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Abstract

As HIV-1 evolves over the course of infection, resistance against antiretrovirals may arise in the absence of drug
pressure, especially against receptor and fusion blockers because of the extensive changes observed in the
envelope glycoprotein. Here we show that viruses from the chronic phase of disease are significantly less
sensitive to CCR5 receptor and fusion blockers compared to early infection variants. Differences in susceptibility
to CCR5 antagonists were observed in spite of no demonstrable CXCR4 receptor utilization. No significant
sensitivity differences were observed to another entry blocker, soluble CD4, or to reverse transcriptase, protease,
or integrase inhibitors. Chronic as compared to early phase variants demonstrated greater replication when
passaged in the presence of subinhibitory concentrations of fusion but not CCR5 receptor inhibitors. Fusion
antagonist resistance, however, emerged from only one chronic phase virus culture. Because sensitivity to
receptor and fusion antagonists is correlated with receptor affinity and fusion capacity, respectively, changes
that occur in the envelope glycoprotein over the course of infection confer greater ability to use the CCR5
receptor and increased fusion ability. Our in vitro passage studies suggest that these evolving phenotypes
increase the likelihood of resistance against fusion but not CCR5 receptor blockers.

Introduction

It has been hypothesized that as HIV-1 evolves within an
infected host, resistant variants can emerge in the absence

of antiretroviral pressure.1 Indeed, studies have observed
polymorphisms at sites that confer resistance among subjects
who have not received antiretroviral drugs.2–7 Modifications
that confer antiretroviral resistance often impart replicative
fitness costs, and as a result, viruses with such changes may
not persist in the absence of antiretroviral pressure.8–12

However, a number of antiretroviral resistance mutations
confer minimal replicative disadvantage, which provides a
basis for their persistence in the absence of drug.13 The pres-
ence of low-frequency variants with drug resistance poly-
morphisms has been associated with greater risk of treatment
failure.14

Minority drug-resistant variants are more likely to exist
during the chronic as opposed to acute phase of infection.
Most newly infected subjects harbor a limited number of viral
species immediately after HIV-1 acquisition.15 Thus, if drug-

resistant variants are not acquired, it is unlikely they will be
circulating during acute infection. Over the course of infec-
tion, HIV-1 diversifies into a swarm of variants, termed qua-
sispecies, which may contain low-frequency drug-resistant
isolates.1,16 As a result, the potential for treatment failure
theoretically increases if therapy is instituted during chronic
as opposed to early phase disease because of the de novo
evolution of drug-resistant variants. This premise, however,
has never been directly tested because in most subjects,
treatment is initiated without knowledge about the duration
of infection.

Other phenotypic changes may also predispose to higher
risk for treatment failure during the chronic as compared to
the early stage of HIV-1 infection. For instance, during the
acute phase of disease, most viruses utilize the CCR5 receptor
and over time, the virus can evolve to use the CXCR4 recep-
tor.17–20 Thus, the presence of CXCR4 using viruses will ren-
der CCR5 receptor blockers mostly ineffective during the
chronic phase of disease. In addition to receptor usage chan-
ges, HIV-1’s sensitivity to various antiretroviral drugs
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changes over time. We and others have shown that over the
course of infection, envelopes have decreased sensitivity to
CCR5 receptor and fusion inhibitors,21–25 although this has
not been a universal observation in all subjects.26 Given the
extensive changes observed in both the envelope and poly-
merase gene, it remains unclear if the sensitivity changes are
observed only for entry blockers or also against other drugs
from different antiretroviral classes.2,27

Drug resistance may also emerge more frequently among
chronic as opposed to early infection variants because longi-
tudinal sensitivity changes may affect replication in the pres-
ence of subtherapeutic drug concentrations. In vivo, resistance
has been documented against all current antiretroviral drugs.28

All anti-HIV-1 drugs, except coreceptor antagonists, can be-
come ineffective as a result of specific single point mutations
within the viral genome. In vivo resistance against the CCR5
receptor inhibitors requires a set of genetic modifications, ra-
ther than a single canonical change.29,30 Although single point
mutations can emerge due to random reverse transcriptase
errors, de novo drug resistance primarily arises because of
continued replication while on antiretroviral therapy. As a re-
sult, replication capacity in the presence of drug serves as a
potential surrogate marker for future drug resistance evolution.
Thus, in addition to the increasing viral diversity, longitudinal
sensitivity changes may be another factor important in the
emergence of drug resistance.

In this study, we compared sensitivity to a diverse panel of
drugs among early and chronic infection variants from sub-
jects with well-defined duration of infection. We also exam-
ined replication capacity and emergence of drug resistance
among early and chronic infection variants passaged in the
presence of subtherapeutic drug concentrations. We found
that over time, HIV-1 becomes less sensitive to fusion and
CCR5 receptor blockers. This decreased sensitivity impacts
replication in the presence of fusion but not receptor blockers.
Our results suggest that longitudinal sensitivity changes have
the potential to impact treatment success with fusion but not
necessarily CCR5 receptor blockers.

Materials and Methods

Subjects

All subjects examined were from the AIDS Linked to the
IntraVenous Experience (ALIVE) cohort, which follows HIV-1-
uninfected and HIV-1-infected injection drug users in Baltimore,
Maryland through semiannual visits.31 HIV-1 seroconverters
were identified through serological testing of longitudinal sam-
ples. The seroconversion date was estimated as the midpoint
between the last HIV-1-seronegative visit and the day the first
HIV-1-seropositive sample was obtained. We identified 30 an-
tiretroviral-naive subjects in whom peripheral blood mononu-
clear cells (PBMCs) were available from around 3 months and
around 2–3 years after estimated HIV-1 seroconversion.

The study was approved by human subjects review boards
at Johns Hopkins University, Bloomberg School of Public
Health, and Brigham and Women’s Hospital; all participants
provided informed written consent.

Viruses

Each subject’s early and chronic infection PBMCs were
cocultured with HIV-1-negative PBMCs. Viral supernatants

were collected within 10 days after infection. DNA was iso-
lated from each PBMC sample using the QIAmp DNA Blood
Midi Kit (Qiagen). Bulk PCRs were used to amplify full-length
envelope genes from both the early and chronic infection
PBMC DNA sample as described previously.29,32 Amplified
products from a minimum of four independent PCRs were
combined to minimize resampling bias. A modified yeast
gap-repair homologous recombination method was used to
incorporate the envelope products within the NL4-3 clone as
previously described with minor modifications.21,33,34 First,
the full-length HIV-1 clone NL4-3 from pNL4-3 was incor-
porated into the multiple cloning site (MCS) of pRS315 (New
England Biolabs).

Briefly, oligonucleotides 5¢- CTATAGGGCGAATTGGAG
CTCTACTTACACCAGGAAAGGCGCTACTTCTAGATGT
ACT-3¢ and 5¢- GGAACAAAAGCTGGGTACCGTGCAAC
CTCTACCTCCTGGGCGTACATCTAGAAGTAGC-3¢ were
used as templates in overlap PCR with primers 5¢-CTATA
GGGCGAATTGGAGCT-3¢ and 5¢-GGAACAAAAGCTGGG
TACCG-3¢. The resulting PCR product was inserted into XbaI-
digested pRS315 using yeast gap-repair homologous recom-
bination. Transformed yeast were selected in leucine dropout
media. This newly engineered pRS315 was digested with XbaI
and combined with AatII-digested pNL4-3 to transform and
select yeast in leucine dropout media. Plasmids with NL4-3
within the MCS of pRS315 (pRS315-NL4-3) were confirmed
by restriction digestion.

Second, the URA3 gene was amplified from pRS316 (New
England Biolabs) using primers AGTCCCTGTTCGGGCGC
CAGGTATTTCACACCGCAGGG and ACGACTCACTATA
GGGCGAAAGATTGTACTGAGAGTGCAC. The under-
lined segments highlight portions homologous to primer
binding site (PBS) and sequences immediately upstream from
the 5¢ long terminal repeat (LTR), respectively. The NL4-3 5¢
LTR to PBS sequence was replaced with this URA3 PCR
product by transforming yeast with linearized pRS315-NL4-3
and the URA3 PCR product, and selecting on CMM plates
lacking leucine and uracil to generate pRS315-NL4-3D5¢ end.
The CMV immediate early promoter was amplified from
pCDNA3 (Invitrogen) using primers AGTCCCTGTTCGG
GCGCCACTCGGTACCAAGCTTGGGTC and ACGACTCA
CTATAGGGCGAACGATGTACGGGCCAGATATAC; the
underlined portions overlap with PBS and pRS315 sequences
as above. Yeast were transformed with linearized pRS315-
NL4-3D5¢ end and the CMV promoter PCR product and
selected on plates containing 5-fluoro-1,2,3,6-tetrahydro-2,
6-dioxo-4-pyrimidine carboxylic acid (FOA) but lacking leucine
to generate a plasmid incorporating NL4-3 sequences from
PBS to the 3¢ LTR and CMV promoter immediately upstream
of PBS, pCMV-NL4-3-PBS/LTR. Within pCMV-NL4-3-
PBS/LTR, the NL4-3 envelope gene was replaced with
URA3 PCR product, which was amplified with the primers
AGAAAGAGCAGAAGACAGTGGCAATGATTAATTAAA
CCACCTTTTCAATTCATC and TTTTGACCACTTGCCAC
CCATGGTATTTCACACCGCAGGG from pRS316. The un-
derlined portions correspond to primer sequences used to
amplify full-length envelopes from subject samples, and the
sequences in italics contain a PacI restriction site. Different
full-length envelopes were shuttled into NL4-3 plasmid by
transforming yeast with pCMV-NL4-3-PBS/LTRDGp160
linearized with PacI and amplified full-length envelope PCR
products from subject PBMC samples. All recombinant NL4-3

SENSITIVITY CHANGES AND RESISTANCE TO ENTRY INHIBITORS 1585



clones containing a subject’s envelope genes were pooled to
generate a library of envelopes (pCMV-NL4-3-PBS/LTR +
Envs).

PCR product containing yeast centromere sequence
(CEN6), an autonomously replicating sequence (ARSH4), and
the LEU2 gene was amplified from pRS315 as described pre-
viously.33 This PCR product was inserted into the MCS of
pcDNA3 (Invitrogen) to generate pCDNA3-Leu. The HIV-1
NL4-3 fragment from 5¢ LTR to around 700 gag base pairs was
generated using primers GGTAGGCGTGTACGGTGGGAG
GTCTATATAAGCAGAGCTCGTTTAGTGAACCGACAAG
AAATCCTTGATCTG and GGCTGATCAGCGAGCTCTAGC
ATTTAGGTGACACTATAGAATAGTGCTATGTCACTTCC
CCTTGGTTCTCTC; the underlined portions correspond to
pCDNA3 sequences. The italic portion of the primer is
homologous to the beginning of the NL4-3 5¢ LTR and gag
sequences, respectively. Yeast were transformed with linear-
lized pCNA-Leu and the NL4-3-gag PCR product and se-
lected on leucine media to generate CMV-NL4-3-LTR/Gag4.
All yeast transformation were done with 33% PEG3350,
100 mM lithium acetate, and 0.28 lg/ll salmon sperm DNA.
TOP10F E. coli (Invitrogen) were transformed with plasmids
rescued from yeast to generate larger quantities of the plas-
mid. Incorporation of the different envelopes within NL4-3
was confirmed by sequence analysis. Replication-competent
recombinant viruses were generated by cotransfecting 293T
cells with equivalent quantities of CMV-NL4-3-LTR/Gag4
and the library of recombinant NL4-3 with the subject’s en-
velopes (pCMV-NL4-3-PBS/LTR + Envs). Supernatants
were collected 48 to 72 h after transfection, and the number of
infectious particles (IP) was assessed on TZM-bl cells as pre-
viously described.21

Inhibitor sensitivity

TZM-bl, U87/CD4/CXCR4 and U87/CD4/CCR5 cells,
zidovudine, lopinavir, efavirenz, raltegravir, TAK779, T-20,
maraviroc, and soluble CD4 were obtained through the NIH
AIDS Research and Reference Reagent Program.35,36 Infection
of TZM-bl cells in the absence and presence of 2-fold serial
dilution of the inhibitor was used to estimate the 50% inhib-
itory concentration (IC50) as previously described.21 Cor-
eceptor usage was determined by monitoring p24 production
in U87/CD4/CXCR4 and U87/CD4/CCR5 cells infected
with 500 IP of each virus supernatant.

In vitro passaging in the presence and absence of drug

Viruses were passaged on PBMCs from HIV-1-negative
donors in the presence of increasing concentrations of mar-
aviroc or T-20. PBMC cultures at a concentration of 2 · 106

cells per milliliter were maintained in RPMI 1640 media
containing glutamine, 10% fetal calf serum (FCS), and inter-
leukin-2 (IL-2). About 5000 IP of each virus was adsorbed to
10 · 106 cells for 2 h prior to adding additional culture media.
Drug was added after infections were established, generally 2
days after infection. Initial maraviroc and T-20 concentrations
were around 1 nM and 0.005 lg/ml, respectively. Culture
drug concentration was doubled approximately twice a week.
Cultures were monitored for viral replication twice a week
using an in house p24 antigen assay as previously described.37

The cultures were fed weekly with fresh phytohemagglutinin
(PHA)-stimulated donor PBMCs. Cultures were also main-

tained without any drug to monitor virus replication on PBMCs.
Days since infection were plotted against p24 values and the
area under the curve was estimated in Prism5 (version 5.02).

Statistical analysis

Antiretroviral sensitivity, replication, and resistance char-
acteristics of early infection viruses were compared to the
chronic phase variants using the Wilcoxon matched-pairs
signed-rank test. All p-values were based on a two-sided test.
All statistical analyses were done with Intercooled Stata ver-
sion 8.0 (Stata Corporation, College Station, TX).

Results

Sensitivity to various antiretrovirals

Virus was successfully expanded from 35 of the 60
PBMC samples, but both the early and the chronic infection
PBMC sample yielded infectious virus stocks in only 12 sub-
jects. HIV-1 virus copy numbers were significantly higher
in the corresponding plasma for the PBMC samples that
yielded successful cultures (median 3.8 · 104, range 9.8 · 102

- 2.2 · 106 copies/ml) compared to the PBMCs from which
virus could not be expanded (median 3.6 · 103, range
4.0 · 102 - 6.5 · 104 copies/ml, p = 0.0002, Wilcoxon rank-
sum test). In the 12 subjects with chronic and early infection
virus stocks, PBMCs were collected a median of 4.1 months
(range 1.1–5.0 months) and 27.1 months (range 18–28.9 months)
after estimated seroconversion, respectively (Table 1). In
these 12 subjects, CD4 counts decreased from a median of
803.5 cells/ll at early infection to a median 508 cells/ll during
the chronic phase. HIV-1 plasma levels were also lower for the
chronic (median 3.2 · 104 copies per ml) as compared to the
early (median 9.3 · 104 copies per ml) infection sample. All
assays were performed with the coculture supernatants that
demonstrated infectious virus on TZM-bl cells within 10 days
of culture. Early phase infection virus supernatant titers
(median 46, range 10–2150 IP/ll) were not significantly dif-
ferent from the chronic stage virus stock titers (median 196,
range 10–2203 IP/ll, p = 0.9).

Early infection viruses demonstrated approximately 5-fold
lower IC50s (median fold change 4.8, range 2.2–7.0) to a fusion
inhibitor, T-20, compared to the chronic infection viruses
( p = 0.002) (Fig. 1A). Early infection viruses were also around
two times more sensitive (median fold change 2.2, range 1.5–
4.7) to CCR5 antagonist, TAK779, compared to HIV isolates
from the chronic phase of infection ( p = 0.003) (Fig. 1B). Early
and chronic infection virus supernatants, however, displayed
no significant difference in their sensitivity to a representative
compound from each of the four other different antiretroviral
classes (nucleoside reverse transcriptase, nonnucleoside re-
verse transcriptase, protease, and integrase inhibitors) (Fig.
1C–F). CCR5 and fusion inhibitors IC50s demonstrated a sig-
nificant monotonic association (r = 0.7, p = 0.0002, Spearman
rank correlation). Significant sensitivity differences among
early and chronic infection variants were observed with drugs
that prevent virus entry into cells but not with compounds
that inhibit reverse transcription, integration, or viral protein
cleavage. Similar differences, however, were not evident
among early and chronic infection variants with another entry
inhibitor, soluble CD4, which prevents the virus from binding
the CD4 receptor on target cells (Fig. 1G).
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Coreceptor usage

The presence of a higher percentage of viruses that can use
the CXCR4 receptor could be one potential explanation for the
observed significant differences in the sensitivity to TAK779
among early and chronic infection viruses because the dif-
ferential presence of CXCR4 utilizing variants could increase
the CCR5 inhibitor IC50s. All subjects’ viruses produced high
p24 levels in U87/CD4/CCR5 cells and none, except subject
A4 early and chronic infection variants, was able to replicate
in U87/CD4/CXCR4 cells (Table 1). Thus, coreceptor usage
variation does not account for the differences in sensitivity to
CCR5 inhibitors among early and chronic phase infection

variants. Because subject A4 viruses were able to utilize the
CXCR4 receptor, they were insensitive to the CCR5 antago-
nist, TAK779, even at high concentrations.

Generation of replication-competent recombinant
viruses

Virus stocks derived from PBMC passages may change the
proportion and types of viruses present in the original subject
sample.38 To examine inhibitor sensitivity changes over the
course of infection in the absence of in vitro passaging, we
constructed replication-competent recombinant viruses that
incorporated subjects’ early and chronic infection full-length

Table 1. Subject Demographics

Early infection Chronic infection

U87b U87

Subject
Interval

(months)a
Virus level
(copies/ml)

CD4 count
(cells/ml) CCR5 CXCR4

Interval
(months)a

Virus level
(copies/ml)

CD4 count
(cells/ml) CCR5 CXCR4

A1 4.2 94,947 439 1143 < 25 21.0 89,047 475 1124 < 25
A2 3.0 85,439 142 3428 < 25 21.4 30,996 144 3771 < 25
A4 5.0 2,158,680 342 2476 4999 24.5 79,094 293 2987 4976
A5 4.1 279,745 895 998 < 25 27.2 137,661 698 766 < 25
A8 4.1 346,923 780 1024 < 25 28.9 35,219 293 998 < 25
A10 4.7 53,998 827 1240 < 25 28.1 2,709 1103 1085 < 25
A17 4.9 40,634 1253 1098 < 25 20.9 20,995 541 995 < 25
A18 3.2 188,258 1231 847 < 25 27.0 12,299 574 956 < 25
A22 4.2 51,696 775 1987 < 25 27.7 32,334 448 2365 < 25
A23 4.9 56,189 1006 855 < 25 27.7 79,490 407 925 < 25
A26 1.1 90,967 1022 996 < 25 18.0 2,060 725 998 < 25
A27 4.1 152,472 480 887 < 25 27.1 17,668 548 989 < 25

aInterval between the estimated seroconversion date and day of sample collection.
bLevel of p24 antigen (pg/ml) in supernatants after 4 days of infection in either U87/CD4/CCR5 or U87/CD4/CXCR4 cells. Reference X4

virus (NL4-3) generated 4909 and < 12.5 pg/ml p24 in U87/CD4/CXCR4 and U87/CD4/CCR5 cells, respectively. Reference R5 virus (YU-2)
generated < 12.5 and 3789 pg/ml p24 in U87/CD4/CXCR4 and U87/CD4/CCR5 cells, respectively. In the p24 assay, the limit of detection
was around 25 pg/ml.

FIG. 1. Antiretroviral sensitivity changes among longitudinally collected viruses. Graph shows longitudinal change in
sensitivity to T-20 (A), TAK779 (B), AZT (C), efavirenz (D), lopinavir (E), raltegravir (F), and soluble CD4 (G). The y-axis
shows the IC50s, which represent mean values from two or more independent experiments with the error bars showing the
standard deviation. The x-axis shows the interval of time from the estimated date of seroconversion.
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envelope glycoproteins. For six subjects’ early and chronic
infection envelopes incorporated into NL4-3, the 293T-
derived virus stocks demonstrated relatively high virus titer
of greater than 10 IP/ml. In the remaining individuals, PBMC
passages were required to generate workable titers from the
293T transfections from one of the time points. Among the
293T-derived viruses, the chronic (median 0.26 lg/ml, range
0.03–0.49 lg/ml) as compared to early (median 0.09 ll/ml,
range 0.02–0.18 lg/ml, p = 0.03) infection envelopes displayed
significantly lower sensitivity to T-20 (Fig. 2A). In addition,
viruses with the chronic (median 5.3 nM, range 4.3–13.1 nM)
as compared to early (median 1.8 nM, range 0.9–5.1 nM,
p = 0.03) infection envelopes had significantly lower IC50

to another CCR5 inhibitor, maraviroc (Fig. 2B). Thus, the NL4-
3-based, nonpassaged recombinant viruses displayed longi-
tudinal sensitivity changes to CCR5 receptor and fusion
blockers similar to that observed among the PBMC coculture
virus stocks.

In vitro passage in the presence of subinhibitory drug

Decreasing sensitivity to CCR5 and fusion blockers among
chronic as compared to early phase variants suggests that as
the virus evolves over the course of infection, it may have
greater likelihood of developing resistance. To examine this
issue, we passaged the replication-competent recombinant
viruses in the presence of subinhibitory concentrations of ei-
ther maraviroc or T-20 (Figs. 3 and 4). Area under the p24
curve (AUC) was used to estimate replication over the entire
culture period. Compared to replication in the absence of
drug (AUC median 1128.5, range 526.4–10721) (shown in Fig.
3 only), viruses replicated significantly less efficiently in the
presence of maraviroc (AUC median 621.1, range 5.2–7359,
p = 0.002) (Fig. 3) and showed a trend toward lower replica-
tion in the presence of T-20 (AUC median 1444.0, range 319.6–
3310, p = 0.07) (Fig. 4).

Maraviroc-resistant viruses did not emerge from the in vitro
passaging of either the early or the chronic phase viruses by
the time cultures were stopped due to insufficient virus (Fig.
3). In subject A5, chronic phase virus appears to break through
around day 38 of culture, but no replication-competent virus
was detected after this point (data not shown). In the absence
of the emergence of resistant virus, we assessed whether early

versus chronic phase viruses replicated more efficiently in the
presence of maraviroc. As assessed by AUC, replication was
not significantly different between early (AUC median 1069,
range 793.2–7219) and chronic (AUC median 1191.5, range
526.4–10721, p = 0.9) envelope recombinant virus in the ab-
sence of drug. In addition, AUC was also not significantly
different among chronic (AUC median 621.1, range 9.1–7359)
versus early (AUC median 585.1, range 5.2–3169, p = 0.3) en-
velope recombinant viruses in the presence of maraviroc. In
contrast to maraviroc, chronic envelope variants (AUC me-
dian 2067.0, range 660.2–3310.0) replicated significantly better
in the presence of subinhibitory T-20 compared to the early
phase viruses (AUC median 1274.6, range 319.6–2695.0,
p = 0.03) (Fig. 4). In addition, in subject A23, T-20-resistant
virus emerged from the chronic but not early phase enve-
lope recombinant viruses. By day 21, the chronic phase
in vitro-passaged virus demonstrated minimal inhibition in
the presence of 10 lg/ml of T-20, which was significantly
different from the original stock (Fig. 5A). In the remaining
five individuals, no resistant virus emerged from either the
early or the chronic in vitro-passage cultures. Sequence anal-
ysis demonstrated that by day 21, A23 virus had acquired
mutation, which has been associated with high level T-20
resistance (Fig. 5B).

Discussion

In this study, we show that virus sensitivity to some HIV-1
antiretroviral agents changes over time, which influences
replication capacity and potentially emergence of resistance.
We found that viruses from around 2–3 years after acquisition
were significantly less sensitive to coreceptor and fusion in-
hibitors compared to variants present during the first 6
months of infection. In contrast, we observed no significant
differences among the viruses from the two infection time
points in their sensitivity to CD4 receptor, reverse transcrip-
tase, protease, and integrase inhibitors. Chronic as compared
to early phase variants replicated more in the presence of
subinhibitory T-20 but not maraviroc, although virus resistant
to fusion antagonist emerged in only one subject. Our results
suggest that the envelope as opposed to polymerase gene
changes over the course of infection impact drug sensitivity,
but the envelope glycoprotein evolution likely has minimal
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impact on the effectiveness of most entry inhibitors except
potentially the fusion blockers.

A previous study showed that CCR5 and fusion inhibitors
were equally potent against acute and chronic infection isolates,
although the variants from the two different time points were
not obtained from longitudinally collected samples.26 In con-
trast, other investigations of longitudinally followed HIV-1-
infected subjects demonstrate that sensitivity to coreceptor and
fusion antagonists decreases from the chronic to the late phase
of disease.22–25 One of the major differences with our study and
these previous publications is that we examined variants from
the early and chronic phase of infection in a highly character-
ized seroincident cohort with well-defined dates of estimated
seroconversion as opposed to comparing variants from the
chronic and late stage of disease. In addition, we observed no
significant differences in both PBMC-passaged and 293T-
derived nonpassaged recombinant viruses, suggesting that
sensitivity changes to CCR5 and fusion blockers were not an
artifact from in vitro selection. Collectively, the results suggest
that susceptibility to coreceptor and fusion inhibitors gradually
decreases from acute infection to the chronic and late disease
stages. It should be noted, however, that there may be an abrupt
emergence of hypersensitive variants just prior to coreceptor
switching as has been documented in one subject previously.39

Currently, entry inhibitors, such as maraviroc and T-20, are
primarily used during the chronic or late periods of infection

as salvage therapy. Usage of these entry inhibitors, especially
the CCR5 receptor antagonists, may be more preferential in
early disease stages because circulating variants have higher
sensitivity to these drugs, and there is lower likelihood of
CXCR4 using variants.17–20 Studies also suggest that variants
with higher IC50s are the intermediate forms in the pathway to
resistance against coreceptor and fusion inhibitors,35,40,41 and
thus chronic as opposed to early infection isolates are poten-
tially more likely to develop clinically relevant drug resistance
under T-20 or maraviroc pressure. Therefore, use of these
entry inhibitors during the chronic phase of infection may
predispose to a relatively higher likelihood of failure, which
could compromise the efficacy of the entire regimen.

To examine this issue, we passaged early and chronic phase
variants in the presence of subinhibitory concentrations of
T-20 and maraviroc. In one case, resistant virus emerged
from chronic phase cultures, and in all subjects, the chronic
as compared to early infection variants replicated at higher
levels in the presence of low T-20 concentrations. Similar ob-
servations were not observed in the presence of subinhibitory
maraviroc levels. This suggests that envelope modifications
over the course of infection that confer decreased sensitivity to
CCR5 receptor and fusion blockers could potentially increase
the likelihood of eliciting resistance to the fusion but not the
CCR5 receptor antagonists. Although chronic as compared to
early phase variants are less sensitive to both CCR5 and fusion
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inhibitors, the likelihood of resistance may increase only
against T-20 as opposed to maraviroc potentially because of
the differences in the barrier to escape. In general, single
amino acid mutations in the heptad repeat region 1 (HR1) can
confer high level T-20 resistance while viruses generally re-
quire multiple mutations within the envelope V3 loop to
replicate efficiently in the presence of CCR5 inhibitors.29,42–48

Thus, decreases in sensitivity alone may favor chronic phase
viruses to develop T-20 resistance more efficiently, but this
may be insufficient for the emergence of resistance against
CCR5 receptor antagonists. Our observations reinforce the
limited clinical utility of fusion inhibitors, especially with this
theoretical disadvantage during the chronic and late phases of
disease. On the other hand, in the absence of X4 variants,
disease stage likely does not impact maraviroc efficacy.

As opposed to coreceptor and fusion entry inhibitors,
chronic infection viruses were not more resistant to CD4 re-
ceptor blocker, soluble CD4. These observations suggest that
the selection forces on the envelope glycoprotein affect its
CCR5 interaction and fusion capacity but not CD4 engage-
ment. During infection, increased production of CCR5 li-
gands, such as RANTES, MIP-1a, and MIP-1b, may drive this
evolution.40,49 The presence of these chemokines decreases
CCR5 receptor expression on target cells,50 which potentially
forces viruses to acquire an ability to infect cells that have
low CCR5 densities. The ability to replicate in cells with low
CCR5 expression correlates with inhibition by CCR5 blockers,
which is further related to T-20 susceptibility and fusion
capacity.21,22,42,51 In aggregate, the presence of natural CCR5
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FIG. 4. Replication in the presence of subinhibitory concentrations of T-20. Figures (A–F) show the replication of recom-
binant 293T-derived nonpassaged virus with early (E) and chronic (C) phase envelopes in the presence of T-20 ( + T-20).
Subject IDs are above each graph. The x-axis shows the days since infection. The y-axis shows the p24 concentration and a line
connects points from different times. The area under the curve (AUC) was estimated using GraphPad Prism5.

FIG. 5. Emergence of T-20-resistant virus. (A) T-20 inhibi-
tion of chronic phase day 0, nonpassaged (filled squares)
versus post-day 21 passaged virus (hollow squares). The
x-axis shows the amount of input T-20 in log lg/ml, and the
y-axis shows the percent inhibition relative to infection
without any inhibitor. Each point represents an average of at
least two independent experiments performed in triplicate
and is the mean percent inhibition with standard errors of
mean. Nonlinear regression was used to estimate a fitted
curve in GraphPad Prism5. (B) Predicated amino acids of
gp41 envelope positions associated with resistance to T-20.
Sequences are shown of bulk PCR envelopes amplified from
day 0 and day 21 virus supernatants.
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ligands may drive the emergence of variants with a greater
ability to use the CCR5 receptor and higher fusion capacity.
Interestingly, the longitudinal difference in sensitivity to
CCR5 antagonists relative to the change in T-20 susceptibility
was fairly similar among the majority of subjects, which
suggests that modifications that affect CCR5 use have similar
consequences for fusion kinetics among fairly diverse enve-
lopes. This implies that changes in CCR5 and fusion inhibitor
susceptibility are potentially influenced by sequence modifi-
cations in one portion and less likely by simultaneous changes
in different parts of the envelope gene.

To our knowledge, this is the first study that has examined
the phenotypic susceptibility of variants isolated during
different phases of infection to nucleoside and nonnucleo-
side reverse transcriptase, protease, and integrase inhibitors.
Interestingly, no significant differences were observed, even
though previous studies have demonstrated increasing
polymorphisms at drug resistance sites in the polymerase
gene over the course of infection.2 One caveat with our study
is that we mostly used cocultures to generate virus stocks,
and in vitro cultures and bulk PCR amplification fail to re-
capitulate the diversity present in the original subject
sample.38,52 Even though the methods used in this study do not
generate the minor species present in each subject’s sample,
we can conclude that sensitivity to the reverse transcriptase,
protease, and integrase inhibitors remains relatively un-
changed for the major variants present during the chronic
as compared to the initial phase of disease. Our results im-
ply that the duration of infection is unlikely to influence
sensitivity to most antiretroviral drugs, except the CCR5 re-
ceptor and fusion inhibitors. Longitudinal decreased sensi-
tivity, however, potentially facilitates the emergence of drug
resistance against the fusion but not the CCR5 receptor
inhibitors.
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