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Abstract Abstract 

InIn about half of Human Immunodeficiency Virus type I (HIV-1) subtype B infected 

individualsindividuals progression to AIDS is preceded by the emergence of CXCR4-using (X4) 

variants,variants, while others progress to AIDS in the presence of only CCR5-using (R5) 

variants.variants. In a previous study we showed that during disease progression in the 

presencepresence of only R5 variants, HIV-1 variants emerge with a decreased sensitivity to 

inhibitioninhibition by RANTES, a natural ligand of 'CCR5 that inhibits cellular entry of R5 

variants.variants. This observation was of potential clinical relevance as HIV-1 small-

moleculemolecule R5 entry inhibitors are a new class of drugs that, in analogy to RANTES, 

targettarget the binding and subsequent entry of HIV into the target cell. Here we show 

thatthat R5 HIV-1 sensitivity to RANTES correlated with sensitivity to the R5 small-

moleculemolecule inhibitor AD 101. HIV-1 small-molecule entry inhibitors are a new class of 

drugsdrugs that target the binding and subsequent entry of HIV into the target cell. 

Furthermore,Furthermore, we found that R5 variants obtained from individuals who later 

developeddeveloped X4 variants were less sensitive to ADI 01 inhibition as compared to R5 

variantsvariants obtained from individuals who never developed X4 variants. These results 

maymay have implications for the evaluation ofR5 inhibitors in future clinical trials. 

 Introduction 

Humann immunodeficiency virus type 1 (HIV-1) uses chemokine receptors in addition to the 

principall  receptor CD4 for cellular entry. The two major coreceptors for HIV-1 are CCR5 and 

CXCR44 [3,4]. Generally, HIV-1 infection is established by macrophagetropic, CCR5-using 

(R5)) variants. About half of infected individuals progress to AIDS after the development of 

CXCR4-usingg (X4) HIV-1 variants [13], whereas the other half progress in the presence of 

onlyy R5 variants [211]. 

Thee natural ligands for CCR5, the (3-chemokines RANTES, MlP- l a and MIP-ip, down 

modulatee CCR5 expression and inhibit HIV-1 CCR5 usage [216-218]. Different reports have 

suggestedd a role for p-chemokines in AIDS pathogenesis and evolution of HIV-1 in vivo 

[199,220-222].. In a previous study we have reported a decreasing sensitivity to RANTES of 

HIV- 11 variants obtained longitudinally in the course of infection in individuals who 

progressedd to AIDS in the presence of only R5 HIV-1 variants [119]. In analogy, we have 

alsoo reported a decreasing sensitivity to inhibition by CXCR4 antagonist AMD3100 of late 

stagee X4 HIV-1 variants as compared to earlier obtained X4 HIV-1 variants from the same 

individualss [234]. These observations imply an ongoing evolution of HIV-1 variants and may 

havee implications for the therapeutic application of HIV-1 entry inhibitors. 

HIV- 11 entry inhibitors are a new class of HIV-1 inhibitors that target the attachment and 

subsequentt fusion of the virus to the target cell. CCR5 and CXCR4 coreceptor antagonists 

thatt specifically inhibit R5 or X4 HIV-1 variants respectively, are being considered for 

therapeuticc application [35]. At present it is unclear how HIV-1 sensitivity profiles for 

syntheticc R5 antagonists compare to those obtained with natural ligands. If sensitivity of 



primaryy HIV-1 variants to R5 inhibitors would greatly differ between patients this could have 
implicationss for the efficacy of application of CCR5 antagonists in antiretroviral therapy. 
Therefore,, we studied a possible correlation between the sensitivity of primary R5 HIV-1 
variantss isolated from different patients to RANTES and two small-molecule R5 inhibitors, 
AD1011 (SCH 350581), a compound chemically related to SCH-C [235], and TAK-779 [64], 

 Subjects, Materials, and Methods 

Subjects.Subjects. Nineteen participants of the Amsterdam Cohort Studies on AIDS in Homosexual 
Menn (ACS) who harboured only R5 HIV-1 variants during their total follow-up were selected. 
Sevenn of these individuals were classified as long term survivors with an asymptomatic 
follow-upp of at least 11 years in the absence of anti-retroviral therapy and eleven were 
classifiedd as progressors with AIDS diagnoses after 25-136 months of follow-up [211]. Seven 
participantss of the ACS were selected who developed X4 HIV-1 variants during a progressive 
diseasee course. None of the individuals studied received anti-retroviral therapy at or before 
thee moment of sampling. 

VirusVirus isolation, X4 phenotyping and characterization of coreceptor usage. Biological virus 
cloness were obtained by co-cultivation of patient PBMC with healthy donor 
phytohemaglutininn (PHA)-stimulated PBMC under limiting dilution conditions as described 
previouslyy and were partly available from a previous study [211]. From the individuals who 
developedd X4 variants during disease progression only R5 variants were isolated from time 
pointss before the first appearance of X4 variants. The time point of virus isolation from start 
off  follow-up was not different between the participants that did and did not show the 
appearancee of X4 variants. HIV-1 X4 phenotype was defined as the capacity to establish a 
productivee infection in the MT2 cell line. Characterization of coreceptor usage was 
additionallyy performed on CCR5-A32 homozygous PBMCs and on U87 astroglioma cell lines 
stablyy transfected with CD4 in combination with CCR3, CXCR4 or CCR5. Cell free virus 
stockss were grown on PHA-stimulated healthy donor PBMC, and stored at 70°C until use. 
R5R5 inhibition assay. PBMC from 10 CCR5-A32 wild type, healthy blood donors were 
isolated,, pooled and cryopreserved. All experiments, including titration of viral stocks, were 
performedd on this same pool of cryopreserved, healthy donor PBMC mixture to eliminate 
possiblee variations caused by differences in susceptibility of target PBMC. 
Too study inhibitory effects of CCR5 antagonists, pooled donor PBMC were stimulated for 
threee days with PHA and incubated with 2-fold serial dilutions of RANTES (PeproTech Inc., 
Rockyy Hill , NJ; concentrations RANTES used were 8, 16, 32, 63, 125 and 250 ng/ml); 6-fold 
seriall  dilutions of AD101 (SCH 350581, a kind gift from J. Strizki, Schering-Plough, 
Kenilworth,, NJ; concentrations AD 101 used were 3, 19, 116, 694, 4167 and 25000 pM); and 
2-- and 6-fold dilutions of TAK-779 (DAIDS, NIAD, NIH; concentrations TAK-779 used 
weree 0.12, 0.69, 4.17. 25, 50 and 100 nM). In 96-well plates 105 cells per well were inoculated 
withh 40 TCIDso of a virus isolate, with an end volume of 200 ul per well, and cultured at 
37°C.. At day 7 supernatant was removed and cells were resuspended in fresh medium. P24 

x x 



Chapterr 5 R5 HIV-1 sensitivity to RANTES and R5 entry inhibitors 

productionn was measured in supernatant 
sampless taken 14 days after infection using 
ann in-house p24 antigen capture enzyme-
linkedd immunosorbent assay (ELISA). P24 
antigenn levels from cultures inoculated in the 
absencee of inhibitors were designated as 
maximumm virus production and the ratios of 
p244 production in inhibitor-containing 
culturess were calculated relative to these 
maximumm values. Supernatant from cells 
thatt were not incubated with either inhibitor 
orr virus was used for background values of 
thee p24 ELISA. All measurements were 
performedd in triplicate. 
DeterminationDetermination of 50% and 90% inhibitory 
concentrationsconcentrations and statistical analyses. The 
inhibitoryy concentrations causing 50% and 
90%% reduction in p24 antigen production 
(IC500 and IC90) 14 days after infection were 
determinedd by a four-parametric logistic 
analysiss [224]. If the appropriate degree of 
inhibitionn was not achieved at the highest 
inhibitoryy concentration used, a value 'greater than' (>) was recorded and we assumed these 
too be equal to 250 ng/ml for RANTES, 25nM for AD 101 and lOOnM for TAK-779 in figures 
andd statistical tests with the exception of analyses of correlations with TAK-779 sensitivity. 
Theree IC values of viruses insensitive to TAK-779 inhibition were omitted ('greater than' 
valuess were left out). 

Spearman'ss correlation coefficient was calculated for correlations and Mann-Whitney U test 
wass used to compare IC values of patient groups. Statistical analyses were performed using 
SPSSS (release 10.0, SPSS Inc. Chicago, Illinois). 

 Results 

PotencyPotency of R5 inhibitors RANTES, AD101 and TAK-77. We simultaneously determined the 
inn vitro sensitivity of 144 primary R5 HIV-1 variants isolated from 25 participants of the 
Amsterdamm Cohort of Homosexual Men to inhibition by the natural CCR5 ligand RANTES, 
andd the small molecule R5 inhibitors AD101 and TAK-779. To avoid a bias due to different 
numberss of variants from the different patients the average 50% and 90% inhibitory 
concentrationn (IC50 and IC90) values per patient were used. When an IC value 'greater than' 
thee highest concentration used was determined, the IC value was assumed to be equal to the 
highestt concentration for use in figures and statistical tests except when indicated otherwise. 
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Figur ee 1 Potency of inhibition of R5 HIV-1 
replication. . 

Meann concentrations of RANTES, AD101 and 
TAK-7799 are depicted at which 90% inhibition 
off virus replication was established (IC90) of 
primaryy R5 HIV-1 variants obtained from at 
leastt 21 different individuals. For RANTES the 
maximumm concentration used was 32 nM 
(250ng/ml),, for AD101 25 nM, and for TAK-779 
100nM.. If 90% inhibition was not achieved, the 
IC900 value was assumed to be equal to the 
highestt concentration used. Boxes indicate the 
medianmedian values falling between the 25th and 75lh 

percentiles,, the bars that extent from the boxes 
indicatee the 10th and 90th percentiles. 
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RANTESS and AD 101 were both potent inhibitors of in vitro replication of primary R5 HIV-1 
(RANTES:: n=23 median IC90 13.9 nM, IQR 7.0-17.7 nM; AD101: n=23 median IC90 15.8 
nM,, IQR 10.0-20.7 nM), whereas TAK-779 barely inhibited the replication of the variants not 
evenn at lOOnM, the highest concentration tested (n=21 median IC90 >100 nM, IQR 97.8->100 
nM,, Figure 1). 

CorrelationCorrelation of sensitivity to R5 inhibitors. A significant correlation was found between the 
averagee IC50 values for R5 variants per patient for RANTES and AD101 (n=21, r=0.642, 
p<0.05,, Figure 2A, left panel). No significant correlations were found with average IC50 
valuess per patient for TAK-779 and either of the other two R5 inhibitors, possibly because 
viruss variants of most individuals were rather insensitive to TAK.-779 inhibition. 

Whenn individual IC50 values of each R5 virus variant were used to determine possible 
correlations,, we again found a strong correlation between the sensitivity to RANTES and 
AD1011 (IC50 n=96, r=0.610, pO.001, Figure 2A, right panel; IC90 n=99, r=0.447, pO.001, 
dataa not shown) and also found that the sensitivity to TAK-779 correlated with the sensitivity 
too both RANTES (n=29, r=0.499, p<0.05, Figure 2B) and AD101 (n=30, r=0.543, p<0.05, 
Figuree 2C). R5 variants that had IC50 values of >100nM TAK-779 were considered 
insensitivee to TAK-779 and were excluded from correlation analysis. 

SensitivitySensitivity to RANTES and AD101 of 
sequentiallysequentially obtained R5 variants. We 
havee previously reported a decreasing 
sensitivityy of R5 variants to RANTES in 
thee course of disease progression in the 
presencee of only R5 variants [119]. To 
determinee if sensitivity to a small-molecule 
inhibitorr also changes in the course of 
progressivee infection, wc tested 
sequentiallyy obtained virus variants for 
sensitivityy to RANTES and AD101. In 
Figuree 3 the inhibition curves for RANTES 
andd AD 101 of sequential virus variants of 
fourr patients are shown. Each dot 
representss the average inhibition of one to 
fivee virus variants obtained at a single time 
pointt from each patient. 

Fromm patients ACH38 and ACH 142, who 
progressedd to AIDS after 101 and 109 
monthss of follow-up respectively, the late 
viruss variants, obtained 102 and 93 months 
afterr start of follow-up respectively, were 

\C\CXX RANTES (nM log,) \CX RANTES (nM log.) 

IC500 TAK-779 (nM log.) ICS0 TAK-779 (pM log.) 

Figur ee 2 Correlation of sensitivity to R5 HIV-1 
entryy inhibitors. 

A.. Correlation of sensitivity to RANTES and 
AD101.. Left panel: mean IC50 values of R5 HIV-1 
variantss per patient for RANTES and AD101 are 
depicted.. Right panel: IC50 values of all primary 
R55 HIV-1 variants tested are depicted. B. 
Correlationn of sensitivity to TAK-779 and 
RANTES.. C. Correlation of sensitivity to TAK-779 
andd AD101. IC50 values of primary R5 HIV-1 
variantss which are sensitive to TAK-779 inhibition 
aree depicted. Axis are in loge scale. 
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ACH38 8 ACHH 142 ACH78 8 ACH434 4 
120 0 

o o 
o o 

l _ _ 

o o 
* * 

Csl l 
Q. . 

5? ? 

1000 -

800
600
400 -

200 -
0 --

\ \ 

- 1 0 1 2 3 44 - 1 0 1 2 3 4 

RANTESS (nM loge) early y 
late e 

- 1 — i — i — — 

-7-6-5^1-3-2-11 0 12 3 4 -7-6-5-4-3-2-100 12 3 4 -7-6-5-4-3-2-10 12 3 4 -7-6-5-4-3-2-10 12 3 4 

AD1011 (nMloge) 

Figur ee 3 Sensitivity to RANTES and AD101 of early and late R5 HIV-1 variants. 

Sensitivityy of early (open symbols) and late (filled symbols) R5 HIV-1 variants to RANTES (top row) 
andd AD101 (bottom row) from four individuals are shown. Percent replication relative to control 
infectionn was calculated. Average values and standard errors of one to five R5 virus variants 
obtainedd early after study entry and two or three R5 virus variants obtained late after study entry 
aree shown. X-axis are in loge scale. Experiments were performed in triplicate. 

lesss sensitive to inhibition by RANTES than the early variants that were obtained 21 months 
afterr start of follow-up of both patients (mean IC5o values per time point: ACH38 early 2.9 
nMM vs. late 9.2 nM and ACH142 early 9.0 nM, vs. late 25.7 nM). In agreement with the 
observedd correlation between sensitivity to RANTES and AD101, we also observed a lower 
sensitivityy to AD 101 mediated inhibition of late variants as compared to early variants from 
thesee patients (mean IC50 values per time point: ACH38 early 1.0 nM vs. late 14.7 nM and 
ACHH 142 early 2.5 nM vs. late 11.0 nM). 

Inn patients ACH78 and ACH434 however, who were classified as long term survivors with an 
asymptomaticc follow-up of 124 and 140 months respectively, no difference in sensitivity to 
eitherr RANTES or AD101 is observed between variants obtained early, 17 and 16 months 
afterr start of follow-up respectively, and variants obtained late, 115 and 119 months after start 
off  follow-up respectively (RANTES mean IC50 values per time point: ACH78 early 9.1 nM 
vs.. late 9.5 nM and ACH434 early 3.0 nM vs. late 5.1 nM; AD101 mean IC50 values per time 
point:: ACH78 early 4.5 nM vs. late 4.7 nM and ACH434 early 0.9 nM vs. late 1.5 nM). These 
observationss are in agreement with our previous observations [119] and underscore the 
variabilityy in virus phenotype evolution between patients. 

R5R5 sensitivity to RANTES and AD101 in individuals who develop X4 variants. It is still 
unclearr why X4 variants evolve in some patients and not in others. To study if differences in 
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CCR55 coreceptor usage, as reflected by variation in RANTES and AD 101 mediated inhibition 
off  virus replication, may evolve before the first appearance of X4 variants, we studied seven 
individualss who developed X4 variants during follow-up. R5 variants obtained prior to the 
firstfirst appearance of X4 variants were compared to R5 variants obtained from individuals in 
whomm X4 variants could never be detected for their sensitivity to RANTES and AD 101 
mediatedd inhibition. There was no difference in the time point of virus isolation between the 
groups. . 

Noo significant difference was observed for RANTES mediated inhibition of replication of R5 
variantss isolated from individuals who did or did not develop X4 variants later in follow-up 
(n=7.. median IC50 8.2 nM. IQR 2.5-13.3 vs. n= 17 median IC50 5.7 nM. IQR 4.4-7.8, Figure 
4A).. However, we did observe a significant but slightly lower sensitivity to AD101 mediated 
inhibitionn of replication of R5 variants isolated from individuals who later developed X4 
variantss (n=6, median IC50 8.7 nM, IQR 6.0-19.2) as compared to R5 variants obtained from 
individualss who did not develop X4 variants (n= 17, median IC50 2.9 nM. IQR 1.8-5.0, p<0.05 
Mann-Whitneyy U test. Figure 4B). 

•• Discussion 

Ourr previous results, which showed a decreasing sensitivity to RANTES mediated inhibition 
inn the course of disease progression in the presence of only R5 variants [119], prompted us to 
studyy whether this observation could be extrapolated to other CCR5 antagonists. Here we 
demonstratee a correlation between the sensitivity of primary R5 HIV-1 variants to the natural 
CCR55 ligand RANTES and the small-molecule R5 entry inhibitors AD101 and, although less 
evidently,, TAK.-779. The only weak correlations with TAK-779 mediated inhibition may be 
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Figur ee 4 Sensitivity to RANTES and AD101 of R5 HIV-1 variants obtained from individuals that did 
orr did not show the appearance of X4 variants. 

Boxplotss of the mean IC50 values of R5 HIV-1 variants obtained from 17 individuals that did not 
showw the appearance of X4 variants during follow-up (No-X4) and 7 individuals that did show the 
appearancee of X4 variants later in follow-up (Pre-X4) for RANTES (A.) and AD101 (B.) are 
depicted.. Boxes indicate the median values falling between the 25th and 75lh percentiles, the bars 
thatt extent from the boxes indicate the 10th and 90th percentiles. * p<0.05, Mann-Whitney U test. 



duee to the low inhibitory effect of TAK-779. In our hands, replication of most R5 HIV-1 
variantss was barely inhibited by TAK-779, not even at the highest concentration used in our 
protocoll <100nM). 

Thee sensitivity of individual virus variants to entry inhibitors may be influenced by several 
featuress such as (co)receptor affinity, coreceptor binding site and fusion kinetics. The 
requirementt of lower levels of CCR5 expression for infection may explain the observed 
correlationn between sensitivity to RANTES and AD 101 as indicated previously [227], Within 
thee infected individual, virus variants may evolve towards a more efficient CCR5 usage 
possiblyy due to selection pressure by the presence of RANTES or competition for available 
targett cells. 

Alaninee substitution studies of the CCR5 trans-membrane domains have revealed that the 
bindingg sites of TAK-779 and AD101 overlap and are located within a cavity near the 
extracellularr surface formed by CCR5 trans-membrane helices 1, 2, 3 and 7 [236,237]. Tsamis 
ett al. [237] proposed that the binding of the small-molecule antagonists to the trans-membrane 
domainn of CCR5 may induce a conformational change in the gpl20 V3-binding site of CCR5, 
possiblyy the CCR5 N-terminus. The envelope protein of HIV-1 would then be unable to bind 
too this new conformation of CCR5. This proposed mechanism may help to explain our finding 
thatt R5 variants obtained from individuals who developed X4 variants had a lower sensitivity 
too AD101 inhibition than R5 variants isolated from individuals who did not show the 
emergencee of X4 variants, while there was no difference in the sensitivity to RANTES 
inhibition.. These virus variants may be independent of the Nt domain for CCR5 for binding 
whichh may render these variants less sensitive to AD 101. A variable dependence on the CCR5 
N-terminuss of different R5 HIV-1 isolates has been reported in a study using CCR5 chimeric 
receptorss [238]. 

Inn analogy with the correlation between the sensitivity to RANTES and AD101, we show that 
aa decreasing sensitivity to RANTES over time coincides with a decreasing sensitivity to 
AD1011 in two individuals with a progressive disease course, while no evident changes in 
sensitivityy were observed over time in two individuals classified as long term survivors. These 
resultss illustrate that in the course of progressive infection R5 HIV-1 variants may evolve 
towardss a phenotype that coincides with a reduced sensitivity to CCR5 antagonists, even in 
thee absence of therapy with R5 inhibitors. New, potentially more potent small-molecule R5 
entryy inhibitors are being developed, and it is not very likely that the emergence of less 
sensitivee R5 HIV-1 variants in the natural course of infection in the absence of X4 variants, 
willl impact the therapeutic benefit of these CCR5 inhibitors in patients as reported plasma 
concentrationss of AD101 exceed the in vitro ICW values of most R5 variants studied here (J. 
Strizki,, personal communications). Further characterization of viral and host determinants of 
entryy inhibitor sensitivity may improve the design of optimal strategies for clinical application 
off entry inhibitors. 
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