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Reports of in vitro resistance of human immunodeficiency virus type 1 (HIV-1) to zidovudine (AZT) have
raised concerns about the development of resistance to other dideoxynucleosides in clinical use. To address this,
we have developed a screening assay which supports the growth of clinical isolates and have applied this to a
series of paired isolates from patients entered into a phase I trial of didanosine (DDI). Thirteen patients (10 with
AIDS, 3 with AIDS-related complex) who had been exposed to AZT for a mean of 6.5 months (range, 1 to 13
months) were treated with DDI at 750 mg/day. Paired isolates were obtained pretherapy and after a mean of
58 weeks (range, 21 to 90) of DDI therapy by coculture of peripheral blood mononuclear leukocytes (PBLs) with
phytohemagglutinin-stimulated donor PBLs. Isolates were passaged only one additional time in PBLs and then
tested in parallel in a microtiter assay with phytohemagglutinin-stimulated donor PBLs as targets. PBLs were
infected with 10° 50% tissue culture infectious doses per 107 cells and exposed to DDI (1 to 50 uM) or AZT (0.01
to 100 pM), and supernatants were assayed for the HIV p24 antigen at 7 days postinfection. Control
AZT-susceptible and resistant isolates were included. The median pre- and posttherapy DDI susceptibilities of
the 13 pairs of isolates were 10.0 pM (range, 1 to 25 pM) and 17.5 pM (range, 2.5 to 50 pM), respectively (P
= 0.036; Wilcoxon signed-rank test). Three patients with the most susceptible initial isolates (mean, 2 uM) had
mean increases in CD4 cell numbers of 88/mm?> during the first 12 weeks of treatment, compared with a mean
increase of 19/mm? in 10 patients with isolates with DDI susceptibilities of >2.5 pM (P = 0.02; two sampled
t test). No correlation between in vitro susceptibilities and changes in HIV p24 antigen levels in serum was
noted. Median susceptibilities to AZT improved from 1.0 pM (range, 0.01 to 100 pM) to 0.3 pM (0.01 to 100
uM) in the paired isolates (P = 0.008; Wilcoxon signed-rank test). These studies thus indicate that (i) the
susceptibility to DDI tends to mildly decrease with drug exposure; (ii) the susceptibility to AZT improves with
time off AZT; (iii) baseline susceptibilities to DDI have a wide range, and the CD4 response may correlate with
the initial susceptibility; and (iv) a PBL-based microtiter assay is useful for screening clinical isolates for

dideoxynucleoside susceptibility profiles.

Since the initial report of in vitro zidovudine (AZT)
resistance by Larder et al. in 1989 (12), there has been
intense interest in defining the clinical significance of this
finding (2, 10, 25, 27), its occurrence in treated patients at
different stages (19), and whether the phenomenon will be
seen with the other dideoxynucleosides in widespread clin-
ical use, didanosine (DDI) and 2',3’-dideoxycytidine. The
importance of these questions has also focused attention on
the development of in vitro assays to detect antiretroviral
resistance in an efficient and cost-effective manner. Previ-
ously reported assay systems have been useful but have each
demonstrated important limitations. For example, the HeLa-
CD4-based assays support the growth of only approximately
30% of clinical isolates (2, 4, 5, 12), the direct isolation of
patient strains in dideoxynucleoside-containing medium
does not permit standardization of the viral inoculum (20,
21), and polymerase chain reaction-based assays directed at
specific regions of the viral reverse transcriptase (RT) are
dependent upon prior knowledge of the mutations important
in antiviral resistance (2, 13) and are not applicable to agents
which inhibit human immunodeficiency virus (HIV) by
mechanisms other than RT inhibition.

To provide an assay that would support the growth of
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most if not all clinical isolates, permit standardization of the
viral inoculum in the same cell system used for the assay,
and be applicable to antiretroviral agents with differing
mechanisms of action, we have developed a microtiter,
peripheral blood mononuclear leukocyte (PBL)-based assay
system. In this report, we describe this replication endpoint
concentration assay and illustrate its utility by applying it to
the determination of the dideoxynucleoside susceptibility
profiles of pre- and posttherapy isolates derived from pa-
tients entered into a phase I trial of DDI.

MATERIALS AND METHODS

Patients. Thirty patients were enrolled in a phase I study of
DDI at the New England Deaconess Hospital in July 1989.
Viral isolates from 13 patients who remained on DDI therapy
consistently for more than 5 months were studied for their
dideoxynucleoside susceptibility profile. Ten patients had
AIDS, and three had AIDS-related oomglex. The mean CD4
count was 84/mm? (range, 10 to 310/mm?). Before entry into
the study, all of the patients had been on AZT (mean
duration, 6.5 months; range, 1 to 13 months). DDI was
administered at a dose of 750 mg/day. The clinical results of
this trial have been reported separately (7).

Virus isolation and titer determination. Virus was isolated
from the patients before starting DDI therapy, and a second
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isolate was obtained when the patients had been on therapy
for a mean of 57.8 weeks (range, 21 to 90 weeks). The clinical
isolates were obtained by isolation of PBLs by using a
Ficoll-Isopaque gradient (Pharmacia LKB Biotechnology
Inc., Piscataway, N.J.). The PBLs (5 x 10°) were coculti-
vated with 5 x 10° HIV-1-negative donor PBLs that were
prestimulated with 3 pg of phytohemagglutinin (PHA; Sig-
ma, St. Louis, Mo.) per ml. The cells were maintained in
RPMI 1640 medium (GIBCO, St. Louis, Mo.) supplemented
with 5% interleukin-2 (Pharmacia, Columbia, Md.), 20%
fetal bovine serum, 250 U of penicillin per ml, 250 pg of
streptomycin per ml, 2 mM L-glutamine, and 10 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)
buffer. The medium was changed every 3 to 4 days, and 5 x
10° PHA-stimulated PBLs were added every week. The
cell-free supernatant was removed and tested for HIV p24
antigen by enzyme immunoassay (Abbott Laboratories, Ab-
bott Park, Ill.). The cell-free supernatant from positive
cultures was aliquoted and frozen at —70°C. Clinical isolates
were never passaged in PBLs more than twice. One labora-
tory strain, IIIB (courtesy of R. Gallo, National Institutes of
Health, Bethesda, Md.), and one clinical isolate, 906, ob-
tained from a patient who had never received AZT or DDI
therapy, were used as control strains. In addition, two
AZT-susceptible strains, A012-pre and A018-pre, and two
AZT-resistant strains, A012-post and A018-post, were ob-
tained from the AIDS Research and Reference Reagent
Program, Rockville, Md., and also used as control strains in
all experiments (12).

To determine the titer of each viral strain, a 50% tissue
culture infectious dose in PBLs (TCIDs,) was determined. A
20-pl volume of supernatant was serially diluted 10-fold in
96-well plates; six separate dilutions per strain were per-
formed on each plate, leaving the outer wells empty. Then
10° PHA-stimulated donor PBLs were added to each well.
The cells were incubated at 37°C for 1 week without chang-
ing the media. At 1 week the supernatant of each well was
removed and the HIV p24 antigen level was measured. Each
well that contained more than 30 pg of p24 antigen per ml
was considered positive. The TCIDs, was calculated by
using the method of Reed and Muench (16).

Replication endpoint concentration assay. A TCIDs, of 10°
was used to infect 107 PHA-stimulated PBLs. The cells were
suspended for 1 h at 37°C in the viral inoculum in a total
volume of 1 ml. They were washed twice and centrifuged at
2,000 rpm (833 X g) and the supernatant was removed and
discarded. Then 10° PBLs were placed in 200 pl of medium
containing DDI (courtesy of H. Mitsuya, National Institutes
of Health, Bethesda, Md.) or AZT (Burroughs-Wellcome,
Research Triangle Park, N.C.). The concentrations of DDI
tested were 1, 2.5, 5, 10, 20, 25, and 50 uM, and those of
AZT were 0.01, 0.1, 1, 10, and 100 puM. All strains were
tested in duplicate. The supernatant (100 w.l) was removed at
1 week and diluted with 100 pl of medium, and the amount of
p24 antigen was measured. Because of the dilution, the
amount of p24 antigen was doubled when determining repli-
cation assay results. The replication endpoint concentration
was the highest drug concentration at which >1,000 pg of
antigen per ml was detected in both wells. If one of the two
wells had a p24 antigen level of >1,000 pg/ml and the other
well had a p24 antigen level of <500 pg/ml, the average of the
drug concentrations in those wells and the next lowest drug
concentration was determined to be the replication endpoint
concentration. If one of the two wells had a p24 antigen level
of >1,000 pg/ml and the other well had a p24 antigen level of
>500 pg/ml, the replication endpoint concentration was
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determined to be the drug concentration in those wells. The
level of 1,000 pg/ml was chosen as the endpoint for this assay
because it reflects the accurate upper-end measurement of
the standard curve for the Abbott enzyme immunoassay (500
pg/ml).

To correlate the replication endpoint concentration with a
formal percent inhibitory concentration, we reassayed eight
strains and obtained the absolute p24 antigen content for
each drug concentration. The concentrations of drug that
reduced the p24 antigen value of the control well by 50%
(ICso) and by 90% (IC,,) were calculated by using nonpara-
metric regression analysis. This analysis employed the me-
dian-effect equation, f, = 1/[1 + (D,,/D)]™, where D is the
dose, f, is the fraction affected, and D,, is the dose required
to produce the median effect (6), and was carried out by
using software from Systat Inc., Evanston, Ill. By entering
the doses of drug used and the percent reduction in the
amount of HIV p24 antigen (i.e., the fraction affected), we
calculated the median dose. The solved equation was then
put into graphic form by using Excel software (Microsoft
Corp., Redmond, Wash.).

Plasma viral cultures. Plasma obtained from patients was
filtered through a 0.45-um syringe filter. Then 2 ml of the
filtered plasma was added to 107 PHA-stimulated, HIV-
negative PBLs and incubated at 37°C for 1 h. The suspended
cells in plasma were then added to 7.5 ml of medium plus 0.5
ml of interleukin-2 and placed in a 25-cm? flask. The medium
was changed every 3 to 4 days, and 5 x 10° PBLs were
added every week. The supernatant was assayed twice per
week, and the culture was considered positive if the super-
natant p24 antigen concentration was greater than 1,000
pg/ml or increased fourfold from the previous sample.

Statistics. The Wilcoxon signed-rank test was used to
analyze the changes in susceptibility to AZT and DDI over
time. The two-sampled ¢ test was used to analyze initial DDI
susceptibility levels in relation to surrogate markers such as
the CD4 cell count. In analyzing the susceptibility to DDI in
relation to the change in CD4 count, we chose 2.5 pM as the
cutoff because of a report indicating that HIV-1 isolates not
previously exposed to DDI have 50% inhibitory doses
(IDses) of <2.5 pM (26).

RESULTS

The replication endpoint concentration assay was success-
ful in determining the dideoxynucleoside susceptibilities of
every isolate that was cultured in PBLs. One patient (patient
3) became culture negative after receiving DDI and has
remained so through 90 weeks of therapy; therefore, only his
pretherapy isolate was available for testing. The isolates
from the other patients and the control strains were all tested
for AZT and DDI sensitivity by using the 1-week endpoint
concentration assay. Eight isolates were tested by using a
2-week endpoint concentration assay that involved changing
100 pl of medium after 1 week. The 2-week assay revealed
endpoint concentrations equal to or one concentration
higher than the l-week values (data not shown). When
absolute values of p24 antigen levels were determined, the
replication endpoint concentration corresponded to a 90 to
99% reduction in p24 antigen levels when compared with
control wells (Fig. 1). Thus, this replication endpoint con-
centration assay is equivalent to a 90 to 99% inhibitory
concentration (ICy, o). The reproducibility of this assay is
reflected by the fact that, in analyzing 196 replicates of the
assay examining 31 HIV-1 strains, the replication endpoint
concentration was within one dilution 97.4% of the time.
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FIG. 1. The AZT inhibitory concentration (IC) curve for the
pretherapy isolate from patient 8. The replication endpoint concen-
tration for this isolate corresponds to an IC,,;.

The assay revealed that for the six control strains the
median replication endpoint concentration was 1.8 pM for
DDI (mean, 3.4 pM; range, 1 to 10 pM) (Table 1). The
median and mean replication endpoint concentrations of
AZT were both 0.033 uM (range, 0.01 to 0.055 M) for the
four control strains that had not been previously exposed to
AZT. For both strains 012-post and 018-post (resistant
controls) the concentrations were greater than or equal to
100 pM. For the 13 baseline clinical isolates, the median
endpoint concentration of AZT was 1.0 pM, with a mean of
25.6 uM and a range of 0.01 to 100 pM (Table 2). While the
patients were off AZT and receiving DDI, the median
endpoint concentration of AZT for the posttherapy isolates
was 0.3 uM, with a mean of 10.9 pM and a range of 0.01 to
100 pM. The AZT endpoint concentrations decreased for 9
of the 12 paired isolates while the patients were off AZT

TABLE 1. Replication endpoint concentrations for control strains

Replication endpoint concn (M) of:

Strain
AZT DDI

AZT susceptible

906 0.055 10

I1IB 0.01 5

A012-pre 0.01 1

A018-pre 0.055 1

Median 0.033 3.0

Mean 0.033 4.3
AZT resistant

A012-post =100 25

A018-post =100 1

Median =100 1.8

Mean =100 1.8
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TABLE 2. AZT replication endpoint concentrations

Replication endpoint concn (LM) of AZT:

Patient w%;'éi of Before DDI After DDI

therapy therapy”

1 80 10 10

2 24 0.1 0.055

3 90 0.055 NEG?

4 21 10 0.1

5 51 1 0.55

6 73 10 0.01

7 50 0.1 0.01

8 83 100 100

9 53 100 10

10 52 1 0.1

11 70 0.1 0.01

12 54 100 10

13 50 0.01 0.01

Median 53.0 1.0¢ 0.3°

Mean 57.8 25.6 10.9

SD 20.2 41.0 27.2

4 P = 0.008 between pre- and posttherapy values (Wilcoxon test).
5 NEG, negative.

therapy, while the values for the other 3 pairs remained
unchanged. The improvements in susceptibility to AZT
ranged from 2- to 1,000-fold (P = 0.008; Wilcoxon signed-
rank test).

The median endpoint concentration of DDI for the 13
clinical isolates prior to DDI therapy was 10.0 pM, with a
mean of 9.5 uM and a range of 1 to 25 pM (Table 3).
Following a mean period of 57.8 weeks, the median endpoint
concentration of DDI for the isolates was 17.5 pM, with a
mean of 16.7 pM and a range of 2.5 to 50 puM. The DDI
replication endpoint concentrations increased for 9 of the 12
paired isolates while the patients were on therapy. The
increases in DDI endpoint concentrations ranged from 50%
to threefold (P = 0.036; Wilcoxon signed-rank test).

A retrospective analysis of surrogate markers obtained
during the first 12 weeks of the study was done (Table 3).
These markers included CD4 count, p24 antigen level in
plasma, and plasma viral culture. Most notably, the patient
(patient 3 in Table 3) with the lowest replication endpoint
concentration (1 uM) became PBL culture negative. Further
analysis of these data is limited by the small number of
patients. However, the three patients (patient 3, 6, and 13 in
Table 3) with the lowest initial DDI replication endpoint
concentrations (1 to 2.5 pwM) had the greatest increase in
CD4 counts (mean increase, 88/mm?®). The remaining 10
patients with replication endpoint concentrations of >2.5
1M had a mean increase of only 19/mm? in their CD4 counts
(P = 0.02; ¢ test). A rank correlation test revealed that
patients with the highest initial CD4 counts had the greatest
increase in CD4 count while on therapy (P = 0.035). Other
trends which were observed but which did not reach statis-
tical significance were as follows: (i) the patients with CD4
counts of <50/mm> were more likely to have plasma viremia
(50 versus 28.6%); (ii) the patients whose DDI replication
endpoint concentrations increased while on therapy had
lower initial CD4 counts than the patients whose DDI
replication endpoint concentrations decreased or remained
unchanged (58 versus 126/mm?®); and (iii) the patients whose
DDI replication endpoint concentrations increased were also
more likely to be p24 antigenemic than the patients whose



VoL. 36, 1992

DDI AND AZT RESISTANCE PATTERNS IN ISOLATES OF HIV-1 923

TABLE 3. DDI replication endpoint concentrations and surrogate markers

Replication endpoint

Patient Weeks of concn (pM) of DDI: Initial CD4 Change in Initiql p24 Plasma viral

DDI count CD4 count antigen culture®
Before therapy After therapy

1 80 5 15 40 -18 65 ND

2 24 5 5 60 -20 0 ND

3 90 1 NEG 234 66 0 NEG

4 21 10 5 18 12 0 NEG

5 51 7.5 10 60 40 70 NEG

6 73 2.5 5 80 110 15 NEG

7 50 10 20 20 10 17 POS

8 83 25 50 10 10 0 NEG

9 53 25 37.5 60 30 0 NEG

10 52 10 5 10 30 10 POS

11 70 10 20 66 64 115 POS

12 54 10 25 130 30 51 POS

13 50 2.5 2.5 310 90 0 NEG

Median 53.5 10.0° 17.5% 60.0 30.0 12.5

Mean 57.8 9.5 16.7 84.5 349 26.4

SD 20.2 7.3 14.2 87.3 37.4 35.6

2 POS, positive; NEG, negative; ND, not done.
& P = 0.036 between pre- and posttherapy values (Wilcoxon test).

DDI replication endpoint concentrations decreased or re-
mained unchanged (75 versus 33%). No correlation was
noted between in vitro susceptibilities and changes in serum
HIV p24 antigen levels.

DISCUSSION

In this report we have described a microtiter, PBL-based
assay system which can be used both to screen and to
directly compare low-passage isolates of HIV-1 for their
antiviral susceptibility profiles. Its advantages are that it is
easy to perform, the viral inocula are standardized in the
same cell system (i.e., PHA-stimulated PBLs) as the antivi-
ral assay, all clinical strains cultured on PBLs can be
assayed, results are available relatively quickly for a culture-
based system, it is applicable to antiviral agents with differ-
ing mechanisms of action, and the endpoint is clear-cut. The
supernatant HIV p24 antigen concentration is used to deter-
mine the endpoint, given the sensitivity and availability of
the commercial enzyme immunoassay kits. To minimize
cost, the endpoint is determined as the microtiter well with
the highest concentration of drug which exhibits an off-scale
reading (i.e., an optical density of >2.0 in our assay).
Dilutions of supernatant to determine specific HIV p24
antigen values are not necessary, thus saving substantial
technical time and cost.

It is important to note that by using this replication
endpoint concentration assay to determine the susceptibility
of an isolate, the values provided are ICy, oo8. Most previous
studies have determined ICsgs (2, 9, 11-14, 18-20), but in our
assay a higher value (ICyq o) is determined. The inhibition
of viral replication by dideoxynucleosides is dependent on
the cell type used in the assay because of different rates of
phosphorylation in cells. Furthermore, the assay systems
reported to date have used different viral inocula and various
determinations of HIV-1 activity including plaque reduction,
RNA-RNA hybridization, RT activity, and p24 antigen level
in supernatants. Thus, differences from previously published
values for particular isolates may result from differences in
assay systems, from our use of a high inoculum (10°

TCIDs,s/107 PBLs), or because ICy oo rather than ICsys
are reported.

When applied to a number of control strains, the replica-
tion endpoint concentration assay clearly distinguished be-
tween AZT-susceptible and AZT-resistant isolates and
yielded DDI replication endpoint concentrations in a suscep-
tibility range comparable to that of prior reports for these
previously DDI-unexposed strains (Table 1) (9, 11). When
applied to the 13 pairs of clinical isolates derived from
patients in a phase I DDI trial (7), the replication endpoint
concentration assay yielded a number of interesting obser-
vations. First, its ready applicability to low-passaged clinical
isolates was evident. Second, median baseline (pre-DDI)
susceptibilities to AZT were 1.0 uM, with a mean of 25.6 uM
and a range of 0.01 to 100 wM. This overall diminished
susceptibility to AZT is in keeping with the nature of the
patient population from whom the isolates were derived; that
is, all individuals had advanced HIV disease and were
uniformly exposed to AZT (10, 12, 13, 21). Interestingly,
with time off AZT and on DDI, AZT susceptibilities im-
proved. This finding is in accord with the results of Bach et
al. (1) and St. Clair et al. (26), who reported improvements in
mean AZT susceptibility from 13 to 5 uM and >10 to 0.73
pM, respectively, in clinical isolates from patients off AZT.
This improvement has been attributed to a Leu-to-Val mu-
tation at position 74 in the viral RT, which has been linked to
diminished DDI susceptibility and appears to simultaneously
confer improved AZT susceptibility when at least one of the
previously described AZT resistance mutations is present (at
position 67, 70, 215, or 219) (14, 15, 26). This improvement in
AZT susceptibility of isolates from patients off AZT therapy
may not be a uniform occurrence, as illustrated by two of our
isolate pairs (from patients 1 and 8, Table 2) and in a
previously published report (24). Nevertheless, the potential
for improvement in AZT susceptibility while off therapy
supports treatment strategies that involve the concept of
drug cycling to maximize the effectiveness of the dideoxy-
nucleosides.

A third observation was that baseline (pretherapy) DDI
replication endpoint concentrations varied 25-fold. This



924 MCcLEOD ET AL.

broad range of susceptibilities to DDI may be more evident
than in previous reports because these values represent at
least the ICqs of these isolates, as noted above. Neverthe-
less, a broader range of baseline DDI susceptibilities of
previously DDI-unexposed isolates contrasts with baseline
AZT susceptibilities of previously AZT-unexposed isolates,
which generally are found to fall in a narrow range (Table 1)
(9, 12, 14, 18). Following a mean period of 57.8 weeks on
DDI therapy, a significant trend toward diminished suscep-
tibility to DDI was seen (Table 3). Two- to three-fold
decreases in susceptibility were noted for a number of the
isolates, but in no case was the >100-fold decrease in
susceptibility found that has been reported for AZT-resistant
isolates (9, 11, 12, 14, 18). Similar findings have recently
been reported by other investigators. Using a PBL-based
assay and testing RT activity, St. Clair et al. reported that
the mean ID,, of DDI increased from 0.3 to 9.0 uM after 12
months of therapy (26). Reichman et al., using a PBL- and
HIV p24 antigen-based assay, reported that MICs of DDI
increased from 5 to 10 uM in patients on therapy for 1 year
(17). In the recent report by St. Clair et al. (26), the DDI
resistance was linked to the Leu-to-Val substitution at
position 74 in the HIV RT as noted above. Overall, the
contrasting patterns of resistance seen with AZT and DDI
therapy indicate that one cannot extrapolate from the expe-
rience with one nucleoside analog to another, that exposure
to one drug may influence the susceptibility to another agent,
and that this influence may result in divergent susceptibility
patterns (17, 26).

Baseline DDI susceptibility and CD4 counts at the initia-
tion of treatment may be useful as predictors of response to
DDI therapy. In our small cohort, the subject with the most
susceptible viral isolate became reproducibly culture nega-
tive. Furthermore, rises in CD4 counts were significantly
correlated with both initially greater DDI susceptibility and
higher baseline CD4 counts. The correlation of higher base-
line CD4 counts with subsequent CD4 increases after DDI
treatment has also been seen in other trials (3, 22). Isolates
that exhibited a rise in replication endpoint concentrations
(i.e., a diminished susceptibility) were more likely to be
derived from patients who were plasma culture positive or
HIV p24 antigenemic at baseline. Although these trends
were not statistically significant, they are in keeping with the
concept that a greater viral load is more likely to lead to the
development of resistance with prolonged therapy. Because
the viral load has been clearly correlated with the stage of
disease, the predictable development of resistance in pa-
tients with advanced HIV disease compared with individuals
with asymptomatic or early symptomatic disease supports
the hypothesis that viral load is a risk factor for dideoxynu-
cleoside resistance evolving with drug exposure (8, 23).

The correlation of in vitro dideoxynucleoside resistance
with clinical events has not been firmly established but is
suggested by two recent reports. In the Canadian Multi-
Centre AZT trial, patients with CD4 counts of >270 whose
viruses developed resistance had a greater than expected
progression to AIDS or AIDS-related complex (25). A sec-
ond study, involving 18 children, noted a significant corre-
lation between decreased AZT susceptibility and poor clin-
ical outcome (27). A number of studies are now under way or
are planned to try to secure the correlation of dideoxynucle-
oside resistance with poorer clinical outcome and to deter-
mine whether dideoxynucleoside susceptibility profiles are
useful in guiding therapeutic decisions. Assays such as the
one described herein should assist in this important effort.
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