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Human immunodeficiency virus (HIV) resistance to the nonnucleoside reverse transcriptase inhibitors
emerges very rapidly under selection in culture and in patients. In contrast, zidovudine (3*-azido-3*-deoxythy-
midine [AZT])-resistant HIV generally emerges in patients only after more-prolonged therapy. Although HIV
can be cultured from many patients shortly after the initiation of AZT treatment, characterization of the virus
that is cultured generally indicates that it is sensitive to AZT. To initiate an evaluation of the mechanisms
contributing to early HIV breakthrough in the presence of AZT and other nucleoside analogs, we have utilized
replication-defective HIV encoding reporter genes. These recombinant HIV allow a quantitative analysis of a
single cycle of infection. Results with these defective HIV indicate that early infection in the presence of AZT
often results from the infection of a cell which is refractory to the antiretroviral effects of AZT. Characteriza-
tion of a cell line derived from one such cell has demonstrated decreased accumulation of AZT triphosphate,
increased phosphorylation of thymidine to thymidine triphosphate, and increased levels of thymidine kinase
activity. In addition, AZT inhibition of replication-competent HIV infection is also significantly impaired in
this cell line. Attempts to detect and characterize the mechanisms responsible for early viral infection after
initiation of AZT therapy may result in the development of new strategies for prolonged suppression of viral
infection prior to the emergence of drug-resistant virus.

When antiretroviral therapy is initiated for a patient with
human immunodeficiency virus (HIV) infection, there is gen-
erally a virologic response characterized by declining viremia
and antigenemia (5, 7, 19, 20, 25). Unfortunately, the currently
available antiretroviral agents which have undergone clinical
evaluation have only limited benefit, in that most patients will
ultimately have evidence of worsening disease and increasing
viral burden. This progression often occurs in association with
the emergence of drug-resistant HIV. For example, most pa-
tients who are treated with zidovudine (39-azido-39-deoxythy-
midine [AZT]) will have initial evidence of improvement of the
clinical and laboratory parameters of HIV infection (7, 19).
The duration of this benefit varies from patient to patient and
is likely to be disease stage related (21). Ultimately, however,
most patients will have progressive disease and genotypic or
phenotypic evidence of the appearance of AZT-resistant HIV
(9, 12). Since clinical failure and the appearance of virus with
high-level resistance to AZT both coincide with evidence of
increasing levels of viremia and changes in viral tropism, it has
been difficult to ascribe the clinical failure solely to the devel-
opment of AZT resistance (2, 11). Nevertheless, it seems likely
that AZT resistance ultimately contributes to the clinical fail-
ure seen in most patients receiving prolonged AZT therapy.
While the development of virus-encoded drug resistance

may contribute to the limited efficacy of currently used anti-
retroviral agents, it cannot explain all of the in vitro and in vivo
phenomena associated with viral replication in the presence of
an antiretroviral agent. For example, many patients will have

continuing evidence of viral replication after the initiation of
AZT therapy; however, the isolated virus will remain sensitive
to AZT when it is analyzed in tissue culture (7, 19). In contrast,
high-level HIV resistance to many of the nonnucleoside re-
verse transcriptase inhibitors develops very rapidly in culture
and in patients (13, 16, 22, 23). Some of these differences may
relate to the complexity and prevalence of viral variants har-
boring pre-existing drug resistance mutations prior to the ap-
plication of the selective pressure. However, some of the dif-
ferences may be due to cellular heterogeneity in the uptake or
metabolism of the antiretroviral agents. In other words, each
cell population may have some cells that are refractory to the
antiviral effects of the drug. This would allow a subset of the
cellular population to be successfully infected by genetically
drug-sensitive HIV in the presence of the antiviral drug. De-
pending on the prevalence of drug-resistant HIV in the initial
population, the relative rates of replication of drug-resistant
and drug-sensitive virus, and the percentage of cells refractory
to the antiviral effects of the drug, different patterns of viral
breakthrough would emerge. Notably, the nonnucleoside re-
verse transcriptase inhibitors do not undergo cellular metabo-
lism, and cellular effects of uptake or metabolism may be less
likely in this setting. This is consistent with the observation that
virus-encoded drug resistance to the nonnucleoside reverse
transcriptase inhibitors develops very rapidly under selection
in tissue culture and in patients. In fact, the rapid development
of resistance in patients suggests that the blood and plasma
compartment of the virus is subjected to selective drug pres-
sure. The presence of HIV but lack of AZT-resistant HIV
early after the initiation of AZT suggest that a component of
this viral pool may be capable of averting selective drug pres-
sure in vivo. Continued viral replication in cells in which AZT
is an ineffective antiretroviral agent could conceivably result in
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the continued growth of virus that is sensitive to AZT (sanc-
tuary growth). An increase in the number of these cells over
time could also alter viral growth kinetics in the presence of
AZT without the emergence of virus with high-level AZT
resistance. Therefore, many mechanisms may contribute to the
inability of an antiviral agent to completely suppress HIV in-
fection. Viral growth in the presence of the nonnucleoside
reverse transcriptase inhibitors appears to be due to the rapid
selection of genetically resistant virus. In contrast, genetic viral
drug resistance does not appear to be the major mechanism
contributing to early viral growth in the presence of AZT.
A previous report has detailed the use of recombinant HIV-

encoding reporter genes to analyze viral breakthrough infec-
tion in the presence of antiretroviral agents (26). In that study,
to determine the prevalence of viral variants spontaneously
resistant to the nonnucleoside reverse transcriptase inhibitor
TIBO R82150, HeLa-T4 cells were infected in the presence of
drug with replication-defective HIV-gpt (18, 26) or HIV-LacZ
(26). The recombinant virus used for these infections was pro-
duced by infection of cell lines containing an integrated copy of
the defective recombinant virus with replication-competent
HIV. The replication-competent HIV provided the necessary
gene products to rescue the defective virus. The prevalence of
viral variants containing mutations encoding resistance to
TIBO R82150 was reflected by the prevalence of recombinant
viruses capable of infecting HeLa-T4 cells in the presence of
TIBO R82150. The presence of reporter genes in the recom-
binant viruses allowed for a quantitative analysis of a single
cycle of infection on a single cell basis.
In this report, a similar analysis of early events after HIV

infection in the presence of AZT and other nucleoside analogs
is reported. In these studies, cells were infected with recombi-
nant HIV, and infection was monitored by reporter gene ex-
pression. By using two recombinant retroviruses as well as a
replication-competent stock of HIV, it has been possible to
ascribe a significant component of early HIV infection in the
presence of AZT to the infection of cells which are refractory
to the antiretroviral effects of AZT.

MATERIALS AND METHODS

Construction of recombinant proviral DNA. The HIV construct encoding
LacZ has been described elsewhere (26). It contains the lacZ gene driven by a
simian virus 40 (SV40) promoter inserted into a large deletion in the HIV
genome extending from the 59 end of the pol gene to the 39 end of the env gene.
The HIV-gpt and HXB2env plasmids were kindly provided by Kathleen Page
(University of California, San Francisco, Calif.) (18). The HIV-gpt plasmid
contains an HXB2 provirus into which an SV40 promoter gpt (Escherichia coli
guanine phosphoribosyltransferase) gene was inserted into the env region. The
HXB2env plasmid contains the HXB2 gp160 gene driven by an SV40 promoter.
Production of plasmid-derived recombinant retroviruses. All transfections

and cell cultures were performed in an approved facility using biosafety level 3
techniques. Plasmid DNA cotransfections into COS cells were performed as
described by Page et al. (18). Supernatants from COS cells were collected 40 h
after transfection and assayed for infectious recombinant HIV-LacZ by inocu-
lation of 2 3 105 HeLa-T4 cells with 0.1 ml of filtered (0.45-mm-pore-size filter)
supernatant. The cells were stained for beta-galactosidase activity with 5-bromo-
4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) 48 h after infection as de-
scribed elsewhere (26, 27). To assay for infectious recombinant HIV-gpt, the
infected cells were split 1:10 into gpt-selective medium as described elsewhere
(26). Medium changes were performed every 3 days, and colonies were counted
10 to 14 days postinfection after staining with 1% crystal violet in 10% formalin.
Cell lines containing defective HIV-gpt and HIV-LacZ. The H9/HIV-gpt cell

line and the HeLa-T4/HIV-LacZ cell line were prepared and used as previously
described (26). Rescue of defective retroviruses from the H9/HIV-gpt cell line
and the HeLa-T4/HIV-LacZ cell line was performed as previously described
(26). Following each rescue infection, the resultant titer of HIV-LacZ or HIV-
gpt was determined and the inoculum used to infect HeLa-T4 cells was adjusted,
depending on the number of infectious events to be analyzed.
High-performance liquid chromatography (HPLC) analysis of clones. Cell

lines were incubated with [3H]thymidine or [3H]AZT for 4 h. Dried methanol
extracts of the clones were redissolved in 60 ml of distilled water and centrifuged

to remove undissolved material. Twenty microliters of the sample was injected
and separated on a Rainin Hydropore anion exchange column (10 by 100 mm).
The nucleotides were eluted from the column with a linear gradient of potassium
phosphate (5 mM to 1 M [pH 4.0]) at a flow rate of 1 ml/min. The samples were
collected (0.5 ml), mixed with 5 ml of Packard scintillation fluid, and quantitated
with a liquid scintillation counter. Phosphorylated derivatives of thymidine and
AZT were identified with authentic standards.
Cytotoxicity assay. AZT-mediated cytotoxicity in cells persistently refractory

to the antiviral effects of AZT (R116) and in cells sensitive to the antiviral effects
of AZT (HT4, S pool, and S1) was assayed (14). Triplicate wells of 24-well plates
containing 3 3 104 cells were cultured in the absence or presence of various
concentrations of AZT. Three days later, drug cytotoxicity was quantitated with
a standard 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide (MTT)
assay in which the uptake and metabolism of MTT by cells was measured (14).
The amount of formazan produced in 2 h was determined by dissolving the
product in 100% dimethyl sulfoxide and then measuring the A570.
Northern (RNA) blot analysis. Total RNAs from S1 and R116 cells were

extracted as described previously (4). Equal amounts of total RNAs were elec-
trophoresed on an agarose gel containing 1% formaldehyde and were blotted
onto a nylon membrane. The RNAs were hybridized with a 32P-labeled human
thymidine kinase probe (3). The labeled bands were visualized by autoradiogra-
phy and were quantitated with a Molecular Dynamics Personal Densitometer.
Thymidine kinase assay. Thymidine kinase activities in cell lines sensitive and

resistant to AZT were determined. Cellular extracts of S1 and R116 cells were
prepared according to Sherley and Kelly (24) and were assayed for thymidine
kinase activity as described by Lee and Cheng (10). The protein concentration of
each extract was determined with Bio-Rad protein reagent.

RESULTS

HIV-gpt infection of cells in the absence and presence of
AZT. HeLa-T4 cells were infected with a recombinant HIV,
HIV-gpt, in the presence or absence of 10 mM AZT (Fig. 1).
Two separate populations of HIV-gpt were utilized for these
infections. One population of HIV-gpt was produced in COS
cells by cotransfection of the HIV-gpt plasmid with a plasmid
encoding the HXB2 env gene. The infectious virions produced
by this cotransfection have little genetic diversity in that they
are produced from products encoded by plasmids in COS cells.
The second population of HIV-gpt was genetically more di-
verse, since it was produced by rescue from the H9/HIV-gpt
cell line with replication-competent HIV-1IIIB that had been
propagated in culture (26). After infection, the HeLa-T4 cells
were placed in gpt selective medium, and the number of colo-
nies developing by day 10 was used as an indicator of the
number of cells initially infected in the absence or presence of

FIG. 1. Schematic representation of the production of recombinant HIV-gpt
by COS cell transfection or rescue from the H9/HIV-gpt cell line.
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10 mM AZT. As can be seen from Table 1, the values for
frequency of colony formation after infection in the presence
of AZT were similar (;5 3 1024) for the two preparations of
HIV-gpt. This similarity is very distinct from the results of
infections performed in the presence of a nonnucleoside re-
verse transcriptase inhibitor, TIBO R82150. In those studies,
the prevalence of infection with the COS cell-derived virus was
20-fold lower than infection with HIV-gpt rescued by replica-
tion-competent virus (26). Since the HIV-gpt produced in COS
cells would not be expected to be genetically diverse, this
relatively high rate of infection in the presence of AZT was not
likely the result of virus-encoded AZT resistance. Similarly, the
absence of more-prevalent infection in the presence of AZT
when HIV-gpt was produced by rescue with a propagated stock
of replication-competent HIV implies that true genetic resis-
tance was not detected in these experiments. These data sug-
gest that other mechanisms contribute to this early viral break-
through in the presence of AZT.
Identification of cells refractory to the antiviral effects of

nucleoside analogs. To characterize further the mechanism(s)
of viral infection accounting for the high frequency of colony
formation after infection in the presence of 10 mM AZT, the

experiment depicted in Fig. 2 was performed. HeLa-T4 cells
were infected with HIV-gpt (prepared in COS cells) in the
absence or presence of AZT. Infected cells were selected in
gpt-selective medium, and colonies were isolated and expanded
into cell lines. Twelve cell lines developing after infection in
the presence of AZT were further characterized. To determine
if these cell lines were refractory to the antiretroviral effects of
AZT, they were infected with HIV-LacZ in the presence of 10
mM AZT. Three days after infection, the cells were stained
with X-Gal to detect b-galactosidase activity. A total of 9 of
these 12 cell lines behaved like wild-type HeLa-T4 cells, with
complete inhibition of infection in the presence of AZT. How-
ever, 3 of these cell lines demonstrated greater than 50% of
control infection (2AZT) despite the presence of 10 mMAZT.
These cell lines were labeled persistently resistant to the anti-
retroviral effects of AZT.
Infection of these persistently resistant cell lines with repli-

cation-competent HIV confirmed the relative inefficacy of
AZT in these cells. For example, a clinically relevant concen-
tration of 0.1 mM AZT was much less effective in inhibiting
HIV-1IIIB in the persistently resistant cell line than in the
control cells (Fig. 3). No such cells resistant to the antiviral
effects of AZT were obtained when colonies derived from
HIV-gpt infections in the absence of AZT were studied (see
Table 2).
None of the persistently resistant cell lines were cross-resis-

tant to the antiretroviral effects of ddI or ddC. Interestingly,
cells with persistent resistance to AZT showed partial cross-
resistance to the antiretroviral effects of 50 mM 39-dideoxy-
29,39-didehydrothymidine.
A further characterization of this cellular cross-resistance is

currently under way. In addition to this evaluation for cellular
cross-resistance, it was possible to use a similar experimental
protocol to demonstrate the independent selection of cells
refractory to the antiretroviral effects of a variety of other

FIG. 2. Schematic representation of the analysis of colonies arising after COS cell derived HIV-gpt infection of HeLa-T4 cells in the presence of 10 mM AZT.
Twelve such colonies were expanded and infected with HIV-LacZ in the presence or absence of 10 mM AZT. Ten control colonies derived from HIV-gpt infection of
HeLa-T4 cells in the absence of AZT were studied in parallel. Persistent cellular resistance was defined by a high-level infection with HIV-LacZ in the presence of AZT,
as shown for colony number 2. HIV-LacZ contains the lacZ gene driven by an SV40 promoter inserted into a large deletion in the HIV genome extending from the
pol gene to the 39 end of the env gene. HIV-LacZ production has been previously described (26).

TABLE 1. Frequency of HIV-gpt colony formation in
the presence and absence of AZTa

Source of HIV-gpt

No. of colonies

FrequencyWithout
AZT

With
AZT

Plasmid-derived (COS cells) 3.13 104 16 5.2 3 1024

Rescue with HIV-1 1.83 104 9 5.0 3 1024

a HIV-gpt produced in COS cells by transfection with plasmids is compared
with HIV-gpt produced by rescue from the H9/HIV-gpt cell line after infection
with HIV-1IIIB (see Fig. 1).
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nucleoside analogs (Table 2). In contrast, no cells persistently
resistant to the antiretroviral effects of the nonnucleoside re-
verse transcriptase inhibitor TIBO R82150 could be selected
by identical techniques. These results indicate that HeLa-T4
cells have subpopulations of cells that are independently re-
fractory to the antiretroviral effects of a variety of nucleoside
analogs.
Comparison of thymidine and AZT phosphorylation in iso-

lated clones. To initiate an analysis of the mechanisms respon-
sible for this cellular resistance, a persistently resistant cell line
was compared with a control cell line obtained by HIV-gpt
infection in the absence of AZT. Each of these cell lines was
incubated with [3H]thymidine, and thymidine metabolites were
assayed by HPLC. As shown in Fig. 4, the persistently resistant
cell line (R116) had a greater phosphorylation of thymidine
into thymidine triphosphasphate (TTP) than the nonresistant
cell line (S1). An identical experiment with [3H]AZT indicated
a nearly twofold reduction in AZT triphosphate (AZTTP) in
R116 cells compared with S1 cells (Table 3). Therefore, a
component of the resistance may be related to a diminished
AZT TP/TTP ratio. These results suggest that alterations in
nucleotide metabolism may underlie some of the differences
between these cell lines. To further characterize the basis for
these differences, thymidine kinase mRNA levels and thymi-
dine kinase activities in the two cell lines were compared.
Although there were no differences in the thymidine kinase
mRNA levels by a Northern blot analysis, the R116 cell line

had three times more thymidine kinase activity than the S1 cell
line (Fig. 5).
Tolerance of the clones for very high concentrations of AZT.

In additional studies of these cell lines, the tolerance for high
concentrations of AZT was tested. As shown in Fig. 6, the
persistently resistant cell line (R116) was much more tolerant

FIG. 3. Infection of a clone of HeLa-T4 cells persistently resistant to the
antiviral effects of AZT (clone R116) and a control clone (S1 [cell line derived
from a clone of HeLa-T4 cells infected with HIV-gpt in the absence of AZT])
with replication-competent HIV-1IIIB in the presence of 0.1 mM AZT. The
amounts of p24 were assayed, compared with those for a control infection in the
absence of AZT, and plotted as a function of time. p24 values in the absence of
AZT were 1,857 6 104 ng/ml for S1 and 1,717 6 113 ng/ml for R116. moi,
multiplicity of infection.

FIG. 4. Thymidine (TdR) metabolism. HPLC analysis of clones obtained
after infection of HeLa-T4 cells with HIV-gpt in the presence and absence of
AZT (with 0.1 mM thymidine). (A) S1 cell line derived from HeLa-T4 cells after
infection with HIV-gpt in the absence of AZT; (B) R116 cell line, which was
persistently resistant to the antiviral effects of AZT. The earliest peak represents
thymidine and the subsequent peaks represent phosphorylated metabolites.

TABLE 2. Colony formation and persistent resistance after HeLa-
T4 infection with plasmid derived HIV-gpt (produced in COS cells)

in the presence of high doses of antiretroviral agentsa

Drug No. of
colonies

No. of persistently
resistant colonies Frequency

Control (no drug) 8,800 0/10 0
AZT 12 3/12 3.4 3 1024

D4T 50 Not done
DDI 16 2/16 2.3 3 1024

TIBO 3 0/3 0

a Concentrations of the antiretroviral agents were as follows: AZT, 10 mM;
DDI, 50 mM; D4T, 50 mM; and TIBO, 1 mM.

TABLE 3. Concentration of phosphorylated AZT metabolites in
the persistently resistant (R116) and sensitive (S1) cell linesa

Clone
Metabolite (pmol/106 cells)

AZT AZTMP AZTDP AZTTP

S1 0.0206 (12.2) 0.1212 (71.6) 0.0116 (6.9) 0.0158 (9.3)
R116 0.0155 (7.7) 0.1575 (78.6) 0.0193 (9.6) 0.0083 (4.2)

a Pool sizes were determined by incubation of cells with [3H]AZT for 4 h,
followed by cellular extraction and HPLC. The numbers in parentheses are the
percentages of total radioactive species in each pool.
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of high concentrations of AZT. The cytotoxic concentration of
AZT that killed 50% of a variety of control cell lines was
approximately 100 mM. In contrast, the cytotoxic concentration
of AZT that killed 50% of the persistently resistant clone R116
was greater than 1 mM. This implies that the mechanisms that
protect HIV from AZT in the resistant cell lines also protect
these cell lines from the cytotoxic effects of even higher con-
centrations of AZT. This demonstrates another AZT-related
difference among these clones that are derived from the same
parental cell line.

DISCUSSION

The studies described above indicate that sanctuary growth
of HIV may occur in the presence of AZT and that early in
treatment, cellular resistance may make a large contribution to
viral breakthrough. In fact, there was no quantitative differ-
ence in HIV breakthrough when HIV-gpt prepared by trans-
fection in COS cells was compared with HIV-gpt produced by
rescue with replication-competent HIV. This suggests that a
large part of early infection in the presence of AZT may be a
consequence of cellular effects. We have detected at least two
types of such sanctuary growth. A total of 9 of the 12 cell lines
analyzed did not have persistent resistance to the antiviral
effects of AZT and may have had epigenetic alterations such as
those that might occur at specific points in the cell cycle. In
contrast, 3 of the 12 cell lines had persistent resistance to the
antiviral effects of AZT, with both recombinant and replica-
tion-competent HIV. In studies with replication-competent
HIV, virtually complete inhibition of the infection of control
cells was obtained with a concentration of AZT that reduced
viral production in a persistently resistant clone only by 50%.
These cell lines refractory to the antiviral effects of AZT are

likely to have specific alterations that render AZT less effec-
tive. Metabolic studies suggest that some of this resistance may
be due to differences in nucleotide metabolism resulting in a
reduction of AZTTP in the resistant cells. It will be important
to further characterize and define the mechanisms responsible
for cellular resistance, because reversal of this resistance may
greatly reduce viral burden and delay the outgrowth of virus
with genetic resistance. It is important to emphasize that the
cells that were detected as refractory to the antiviral effects of
AZT were exposed to AZT only for a short period of time.
There was no preselection of cells prior to infection with the
recombinant viruses.
It will be important to extend these observations to primary

blood mononuclear cells. Unfortunately, only low levels of
expression of the recombinant viruses used in these studies can
be achieved in primary blood mononuclear cells. Furthermore,
it is difficult to obtain prolonged culture of clones of primary
cells infected with these viruses. Therefore, efforts to perform
similar experiments with primary cells will require modifica-
tions in the experimental approach. These studies are currently
under way.
Recent reports on nucleotide pool sizes in resting as op-

posed to stimulated blood mononuclear cells and different cell
lines derived from different blood cell lineages have demon-
strated marked differences that might translate into variable
efficacies of nucleoside analogs within populations of blood
cells (6, 15). Furthermore, other investigators have grown cells
in high concentrations of AZT for prolonged periods of time
and demonstrated the selection of cells with reduced levels of
thymidine kinase activity (17). Additional data about metabolic
differences occurring in the lymphocytes of patients treated
with prolonged courses of AZT also suggest that cellular re-
sistance contributes to HIV breakthrough (1). Thus, cellular
resistance is likely to contribute to viral breakthrough during
an in vivo infection, and multiple mechanisms may contribute
to cellular resistance. The prevalence of resistant cells detected
in a single cell line in our studies raises interesting speculation
concerning the prevalence of similar resistant cells during an in
vivo infection involving multiple cell types.
Earlier studies with recombinant viruses indicated that there

is a high prevalence of genetically TIBO-resistant HIV in an
unselected HIV population. As a consequence of this high
prevalence and the lack of cellular metabolism for TIBO, ge-
netically resistant virus is rapidly selected in vivo and in vitro.

FIG. 5. Comparison of thymidine kinase (TK) mRNA levels (A) and enzyme
activities (B) in cell lines sensitive and persistently resistant to the antiretroviral
effects of AZT. The mRNA levels of S1 and R116 were 8,390 and 8,500 densi-
tometry units, respectively. Thymidine kinase activities were based on three
independent experiments performed in triplicate.

FIG. 6. Cellular toxicity of AZT. The cell lines were grown in the presence of
the indicated concentrations of AZT. Cellular toxicity values were then deter-
mined for cells persistently refractory to the antiviral effects of AZT (R116) and
for cells sensitive to the antiviral effects of AZT (HT4, S pool, and S1) using a
standard MTT assay. S pool was a pool of colonies derived from HIV-gpt
infection of HeLa-T4 cells in the absence of AZT. HeLa-T4 is the parental cell
line.
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In contrast, AZT is metabolized in cells, a subpopulation of
which is refractory to the antiretroviral effects of AZT. Early
growth of nongenetically resistant virus can occur in these
sanctuary cells (cellular resistance). With continued growth,
there is amplification of pre-existing (or emerging) viral vari-
ants with genetic resistance because the truly resistant virus
can infect any suitable target cell, not just cells in which AZT
is ineffective. This gives a relative growth advantage to the
genetically resistant virus. Subsequent additional mutations or
recombination events may result in viruses with multiple mu-
tations. The initial cellular resistance may allow a population
of nonresistant or partially resistant virus to replicate, provid-
ing a pool of virus in which additional mutations and recom-
bination events can occur. Reversal of cellular resistance could
conceivably delay, or even prevent, the outgrowth of highly
resistant virus with multiple mutations by not allowing nonre-
sistant or partially resistant virus (with single mutations) to
replicate.
The objective of the studies presented in this report is to

establish that HIV sanctuary growth in the presence of AZT
can be an important component of HIV breakthrough early
after the initiation of AZT treatment. Additional studies will
be necessary to determine the relevance of cellular resistance
in in vivo infection and the contribution of cellular resistance
to the emergence of genetically resistant virus.
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