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Background. Sexual transmission of human immunodeficiency virus (HIV) is inefficient and results in selection of viral 
variants based on incompletely understood factors. Functional variation in the Rev–Rev response element (RRE) regulatory axis 
of HIV affect replication kinetics and relative expression of viral proteins. We explored whether differences in this axis among 
viral isolates affect transmission fitness.

Methods. HIV sequences were identified from nine female-to-male transmission pairs. Using a rapid flow cytometric assay, we 
analyzed Rev-RRE functional activity of primary isolates.

Results. Rev-RRE activity was significantly lower in recipient viruses compared with corresponding donor viruses. In most 
transmission events, recipient virus Rev-RRE activity clustered at the extreme low end of the range of donor virus activity.

Conclusions. These data indicate selection pressure on the Rev-RRE axis during female-to-male sexual transmission. Variation 
in Rev-RRE activity may permit viral adaptation to different fitness landscapes and could play an important role in HIV 
pathogenesis.
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Sexual transmission of human immunodeficiency virus (HIV) 
is a frequent occurrence worldwide, accounting for >1 million 
incident infections in 2021 [1]. Paradoxically, the virus is not 
easily transmitted between hosts. The vast majority of unpro-
tected sexual encounters between serodiscordant partners do 
not result in a new infection [2]. Even in cases where sexual 
transmission does occur, of the many viral variants circulating 
in the donor partner usually only a single virus successfully en-
ters the new host and establishes infection [3, 4]. This sharp re-
duction in viral diversity between the previously infected donor 
and the newly infected recipient is termed the transmission 
bottleneck.

A virus must traverse multiple potential barriers to suc-
cessfully transmit HIV from a female to a male host via 
penile-vaginal intercourse [5]. The viral quasispecies in 
the donor’s genital compartment may differ from that of 
the systemic circulation owing to the immune microenvi-
ronment, and a subset of genital tissue resident variants 
may predominate in genital fluids [6]. The recipient’s 

genital mucosa presents a physical obstacle to infection 
and may also represent an immunologic landscape that dif-
fers from that of the donor’s genital immune milieu. The 
virus must then successfully infect a susceptible cell within 
the host’s genital tissue and establish productive infection 
in a regional lymph node. Only then can systemic dissem-
ination occur. Each of these steps—replication in donor 
genital tissue, entry into donor transmission fluid, infection 
of a recipient cell past the mucosa, and establishment of 
productive infection in recipient lymphoid tissue—may or 
may not individually represent a significant obstacle to 
transmission. However, the net effect of the transmission 
bottleneck exerts selection pressure on transmitted/founder 
(T/F) variants [7].

The T/F virus is generally not the most predominant var-
iant in the donor genital compartment, as would be antic-
ipated if transmission were a mere stochastic process [8]. 
The selected phenotype of the T/F variant is incompletely 
understood. Selection for CCR5 tropism has been consis-
tently demonstrated across studies [3, 9, 10]. Several studies 
have also observed selection for interferon (IFN) resistance 
of T/F variants [11–14], though this remains controversial 
[15, 16]. Phenotypic differences in characteristics such as in-
fectivity [12], virus particle release [11] and envelope content 
[12] have also been seen in some but not all transmission 
studies [15, 16]. These conflicting results may be due to dif-
ferences in assay methods and participant populations. 
Selection pressures may differ by route of HIV transmission, 
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and factors such as concurrent genital inflammation and 
high donor viral load may decrease selection stringency [7].

In order to replicate, HIV must overcome the cellular restric-
tions to the export of intron-containing viral messenger RNAs 
(mRNAs) from the nucleus to the cytoplasm [17]. This is ac-
complished by means of a trans-acting viral protein, Rev, in 
conjunction with a cis-acting RNA secondary structure, the 
Rev response element (RRE), found in all the viral mRNAs 
with retained introns [18, 19]. Rev is constitutively expressed 
from a completely spliced viral mRNA. After translation in 
the cytoplasm, the Rev protein is imported into the nucleus, 
where it binds to the RRE and oligomerizes [20–22]. The 
RRE-Rev complex then recruits cellular factors, including 
Crm1 and Ran-GTP, to form a complex capable of exporting 
the intron-containing viral mRNAs to the cytoplasm for trans-
lation or packaging into new viral particles [23].

HIV primary isolates exhibit sequence differences in both rev 
and the RRE, and this in turn results in substantial functional ac-
tivity variation in the Rev-RRE axis between variants [24, 25]. 
Small sequence differences in Rev, the RRE, or both can yield sig-
nificant differences in Rev-RRE axis activity [26, 27]. As the 
Rev-RRE interaction is necessary for the nuclear export and trans-
lation of intron-containing but not fully spliced viral mRNAs, dif-
ferences in the level of Rev-RRE activity affect not only viral 
replication kinetics but also the relative expression of many viral 
proteins [28]. Work on another complex retrovirus with a func-
tionally homologous Rev-RRE system, equine infectious anemia 
virus, has shown that Rev-RRE activity can vary during the course 
of chronic infection and that the level of activity correlates with 
clinical disease state [29, 30]. Some small studies have also pro-
posed that differences in HIV Rev or RRE activity may affect clin-
ical progression [28, 31, 32]. Thus, Rev-RRE activity could be a 
potential factor that contributes to the phenotype of the T/F virus, 
but this has not been examined to date.

In the current study, we examined whether functional differ-
ences in the Rev-RRE regulatory axis affect variant fitness at the 
transmission bottleneck. As different selection pressures may 
influence transmission via different routes [7], we chose to mea-
sure differences in Rev-RRE functional activity among primary 
isolates obtained from individuals in linked female-to-male HIV 
transmission pairs.

METHODS

Sequence Selection and Processing

Single-genome HIV sequences from 18 individuals, consisting 
of 9 female-to-male transmission pairs, were identified using 
the Los Alamos HIV Sequence Database (http://www.hiv.lanl. 
gov/) and GenBank [33]. The sequences were previously pub-
lished by others [11, 16] (see Table 1, Supplementary Tables 
1, and 2 for accession numbers). Only single viral genomes se-
quenced from plasma that included the RRE and both exons of 

rev were used in this study. RREs and Rev open reading frames 
that were free of obvious sequencing errors were extracted from 
the original record (see Supplementary Methods).

For each individual, unique Rev amino acid and unique RRE 
nucleotide sequence pairs were identified within the set of com-
plete genomic sequences. In addition, unique Rev-RRE cognate 
pairs (ie, the unique combination of a Rev amino acid sequence 
and an RRE nucleotide sequence in the same viral genome) 
were identified. The relative prevalence of unique Revs, RREs, 
and Rev-RRE pairs within an individual quasispecies was calcu-
lated as the number of viral genomes in which this sequence oc-
curred, divided by the total number of viral genomes with 
intact Rev and RRE sequences in that individual.

All unique Rev-RRE pairs found in ≥12% of circulating var-
iants within an individual quasispecies were included in func-
tional assays. Additional Rev-RRE pairs were selected for 
functional assays based on Rev or RRE prevalence. No predic-
tion of Rev-RRE functional activity was performed before se-
lecting sequences for inclusion in functional assays. Patient 
consent was not required for this study as no human subjects 
research was conducted as part of this work.

Phylogenetic Analysis

Phylogenetic trees were generated using the viral genomic se-
quences listed in Table 1. A neighbor-joining phylogenetic 
tree was generated using the TreeMaker tool from the Los 
Alamos HIV database (https://www.hiv.lanl.gov/components/ 
sequence/HIV/treemaker/treemaker.html) and using a Jukes- 
Cantor distance model with equal site rate. Tree visualizations 
were created using R software, version 4.2.1, and the package 
ggtree [34] (Figure 1 and Supplementary Figure 1).

Functional Assays

Rev-RRE functional activity assays were performed using a flow 
cytometry-based system that has been described elsewhere [35]. 
This system includes 2 packageable vector constructs contain-
ing Rev or RRE sequences. Additional assay details are available 
in the Supplementary Methods. The plasmid constructs used in 
these experiments are listed in Supplementary Table 3.

To perform the functional assays, SupT1 cells were cotrans-
duced with 1 Rev-containing and 1 RRE- containing assay 
construct. Flow cytometry was performed 72 hours after 
transduction.

For each experimental run in which a particular Rev-RRE pair 
was assayed, 3 replicate wells were transduced with the same 
vector constructs and the mean activity measurement of all in-
terpretable wells for a particular Rev-RRE pair was calculated. 
Only experimental runs in which ≥2 wells containing a particu-
lar Rev-RRE pair were interpretable were used to contribute data 
for the activity of that pair. A single experimental run including 
2 or 3 wells transduced with Rev-RRE pair was considered a sin-
gle technical replicate for the purposes of statistical analysis.
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Statistical Analysis

Relative Rev-RRE activity was compared between unique cog-
nate pairs using a linear mixed model by restricted maximum 
likelihood, where an experimental run was considered a ran-
dom effect and the Rev-RRE pair a fixed effect. Statistical anal-
ysis was performed using R software, version 4.1.2, and the 
lme4 [36] and lmerTest packages [37]. Activity estimates for 
each unique cognate pair were expressed as a multiple of the ac-
tivity of the NL4-3 Rev-NL4-3 RRE cognate pair.

To compare Rev-RRE activity between all donor and recipi-
ent quasispecies across all transmission pairs, the lme4 package 
was used to model variant activity with donor versus recipient 
status as a fixed effect and transmission pair as a random effect. 
Rev-RRE pair activity values were weighted according to the 

frequency of occurrence within an individual quasispecies. 
The estimated marginal means were then calculated and com-
pared for donors versus recipients, using R software, version 
4.1.2, and the emmeans package [38]. To compare Rev-RRE ac-
tivity between donor and recipient quasispecies within a partic-
ular transmission pair, the activity level of unique Rev-RRE 
pairs was weighted by prevalence, and an independent-samples 
Mann-Whitney U test was performed.

To compare the activity of Rev-RRE cognate pairs and cor-
responding artificial pairs, activity measurements for each 
Rev-RRE pair were normalized to the activity of the NL4-3 
Rev-RRE cognate pair that was included in the same experi-
mental run. Analysis of the difference between cognate pair ac-
tivity and the activity of the corresponding NL4-3 Rev/primary 

Figure 1. Phylogenetic trees for individual transmission pairs. A phylogenetic tree was generated using the neighbor-joining method for 401 single-genome human im-
munodeficiency virus (HIV) sequences. The sequences of 4 hundred primary isolates associated with 18 individuals in 9 linked female-to-male HIV transmission pairs were 
obtained from GenBank. The laboratory strain NL4-3 was included in tree generation as an outgroup but was excluded from the figure display for clarity. Portions of the tree 
corresponding to the individual transmission pairs, A–I, are displayed separately. Tip symbols differentiate sequences from donors and recipients, as well as genomes con-
taining Rev–Rev response element pairs that were selected or not selected for inclusion in functional assays. Horizontal bars represent nucleotide substitutions per site. See 
also Supplementary Figures 1 and 2.
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RRE and primary RRE/NL4-3 Rev pairs was conducted using a 
1-way analysis of variant test, with adjustment for multiple 
comparisons using the Dunnett T3 method.

RESULTS

Identification of Rev-RRE Sequences

We selected HIV-1 single-genome sequences from 18 individu-
als in 9 linked female-to-male HIV transmission pairs (Table 1). 
Eight individuals (4 transmission pairs) were participants in the 
Center for HIV/AIDS Vaccine Immunology (CHAVI-001) 
acute infection cohort [11, 39], and 10 individuals (5 transmis-
sion pairs) were participants in the Zambia-Emory HIV 
Research Project [16]. All sequences were previously published 
in GenBank (https://www.ncbi.nlm.nih.gov/genbank/). Each 
HIV transmission pair was given a code, from A through 
I. Recipient samples were obtained during acute infection 
(Fiebig stage 4 or earlier). The time elapsed between the acqui-
sition of the donor and recipient samples was a maximum of 265 
days (median, 19 days). All viruses were subtype C.

A total of 400 single-genome sequences from these individuals 
that included the full coding region of rev as well as the RRE were 
analyzed. Phylogenetic trees were generated using the neighbor- 
joining method to confirm the pattern of HIV transmission 
(Figure 1). Within each transmission pair, sequences from the re-
cipient clustered together and mostly separately from donor se-
quences. As expected, sequences from different transmission 
pairs were not interspersed (Supplementary Figure 1).

The 400 analyzed viral genomic sequences included 105 
unique Rev amino acid sequences and 142 unique RRE nucle-
otide sequences. Some RRE and Rev sequences were observed 
to occur in multiple primary isolates and in multiple combina-
tions. In all, 198 unique Rev-RRE cognate pairs (ie, a Rev amino 
acid sequence and an RRE nucleotide sequence in a single viral 
genome) were identified. Donor quasispecies exhibited more 
sequence diversity than recipient quasispecies. Donor quasis-
pecies had a median of 16 unique Rev-RRE cognate pairs, while 
recipient quasispecies had a median of 3 unique cognate pairs.

From the set of 198 unique Rev-RRE cognate pairs, a subset 
was selected for functional analysis based on prevalence within 
the participant quasispecies. All Rev-RRE cognate pairs present 
in ≥12% of viral variants circulating in a single host were in-
cluded in functional assays. Additional Rev-RRE pairs were in-
cluded to ensure the highest prevalence Rev and RRE sequences 
in an individual were represented in functional assays. All in all, 
a total of 81 unique Rev-RRE cognate pairs were used in the 
functional activity assays. Of the original 400 analyzed primary 
isolates, 281 primary isolates contained a Rev-RRE cognate pair 
that was represented in the functional assays. One Rev-RRE 
cognate pair occurred in both the donor and recipient in trans-
mission pair E (Supplementary Figure 2). All other Rev-RRE 
cognate pairs occurred in only a single individual.

Between 1 and 13 unique Rev-RRE cognate pairs were selected 
for each individual, representing coverage varying between 26% 
and 100% of the sequenced quasispecies in each individual 
(Figure 2 and Supplementary Figures 3 and 4). For individuals 
in whom a few Rev-RRE cognate pairs occurred many times in 
the quasispecies, greater coverage was accomplished than when 
many cognate pairs were present at a low frequency 
(Supplementary Table 1). For the donor individuals in transmis-
sion pairs A, F, and G, a minority of the circulating variants were 
represented in the functional assays, but all Rev-RRE cognate pairs 
appearing in the quasispecies more than once were included.

Rev-RRE Functional Activity of Donor and Recipient Viruses

The relative functional activity of the selected Rev-RRE cognate 
pairs was determined using a lentiviral vector-based assay as 
described elsewhere (see Methods) [27, 35]. As shown in 
Figure 3, there was an almost 9-fold difference in functional ac-
tivity between the most-active and least-active Rev-RRE cog-
nate pairs. For each transmission pair where multiple 
recipient Rev-RRE sequences were assayed, the range of 
Rev-RRE activity of the donor-derived variants was greater 
than the range of activity for variants from the corresponding 
recipient (see also Supplementary Table 1).

Overall, the Rev-RRE activity of recipient-derived variants 
was significantly lower than the activity of the corresponding 
donor variants (P = .02). In 6 of the 9 transmission pairs, the 
Rev-RRE activity of the recipient variants clustered at the ex-
treme low end of the range of activity of the corresponding do-
nor variants. This pattern was consistent for transmission pairs 
with overall high Rev-RRE activity (pairs D, E, F, G, and H) and 
transmission pairs with overall low Rev-RRE activity (pairs A, 
B, C, and I). There was no transmission pair where a recipient 
variant had the highest overall Rev-RRE activity. For transmis-
sion pair H, the highest activity donor variant was slightly more 
active than the recipient variant (2.17 vs 2.15).

In only 3 of the 9 transmission pairs—G, H, and I—was the 
weighted average of recipient variant Rev-RRE activity greater 
than the average donor variant activity. It is notable that one of 
these transmission pairs, I, included the variant with the lowest 
overall Rev-RRE activity; and the maximum activity of the pair I 
variants was lower than for any other transmission pair 
(Supplementary Figure 5). While the weighted average of activity 
was lowest for transmission pair C, pair C included individual do-
nor variants with higher activity than any variant from pair I.

Rev and RRE Contributions to Cognate Pair Activity

To evaluate the contribution of Rev and RRE differences to cog-
nate pair activity, artificial combinations of Revs and RREs 
were next tested in the functional assay. Artificial Rev-RRE 
pairs consisted of a Rev sequence from the HIV laboratory 
strain NL4–3 paired with an RRE from a primary isolate 
or a Rev from a primary isolate paired with the NL4-3 RRE. 
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For 5 primary isolate Rev-RRE cognate pairs, functional assays 
were performed comparing the activity of the primary isolate 
cognate pairs with these artificial pairs (Figure 4).

Cognate pair functional activity could not be predicted by 
component Rev or RRE activity. For example, in primary iso-
late 1, the combination of the NL4-3 RRE with the isolate 
Rev yielded numerically higher activity than the original cog-
nate pair, while pairing NL4-3 Rev with the isolate RRE yielded 
significantly lower activity. The converse was observed for pri-
mary isolate 2. This is consistent with previous results indicat-
ing that changes in either Rev or the RRE are sufficient to 
significantly alter Rev-RRE axis activity.

DISCUSSION

In the current study, we observed a previously unreported se-
lection based on the Rev-RRE axis during female-to-male sex-
ual transmission of HIV. Globally, recipient viral variants 

displayed lower Rev-RRE activity than variants from corre-
sponding donors, and in 6 of 9 transmission events recipient 
variant activity clustered at the extreme low end of the range 
of activity of the corresponding donor variants. Recipient var-
iant Rev-RRE activity was generally not the same as the activity 
of the predominant variant in the donor plasma compartment. 
These results are most consistent with the female-to-male sex-
ual transmission bottleneck, conferring a selection advantage 
for viruses with a lower level of Rev-RRE activity.

There were 3 discordant observations, however, where the 
weighted average of recipient variant Rev-RRE activity was 
higher than that of the corresponding donor. For transmission 
pair I, the range of Rev-RRE activity for variants from both the 
donor and recipient was low compared with the set of variants 
from all transmission pairs. If Rev-RRE selection at the trans-
mission bottleneck is subject to a threshold effect in particular 
individuals, then the activity of the donor viruses may have 
been sufficiently low that there was no additional selection on 

Figure 2. Proportion of viral variants represented in functional activity assays. A subset of the unique Rev–Rev response element (RRE) cognate pairs from primary isolates 
were included in the functional activity assays. For each individual, the proportion of the sequenced viral variants from that individual’s plasma containing a Rev–RRE se-
quence included in the functional assays is shown. Individuals are indicated by the transmission pair, A through I, and the position within each transmission pair, either the 
donor or recipient partner.
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the variants during transmission. While this potential explana-
tion would not account for transmission pairs G and H, in 
which variants displayed intermediate levels of Rev-RRE activ-
ity, selection pressures at the transmission bottleneck may be 
mitigated by conditions that predispose to forward transmis-
sion, including concurrent genital inflammation [7] and im-
mune compromise. In the absence of additional clinical data 
for these study participants, it is unclear whether these factors 
could account for the cases where recipient Rev-RRE activity 
was higher.

The pattern of donor and recipient virus Rev-RRE activity is 
unlikely to be secondary to selection for other phenotypic 

parameters, such as coreceptor utilization or IFN resistance. 
As demonstrated previously and again in this study, Rev-RRE 
activity is highly sensitive to changes in the RRE, rev, or both. 
This permits a high degree of plasticity in the regulatory axis 
and an ability to accommodate extrinsic pressures while main-
taining Rev-RRE activity level. Previous work by others has 
demonstrated that functional regions of rev are segregated 
from functional regions of the overlying tat and env genes, per-
mitting mutations that affect the activity of one protein at a 
time [40, 41]. RRE activity is similarly robust to nonsynony-
mous changes in the envelope (Env), as the functional conse-
quence of these mutations can be compensated by additional 

Figure 3. Rev–Rev response element (RRE) functional activity of viral variants from donors and recipients. The relative functional activity of selected Rev-RRE pairs from 
primary isolates in both donors and recipients is shown. Each human immunodeficiency virus transmission pair is displayed, from A through I, with Rev-RRE cognate pairs from 
donor viral sequences on the left of each box and Rev-RRE cognate pairs from recipient viral sequences on the right. Each bubble is a unique Rev-RRE pair in the indicated 
individual’s quasispecies. The position of the bubble on the y-axis represents the relative level of Rev-RRE functional activity for that pair. The area of each bubble is scaled to 
the relative prevalence of the Rev-RRE pair sequence within the individual’s sequenced quasispecies. The weighted average of variant Rev-RRE activity for each individual 
quasispecies is indicated by the dashed horizontal line. Rev-RRE activity distributions of the donor and the recipient variants were compared for each transmission pair by 
means of independent-samples Mann-Whitney U test, and the P value for this comparison is shown in each plot. Activity units are multiples of the Rev-RRE activity of the 
laboratory strain NL4-3.
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synonymous changes in other portions of the RRE [42, 43]. 
Therefore, a constraint on Env sequence imposed by a selection 
for type I IFN resistance at the transmission bottleneck, for ex-
ample, would not be expected to impose a constraint on T/F 
Rev-RRE activity level. Indeed, Iyer et al [11] experimentally 
demonstrated widely disparate levels of IFN-α2 and IFN-β sen-
sitivity among these primary isolates, some of which share 
identical Rev-RRE cognate pairs.

An analysis of larger numbers of female-to-male transmis-
sion pairs are necessary to validate the finding of apparent se-
lection pressure on the Rev-RRE axis described here. Future 
studies should ideally also include viral variants of different 
subtypes since these may be subject to different selection pres-
sures [12]. Other routes of HIV transmission, such as 

male-to-female sexual transmission, transmission via insertive 
or receptive anal intercourse, vertical transmission, and paren-
teral transmission may also create alternate selection pressures. 
In this study, we did not assess other viral factors that may con-
tribute to transmission fitness, such as replication capacity, but 
this may be affected directly by Rev-RRE activity. A more com-
plete phenotypic characterization of T/F variants may yield in-
sights into the optimal constellation of viral characteristics that 
facilitate sexual transmission.

In this study, we conceptualized the transmission bottleneck 
as the sum total effect of multiple potential immunologic and 
anatomic barriers to the sexual transmission of HIV. We did 
not assess the contribution of individual potential barriers to 
selection pressure on the T/F virus. The selection we observe 

Figure 4. Contributions of Rev and the Rev–response element (RRE) to cognate pair functional activity. The relative functional activity of Rev-RRE cognate pairs from 
primary isolates, as well as the activity of the component Rev with NL4-3 RRE and the component RRE with NL4-3 Rev is shown. Relative activity is shown as multiples 
of the activity of the NL4-3 cognate pair without units, such that 1 corresponds to the NL4-3 Rev/NL4-3 RRE pair. Observations from technical replicates (n = 5 or 6) are shown 
as dots. Bars represent the mean values of individual observations, and error bars represent standard deviation. Statistical comparisons were performed using 1-way analysis 
of variant with adjustment for multiple comparisons using the Dunnett T3 method. Primary isolate 1 was obtained from donor I (accession no. KR820312), isolate 2 from 
recipient B (KR820385), isolate 3 from donor G (KY112428), isolate 4 from donor C (KY112346), and isolate 5 from recipient A (JX973051). Cognate pair activity values replicate 
values shown in Figure 3. Abbreviation: NS, not significant. *P < .05; **P < .01; ***P < .001.
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could occur entirely within the donor or the recipient, or selec-
tion could be an emergent phenomenon of processes within 
both hosts. As in other clinical studies of HIV transmission, 
the single T/F virus was not directly sampled, and viral se-
quences from the recipient close to the time of transmission 
were used as a proxy for determining the characteristics of 
the T/F variant. The limited genetic and functional diversity 
of recipient viruses suggests that this approach was successful 
in the present study. However, we cannot exclude rapid selec-
tion on the Rev-RRE system occurring during early dissemina-
tion in the new host accounting for these findings, rather than 
selection occurring during the initial sexual transmission.

While we did not examine the mechanism by which 
Rev-RRE activity selection occurs during transmission, 2 fac-
tors may yield a selective advantage for variants with different 
levels of Rev-RRE functional activity. First, the Rev-RRE axis 
affects viral replication capacity. We previously demonstrated 
with replication-competent HIV constructs that Rev activity 
is positively correlated with replication kinetics [27]. Second, 
Rev-RRE activity alters the relative expression of viral proteins 
encoded by completely spliced mRNA species (ie, Tat, Rev, and 
Nef) to proteins encoded by mRNAs with retained introns (eg, 
Gag, Env, Vpr) [28].

These factors may alter transmission fitness in various ways. 
Viral replication and Vpr production is associated cytopathic 
effects [44], and this may be mitigated to some extent by lower 
Rev-RRE activity in the infecting virus. Cell-associated virus 
may play a key role in transmission [45], so the extent of cyto-
toxicity induced by a variant may influence its ability to estab-
lish a new infection. In addition, Nef modulates the immune 
response to HIV infection by down-regulating CD4 and major 
histocompatibility complex class 1 expression on the surface of 
infected cells [46]. By maintaining a protective level of Nef ex-
pression (independent of Rev-RRE function) and lower expres-
sion of the Rev-RRE dependent structural proteins that 
generate antigenic peptides, viruses with low Rev-RRE func-
tional activity appear to be relatively protected from cytotoxic 
T-cell–mediated killing [28]. An immune evasive strategy could 
provide a selective advantage for variants in donor genital tis-
sues or during early disseminated infection in the recipient. 
The ability of Nef to mitigate NK-cell mediated responses 
[47] and to modulate dendritic cell function [48] may also 
help explain the selective advantage for variants with lower 
Rev-RRE activity.

The current study sheds light on 2 areas of investigation. 
First, we suggest Rev-RRE activity as a new factor in phenotypic 
selection at the HIV transmission bottleneck. If additional 
studies confirm this finding, accounting for Rev-RRE activity 
variation may help to reconcile the currently conflicting data 
on viral transmission fitness and could potentially point to 
new strategies for transmission prevention. Second, this study 
adds to the literature suggesting a role for variation in the 

Rev-RRE system in HIV pathogenesis [49] and strengthens 
the concept that the Rev-RRE axis can function as a molecular 
rheostat to allow the virus to adapt to different pressures. This 
paradigm may be important not only in HIV transmission but 
also in other processes where viral adaptation to differing im-
mune environments could affect pathogenesis, including viral 
compartmentalization and latency.
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