus, a long-standing dogma was that an HIV-
infected cell became resistant to superinfection, mostly
because of the downregulation of the receptor for viral
entry, the CD4 molecule®. However, protection from su-
perinfection does not seem to be as efficient as was
originally thought. Indeed, mounting evidence for the
widespread occurrence of recombination has provided
overwhelming, although indirect, evidence for the fre-
guent occurrence of coinfection. The formal demonstra-
tion for cells harboring several proviruses has come only
recently from a study in splenocytes isolated from pa-
tients that showed, using fluorescence in situ hybridiza-
tion, the presence of up to eight proviruses per cell?®.
Coinfection can occur either simultaneously or delayed
in time. Several epidemiologic studies and clinical follow
up of patients have shown the occurrence of superinfec-
tion a long time after a first infection®®?® (Chohan and
Overbaugh, personal communication) followed, in some
cases, by the appearance of recombinant viruses be-
tween the two infecting strains?”. The possibility of con-
comitant infection of a cell with multiple viral particles
also seems plausible, as deduced by a recent study of
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the dynamics of recombinant HIV-1 forms generated in
immunodeficient mice, where immune competence was
restored by implantation of human fetal liver and thymus
(humanized SCID mice)?. In this work, the weak impact
of viral interference on coinfection was underscored by
the observation of double infection, despite a decrease
in the CD4 receptor expression to approximately 10% of
its normal level. This supports the idea that simultaneous
coinfection can occur. HIV-1 transmission at immuno-
logic synapses between dendritic cells and T-lympho-
cytes, where multiple viral particles are transmitted at the
same time¥, is also expected to facilitate this process.
Another phenomenon leading to the formation of hetero-
zygous particles in coinfected individuals could be the
formation of syncytia between cells infected with different
viruses. This process may occur in the advanced phas-
es of disease progression, subsequent to the emergence
of viruses with a syncytium-inducing phenotype®'.
Genomic RNA dimerization is a complex process®,
and the diversity of the sequences and structures found
at the level of the dimerization region on the genomic
RNA, as in the case of certain subtypes of the M group,
is expected to hamper co-packaging of genetically diver-
gent RNAs. Despite this assumption, studies of coinfec-
tion of cells in culture with viral isolates bearing non-ho-
mologous versus homologous dimer initiation sequences,
indicated that the degree of sequence similarity in this
region did not significantly affect the probability of co-
packaging different RNAs as deduced by the detection
of subsequent recombination®. Finally, little information
is available to date concerning the possible interference
between structural proteins at the viral assembly step.

Mechanisms of recombination

Recombinant DNA molecules have been proposed
to arise during synthesis of either the first®*3" or the
second3®40 DNA strand. Recombination during sec-
ond-strand synthesis was proposed on the basis of
the observation that plus DNA synthesis is discontinu-
ous in retroviruses, and that “H-like” structures were
observed by electron microscopy of reverse transcrip-
tion products generated in permeabilized avian sar-
coma-leucosis virions*!. These two observations led to
the proposal of the “strand displacement assimilation
model"*?, extensively described in reference® and out-
lined in figure 3. According to this model, the ability of
the RT to unwind double-stranded portions of tem-
plates ahead the growing DNA strand*®** would give
rise to a strand displacement process. This event
would generate a branched DNA structure that would

then be resolved by cellular DNA ligases and nucle-
ases, as indicated in figure 3. An implicit assumption
of this model is that both genomic RNA molecules
present in a virion are copied into a full-length minus
DNA strand (Fig. 3). Data supporting the occurrence
of recombination during second-strand synthesis have
been provided*®®; nevertheless, mounting evidence
suggests that recombination during synthesis of the
first DNA strand is largely the predominant mechanism,
at least in HIV-1 and when considering isolates sharing
a high level of sequence identity3+%7,

Recombination occurring during first DNA strand syn-
thesis is known as copy choice*, and it is thought to
result from template switching during reverse transcrip-
tion. This process appears much simpler than recombi-
nation during second-strand synthesis, as suggested by
the evidence that efficient copy choice is observed in
simple reconstituted in vitro systems using purified RT,
RNAs and nucleotides. In the case of copy choice, the
RNA template that is copied before the switch is defined
as the donor RNA, while the one onto which synthesis is
transferred is called the acceptor. Several mechanisms
(detailed below) have been proposed to explain copy
choice. The common feature among these mechanisms
is to be constituted basically by two steps: the annealing
of the nascent DNA to the acceptor RNA, a process
often referred as “docking”, and then the transfer of the
growing 3" end of the nascent DNA onto the acceptor
RNA. The presence of an RT-encoded RNaseH activity,
responsible for the degradation of the donor RNA once
it has been copied**, is mandatory for the generation
of recombinant molecules during first-strand DNA syn-
thesis®'. In fact, the RNaseH activity makes the trailing
end of the nascent DNA largely in a single-stranded form
available for annealing to the other copy of genomic RNA
(docking step). For the transfer to occur, the acceptor
RNA must not have been reverse transcribed in the re-
gion of transfer (Fig. 3). This would ultimately lead to the
transfer of DNA synthesis on the acceptor RNA, and it is
essentially at this step that the various mechanistic mod-
els proposed differ among them, as detailed below.

Recombination during synthesis
of the minus DNA strand

Copy choice as a consequence
of genomic RNA breaks

The presence of breaks on the genomic RNA was the
earliest hypothesis proposed to account for copy-choice
recombination®?. In fact, the frequent isolation of frag-
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mented RNA molecules from retroviral preparations has
suggested that the genomic RNA can be discontinuous
within the viral particle, thereby hampering the generation
of a full-length DNA by copying only one of the genomic
RNAs. It has therefore been proposed that each break
on the RNA template would force DNA synthesis to be
transferred onto the other copy of genomic RNA (Fig. 4,
top panel). Consequently, this model is known as “forced
copy choice” (Fig. 4). The transfer would result from the
stalling of reverse transcription imposed by the break,
which would allow extensive degradation of the RNA
template by the RT-encoded RNaseH activity. This is
possible since, apart from degradation coupled to re-
verse transcription, the RNaseH can hydrolyze the RNA
template independently from polymerization®°5354 lead-
ing to shortening of the heteroduplex and, eventually, to
the melting of the nascent DNA from the donor RNA. The
nascent DNA would then anneal onto the acceptor RNA,
and DNA synthesis would be restored. An alternative
possibility is that stalling of the RT favors an active dis-
placement of the donor RNA in the heteroduplex by the
acceptor RNA%®, From the standpoint of the mechanism,
this process is similar to transfer on the terminal repeated
sequence R during minus DNA synthesis (strong stop
minus DNA strand transfer). This mechanism is certainly
plausible, providing a valuable means to rescue impaired
reverse transcription®. It is, however, difficult to predict
its contribution to genetic variability in HIV as long as the
extent of RNA degradation within the viral particles re-
mains unknown. The role of RNA fragmentation on re-
combination has been addressed by single cycle infec-
tion studies in spleen necrosis virus (SNV) after exposure
of the virions to gamma radiations. However this ap-
proach did not lead to conclusive results®®.

Pausing of reverse transcription
as a trigger for recombination

An alternative to forced copy choice has been pro-
posed, based on results obtained from reconstituted in
vitro systems, which indicated that template switching
during reverse transcription could be efficiently achieved
also in the absence of manifest breaks on the RNA
template®”. The presence of a strong pause site in the
studied region®®8, and the concomitant decrease in
strand transfer observed when this pause was re-
moved®, led to the suggestion that pausing constitutes
a trigger for template switching (Fig. 4). Conceptually,
the role of pause sites would be the same as the one of
RNA breaks in the forced copy choice model, discussed
in the previous section. Even in this case, the two sce-
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Figure 3. Strand displacement assimilation model for retroviral recom-
bination. A: The arrows indicate the polarity of the DNA molecules 5’
to 3. Black and grey arrows indicate reverse transcription products
from different viruses. Second-strand synthesis (the one going right-
ward) is shown to be discontinuous. B: Strand displacement by RT is
shown for the “grey virus”. Its displaced strand invades the double-
stranded region of the “black virus”. In consequence, one strand of
the black virus is also partially displaced. For simplicity, it is assumed
that this strand does not generate other displacement reactions and
it is not drawn in the subsequent steps. After endonucleolytic cut (C)
and ligation of the nicks (D), the resulting product will be a DNA
heteroduplex that will be corrected to obtain a homoduplex by cellular
repair enzymes. Stochastic repair of the mismatches present in one
or the other strand will result in the fixation of mutations originally
present in one or the other virus.

narios discussed for the forced copy choice process
(melting of the nascent DNA followed by annealing on
the acceptor RNA, or active displacement by invasion
of the heteroduplex) have been proposed® . Several
studies in cell-free systems have shown that the viral
nucleic acid chaperone protein nucleocapsid (NC)E,
present on the genomic RNA during reverse transcrip-
tion, influences these processes, leading to an enhance-
ment of strand transfer®'-64,

After the initial proposal, several studies have ad-
dressed the question of the importance of pausing in
the promotion of template switching in cell-free sys-
tems. This was achieved by evaluating the correlation
between the presence of strong pause sites detected
in radio-labeled primer extension assays and the loca-
tion of sites for preferential strand transfer. These anal-
yses have shown that, although efficient strand transfer



Romén Galetto and Matteo Negroni: Recombination Mechanisms in HIV

Forced copy choice

Pause-driven

v

RNA structure-driven

Figure 4. Models for minus DNA strand synthesis. Thin lines, genomic RNAS; thick line, minus DNA strand. The arrows indicate the 5’ to 3’
polarity of the nucleic acids. Forced copy choice model: the breaks on the genomic RNAs are shown as discontinuity in the lines. Pause
driven model: the stop signal is drawn only on one RNA (the donor), although it might be present on both templates. RNA structure driven:
a structured region of the genomic RNA is schematically indicated as a hairpin, and it is drawn on both templates, but it might be sufficient
only on one of the RNAs, as detailed in the text. For the forced copy choice model a greater number of templates switches is presented,
only for reasons of clarity. This does not imply a correlation between the number of template switches and the proposed molecular model.

in certain positions correlated with the nearby presence
of pause sites of reverse transcription®”%9, this was not
the situation in the majority of the cases®-68,

The relationship between the overall rate of polymer-
ization and the frequency of strand transfer was also
investigated. In vitro, slowing down reverse transcription
by decreasing the pool of nucleotides in the assays, led
to an increase in the frequency of template switch-
ing®%98%. The same relationship was also studied in in-
fected cells in culture using a similar approach, albeit in
this case the issue was far less clear. Partial depletion
of the intracellular nucleotide pool by treating the cells
with hydroxyurea’™ led to an enhancement of strand
transfer in Moloney murine leukemia virus (MoMLV)"".72,
Since hydroxyurea treatment delayed the appearance of
full-length reverse transcription products’’, these results
were interpreted as an indication that enhancing stalling
of DNA polymerization leads to an increased rate of
template switching in vivo. Recent studies on HIV-1 have
also shed light on this aspect of the question by following
a different strategy?®. In this case, macrophages in cul-
ture, which have a low intracellular concentration of nu-
cleotides™, were supplied with exogenous nucleosides
in the culture medium, a procedure known to enhance
completion of reverse transcription™. If a more efficient

process of reverse transcription correlated with a lower
frequency of copy choice, a lower frequency of recom-
bination would be expected under these conditions.
However, no significant change in the frequency of re-
combination was observed in this study.

Overall, the emerging picture is that the presence of
a pause site of reverse transcription on the donor RNA
might facilitate the transfer event, independent of the
underlying mechanism. However, most pause sites do
not correspond to hot regions for transfer, and many
hot regions do not correspond to positions of stalling
of reverse transcription.

Copy choice in secondary structures
of the genomic RNA

Another factor responsible for the generation of pref-
erential sites for recombination is the presence of
structured regions on the RNA template (Fig. 4). Cell
free assays have indicated that the dimer initiation
sequence (DIS)™®, the TAR hairpin in R%76 and a re-
gion coding for the C2 portion of the gp120%8, are re-
gions prone to promote recombination due to the pres-
ence of secondary structures. The basic difference
with respect to the mechanisms proposed for forced
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copy choice and pause-driven recombination is that
recombination does not occur at positions where DNA
synthesis is hampered.

Experimental in vitro evidence suggests that, rather
than docking, the limiting step for template switching in
these regions is the transfer of the growing 3’ end of the
nascent DNA from one RNA to the other®. In all cases
studied, template switching occurred within the hairpin
region and never at its base, ruling out the possibility
that the role of the hairpin structures was to promote
pause-driven recombination by inducing stalling of re-
verse transcription at the base of the stem. Stalling of
reverse transcription at the base of the hairpin, however,
has been suggested to increase the efficiency of trans-
fer by favoring the docking step®”. HIV RT has been
shown, indeed, to be able to polymerize through stable
hairpin structures’”. Additionally, the presence of other
viral proteins, such as the NC, is thought to assist in the
opening of the stem portion of the hairpin in vivo, allow-
ing DNA synthesis to progress within the structured
region. Once opening is achieved, the whole structure
is expected to be totally destabilized, and therefore the
hairpin is no longer present on the donor RNA, while it
should still remain on the acceptor RNA. Intriguingly,
observations made in a reconstituted in vitro system
clearly demonstrated that the presence of the hairpin on
the donor RNA is dispensable, while it is required on the
acceptor RNA®, The occurrence of template switching
inside a portion of acceptor template under a double-
stranded form is somehow paradoxical though, since
single-stranded regions would be expected to provide
a more favorable condition for accepting an incoming
DNA strand. In this regard, it has been proposed that
the opening of the stem portion of the hairpin on the
acceptor RNA would be facilitated by the formation of
compensatory double-stranded regions with the donor
RNA and with the nascent DNA, following a process
similar to branch migration during DNA recombination®®
(Fig. 5). The stability of the hairpin also seems crucial
for the efficiency of transfer, as indicated by the obser-
vation, both in vitro and in single-cycle infection of cells
in culture, that structures with a very high stability were
unable to promote template switching as efficiently as
those having intermediate stability’®. This could be a
reason why, even if certain regions of the genome are
rich in secondary structures, such as the Rev respon-
sive element (RRE) of HIV-1, they do not necessarily
constitute hot spots for recombination®. Not surpris-
ingly, the NC protein has also been shown to play a
central role in the modulation of recombination in struc-
tured regions of the genome®67.68757879 Noteworthy, the

importance of the stability of the RNA hairpins and the
involvement of the NC in their destabilization has also
been shown in the case of strong stop strand transfer
occurring in the TAR region76:80-85,

Overall, it seems that copy choice can occur following
several mechanisms. Fragile sites in the genomic RNA,
pause sites of reverse transcription, and structured re-
gions of the RNA could all constitute hot spots for recom-
bination. This list is certainly not exhaustive though, and
understanding the role of recombination in the shaping
of the viral population now requires an evaluation in in-
fected cells of the mechanisms proposed mainly from
observations in reconstituted in vitro systems.

From academic studies to HIV infection

Most studies aimed at the dissection of the mechanism
of recombination in reconstituted systems have been
performed using sequences chosen for their ability to
efficiently carry out the transfer process. A crucial ques-
tion, though, is whether recombination actually occurs
preferentially at certain positions in vivo, or if it is rather
homogeneously widespread along the genome. Recom-
binant isolates found in patients suggest that recombina-
tion is widespread along the genome, although prefer-
ential sites have been recently identified*C. The fact that
all the regions of the genome are susceptible to undergo
recombination is supported by mapping recombination
breakpoints after a single infection cycle of cells in cul-
ture37.86_ However, since in these cases recombination
was studied throughout the whole genome, addressing
the question of the existence of hot regions for recombi-
nation would have required the analysis of an extremely
large number of recombinant isolates. A study of recom-
bination on a restricted region of the HIV-1 env gene
after a single cycle of infection of cells in culture’, in-
stead, supported the idea of the existence of circum-
scribed preferential sites for recombination.

In the vast majority of the cases, the mechanisms
described in the previous sections have been pro-
posed on the basis of experiments where sequences
sharing a high degree of identity were employed. It is
known that the degree of sequence divergence plays
a crucial role in the efficiency of the recombination
process®’ . Therefore, the local degree of sequence
identity must also be taken into account when consid-
ering recombination involving divergent strains.

It has also been suggested that recombination might
be influenced by cellular factors. This idea is supported
by the observation that the frequency of recombination
in infected cells in culture is ten times higher in macro-
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Figure 5. Model proposed® for template switching in internal regions of the RNA template through branch migration. Donor and acceptor RNAs
are drawn as red and blue thin lines, respectively; the nascent DNA is drawn as a thick black line. A: Regions a and b are complementary to
regions @’ and b’. B: Reverse transcription progresses within the donor RNA, copying regions a, b, and b’ into their complementary sequences.
C: The nascent DNA docks on the acceptor RNA (double-headed light grey arrow) in a region arbitrarily indicated as the loop portion of the
hairpin, since this region is under a single-stranded form on the acceptor RNA. D: Opening of the stem on the acceptor RNA as a zipper can
occur, generating two double-stranded regions, through annealing to the nascent DNA. An alternative representation of the drawing is shown
in E. The cross-over point can then move through branch migration following the direction indicated either by the yellow or by the blue arrow
(E), and the resulting structures are shown in panels F and G, respectively. Branch migration following the direction indicated by the yellow
arrow does not lead to strand transfer (F), since DNA synthesis continues on the donor RNA (red). Migration following the blue arrow (G), in
contrast, leads to the transfer of the growing DNA strand on the acceptor RNA (blug).

phages than in peripheral blood monocytes, possibly
due to myeloid differentiation®. In infected individuals it
is therefore likely that the extent of recombination could
also vary according to the cell type that is infected.

Concluding remarks on recombination
in AIDS

In HIV-1, genetic variability and, as a consequence,
recombination have been correlated with the progression
of the disease within patients®-%, and to the spreading
of the AIDS epidemic both in defined geographic areas
as well as worldwide'"%, Concerning the correlation be-
tween disease progression and increased genetic vari-
ability, the question of which is the cause and which is
the consequence still remains unclear®. An exception to
this case is certainly constituted by the influence of re-
combination in the generation of resistant viruses in re-

sponse to highly active antiretroviral therapy (HAART).
Despite the efficacy of these treatments in decreasing
viral load, residual ongoing replication in treated patients
allows the introduction of sequential mutations, leading to
the generation of resistant viruses able to efficiently rep-
licate even under treatment®%. In this case, a precise
pattern of mutations is required to generate the resistant
phenotype, and recombination probably just shortens the
time required to go from viruses carrying a set of muta-
tions that already confer a partial resistance, to fully re-
sistant viruses®. However, this is an extreme case where
the equilibrium between the contribution of the mecha-
nism of recombination and the one of selective pressure
acting on the recombinant forms is particularly unbal-
anced toward the latter. The situation is probably different
when considering the issue of the influence of genetic
variability in the emergence of viruses able to elude the
immune system. In this case, the molecular mechanism
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of recombination might contribute to the generation of
some specific recombinant forms among the many ex-
pected to be possible, and could potentially influence the
composition of the viral population that is submitted to
natural selection. These considerations remain specula-
tive, however, since almost all epidemiologic studies on
HIV-1 rely, to date, on the analysis of recombinant vari-
ants once they have become dominant in the population.
This does not allow teasing apart the relative roles of
immune selection and of the mechanisms of recombina-
tion in the process of selection of the successful recom-
binant forms. This remains an important issue for future
research aimed at understanding the dynamic interplay
between virus evolution and the host's immune system.

Another issue for which recombination must be con-
sidered concerns the development of a vaccine strategy
against HIV-1 infection®®. Even if the breadth of cross-
subtype immune protection provided by the actual vac-
cine strategies is still unclear'®-1% the continuous ap-
pearance of new recombinant strains potentially threatens
strategies aimed at providing protection against “non-
recombinant” viral subtypes. As an example, since dis-
continuous epitopes overlapping the CD4 binding site of
the gp120 protein seem to constitute a frequent target
for neutralizing antibodies'®'%, it is conceivable that
recombination could efficiently reshuffle these fragments
of epitopes in new combinations able to evade immune
responses'®. Since humoral immunity seems crucial for
preventing the establishment of a chronic infection©, it
must be considered that recombination could thwart the
development of a successful vaccine.

In conclusion, many crucial features of the interplay
between the immune system and HIV can be affected
by the frequent occurrence of recombination. Ever
since the first identification of recombinant forms in
19951 it has become clear that recombination must
be regarded as an integral part of the replication pro-
cess of HIV, rather than as a sporadic event increasing
its genetic variability. Determining its contribution to
reshuffling different regions of the genome, particu-
larly when dealing with genetically distant strains, will
be essential to understand the rules that govern the
generation of the recombinant forms that could poten-
tially frustrate future efforts in the development of a
medical strategy for the control of AIDS.
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