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Abstract

Most current assays of HIV antiviral resistance are based on either sequencing of viral genes (genotypic assays)
or amplification and insertion of these genes into standardized virus backbones and culture. These latter are
called phenotypic assays. But the only generally accepted phenotypic assay is based upon culture of intact pa-
tient virus, performed in phytohemagglutinin-activated peripheral blood mononuclear cells (PHA blasts) in the
presence of differing drug concentrations. However, PHA blast culture is difficult and not always reproducible.
Therefore we have sought cell lines that may produce more predictable results, yet faithfully mirror results in
PHA blasts. We have compared 10 different cell lines for receptor and coreceptor expression, growth of labo-
ratory-adapted strains of HIV, growth by direct inoculation of PBMC from infected patients, and in assays of
antiviral drug effects. One of these cell lines, C8166-R5, is statistically not inferior to CD8-depleted PHA blasts
for culturing HIV from the peripheral blood cells of patients. The effective concentrations of antiviral drugs of
all classes were similar when assayed in C8166-R5 or PHA blasts. Known drug-resistant isolates grown in C8166-
R5 demonstrated the predicted effects. We followed a patient longitudinally and demonstrated that resistance
testing in C8166-R5 was predictive of clinical outcome. These experiments represent the first steps in develop-

ing a clinically useful phenotypic drug resistance assay based upon culturing the patient’s own virus.

Introduction

THE RISE OF DRUG-RESISTANT HIV has led to the use of re-
sistance testing in the clinical management of HIV-in-
fected individuals.!? Currently used tests are described as
either genotypic or phenotypic. Genotyping refers to ob-
taining the sequence of the genes encoding the targets of
therapy: polymerase, protease, and envelope. These se-
quences are compared to libraries of sequences from isolates
of known drug sensitivity and resistance profile, and pre-
dictions are made.> Phenotyping is more complex. Sup-
posedly this assays functional virus in the patient at the time
the sample was obtained. The only accepted phenotypic drug
resistance assay that studies patient-derived infectious HIV
is cultivation in phytohemagglutinin-activated peripheral
blood mononuclear cells (PHA blasts), utilizing an ACTG-
approved protocol.® Because this assay is difficult, tedious,
and hard to standardize, other experimentally simpler as-

says have been developed and are offered commercially.”8
But these assays do not start with infectious virus; rather
they use viral nucleic acids as their connection to the patient,
and insert target genes into well-characterized constructs,
whose drug susceptibility is then tested.

The number of infectious particles in a sample of HIV is
greatly outnumbered by the copies of viral RNA and
pseudovirions that are present. This is especially so in sam-
ples directly obtained from patients, in whom as few as 0.01%
of nucleic acid copies may be associated with infectivity.”
Therefore drug resistance testing based upon nucleic acid am-
plification may not reflect the most important population of
virus in the patient, the virions capable of infecting other cells.
In addition, virus genes that are not examined may influence
the rates of replication, transcription, or other infective pro-
cess that might be missed if only a portion of the virus ge-
nome is analyzed.!? Minor populations of virus (<10%) may
be missed with sequence-based techniques.
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To address the development of a clinically useful antiviral
assay based upon the infectious virus present in patients,
rather than viral nucleic acids, we have investigated the use
of cell lines to replace PHA blasts. Although there are vari-
ous cell lines that have been used to cultivate HIV, we have
chosen a subset of these cells and expressed CCRS5 in those
that did not do so naturally. We have compared the growth
of laboratory and patient-derived virus in the different cell
lines and in PHA blasts. We then utilized the best of these
cell lines in a series of antiviral resistance assays to show that
they provided results similar to those obtained with PHA
blast cultures. The goal of this study was to demonstrate that
cell lines yield results equivalent to those obtained with PHA
blasts, not necessarily to compare all cell lines that have been
used to culture HIV. If cell lines can substitute for PHA
blasts, the resistance testing of patient-derived infectious
HIV may become feasible. Ultimately clinical trials will de-
fine whether resistance testing based upon patient-derived
infectious virus or amplified nucleic acids yields more rele-
vant answers for patient management.

Materials and Methods
Cells

HO9 and PM-1 cells were the gift of Dr. M. Reitz, then at NCI,
Bethesda, MD.!"12 1B4 is a subclone of PM-1 chosen for high
CCRS5 expression, as measured with antibody 2D7 by flow cy-
tometry (see below). H1-J.C53 are HeLa cells transduced to ex-
press high levels of CD4 and CCR5; they naturally express
CXCR4.'®> MT2-R5, MT4-R5, C8166-R5, CEM-R5, VB-R5, and
ST-R5 were produced by expressing CCR5 in the CD4* T cell
lines MT2, MT4, C8166, CEMx174, VB, and SupT1, respectively
(AIDS Research and Reference Reagent Program, ARRRP,
Rockville, MD) with a CCR5-encoding vector pBABE-puro-
CCR5, a gift of David Dorsky to James Robinson. Following
transduction, cells positive for CCR5 were detected by their
ability to form syncytia with cells infected with vaccinia ex-
pressing ADA gp160, a functional R5 viral envelope (ARRRP).
Cells were cloned by limiting dilution. Clones competent for
syncytium formation with R5 viruses were maintained in
RPMI with 10% fetal calf serum (FCS) and 1 ug/ml puromycin
(Sigma Chemical, St. Louis, MO). CEMx174 cells expressing
CCRS5 have been described previously.!®
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Peripheral blood cells were density gradient (LSM Lym-
phocyte Separation Medium, MP Biomedical, Solon, OH) pu-
rified. To make PHA blasts, they were cultured at 2 X 10°
cells/ml in RPMI 1640 medium plus 10% FCS in the pres-
ence of 10 ug/ml PHA. After 2 days the medium was
changed without the addition of fresh PHA, and the fol-
lowing day interleukin-2 (IL-2) (ARRRP) was added at a con-
centration of 200 U/ml. Fresh medium and IL-2 were added
every 3—4 days. In many cases, the PHA blasts were made
using cells depleted of CD8" cells by magnetic separation
(Dynal Biotech LLC, Invitrogen, Carlsbad, CA) prior to acti-
vation.

Flow cytometry

The expression of HIV receptors and coreceptors on the
surface of infected cells was studied using indirect im-
munofluorescence and flow cytometry, as described else-
where.1®17 Cells were stained with monoclonal antibodies
(mAbs) (obtained from ARRRP): Sim.2 (anti-CD4), 2D7 (anti-
CCR5), and 12G5 (anti-CXCR4) at 10 ug/ml. Binding was
detected with fluorescein isothyocyanate (FITC)-conjugated
antimouse Ig (Zymed, South San Francisco, CA). Two thou-
sand cells were analyzed using a FACSstar flow cytometer
(Becton Dickinson, Mountain View, CA).

Virus stocks

Virus stocks were grown in PHA blast cultures, aliquoted,
and frozen at —70°C until use. Two laboratory strains were
used, the X4-tropic molecularly cloned virus NL4-3!8 and the
R5-tropic isolate Ba-L.!° Two clinical isolates from drug-
naive patients were also used: 208K8, R5 tropic and 208K10,
X4 tropic.?’ Drug-resistant virus isolates and their parental
drug-sensitive strains were obtained from the ARRRP: AO18
(pre-AZT and post-AZT), AO12 (pre-AZT and post-AZT),!
1495-2 (AZT intermediate),?>2* HIVRTMC,>* xxHIV-LAI-
M184V (3TC-resistant),?® RF, RF/V82F/184V, RF/L-323-12-
3, RF/L-323-9-1,2?7 and HIV-1 L10R/M461/L63P/V82T/
184V.28

Antiretrovirals

Antiviral drugs were obtained in an uncompounded form
either from ARRRP—didanosine (ddl), abacavir succinate

TaBLE 1. CELL SURFACE AG EXPRESSION ON DIFFERENT CELL LINES?
Cell line Secondary Ab only Anti-CD4 Anti-CCR5 Anti-CXCR4
H9 3.6 43.5 10.6 321.5
PM1 3.6 121.0 12.7 201.6
1B4 7.0 68.9 69.9 113.7
H1-J.C53 3.8 64.8 166.3 19.8
MT2-R5 3.0 66.7 42.1 160.7
MT4-R5 4.3 109.5 32.1 414
C8166-R5 5.1 251.4 52.3 161.1
CEM-R5 5.0 61.4 53.0 29.2
VB-R5 3.5 238.1 25.2 42.1
ST-R5 4.1 245.8 131.3 117.8

aCell surface expression of CD4 receptor and CCR5 and CXCR4 coreceptor on cell lines was mea-
sured using indirect immunofluorescence and flow cytometry. Results are reported as mean fluores-
cence of cells gated by appropriate side and forward scatter.
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(ABC), tenofovir disoproxil fumarate (TDF), and lopinavir
(LPV), or directly from the manufacturer—nevirapine (NVP)
(Boehringer Ingelheim Pharmaceuticals, Inc. Ridgefield, CT),
delavirdine (DLV) (Pharmacia &Upjohn, Kalamazoo, MI),
efavirenz (EFV) (DuPont Merck Pharmaceutical Company,
Willmington, DE), zidovudine (AZT), zalcitabine (ddC),
stavudine (d4T) (Sigma Chemical, St. Louis, MO), lamivu-
dine (3TC), amprenavir (APV) (Glaxo Wellcome Inc., Re-
search Triangle Park, NC), saquinavir (SQV) (Hoffmann-La
Roche Inc., Nutley, NJ), indinavir (IDV) (Merck & Co., Inc.,
Whitehouse Station, NJ), ritonavir (RTV) (Abbott, Abbott
Park, IL), and nelfinavir (NFV) (Agouron Pharmaceuticals,
San Diego, CA).

Measurement of HIV infection

We used an Ag capture enzyme-linked immunosorbent
assay (ELISA) for the measurement of the HIV core Ag, p24.
The sensitivity of this assay is 5 pg/ml, and experimental
details are provided elsewhere.?’ Wells were coated with the
capture anti-p24 mAb, 183-H12-5C. An appropriate dilution
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of tissue culture medium treated with 1% Triton X-100
(Sigma) was then added and incubated overnight at 4°C. Fol-
lowing washing, the plates were incubated with biotin-con-
jugated HIV-immune globulin (ARRRP) as the detecting Ab
and then with Amdex-streptavidin HRP (Amersham Phar-
macia Biotech, Piscataway, NJ). Signal was detected with the
colorimetric HRP substrate tetramethylbenzidine (Sigma)
and measured at Aysp. All samples were run in duplicate or
triplicate.

Patients

Patients were recruited from the Medical Center of
Louisiana at New Orleans HIV Outpatient (HOP) Clinic us-
ing IRB-approved protocols and informed consent. Patients
received remuneration for participating. Patients were se-
lected on the basis of plasma viral load greater than >10,000
copies/ml using the HIV-1 COBAS Amplicor Monitor As-
say (Roche Diagnostic Systems, Branchburg, NJ) with a
lower limit quantitation of 400 RNA copies/ml. Patients had
a viral load assay the visit before the sample was taken or
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FIG. 1. Spread of HIV-1 infection from HIV-infected PHA blasts to indicator cells. PHA blasts were infected with HIV-1

isolates: molecularly cloned laboratory strains: Ba-L (R5) and NL4-3 (X4), and clinical isolates: 208K8 (R5) and 208K10 (X4).
Three days postinfection, blasts were added to uninfected indicator cells: 10* cells from cell lines or 4 X 10 > PHA blasts.
The number of cells from the infected culture is indicated on the horizontal axis. Infected and uninfected cells were incu-
bated for 3 days (A and B) or 5 days (C) and then supernatant p24 was measured (optical density is shown on the vertical
axis).
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coincident with the sample. Viral load ranged from 27,300
to >750,000 copies/ml. Two patients had two or more sam-
ples, often with a therapeutic alteration intervening. One pa-
tient, designated 054, was assayed four times over 12 months.
On this patient, viral load was performed seven times over
the same interval, and commercial resistance testing using a
sequence-based system (Trugene HIV-1 Genotyping Kit,
Bayer HealthCare LLC, Tarrytown, NY) performed three
times (Tulane Retrovirology Laboratory, New Orleans, LA).
A total of 57 patients were used in the studies reported here.

Results

Comparison of cell lines for cell-surface expression of
receptors and coreceptors and for susceptibility
to HIV infection

It has previously been shown in HeLa cells transduced to
express CD4 and CCR5 that susceptibility to HIV infection
is most closely associated with the level of CD4 expression,
provided there is a threshold level of the appropriate corecp-
tor.1339 To determine the suitability of cells to detect patient-
derived isolates of both R5 and X4 tropism, we examined a
panel of cell lines for binding by monoclonal antibodies to
the virus receptor CD4 and to the coreceptors CXCR4 and
CCRS5 (Table 1). The mean fluorescent intensity of anti-CD4
ranged from a low of 43.5 on H9 cells to a high of 251.4 on
C8166-R5. Expression of both coreceptors, CXCR4 and CCR5,
is also high on C8166-R5.

As we envision a cell-line-based phenotypic drug resis-
tance assay, we propose that patient-derived PHA blasts
would be coincubated with the indicator cell lines. To mimic
this, we first infected PHA blasts with cell-free virus from
both laboratory and clinical isolates. Then graded numbers
of infected PHA blasts were added to the uninfected indi-
cator cell lines and p24 was measured 3 or 5 days later (Fig.
1). In Fig. 1A different cell lines were compared to PHA blasts
that did not have CD8* cells removed. The production HIV
p24 was detected in most cell lines with all virus isolates
3days after infection, but not in PHA blasts. Both C8166-R5
and MT4-R5 have excellent cell growth characteristics in tis-
sue culture when compared to the others (not shown), and
produce measurable levels of p24 within 3 days. Therefore
we used these cell lines in a second experiment (Fig. 1B and
C) and compared them to CD8-depleted PHA blasts. On both
3 and 5 days postinoculation, each of the cell lines became
infected and produced p24 at a rate that was greater than or
equal to that seen with the PHA blasts. PM-1 cells were tested
in these studies and were shown to have infectivity at lev-
els comparable to C8166-R5 and MT4-R5 (data not shown).

We next tested the ability of the cell lines to detect patient-
derived virus, and compared the results to those obtained
with CD8-depleted PHA blasts. Patients were selected for
study on the basis of moderate to high viral load (>10,000),
similar to those expected in the most likely patient popula-
tion that might be undergoing intensive resistance testing,
i.e., patients who are not doing well under their current ther-
apeutic regimen. As a preliminary experiment, all cell lines
tested in Fig. 1, along with PM-1 and 1B4, were compared
to PHA blasts in cultivating virus from 10 different patients,
at times ranging from 2 to 9 days postcultivation. Only
C8166-R5 and the MT4-R5 became infected in a manner com-
parable to the PHA blasts. Therefore only these cells were
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used in further studies. PHA blasts from 17 different patients
were activated for 3 days and then added to indicator cells;
production of p24 was measured 3, 5, and 7 days later. Fig-
ure 2 shows the results. Two different outcomes were mea-
sured: percentage of patients in whom HIV can be detected
and optical density obtained on p24 ELISA. Not unexpect-
edly, CD8-depleted PHA blasts appear to set the standard
for cultivating virus derived from patients.

To determine if cell lines may be substituted for PHA
blasts, we used statistical tests of noninferiority. We made
comparisons between the cell lines and the blast culture both
according to the log-transformed optical densities on p24
ELISA and according to virus growth (Table 2). For the log-
transformed optical density measure, mixed effects models
were used to generate one-sided 95% confidence intervals
for the lower limit of the difference in p24 production in the
two cell types; the antilog of the lower limit reflects the lower
95% limit of the ratio of the geometric means.3! Comparisons
of the proportion of cultures exhibiting virus growth were
performed via the Mantel-Haenszel strategy;? using re-
peated measures to analyze the relative risk, one-sided 95%
confidence intervals for the ratio of the proportion of sam-
ples exhibiting growth for the two treatments were calcu-
lated. Virus growth in the cell line, as compared to growth
in the blast culture, is expected to be at least the percentage
indicated by the lower bound (with 95% confidence). The re-
sults indicate that C8166-R5 cells are not inferior to both un-
depleted and CD8-depleted PHA blasts.
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FIG. 2. Detection of HIV-1 in microcultures after cultiva-
tion of PHA-PBMC from infected patients with primary cells
and cell lines. A total of 5 X 10° PHA-stimulated, CD8-de-
pleted PBMCs from HIV-1-infected patients were cocultured
with 5 X 10° cells from the cell lines or 2 X 10° PHA-stimu-
lated, CD8-depleted PBMCs from a seronegative donor for
7 days. During this time supernatant p24 was measured by
ELISA. Results are expressed as optical density obtained in
ELISA. For each patient, duplicate experimental wells were
assayed in triplicate by p24 ELISA. The percents in the boxes
indicate the percentage of patient cultures in which HIV in-
fection could be detected, as defined by p24 levels 2 SD
greater than plate mean background. Open triangles repre-
sent the mean value of all positive cultures and filled circles
represent the median. The top of the thick bar is the 75% per-
centile and the bottom is the 25% percentile. The lines dem-
onstrate the full range of values.
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TaBLE 2. ComPARISON OF CELL LiNes TO PHA BLAsTs FOR CULTIVATION OF PATIENT-DERIVED HIV
C8166-R5 MT4-R5
Day 3 Day 5 Day 7 Owverall Day 3 Day 5 Day 7 Overall
PBMC (not depleted of CD8* cells)
Ratio of geometric mean
optical densities (cell line
vs. blast culture)
Observed ratio 1.02 0.78 0.80 0.87 1.10 0.58 0.33 0.58*
Lower bound of one- 0.74 0.47 0.46 0.69 0.72 0.29 0.16 0.442
sided 95% CI
Ratio of proportion of
samples exhibiting virus
growth (cell line vs.
blast culture)
Observed ratio 1.11 091 1.20 1.07 0.81 0.56 0.50 0.62
Lower bound of one- 0.75 0.60 0.89 0.85 0.43 0.31 0.25 0.44
sided 95% CI
PBMC (CD8 not depleted)
Ratio of geometric mean
optical densities (cell line
vs. blast culture)
Observed ratio 1.03 0.74 0.79 0.85 1.26 0.90 0.66 0.932
Lower bound of one- 0.77 0.52 0.50 0.70 0.88 0.54 0.41 0.742
sided 95% CI
Ratio of proportion of
samples exhibiting virus
growth (cell line vs.
blast culture)
Observed ratio 1.00 0.83 0.85 0.89 1.09 0.80 0.73 0.87
Lower bound of one- 0.76 0.67 0.64 0.77 0.76 0.52 0.49 0.70

sided 95% CI

aThe relative growth of HIV (as measured by optical density on p24 ELISA) in MT4-R5 cells, compared to the blast culture, decrease signif-
icantly over time (p = 0.0048 compared to the unseparated blasts; p = 0.0446 compared to CD8-depleted blasts).

To determine whether the ability to cultivate virus corre-
lates with in vivo physiology, we sought correlations with
plasma viral load and CD4 counts (Table 3). Spearman’s rank
correlation coefficient was used to assess the direction and
strength of the associations between ELISA optical density on
different days and the patients” CD4 counts and viral loads at
the time of sample collection. Surprisingly, HIV growth in

C8166-R5 correlates better with patient plasma viral load and
CD4 count than growth in CD8-depleted PHA blasts.

Measurement of effects of antiviral agents

The antiviral effects observed in a functional assay of HIV
infectivity are dependent upon drug uptake, metabolism,

TaBLE 3. CoORRELATION OF HIV CuLTIvATION IN DIFFERENT CELLS WiTH CD4 CoUNT AND VIRAL LOAD IN PATIENTS?

Correlation (p-value) between optical

density and CD4 count

Correlation (p-value) between optical
density and VL

Cell type Day 3 Day 5 Day 7 Day 3 Day 5 Day 7
Blast —0.46 —0.44 —0.33 0.61 0.52 0.47
(CD8 depleted) (0.0639) (0.995) (0.2260) (0.0098) (0.0462) (0.0761)
C8166-R5 —0.53 —0.60 —-0.79 0.70 0.64 0.64
(0.0295) (0.0175) (0.0005) (0.0017) (0.0103) (0.0097)
MT4-R5 —0.31 —0.55 —0.52 0.68 0.75 0.67
(0.3050) (0.0818) (0.0981) (0.0112) (0.0085) (0.0233)

aOptical density of p24 ELISA obtained on the indicated day of culture was correlated with either patient CD4 count or plasma viral load
(VL). Spearman’s rank correlation coefficient and p-value are shown; n varies from 11 to 17 per comparison.
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FIG. 3. Effect of anti-HIV drugs on RTI-resistant isolates. C8166-R5 cells were infected with viruses having known sensi-
tivity and resistance to RTI drugs. A total of 400 infected cells were mixed with 10* uninfected C8166-R5 and cultured in
the presence of the indicated drug at 5-fold dilutions. Supernatant was collected for p24 ELISA. Results are expressed as
the percent inhibition compared to cultures in the absence of drug. Viruses A018 and A012 post-AZT have been defined
as AZT resistant (the pre-AZT isolates are sensitive) and 1495-2 has been described as having intermediate resistance to

AZT.

and inactivation by the indicator cells. Therefore it is crucial
for us to demonstrate that the same effects with antiviral
drugs are observed in the indicator cell lines and the PHA
blasts. In an initial assay of this, we infected PHA blasts with
four different virus isolates. Infected blasts were then mixed
with indicator cells in the presence of different concentra-
tions of antiviral drugs. The results (Table 4) show that anti-
viral drugs have similar, although not identical, effects in the
conventional cultures (CD8-depleted blasts) and in both
MT4-R5 and C8166-R5 cell lines.

We next tested the ability of the cell lines to detect the
presence of drug resistance, using known antiviral-resistant
isolates that were defined in conventional PHA blast cul-
tures. Figure 3 shows results obtained with C8166-R5 cells
with reverse transcriptase inhibitors (RTIs) and virus iso-
lates, obtained from ARRRP, with known resistance pat-
terns to RTIs.21"2> When tested against AZT, the expected

resistances were seen: post-treatment isolates (AO18 and
AO12) were orders of magnitude more resistant than pre-
treatment isolates, and isolate 1495-2 had intermediate sta-
tus, as had been reported. The RTMC were resistant to AZT,
and also resistant to ddI, 3TC, and delaviridine. Although
the M184V strain was sensitive to AZT, it was resistant to
ddl, ddC, and especially 3TC. The post-treatment AZT-re-
sistant isolates had intermediate levels of resistance to other
RTIs. Figure 4 shows a similar analysis for mutations
known to cause resistance to protease inhibitors (PIs). The
isolates?*28 were tested against the PIs indinivir and ri-
tonavir, and against AZT, the latter as a control for virus
growth. The one virus not derived from the RF isolate was
the only isolate with differing resistance to AZT. Compared
to the “wild-type” isolate RF, all of the mutants showed
high level resistance to ritonavir at all doses tested, and at
all but the highest dose of indinivir. These results demon-
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FIG. 4. Effect of anti-HIV drugs on Pl-resistant isolates. C8166-R5 cells were infected with HIV containing protease mu-
tations. Once infection was established, 400 infected cells were mixed with 10* uninfected C8166-R5 cells and cultured in
the presence of the indicated drug at 5-fold dilutions. Supernatant was collected for p24 ELISA. Results are expressed as
the percent inhibition compared to cultures in the absence of drug.
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strate the ability of C8166-R5 indicator cells to identify
known drug-resistant isolates.

We have proposed that a phenotypic drug resistance as-
say may have greater sensitivity for detecting minority vari-
ants than sequence-based assays, which fail to detect drug-
resistant variants in less than 10% of the population.'® To test
this, we mixed various amounts of AZT-resistant HIV with
drug-sensitive virus, and measured the effect of AZT on
virus growth in C8166-R5 cells (Fig. 5). In a 7-day assay, we
were able to detect drug-resistant HIV representing less than
1% of the population of infectious HIV.

Having demonstrated that C8166-R5 cells have character-
istics substantially similar to CD8-depleted PHA blasts for
phenotypic drug resistance testing, we next used them to
measure the sensitivity and resistance to drugs in patient
samples. Patients were usually undergoing alterations in
therapy at the time our samples were drawn. We tested
drugs that were either used to treat the patients or that would
be newly initiated. The patient whose results are shown in
Fig. 6 was followed serially, had multiple viral load assays
to assess the success of the therapy, and underwent geno-
typic drug resistance testing. Samples taken in May and Sep-
tember show multiple drug-resistant genotypes and poorly
controlled viremia. Phenotypic drug resistance testing con-
firms the resistance to 3TC, nevirapine, delaverdine, and
efavirenz present in July and September. Both genotypic and
phenotypic testing demonstrate that these drug-resistant
populations disappeared following a therapeutic holiday.
Despite surprising concordance between the two types of re-

3.0

Optical
Density

AZT Sensitive: 10 0 10 10 10 10 0 0 0

AZT Resistant: 0 30 30 6 1.2 024 6 1.2 0.24
Virus Equivalents (pl)
EZENo Drug

CJazT

FIG. 5. AZT treatment of pC8166 cells infected with the
mixture of AZT-sensitive and AZT-resistant isolates. AZT-
sensitive (A018 pre-AZT) and AZT-resistant (A018 post-
AZT) cultures were premixed. The amount of virus to add
to obtain the defined ratios was based upon preliminary
titration results for each isolate. C8166-R5 cells (10° in 500
ul) were infected with cell-free virus for 3 h. Following the
infection, cells were washed and set up at 10° in 2-ml wells
in triplicate. One day postinfection 0 or 5 uM AZT was added
to the infected culture. Supernatant p24 was measured on
day 7. Optical density at 450 nm is shown on the vertical
axis.
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sistance testing, there was a discrepancy for ddC, with the
genotype predicting resistance, but not the phenotype. Since
the patient did not receive ddC, we do not know which is
correct. Neither assay explains the failure of therapy in De-
cember.

Discussion

Antiviral resistance testing has become a standard of care
for treating HIV infection, particularly for those whose
viremia cannot be controlled by standard antiviral regimens.
Multiple different assays exist and it is not yet known which
assay best predicts patient response to therapy.>10-33-%7
Genotypic assays rely upon gene sequence and comparison
to known resistance mutations. Because sequencing is usu-
ally performed on the predominant population, minority
populations of resistant virus may be missed.!® Under drug
selection, such populations can emerge as dominant. Molec-
ular methods to detect minority populations do exist, but re-
quire sequencing multiple clones or amplicons, selective hy-
bridization, or gel analyses, such as denaturing gradient gel
electropheresis. Such analyses are not used in routine clini-
cal care. Thus, genotypic assays are believed to be good at
demonstrating existing drug-resistance, but may have less
predictive value.!” In an attempt to improve predictability,
the “virtual phenotype” assay compares genotypic se-
quences derived from patients to databases of virus se-
quences whose drug response and clinical outcome are
known.?”~%? These informatic analyses are sophisticated and
evolving, but suffer all the biological limitations of any se-
quence-based assay.

Phenotypic assays culture patient-derived HIV in the pres-
ence of antiviral drugs and measure the ability of the drugs
to suppress virus growth. The argument for superiority of
these assays is that they test infectious HIV, the virus that is
propagating and spreading within the patient. These assays
are difficult to standardize, because of differences in growth
rates of patient-derived virus and the need for primary cells,
PHA blasts, in the most accepted form of this assay.® The
blast cells are tedious to culture, difficult to obtain in large
homogeneous batches, and grow slowly.

To avoid these problems, the commercially available phe-
notypic assays express patient-derived amplicons in a frame-
work of an HIV molecular clone whose growth kinetics are
well established.>%740 This assay is simpler and more re-
producible than standard phenotypic assays, and does have
the ability to detect minor subpopulations, giving greater
predictive value. But because this method is based on using
amplified nucleic acids, rather than infectious virus present
in the patient, it loses some important theoretical advantages.
The result may be influenced by the presence of pseudoviri-
ons that do not encode functional HIV.? Replication and
pathogenicity may be influenced by virus genes outside of
the amplified sequences. These factors define the importance
of a population of virus in a patient, and yet are deliberately
eliminated from study when testing by amplification-based
phenotypic assays.

A “true” phenotypic assay is one in which patient-derived
virus is cultivated in the presence of different concentrations
of antiviral drugs. The need for PHA blast cultures, the long
period of cultivation necessary to obtain results, and the
large amount of patient-to-patient variability in rates of virus
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FIG. 6. Antiretroviral phenotypic susceptibility testing in a patient showing drug resistance. CD8-depleted PHA blasts from
serial samples obtained from a single patient were cultured for 5-8 days. Then 5 X 10° blasts were mixed with 2 X 10° unin-
fected C8166-R5 in 2-ml wells. HIV-1 isolate 208-K10, a clinical isolate obtained prior to the use of antiretroviral therapy, is a
drug-sensitive control. Once infection was established, as measured by detection of the viral p24 antigen, drug-susceptibility
testing was performed by incubating 4 X 10? infected pC8166 cells with 10* uninfected C8166-R5 cells in the presence or ab-
sence of the indicated drugs. Supernatant was collected on day 3 for p24 ELISA. The patient’s viral load, drug resistance mu-
tations determined by Trugene HIV-1 Genotyping, and treatment are shown in the lower portion of the figure.

replication all combine to limit the clinical development of
such an assay. The use of cell lines that faithfully culture pa-
tient-derived virus could obviate the first two difficulties.
Such cells would likely express high levels of the HIV re-
ceptor CD4 and coreceptors CXCR4 and CCR5.1330 Because
it is well known that the method of cultivation of HIV can
influence the virus that emerges,*!#? there is hesitation to ac-
cept the clinical utility of results derived from cell lines rather
than from primary lymphocyte cultures. Other concerns are
that cell lines might metabolize antiviral agents differently
than primary cells, or that the virus functions that are the
target of antiviral activity may differ when virus is grown in
different cell types. To propose the substitution of a partic-
ular cell line for primary cells, it is critical to demonstrate
the equivalency of the cells for these functions. The studies
reported here are the first steps in the process of developing
useful cell lines for this function.

We began by comparing nine different cell lines for re-
ceptor and coreceptor expression (Table 1), susceptibility to

infection with virus isolates maintained in our laboratory
(Fig. 1), and tissue culture characteristics. Based upon these
criteria, we selected two cell lines, each expressing CD4 and
CXCR4 naturally and CCR5 by transfection. Using well-char-
acterized virus stocks we found that comparative rates of
virus replication were the same in both these cell lines as in
PHA blasts (data not shown). These two cell lines were then
compared to PHA blasts, and then CD8-depleted PHA blasts,
for the ability to culture patient-derived HIV within 1 week.
The results indicated that the cell line C8166-R5 was not in-
ferior to CD8-depleted PHA blasts in the ability to cultivate
patient-derived HIV (Fig. 2, Table 2). The results of HIV cul-
tivation in C8166-R5 cells correlated with patient CD4 counts
and viral loads as well, or better, than those in CD8-depleted
blast cells (Table 3). The cell lines were then compared with
PHA blast cultures for their ability to demonstrate effects of
antiviral drugs on standardized HIV isolates and were found
to be equivalent (Table 4). In Figs. 3 and 4, the C8166-R5 cells
were shown to be able to detect known resistant virus and
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to detect cross-resistance. The utility of C8166-R5 cells in de-
tecting small populations of resistant virus (Fig. 5) and in fol-
lowing a single patient (Fig. 6) was then demonstrated. Thus
by many of the parameters we deem important, C8166-R5
functions for assay purposes in a manner indistinguishable
from CD8-depleted PHA blasts. The C8166-R5 cells are easy
to maintain and have a doubling time of <16 h. In regard to
the key characteristics tested here, the C8166-R5 cells are sta-
ble in tissue culture for long periods of time when main-
tained under puromycin selection.

A variety of different cell lines have been used to cultivate
HIV. The purpose of these studies is to demonstrate the pos-
sibility that cell lines may substitute for PHA blasts in the
determination of antiviral susceptibility from patient-de-
rived HIV. It was not our purpose to perform an exhaustive
analysis to compare every available cell line and identify the
best. Our results demonstrate that C8166-R5 cells appear to
be equivalent to PHA blasts; other cell lines not compared
in these studies may function as well, or even better, than
C8166-R5.

The studies reported here are only the first that are nec-
essary to determine if C8166-R5 can substitute for PHA blasts
in phenotypic resistance testing, and whether the cell line
can be adapted to a clinically useful assay. It will next be es-
sential to compare the cell line and primary cells in a num-
ber of patients, and determine whether each yields the same
data. If so, and other characteristics are amenable to scale up,
it would ultimately be necessary to perform clinical trials in
which patient management using genotypic, expression-
based phenotypic, and true phenotypic assays is compared.
Although we may tout theoretical or commercial advantages
of one assay over the other, it is only through carefully de-
signed clinical trials that the most appropriate tests of drug
resistance can be determined. Such an assay should allow
the physician to choose the antiretroviral drugs that will pro-
vide the best long-term control of viremia for the patient.
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