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Abstract

The gut is the largest lymphoid organ in the body and a site of active HIV-1 replication and immune surveillance. The gut is
a reservoir of persistent infection in some individuals with fully suppressed plasma viremia on combination antiretroviral
therapy (cART) although the cause of this persistence is unknown. The HIV-1 accessory protein Nef contributes to
persistence through multiple functions including immune evasion and increasing infectivity. Previous studies showed that
Nef’s function is shaped by cytotoxic T lymphocyte (CTL) responses and that there are distinct populations of Nef within
tissue compartments. We asked whether Nef’s sequence and/or function are compartmentalized in the gut and how
compartmentalization relates to local CTL immune responses. Primary nef quasispecies from paired plasma and sigmoid
colon biopsies from chronically infected subjects not on therapy were sequenced and cloned into Env2 Vpu2 pseudotyped
reporter viruses. CTL responses were mapped by IFN-c ELISpot using expanded CD8+ cells from blood and gut with pools of
overlapping peptides covering the entire HIV proteome. CD4 and MHC Class I Nef-mediated downregulation was measured
by flow cytometry. Multiple tests indicated compartmentalization of nef sequences in 5 of 8 subjects. There was also
compartmentalization of function with MHC Class I downregulation relatively well preserved, but significant loss of CD4
downregulation specifically by gut quasispecies in 5 of 7 subjects. There was no compartmentalization of CTL responses in 6
of 8 subjects, and the selective pressure on quasispecies correlated with the magnitude CTL response regardless of location.
These results demonstrate that Nef adapts via diverse pathways to local selective pressures within gut mucosa, which may
be predominated by factors other than CTL responses such as target cell availability. The finding of a functionally distinct
population within gut mucosa offers some insight into how HIV-1 may persist in the gut despite fully suppressed plasma
viremia on cART.
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Introduction

Nef is a multifunctional accessory protein encoded by HIV and

SIV that plays a key role in pathogenesis. Although Nef is

dispensable for in vitro replication, in vivo data from both humans

and animal models support Nef’s important role in causing disease

[1]. Macaques infected with an otherwise pathogenic strain of SIV

with nef deleted tend to have significantly attenuated disease and

protection from subsequent challenge with wild type virus [2,3].

Similarly, slower disease progression has been noted in a cohort of

humans infected by blood transfusions from a single HIV-1-

infected donor whose virus contained a defect in nef [4,5,6]. Nef

mediates its pathogenic effects via binding to a wide variety of

cellular factors resulting in increased infectivity, increased repli-

cation and evasion of host immune responses [7]. Elimination of

some or all of these functions leads to an attenuated infection [8].

Among the best-understood functions of Nef are downregulation

of MHC Class I [9,10] and CD4 [11] molecules from the surface

of infected cells. Nef’s downregulation of CD4 prevents its binding

to Env on nascent virions thereby enhancing viron release [12].

MHC Class I downregulation has been shown to render infected

cells less visible to circulating CD8+ cytotoxic T lymphocytes

(CTL) and thereby confer resistance of infected cells to CTL killing

[9,13].

Previous studies have shown that Nef’s function is shaped by

cytotoxic T lymphocyte (CTL) responses and varies according to

stage of disease. It has been observed that Nef-mediated CD4 and

MHC Class I downregulation is preserved across transmission [14]

but is diminished or absent by end-stage AIDS [15]. In a cohort of

chronically infected subjects it was observed that circulating

quasispecies contained mixtures of two distinct populations of

virus, one that fully downregulated MHC Class I and the other

with no ability to downregulate MHC Class I. Further, the

proportion of functional quasispecies correlated with the breadth

of the CTL response in these subjects, increasing in response to
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increased immune pressure demonstrating Nef’s adaptation to the

immune milieu of the host [16]. The origin of the functionally

distinct quasispecies subsets in peripheral blood is unclear. One

possibility is that the different populations are emerging from

distinct compartments of viral replication. Local factors such as

CTL responses and target cell availability as well as migration

rates between tissues and blood all contribute to the degree of

differential evolution of HIV in different locations. The balance of

local selective pressures and migration rates between tissue

compartments may be reflected in the relative proportions of

different subsets observed in peripheral blood.

Although HIV-1 sequences are most commonly isolated from

peripheral blood, there is evidence that HIV-1 may be evolving

differently in tissues. Distinct env sequence populations have been

observed in the genito-urinary tract in both men and women

[17,18,19]. Similarly, studies of HIV-1 env sequences from

different sites within the central nervous system (CNS) demon-

strated a clear separation between HIV-1 in the blood and in the

brain [20,21]. Studies specifically of nef sequences isolated from the

CNS have shown both compartmentalization as well as evidence

of adaptation to local selective pressures [22,23]. An analysis of the

function of nef alleles in the CNS versus plasma demonstrated the

Nef function was relatively well preserved in both compartments

[24]. It has also been reported that nef quasispecies are

compartmentalized in gut tissues. Van Marle et al. observed

phylogenetically distinct nef populations at several different

locations within the gastrointestinal track [25]. However, there is

currently no information regarding Nef’s function or adaptation to

local selective pressures within the gut.

The gut is now widely recognized as an important site of disease

pathogenesis. Gut-associated lymphoid tissue (GALT) is a

principal site for HIV-1 replication during the first few weeks of

acute infection resulting in the rapid depletion of gut lymphocytes

[26,27]. There is increasing appreciation of the fact that local

mucosal responses are important for control of viral replication

both in natural infection and vaccination [28,29,30]. There is also

evidence to suggest that the gut remains a reservoir of replication

despite antiretroviral therapy [31,32] and is key contributor to the

persistent immune activation seen in chronic HIV infection [33].

The virus-host interactions within the gut likely have a significant

impact on the course of disease, and studies utilizing only

peripheral blood may provide an incomplete picture of disease

pathogenesis in vivo. Given the importance of the gut as a

reservoir and Nef’s key role in viral persistence through its multiple

functions we sought to determine whether Nef’s sequence and/or

function are compartmentalized within the gut and how

compartmentalization relates to local CTL immune responses.

Results

Study Subjects
Eight chronically infected HIV-positive subjects were consented

to give blood and undergo sigmoidoscopy with tissue biopsy on

two study visits 2 weeks apart (Table 1). These subjects were not

on any antiretroviral therapy in the proceeding 12 months, as

treatment has been shown to diminish CTL responses. Subjects

were all seropositive for at least 24 months with a range from 24 to

greater than 120 months. All subjects were viremic in the range of

4-5log copies/mL of plasma, and their absolute CD4+ T

lymphocyte count from peripheral blood ranged from 41–738

cells/mL of whole blood.

Nef quasispecies sequences are compartmentalized in
the gut

Multiple full-length individual nef clones were sequenced from

viral RNA in plasma and from total RNA extracted from the tissue

biopsy (N = 234 sequences, median 14.5 sequences from each

compartment with a range of 9–23). Sequences were obtained

from different biopsies taken 2 weeks apart to control for possible

false-positive compartmentalization due to sampling bias caused

by the small size of the gut biopsy. There was no evidence of G to

A hypermutation in any of the sequences as determined by

HyperMut 2.0. Greater than 99% (232/234) of nef sequences were

intact without missense or nonsense mutations, however, it is not

known whether the rest of the genome was fully intact. Neighbor-

joining (NJ) (Figure 1) and Maximum Likelihood (ML) (Figure S1)

phylogenetic trees were constructed and had very similar topology.

The NJ tree was evaluated with 1000 bootstrap replicates.

Sequences from each subject formed independent clusters with

100% bootstrap support. Additional independent clusters sup-

ported by bootstrap values .70% containing either only gut or

plasma isolates were observed in 5 of the 8 subjects (Figure 1 and

Table 2).

Although the strong bootstrap support for independent clusters

of gut or plasma sequences is good evidence of compartmental-

ization, it has been shown that different methods to assess

compartmentalization are subject to different confounding effects

and levels of sensitivity sometimes yielding different results [34].

Therefore, two additional tests for compartmentalization, the

Slatkin-Maddison (SM) and Simmonds Association Index (AI)

tests, were performed. The SM test is a tree-based test that

determines the minimum number of migration events between the

different compartment populations consistent with the structure of

the phylogenetic tree [35]. A single or low number of migration

events is consistent with compartmentalization, where as multiple

migrations would indicate unrestricted flow of quasispecies

between the two compartments. The Simmonds AI is another

tree-based test that assesses the degree of population structure

within the tree by weighting the contribution of each internal node

based on its depth in the tree [36]. The AI is the ratio of the

association value of test sequences over that of 10 randomly

created control sequence sets. There was excellent concordance of

the determination of compartmentalization by all three methods

(Table 2).

Recombination was assessed as a possible confounding effect on

compartmentalization. There was evidence of recombination

between plasma and gut isolates only in subject 160. All of the

sequences in the highly supported gut compartment contain

stretches of sequences derived from at least 2 different plasma

isolates (Figure S2), but the recombinant portions did not affect the

significant compartmentalization seen for this subject.

Nef quasispecies in the gut function differently than
circulating plasma quasispecies

Two key functions of Nef, CD4 and MHC Class I downreg-

ulation, were measured by flow cytometry. Total quasispecies

mixtures were expressed at physiologic levels under the control of

the viral LTR in the context of a proviral clone. The proviral

vector is missing portions of vpu and env that also downregulate

CD4 such that exclusively Nef’s contribution to CD4 downreg-

ulation is measured in this system [37]. It has been determined

previously that circulating plasma quasispecies may have separate

populations of functional and non-functional Nef alleles [16],

therefore total quasispecies were cloned and tested in bulk (Figure

2). Although most samples had uniform function, several subjects

Nef Compartmentalization in the Gut
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did demonstrate quasispecies populations with a mixture of

functional and non-functional alleles (see Figure 2, 608 and 712

plasma and 160 and 677 gut populations). MHC Class I

downregulation was relatively well preserved by all quasispecies

regardless of location with only subject 160 plasma quasispecies

showing significantly diminished function (Figures 2 and 3A).

However, there was significant loss of CD4 downregulation by gut

quasispecies in 5 of 7 subjects (Figures 2A and 3B). Preservation of

the quasispecies diversity during cloning and virus production

could not be confirmed for subject 650 and therefore this subject

was excluded from subsequent statistical analysis. However, testing

individual clones from subject 650 showed that CD4 downregu-

lation was lost by some gut isolates and preserved in all blood

isolates tested, while MHC Class I downregulation was relatively

preserved in both compartments (Figure S3). Across all subjects

there was no concordance between plasma and gut quasispecies

function for either CD4 and MHC Class I downregulation (R2 =

0.39 p-value 0.13 and R2 = 0.26 p-value 0.24, respectively)

indicative of compartmentalization of function. Pairwise compar-

ison of function in gut vs. plasma for each subject revealed

significant discordance of both MHC Class I and CD4 downreg-

ulation for subject 160, and discordance of only CD4 downreg-

ulation for subjects 648 and 674 (Figure 3). Subjects 542, 608, 677,

and 712 all showed a trend for discordant CD4 downregulation

but failed to reach statistical significance (p-value range 0.10–0.17).

Examination of the amino acid sequences of the non-functional

quasispecies did not reveal any common substitutions or

polymorphisms at sites of known functional significance [38].

Subject 160 plasma sequences did have significant polymorphism

changing the EEEE62265 acidic domain to EGGR, which likely

affected MHC Class I downregulation, and DD1742175 changed to

DG, possibly affecting its CD4 downregulation. Otherwise there

were only sporadic polymorphisms present in sites not previously

associated with Nef function.

Table 1. Study subject information.

Subject number Viral load (RNA copies/mL) Log Viral load Absolute CD4+ T cell count/mL Months post-seroconversion

160 98825 4.99 41 82

542 45399 4.66 336 24

608 49713 4.70 738 .120

648 63251 4.80 281 34

650 67380 4.83 245 .120

674 16800 4.23 423 118

677 338202 5.53 222 .120

712 56038 4.75 585 .120

doi:10.1371/journal.pone.0075620.t001

Table 2. Evidence of Compartmentalization.

Subject
number Bootstrap Supporta Simmons AI b SM migrations c

160 Gut 100% 0.017 1:plasma.gut

542 Plasma 91.1% 0.015 1:plasma.gut

608 Plasma 73.8% 0.17 1:gut.plasma

648 Plasma 79.2% 0.006 1:gut.plasma

650 NS 0.23 Multiple

674 Plasma 77%, Gut 82.1% 0.016 1:plasma.gut

677 NS 0.22 Multiple

712 NS 0.23 Multiple

aSamples of just plasma or just gut isolates having .70% of 1000 bootstrap
replicates supporting an independent cluster, NS = not significant.
bAssociation Index. values ,0.1 are highly significant for compartmentalization.
cSlatkin-Maddison migration test. ‘‘1’’ indicates a single migration event
consistent with compartmentalization, text following indicates the direction of
the migration event between plasma and gut. ‘‘multiple’’ indicates multiple
migrations or free exchange of sequences between plasma and gut consistent
with lack of compartmentalization.
doi:10.1371/journal.pone.0075620.t002

Figure 1. Neighbor-joining phylogenetic tree of plasma and
gut-derived nef quasispecies. 234 full-length nef sequences were
aligned with consensus B and NL4-3. A neighbor-joining tree was
constructed, rooted on consensus B, and evaluated with 1000 bootstrap
replicates. Clusters of sequences from each subject all had 100%
bootstrap support and other significant bootstrap values .70% within
each subject cluster are indicated on the tree. Sequences from plasma
are indicated with grey triangles; gut, black circles. Filled circles are
sequences from biopsy #1 and open circles, from biopsy #2.
doi:10.1371/journal.pone.0075620.g001
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Cytotoxic T lymphocyte responses are not
compartmentalized

CD8+ lymphocytes were expanded from PBMC and from tissue

infiltrating mucosal mononuclear cells (MMCs). An IFN-gamma

ELISpot assay using 53 pools of Clade B consensus peptides (12–

16 peptides/pool) covering the entire HIV-1 proteome was used to

screen expanded CD8+ cells for HIV-specific responses. ELISpot

assays were performed twice with PBMC and MMC samples

collected two weeks apart, and mean Spot Forming Cell (SFC)

counts per million CD8+ cells per pool were calculated. Figure 4

shows representative ELISpot results comparing PBMC and

MMC HIV-specific responses for two subjects. Concordance

between the breadth and magnitude of the CTL response in blood

and gut was determined by calculating the Pearson correlation

coefficient and performing regression analysis. Table 3 summa-

rizes the correlations coefficients and p-values supporting the

overall concordance of CTL responses in blood and gut. Six of

eight subjects had strong concordance of blood and gut ELISpot

results (correlation coefficients, r, ranging from 0.7069–0.8762

with p-values ,0.0001.) as represented by subject 542 in Figure 4.

Two subjects did not have concordant responses, represented by

subject 160 in Figure 4. In one case (subject 160), discordance was

due to a similar overall magnitude of response but with different

epitope targeting in the two compartments. In the other case

(subject 677), discordance was due to much greater breadth and

magnitude of the CTL response in blood relative to gut (Figure

S4).

Selective pressure is similar in gut and plasma
compartments

Multiple measures for evidence of selective pressure were

calculated from the sequences obtained from the 2 compartments

including diversity, divergence from Clade B consensus, global

nonsynonymous to synonymous substitution rate ratio (dN/dS),

and site-by-site dN/dS. The dN/dS can be used to measure

whether the rate of nonsynonymous substitutions is higher or

lower than would be expected from neutral evolution as an

indication of the presence of a selective evolutionary force. A dN/

Figure 2. MHC Class I and CD4 downregulation by plasma and gut nef quasispecies. VSVg pseudotyped Env2 Vpu2 recombinant mCD24
reporter viruses were used to infect CEM T1 cells. On day 3 post-infection levels of CD4 and HLA-A*02 were measured on all mCD24 reporter positive
cells. Open histograms are Delta Nef control viruses and the filled histograms are the experimental viruses. A.) For each subject 4 histogram plots are
shown: HLA-A*02 downregulation by gut and plasma quasispecies on the left panels (upper-gut and lower-plasma) and CD4 downregulation on the
right panels (upper-gut and lower-plasma). B.) Downregulation of HLA-A*02 (left) and CD4 (right) by control viruses carrying NL4-3 Nef, Nef LL.AA
specifically deficient in CD4 downregulation, and Nef M20A specifically deficient in MHC Class I downregulation.
doi:10.1371/journal.pone.0075620.g002
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dS higher than 1 indicates positive selection, less than one

indicates purifying selection. The estimated dN/dS using all

sequences from both compartments was 0.525 (95% CI 0.487156-

0.565962), consistent with previous reports [38], indicating that

Nef is under strong purifying selection. The dN/dS was then

estimated for sequences from each compartment for each subject

and compared to the dN/dS of all sequences (Figure 5A). Overall

there was strong concordance of the dN/dS estimates for gut and

plasma sequences (r = 0.722, R2 = 0.522, p = 0.043) indicating

that the selective pressure was uniform between the 2 compart-

ments. Three datasets had significantly higher dN/dS than the

whole dataset (542 plasma, 648 gut and plasma), while only one

had a dN/dS lower (650 gut). As an additional measure of

adaptation the amount of sequence diversity within each

compartment was calculated (Figure 5B). Five of eight subjects

had no significant differences in diversity between the 2

compartments. Of the three subjects with significant differences

in diversity between gut and blood isolates, two had significantly

less diversity among the gut-derived sequences, while one had

greater diversity among gut sequences. Overall, there was no

concordance in the amount of diversity among gut and plasma

isolates (p = 0.9). The difference in concordance of dN/dS and

diversity measurements is likely because diversity may largely

consist of nonsynonymous substitutions. Only subject 160 had a

significant change in divergence from Clade B consensus between

the two compartments (Figure 1and Figure S5). Site-by-site

calculation of the dN/dS to detect individual amino acid residues

under positive or purifying selection did not reveal any codons

undergoing compartment-specific selection across the entire

dataset. However, the gut isolates from subject 650 did have the

highest number of individual sites under strong purifying selection

(Figure S6) consistent with the statistically lower diversity and

lower dN/dS (Figure 5).

Amount of selective pressure correlates with the CTL
response

In order to determine the extent to which CTL may be the

driving force of nef adaptation correlations between measures of

selective pressure and CTL responses were calculated. Significant

positive correlations were detected between the total number of

SFC and the global dN/dS (Figure 6A) and more significantly

between total number of Nef-specific SFC and the global dN/dS

(Figure 6B) regardless of location. Due to the limited number of

cells obtainable from the gut biopsies CTL responses were not

Figure 3. Summary of MHC Class I and CD4 downregulation. The mean and standard deviation of HLA-A*02 (A) and CD4 (B) downregulation
by control and subject-derived nef alleles from at least three separate infections is shown. Difference from % downregulation by NL4-3 Nef was
evaluated with a two-tailed t test, and differences with a p-value ,0.05 are marked with an *. Differences between gut and plasma quasispecies from
the same subject were also evaluated with a two-tailed t test, and pairs with significant differences are marked with a horizontal bar with the p-value
indicated above the bar.
doi:10.1371/journal.pone.0075620.g003
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mapped to individual 15mers, therefore the number of SFC rather

than the number of positive pools is likely a better representation

of the magnitude of the CTL response since there may be more

than one peptide per pool stimulating a positive IFN-gamma

response. However, there was a significant correlation between

total SFC and number of positive peptide pools indicating that

total SFC reflects the total number of CTL (Figure 6C). Overall,

the magnitude of the CTL response correlated with the amount of

positive selection regardless of location. Therefore CTL selective

pressure is not responsible for the sequence or functional

compartmentalization of nef quasispecies in the gut in this cohort.

Discussion

The results presented here indicate that the gut microenviron-

ment promotes selection of a functionally distinct population of

viruses, but that CTL did not appear to be the driving force for

compartmentalization. Given that CTL appear to be the main

force driving evolution of HIV [39], it was somewhat surprising to

see no correlation between CTL selective pressure and compart-

mentalization. However, this perhaps should not have been so

unexpected given previous observations that CTL responses are

similar between blood and gut compartments [40]. Our data do

still support CTL as the main driving force of adaptive evolution

overall with the amount of selection correlating with CTL

responses. Although the breadth and magnitude of the CTL

response is the same in gut and the peripheral blood as

enumerated by IFN-c ELISpot, it may be that the quality or

efficacy of the CTL response in the gut may be different if more

parameters of CTL function were measured. However, two studies

examining multiple functions of CTL including cytokine secretion,

degranulation and killing, did not find any significant difference

between blood and gut mucosal CTL[41,42]. Musey et al.

reported that CTL clones from blood and mucosa (rectum,

cervix, and semen) had similar ability to lyse infected cells in vitro,

but there may be additional factors in vivo that affect CTL function

in different tissue compartments [41]. Ferre et al. compared

cytokine secretion and degranulation functions of HIV specific

CD8+ cells from blood and rectal mucosa and found no significant

difference in function between blood and gut CTLs except in the

case of elite controllers, who had more functional gut CTLs [42].

Although the measurement of IFN-c secretion is not a compre-

hensive measure of CTL function, in this study of chronically

Figure 4. Comparison of CTL responses by CD8+ lymphocytes from PBMC and MMC from gut biopsy specimens. HIV-specific CTL
responses were mapped by IFN-gamma ELISpot using expanded CD8+ lymphocytes and pools of Clade B consensus peptides covering the entire HIV
proteome. CTL mapping was performed twice with blood and gut biopsy specimens collected on separate visits about 2 weeks apart. A.) ELISpot
results showing the mean number of Spot Forming Cells (SFC) per million CD8+ cells for each of the 53 peptide pools. Subject 160 is representative of
the 2 subjects with discordant responses in blood and gut. Subject 542 is representative of the remaining 6 subjects with concordant responses. B.) X-
Y scatter plot of mean blood vs. gut CTL responses for the same subjects as in A. Regression lines and R2 values are shown. The p-value for the
positive concordance seen for subject 542 is ,0.001. See Table 3 for a summary of all correlation coefficients and p-values for each subject.
doi:10.1371/journal.pone.0075620.g004

Table 3. Concordance of Gut vs. Blood CTL responses.

Subject number Correlation coefficient a p value

160 0.1189 0.396

542 0.8322 1.142 E-14

608 0.7069 3.283 E-09

648 0.8393 4.163 E-15

650 0.8762 8.485 E-18

674 0.8614 1.268 E-16

677 0.0467 0.739

712 0.7992 7.267 E-13

aPearson coefficient, R, calculated using regression analysis with
least-squares fit. Total IFN-gamma SFC from blood and gut were compared.
doi:10.1371/journal.pone.0075620.t003
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infected individuals it is likely a useful surrogate marker to

enumerate HIV-specific CTL responses.

Although we conclude that differential CTL selective pressure

does not account for nef quasispecies compartmentalization, one

subject proved to be an exception. Subject 160 did have evidence

of differential CTL targeting together with sequence and

functional compartmentalization. This subject had different

epitope targeting in gut and plasma and very different sequences

Figure 5. Measures of selective pressure on blood and gut nef quasispecies. A.) The global non-synonymous to synonymous substitution
rate ratio (dN/dS) with 95% confidence intervals (CI) was calculated for all 234 sequences in the dataset, all gut-derived sequences, all plasma-derived
sequences, and for all individual pairs of gut and plasma sequences. The range of the 95% CI for the dN/dS estimate for all sequences is highlighted in
grey so that those estimates with a 95% CI entirely outside this range (542 gut, 648 gut and plasma, 650 gut) can be easily identified. B.) The diversity
among all sequences from plasma and gut as well as among blood and gut isolates from each subject was calculated with a s.e.m. from 500
bootstrap replicates. The difference in diversity between plasma and gut sequences was evaluated with a two-tailed t test and pairs with significant
differences are marked with a bar with the p-value indicated above it.
doi:10.1371/journal.pone.0075620.g005

Figure 6. Amount of selective pressure correlates with the CTL response regardless of location. Regression analysis shows a statistically
significant correlation between the total mean number of SFC and the estimated global dN/dS from all samples, both blood and gut, for each subject
(A). The correlation between CTL and dN/dS from all samples is more significant if only Nef-specific SFCs are considered (B). Finally, there is a
significant correlation between the total mean number of SFCs and the number of positive peptide pools (C).
doi:10.1371/journal.pone.0075620.g006

Nef Compartmentalization in the Gut
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in the two compartments with significant differences in diversity

and divergence from consensus B. There were several positively

selected sites exclusively in plasma isolates associated with

significant differences in function; gut isolates were fully functional

and plasma isolates, non-functional. Although it was our original

hypothesis that CTL selective pressure would lead to compart-

mentalization of Nef sequence and function, this situation proved

to be the exception. This was a small study but still achieved

statistically significant correlations indicating that generally

differential CTL selective pressure did not drive Nef compart-

mentalization within gut mucosa.

Studies of compartmentalization must first exclude sampling

bias leading to a false positive determination of compartmental-

ization. Sampling bias due to the very small size of the gut biopsy

containing a limited number of infected cells is a significant

concern. To control for this possible confounding effect in this

study sequences were obtained from multiple different biopsies

taken 2 weeks apart. Sequences from the gut from the 2 times

points did not form significant independent clusters, rather they

were intermingled, suggesting that there was not false positive

detection of compartmentalization. Another possible cause of

false-positive detection of compartmentalization may be the

presence of a population of quasispecies with very low diversity,

i.e. – very similar sequences, within the tissue. In their study of

genital mucosa isolates Bull et al. reported compartmentalization

appeared to be due to low-diversity monotypic populations

isolated from mucosa, but this population was not significantly

different than peripheral sequences [43]. This was not the case

with our subjects where only 2 of 8 had significantly lower diversity

in the tissue compartment. In one case, subject 674, there was

actually a significant increase in diversity in gut isolates relative to

the plasma isolates. Although several subjects had evidence of

some monotypic subpopulations, i.e. multiple identical viral

sequences, these populations were observed in both gut and blood

isolates and in no case did these monotypic populations constitute

the entire population from a particular site. Subject 712 did have

evidence of low-diversity, monotypic populations in both gut and

blood isolates, and although these populations appeared to be

separate clusters in the phylogenetic analysis, compartmentaliza-

tion was rejected by all criteria demonstrating the rigorous

standard used for determine compartmentalization in this study. It

is also worth noting that with the use of total RNA from the gut

biopsies it is not possible to distinguish between virion-derived

RNA and intracellular viral RNA. If the intracellular RNA

transcripts represented a disproportionate amount of the quasis-

pecies sampled from the gut, then a lower diversity would be

expected in gut relative to plasma isolates since the transcripts are

all copies from a single genome. However, there is no clear trend

for lower gut diversity and several samples have higher diversity in

gut relative to plasma. Although it does not appear that the use of

both intracellular and cell-free RNA as the source gut-derived

sequences has affected the diversity of the quasispecies, it is not

possible formally to exclude confounding effects on compartmen-

talization without separating cell-free viral RNA from the gut

biopsies for sequencing.

Previous studies of HIV compartmentalization within the gut

have come to different conclusions. Using env sequences isolated

from proviral DNA from peripheral CD4+ and GALT CD8+ -

depleted cells from individuals fully suppressed on antiretroviral

therapy Chun et al. reported what they refer to as cross-infection

between blood and GALT [31]. They observed little significant

change in diversity and multiple migration events between blood

and GALT consistent with the conclusion that there is no distinct

compartmentalization in aviremic individuals. Similarly, Imamichi

et al. also studied env sequences from paired blood and gut

specimens but from both viremic and aviremic individuals, and

they also concluded there was no compartmentalization within the

gut [44]. However, van Marle et al. reported significant

compartmentalization within the gut when using nef sequences

isolated from virmeic subjects, similar to what we report here [25].

One likely explanation for the discrepancy of these results is simply

that different viral proteins are subject to different structural and

functional constraints that shape their evolution within a particular

environment. Borderia demonstrated that the degree of tissue

compartmentalization is different for gag and pol coding regions

[45]. Given that the amount of positive or purifying selection

varies for the different HIV proteins, with Nef generally being

under strong purifying selection and Env being under positive

selection [46], it may not be so surprising that these two proteins

evolve differently within the gut microenvironment. Conclusions

about compartmentalization should be viewed with the under-

standing that viral proteins will each adapt according to their own

particular structural and functional constraints. Ultimately, it is

important is to consider the functional consequences of local

adaptation and not merely the genetic differences between viral

isolates in different tissue compartments as small changes in

sequence, too small to change the phylogeny, may still be enough

to have significant effects on function.

It is important to consider that compartmentalization may be

due to differential selective pressure and/or restricted migration

between compartments. Although both factors likely play a role in

evolution in tissue compartments, the relative balance of these

factors may be different. For example, in the case of the CNS

restricted migration likely plays a much larger role in compart-

mentalization compared to the gut. However, in both the gut and

the CNS it is likely that Nef compartmentalization is driven by

adaptation to selective pressures within the local environment such

as availability and permissiveness of CD4+ target cells [22]. The

recently published observation that compartmentalization within

the female genital track was observed in a cross-sectional study but

not longitudinally within individuals supports the idea that

compartmentalization may be driven more by ongoing adaptation

to local selective pressures and less by restricted trafficking of virus

[47]. Over time the population of viruses within a tissue

compartment may change, but at any particular moment the

population within a compartment such as genital or gut mucosa or

CNS may be specifically adapted to local selective pressures, which

are distinct from selective forces affecting viruses circulating in the

peripheral blood. Our results are not inconsistent with a model of

compartmentalization that may be more fluid and transient with

the virus quickly adapting as it traffics through a compartment. A

longitudinal study would be required to determine whether this is,

in fact, the case.

Nef, which has no intrinsic enzymatic activity, has a structure

particularly well suited for rapid optimization of its functions with

a structured core surrounded by flexible loops that bind numerous

cellular factors [48,49]. Results of recent crystal structures of Nef

indicate that it alters its structure depending on its binding partner

allowing for the independent optimization of function depending

on the local microenvironment [50,51]. Its flexible structure

underlies Nef’s functional plasticity, and it is not difficult to see

how small changes in sequence may affect Nef’s function. The

trade off between functions by Nef has been well supported with

different levels of function at different stages of disease with well-

preserved function during transmission/acute infection and near

complete loss of function by end-stage disease but variable

function during chronic infection [14,15,16]. The most obvious

difference in Nef function in this study is the loss of CD4
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downregulation by the gut quasispecies. This loss of function was

not clearly associated with a single common mutation pathway as

the differences between functional and non-functional quasispecies

were largely sporadic polymorphisms and not in the previously

identified functional motifs. This seems to indicate that Nef’s

adaptation may take diverse pathways and may require more than

one change. In this cross-sectional study it is uncertain whether

this is a cause or effect of compartmentalization. It may be that

other accessory proteins such as vpu, which also downregulates

CD4, compensate for this loss of function by Nef freeing up Nef to

optimize other functions such as increasing infectivity, T cell

activation or viral replication [7]. Work is ongoing to examine

these other functions of Nef within the gut mucosa.

Previously we reported a significant correlation between CTL

breadth and preservation of Nef-mediated MHC Class I

downregulation by plasma quasispecies demonstrating Nef’s

adapatation to CTL pressure [16]. In the current study

correlations between CTL responses and Nef function did not

achieve statistical significance, however, there was a trend

(p = 0.07) for a decrease in MHC Class I downregulation

correlating with a higher ratio of Nef:non-Nef positive pools. It

is likely this did not reach significance both because CTL

responses were not mapped to the level of individual peptides

hence an accurate number of CTL responses was not known and

because the vast majority to isolates in this study had largely

preserved the ability to downregulate MHC Class I with very little

distribution of the data.

The gut is increasingly gaining attention for it’s potential role in

HIV-1 persistence, as it remains a reservoir of viral replication

despite fully suppressive antiretroviral therapy [31,32]. The results

presented here indicate that the gut microenvironment promotes

selection of a functionally distinct population of viruses, but that

CTL, although still the main driver of viral evolution in general,

did not appear to be the driving force for compartmentalization.

Nef demonstrates genetic and functional compartmentalization

within gut mucosa demonstrating its functional plasticity and

remarkable adaptability, which may be influenced by factors in

addition to CTL responses such as target cell availability. It

appears that Nef’s adaptation to the local selective pressures in the

gut occurs quickly as there is no evidence of significantly restricted

trafficking of CTL or infected cells or virions in and out of the gut

mucosa compartment as compared to the central nervous system

(CNS). It is not known how compartmentalization within gut

mucosa may relate to HIV’s persistence in the gut despite cART.

Given our finding of a functionally distinct nef quasispecies

population in gut and the central roles both Nef and the gut

play in pathogenesis it will be important to further investigate Nef’s

role in persistent infection in the gut despite cART.

Materials and Methods

Ethics statement
All subjects provided written informed consent according to a

protocol approved by the UCLA Institutional Review Board. We

confirm that this study was specifically approved by the UCLA

Institutional Review Board.

Subject selection and specimen collection
Informed consent was obtained from 8 HIV-1-seropositive

individuals not on antiretroviral therapy for at least 12 months

through a University of California, Los Angeles, Institutional

Review Board-approved study protocol. Peripheral blood and

mucosal samples were collected on two consecutive visits 2 weeks

apart. Peripheral blood mononuclear cells (PBMCs) were isolated

according to a standard Ficoll method. Colonic mucosal mono-

nuclear cells (MMCs) were isolated from multiple tissue biopsies

obtained by flexible sigmoidoscopy at approximately 30 cm from

the anal verge as previously described [52]. Briefly, tissue-

infiltrating lymphocytes were obtained by a combination of

collagenase digestion and physical disruption. Typically, this

procedure yielded between 2 – 5 million viable CD3+ T

lymphocytes per 17 biopsy samples [53]. Nonspecific polyclonal

expansion of CD8+ lymphocytes from both PBMCs and MMCs

was performed using CD3:CD4-bispecific monoclonal antibodies

as previously described [54]. This procedure produced approxi-

mately 206106 cells.

Viral isolation and nef quasispecies amplification
Viral RNA was isolated from 1 mL of plasma using the

UltraSense Viral Isolation kit (Qiagen) according to the manufac-

turer’s protocol. Total RNA was isolated from at least 2 tissue

biopsies from the 2 study visits using a modified TriZol

(Invitrogen) extraction protocol as previously described [55]. Note

that use of total RNA from the biopsy does not allow for an

assessment of whether the RNA is from free virions or

intracellular. Total nef quasispecies were amplified by a two-step

RT-PCR using SuperScriptIII RT kit (Invitrogen) and the high-

fidelity polymerase Pfusion (New England Biolabs) with primers

and cycle conditions as previously published [38]. Multiple PCRs

were performed on each sample then pooled together prior to

cloning.

Cloning and reporter virus production
Bulk nef amplification products were cloned into plasmid

AA1305#18, an NL4-3-based proviral vector into which the

reporter gene murine CD24 has been inserted into vpr and

portions of vpu and env also known to contribute to CD4

downregulation have been deleted, as previously described [37].

293T cells were co-transfected with the AA1305 proviral contructs

and a Vesicular Stomatitis Virus glycoprotein (VSVg)-encoding

construct to produce pseudotyped recombinant reporter viruses.

Cloning efficiencies of 85% or higher were confirmed by plating a

portion of the cloning mix and selecting 10–12 colonies to check

for the proper restriction digest pattern. Preservation of the

diversity of the quasispecies mixture after cloning and virus

production was assessed by sequencing virus stocks and quanti-

fying polymorphic positions by examination of electropherograms.

Sequencing and sequence analysis
Multiple individual clones for each sample were isolated and

sequenced. Sequences were aligned with NL4-3 nef and the Los

Alamos National Laboratory (LANL) HIV-1 database Clade B

Consensus nef then manually edited by toggling the amino acid

translation using the program BioEdit. All sequences were

examined for G to A hypermutation using Hypermut 2.0 from

the LANL HIV-1 database tools. Sequences were examined for

evidence of recombination using SimPlot and Bootscan [56].

Sequences with non-intact reading frames due to frame shift or

non-sense mutations were excluded prior to the analysis for

adaptive evolution. Phylogenetic trees were constructed with

neighbor-joining (NJ) and maximum likelihood (ML) algorithms

using PHYLIP 3.64 [57]. The neighbor-joining tree was statisti-

cally evaluated with 1000 bootstrap replicates. In addition to

determining independent clustering of gut and plasma isolates, the

Slatkin Maddison (SM) number of migrations [35] and Simmonds

Association Index (AI) [36] tests for compartmentalization as

implemented in HyPhy [58] were performed. The probability

value for the SM test was set at .90%. Sequence diversity within
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the quasispecies swarm and overall divergence from Clade B

consensus sequence were determined using the program

SENDBS with the Hasegawa model + gamma and standard

errors estimated from 500 bootstrap replicates. All of the

following analyses were performed using HyPhy. The program

MODELTEST was used to determine the best fitting model for

the data was HKY85. The global dN/dS ratio along with its 95%

confidence intervals were estimated after building and optimizing

the maximum likelihood function for both gut and plasma

sequence data sets. Individual amino acid positions with evidence

of adaptive evolution were identified by three separate methods,

ancestor counting (SLAC), relative-effects likelihood (REL), and

fixed-effects likelihood (FEL). A site was considered to be

adapting under differential selective pressure if that site was

identified by at least 2 of 3 methods with a significance level of at

least 95% and was only identified in one of the two compartments

(gut or plasma). Additionally, only those sites with a dN/dS

significantly . and , 1 were considered positive. Sequence

accession numbers KF313570-KF313803.

ELISpot mapping
Gamma Interferon (IFN-c) enzyme-linked immunospot (ELI-

Spot) assay was performed with expanded CD8+ PBMC and

expanded CD8+ MMC as previously described [53]. Briefly,

CD8+ T lymphocytes were plated at 26105 to 36105 cells/well

and exposed to a library of HIV-1 peptides (consecutive 15-mers

overlapping by 11 amino acids) spanning all HIV-1 proteins,

obtained from the NIH AIDS Research and Reference Reagent

Repository (all clade B consensus sequences with the exception of

Env). Peptides were screened in 53 pools of 12 to 16 peptides

each and added to the wells at a final concentration of 5 mg/ml

for each individual peptide. Individual IFN-c -secreting cells

(spot-forming cells [SFC]) were counted using an automated

ELISpot counting system (Cellular Technologies Limited, Cleve-

land, Ohio). Assays were performed twice with samples collected

2 weeks apart. Assays with a negative control background mean

of less than 100 SFC/106 cells were considered valid. A positive

response was defined as a mean being higher than four times the

mean of the negative controls or at least 10 SFC/106 cells,

whichever was higher.

Measuring CD4 and HLA downregulation
As previously described [37], CEM T1 cells were infected with

VSVg pseudotyped reporter viruses carrying gut- or plasma-

derived nef quasispecies or the following control nef alleles; ‘‘wild

type’’ NL4-3, M20A Nef specifically deficient in MHC Class I

downregulation [59], LL.AA Nef specifically deficient in CD4

downregulation [60], and Delta Nef. Note that we have

previously determined that measuring function of the bulk

quasispecies yields results comparable to measuring multiple

individual clones[37]. On day 3 post-infection 26105 cells were

stained with anti-murine CD24/HSA-FITC (BD Pharmingen),

anti-human CD4-APC (BD Pharmingen) and anti-human HLA

A*02-PE (ProImmune). At least 56104 live cells were counted

using a FACScan flow cytometer, and data were analyzed using

CellQuest software (Becton Dickinson). Maximum levels of HLA

A*02 and CD4 were determined using the Delta Nef mutant. All

infections and flow cytometry were performed in triplicate.

Significant differences from NL4-3 Nef or between pairs of gut

and plasma samples were determined using a two-tailed t test

with unequal variance.

Statistical Analysis
Analysis for concordance of CTL responses in blood vs. gut and

for Nef function by blood vs. gut quasispecies was performed by

calculating the Pearson correlation coefficient (R) and regression

analysis with least squares fit method. Analysis for correlations

between the following pairs of observations was performed by

using regression analysis: 1.) Nef function vs. CTL magnitude, 2.)

Nef function vs. CTL breadth, 3.) Nef function vs. dN/dS, 4.) Nef

function vs. total number of positively- or negatively-selected sites,

5.) Nef function vs. Diversity, 6.) CTL magnitude vs. dN/dS, and

7.) CTL breadth vs. dN/dS.

Supporting Information

Figure S1 Maximum likelihood phylogenetic tree of
plasma and gut-derived nef quasispecies. 234 full-length

nef sequences were aligned with consensus B and NL4-3. A

maximum likelihood tree was constructed and rooted with

consensus B Nef. All clusters with significant bootstrap support

in the NJ tree were also significant in the ML tree. Sequences from

gut are indicated with black; plasma, grey.

(TIF)

Figure S2 Bootscanning plot shows recombination
between gut and plasma sequences in subject 160. The

consensus of all gut sequences was compared with individual

plasma sequences. Bootscanning with a window size of 80nt and a

step size of 10nt shows 2 regions with significant bootstrap support

(.70%) for recombinant segments within the gut consensus. The

first segment from nt 1-60 is a recombinant with plasma clone7,

and the second segment from nt 475- 575, with plasma clone 4.

(TIFF)

Figure S3 Downregulation by individual clones from
subject 650 indicates two different functional popula-
tions in the gut. Unfortunately preservation of quasispecies

diversity during cloning and virus production could not be

confirmed for subject 650. Therefore individual clones were

tested for the ability to downregulate MHC Class I (black bars)

and CD4 (grey bars). Levels of of HLA-A*02 and CD4 were

measured by flow cytometry 3 days after infection of CEM T1

cells with viruses encoding individual plasma- or gut-derived Nef

(plasma 1 and 2, gut 1 and 2) or control viruses carrying NL4-3

Nef, Nef LL.AA specifically deficient in CD4 downregulation,

and Nef M20A specifically deficient in MHC Class I downreg-

ulation. Percent downregulation was determined using Delta Nef

and isotype controls. Shown are the average results of 3 separate

infections.

(TIFF)

Figure S4 Subject 677 has discordant CTL responses in
PBMC vs. MMC. HIV-specific CTL responses were mapped by

IFN-gamma ELISpot using expanded CD8+ lymphocytes and

pools of Clade B consensus peptides covering the entire HIV

proteome. CTL mapping was performed twice with blood and gut

biopsy specimens collected on separate visits about 2 weeks apart.

ELISpot results showing the mean number of Spot Forming Cells

(SFC) per million CD8+ cells for each of the 53 peptide pools.

Subject 677 had significantly more and higher magnitude

responses from PBMC compared to MMC.

(TIF)

Figure S5 Only subject 160 had a significant difference
in divergence from Consensus B between plasma and
gut sequences. The divergence of plasma and gut sequences

from Consensus B was calculated along with a s.e.m. from 500
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bootstrap replicates. The difference in divergence between plasma

and gut sequences was evaluated with a two-tailed t test and pairs

with significant differences are marked with a bar with the p-value

indicated above it.

(TIF)

Figure S6 Number of individually selected sites in
plasma and gut sequences. Individual amino acid positions

with evidence of adaptive evolution were identified by three

separate methods, and a site was considered to be adapting

under differential selective pressure if that site was identified by

at least 2 of 3 methods with a significance level of at least 95%

and was only identified in one of the two compartments (gut or

plasma). Additionally, only those sites with a dN/dS significantly

. and , 1 were considered positive. Subject 650 gut sequences

had the highest number of site under purifying selection, while

several samples (160gut, 542 plasma, 608 gut and plasma, 712

gut and plasma) had no sites undergoing significant adaptive

evoltion.

(TIF)
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