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Abstract—Previous studies have demonstrated that granulocyte-macrophage colony-stimulating factor
(GM-CSF) both increases and decreases levels of 3’-azido-3'-deoxythymidine (AZT) nucleotides in
certain human myeloid cells. The present studies have examined the effects of GM-CSF on AZT
metabolism in U-937 cells. The results demonstrate that GM-CSF stimulated AZT nucleotide formation
in these cells. This stimulation was detectable during concurrent exposure to GM-CSF and AZT or as
a result of pretreatment with GM-CSF. The GM-CSF-induced enhancement in AZT nucleotide
formation was associated with a 4-fold increase in AZT uptake. The finding that uptake of AZT into
U-937 cells was only partially sensitive to 6-[(4-nitrobenzyl)thio]-9-8-p-ribofuranosylpurine (NBMPR)
suggested a process primarily involving nonfacilitated diffusion. The results also demonstrate that
treatment of U-937 cells with GM-CSF was associated with nearly a 2-fold increase in thymidine kinase
activity. Moreover, the findings indicate that retention of AZT-MP and AZP-TP was prolonged
significantly (P < 0.05 and P < 0.01 respectively) in association with GM-CSF treatment. Taken together,
these results suggest that GM-CSF enhances the formation of AZT nucleotides by increasing AZT
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uptake and phosphorylation, as well as increasing retention of phosphorylated derivatives.

3'-Azido-3'-deoxythymidine (AZTt) is a potent
inhibitor of human immunodeficiency virus (HIV)
replication in human T lymphocytes and monocytes
[1-3]. The effects of AZT are mediated by conversion
of this nucleoside to the active triphosphate
metabolite AZT-TP. AZT-TP has been shown to
act as both an inhibitor and a substrate of HIV
reverse transcriptase [4-7]. The basis for the
selectivity of AZT against HIV replication is related
to the finding that AZT-TP binds more efficiently to
reverse transcriptase than cellular DNA polymerase
alpha [4].

Various strategies have been examined to enhance
the intracellular formation of AZT-TP. Recent
studies have demonstrated that treatment of
monocytes with granulocyte-macrophage colony-
stimulating factor (GM-CSF) is associated with
increased intracellular levels of AZT and its
nucleotides [8]. This effect of GM-CSF on AZT
anabolism also results in an enhancement of anti-
HIV activity [8]. In contrast, other studies in human
bone marrow cells have indicated that GM-CSF
significantly decreases intracellular AZT-TP levels
[9]. These findings have suggested that the effects
of GM-CSF on the intracellular pharmacology of
AZT are dependent in part on cell type.

* Author to whom correspondence should be addressed.

t Abbreviations: AZT, 3’'-azido-3'-deoxythymidine;
GM-CSF, granulocyte-macrophage colony-stimulating fac-
tor;, NBMPR, 6-[(4-nitrobenzyi)thio]-9-8-D-ribofurano-
sylpurine; HIV, human immunodeficiency virus; AZT-TP,
AZT-triphosphate; AZT-MP, AZT-monophosphate;
and AZT-DP, AZT-diphosphate.

The present work has examined the effects of
GM-CSF on the uptake and phosphorylation of AZT
in the human U-937 monocyte-like cell line [10].
The results demonstrate that GM-CSF increases
AZT nucleotide formation in these cells and that
this effect is associated with increases in AZT uptake
and thymidine kinase activity. The results also
demonstrate that retention of AZT nucleotides is
prolonged in association with GM-CSF treatment.

MATERIALS AND METHODS

Cell culture. U-937 cells (American Type Culture
Collection, Bethesda, MD) were maintained at a
density of 1-2 x 10° cells/mL in RPMI 1640 medium
containing 10% heat-inactivated fetal bovine serum,
100 units/mL penicillin, 100 ug/mL streptomycin
and 2mM L-glutamine. U-937 cells chronically
infected with HIV-1 IIIB (provided by Dr. J.
Groopman, Boston, MA) were grown under similar
conditions. The cells were exposed to various
concentrations of AZT (Burroughs Wellcome Co.,
Research Triangle Park, NC). GM-CSF (Genetics
Institute, Boston, MA) was used at a final
concentration of 100 units/mL. Cell viability was
monitored by trypan blue exclusion.

Measurement of intracellular AZT nucleotides.
Cells were incubated with 3'-azido-3'-[5-3H]deoxy-
thymidine (15 Ci/mmol; Moravek Biochemicals,
Brea, CA), washed twice with ice-cold phosphate-
buffered saline, and then extracted with perchloric
acid [11]. The acid-soluble fraction was treated with
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0.5 M sodium periodate to remove ribonucleotides
(12]. AZT nucleotides were analyzed on a Waters
M510 high pressure liquid chromatography (Waters,
Milford, MA) equipped with an SAX anion exchange
column using a linear gradient of 0.015M KH,PO,
{pH 3.5) to 1.0 M KH,PO, (pH 3.5) at a flow rate
of 1.0 mL/min. The eluant fractions were collected,
and tritium was determined by liquid scintillation
counting.

Measurement of AZT uptake. Cells were incubated
with [PHJAZT for intervals up to 60sec. At the
indicated times, the cells were centrifuged through
a 4:1 (v/v) mixture of di-n-butyl phthalate and di-
n-octyl phthalate (Aldrich Chemical Co., Milwaukee,
WI) at a density of 1.03 g/mL [13]. The cell pellets
were solubilized in 0.9 M NaOH and 0.6% sodium
lauryl sulfate, neutralized, and then monitored for
tritium. The intracellular water space was determined
in similar experiments using cells incubated in 5 uCi/
mL [PH]H,0 (5 mCi/mL; Amersham) for 5 min at
37° as described [14] and centrifuged through the oil
mixture. The trapped extracellular space was deter-
mined with 3 uCi/mL ["*C]sucrose (540 uCi/mL;
Amersham) in corresponding tubes. Cell pellets
were solubilized in 0.9 NNaOH, and the intracellular
water space was calculated [13].

Measurement of NBMPR binding. Cellular
NBMPR binding was determined by incubating U-
937 cells with 0.1 to 8.0 nM [*'H]NBMPR for 25 min
at 37° [15]. The cells were sedimented through the
phthalate oil mixture, and specific binding in the
presence of unlabeled NBMPR was used to calculate
NBMPR binding sites and binding affinity by
Scatchard analysis.

Measurement of thymidine kinase activity. Thy-
midine kinase activity was assayed as described
[16] with certain modifications. The U-937 cells
{3-4 x 107) were suspended in hypotonic buffer
containing 0.01 M Tris—HCI (pH 7.5), 0.01 M KCl,
1mM MgCl, and 1 mM dithiothreitol. The cell
suspension was incubated on ice for 20 min and then
disrupted with a Dounce homogenizer. The
homogenate was centrifuged at 25,000 g for 25 min
and the supernatant adjusted to 10% glycerol,
0.15M KCl and 0.2mM phenylmethylsulfonyl
fluoride. Phosphorylation reactions were performed
in the presence of 0.1mM [PHJAZT or
[methyl->H]thymidine (63 Ci/mmal; Moravek Bio-
chemicals), 50 mM Tris-HCI (pH 7.5), 5 mM ATP-
Mg?* and the enzyme preparation at 37° for 30 min.
The reactions were terminated by heating the tubes
at 95° for 2 min. After centrifugation at 25,000 g for
3 min, the supernatants were collected and analyzed
by high pressure liquid chromatography (HPLC) for
conversion of nucleoside to the monophosphate
derivative.

RESULTS

The effect of AZT on the growth of U-937 cells
was monitored over 5days. While 0.1uM AZT
partially slowed proliferation of these cells, exposure
to 1 uM AZT was associated with nearly complete
inhibition of growth (Fig. 1). In contrast, treatment
with 10uM AZT was cytotoxic (Fig. 1). Conse-
quently, all subsequent experiments were performed
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Fig. 1. Effects of AZT on U-937 cell growth. U-937 cells

were seeded at 1 X 10°/mL and grown in the absence {{1)

and presence of 0.1 uM (@), 1 uM (D or 10 uM (A) AZT.

Cell counts were monitored at the indicated times. Viability

as determined by trypan blue exclusion was over 95% for
the cells treated with 1 uM AZT.
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Fig. 2. Representative HPLC profile of AZT and AZT-

nucleotides in U-937 cell extracts. U-937 (5 x 107) cells

were exposed to 1 uM [PHJAZT for 24 hr. The cells were

extracted with perchloric acid, and the acid-soluble fraction

was analyzed on an SAX anion exchange column using a
linear KH,PO, gradient.

with 1 uM AZT. There was no detectable stimulation
of U-937 cell growth in the presence of GM-CSF.

The intracellular formation of AZT nucleotides
in U-937 cells was similar to that reported for human
T-cells and mononuclear phagocytes [8]. For
example, formation of AZT-monophosphate (AZT-
MP) was greater than that of the diphosphate (AZT-
DP) and triphosphate (AZT-TP) derivatives (Fig.
2). Accumulation of the phosphorylated derivatives
was maximal at 24 hr of AZT treatment (Fig. 3).
Moreover, similar findings were obtained in un-
infected and chronically HIV-1-infected U-937 cells
{data not shown).

The effects of GM-CSF on the intraceliular
pharmacology of AZT were initially studied by
simultaneously adding both agents. GM-CSF in-
creased the formation of AZT-MP as compared to
that in control (Fig. 3A). This effect was maximal
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Fig. 3. Effects of GM-CSF on the formation of AZT nucleotides. U-937 cells were exposed to 1 uM

[*HJAZT in the absence () and presence (@) of GM-CSF. At the indicated times, the cells were

extracted and monitored by HPLC for AZT nucleotide formation. These results, expressed as the
mean * SD of three determinations, are representative of five separate experiments.

Table 1. Effects of GM-CSF pretreatment on AZT
nucleotide formation

Nucleotide
GM-CSF {pmol/10° cells)
pretreatment

(hr) AZT-MP AZT-DP AZT-TP
0 54.6+98 040001 022001
6 973271 0.70x027 0.42x0.13
12 1314209 095022 0.53x0.14
24 87.7+x194 059005 033003

U-937 cells were pretreated with GM-CSF for the
indicated times. The cells were then washed and incubated
with 1 uM AZT. After 24 hr, the cells were monitored for
AZT nucleotide pools. Values are averages =+ range for
two separate experiments.

at 12 hr of drug exposure. Similar increases were
obtained for AZT-DP (Fig. 3B), while 12-24 hr of
exposure was required for maximal AZT-TP
formation (Fig. 3C). These findings suggested that,
although GM-CSF increases the formation of AZT
nucleotides, this effect is maximal by 12-24 hr of
stimulation with this cytokine. Consequently, we
also pretreated U-937 cells for 6, 12 and 24 hr with
GM-CSF, washed the cells, and then monitored
phosphorylation of AZT. While pretreatment with
GM-CSF for 6 hr clearly had an effect as compared
to control, pretreatment for 12 hr was associated
with maximal increases in levels of AZT nucleotides
(Table 1). Taken together, these findings suggested
that 12- to 24-hr exposures to GM-CSF are associated
with maximal formation and/or retention of AZT
nucleotides.

To examine the effects of GM-CSF on the
formation of AZT nucleotides, we first analyzed
influx of this nucleoside into U-937 cells. Cells were
incubated with 1 uM [*H]AZT for 5-60 sec at 37°,
Influx was linear during this period, and total uptake
at 60 sec was 5.8 pmol/107 cells (Fig. 4). Cells were
also pretreated with GM-CSF for 6, 12 and 24 hr
before monitoring AZT uptake. The results indicated
that GM-CSF treatment is associated with increased
rates of AZT influx. For example, total uptake at
60 sec was 8.7, 13.5 and 13.8 pmol/107 cells after 6-,
12- and 24-hr GM-CSF exposures (Fig. 4).

Cell size was examined as a possible factor
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Fig. 4. Effects of GM-CSF pretreatment on uptake of AZT
at 37°. U-937 cells were pretreated with GM-CSF for 0
(O), 6 (@), 12 (W) and 24 (O0) hr. The cells were washed
and then incubated with 1 uM [PH]JAZT. At the indicated
times, the cells were sedimented through phthalate,
solubilized, and then monitored for tritium uptake. These
results are the means + SD for three separate experiments
each performed in triplicate.

determining the amount of AZT uptake. However,
intracellular water space was increased by up to
approximately 15% (12.3 and 15.8% in two separate
experiments) in cells treated with GM-CSF for 24 hr
as compared to untreated cells. Consequently, we
also studied the effects of GM-CSF on nucleoside
transport capacity. GM-CSF had no detectable effect
on either the number of [PH]NBMPR binding sites
or binding affinity of this nucleoside as compared to
that for untreated cells (data not shown). In other
experiments, 4 uM NBMPR was used to inhibit
binding of AZT to nucleoside transport sites.
NBMPR had a minimal but significant effect on
uptake of AZT into untreated U-937 cells (Fig. SA).
Similar findings were obtained with GM-CSF-treated
cells (Fig. 5B). Taken together, these findings
suggested that AZT enters U-937 cells predominantly
by a mechanism independent of nucleoside transport
sites.

Previous studies have demonstrated that AZT is
phosphorylated by thymidine kinase [4]. Conse-
quently, we monitored the specific acitivty of this
enzyme in untreated and GM-CSF-treated cells.
AZT was phosphorylated at a rate of approximately
8 nmol/mg protein/hr using the cytosolic fraction of
untreated U-937 cells. In contrast, this activity was
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Fig. 5. Effects of NBMPR on uptake of AZT. (A) U-937
cells were exposed to 1 uM [*H]AZT in the absence ((J)
and presence (M) of 4 uM NBMPR. (B) U-937 cells were
pretreated with GM-CSF for 24 hr. The cells were washed
and then exposed to 1 uM [*H]AZT in the absence (@)
and presence (O) of 4 uyM NBMPR. At the indicated times,
the cells were sedimented through phthalate, solubilized,
and then monitored for tritium uptake. The results are the
means + SD of two separate experiments each performed
in triplicate. Comparison (ANOVA, two-way analysis) of
the data points for cells treated in the absence and presence
of NBMPR indicated significant differences (A, P <0.05;
B, P <0.01).
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Fig. 6. Uptake of AZT in untreated and GM-CSF-treated
cells at 4°. U-937 cells were grown in the absence (hatched)
and presence (shaded) of GM-CSF for 24 hr. The cells
were washed and monitored at 37° or 4° before adding
1uM [*HJAZT. AZT uptake was monitored at 5 sec. The
results are the means * SD of three separate experiments

each performed in triplicate.

Table 2. Effect of GM-CSF on thymidine kinase activity in U-937 cells

Specific activity

(nmol nucleoside phosphorylated/mg protein/hr)

Treatment AZT Thymidine
Control 8.0x0.2 7.2+09
GM-CSF 14.6 = 0.7 13.3%0.1

U-937 cells were treated with GM-CSF for 24 hr. The results are the aver-
ages * range for two separate experiments.

increased nearly 2-fold in cells treated with GM-
CSF for 24 hr (Table 2). Similar findings were
obtained for phosphorylation of [*H]thymidine
(Table 2). These results suggested that the effects
of GM-CSF on AZT nucleotide formation are, at
least in part, related to increases in the specific
activity of thymidine kinase.

An increase in phosphorylation of AZT to AZT-
MP could contribute to the enhanced uptake of AZT
into GM-CSF-treated cells. We therefore monitored
AZT uptake at 4° to inhibit thymidine kinase activity.
Uptake of AZT at 37° was increased in cells
pretreated with GM-CSF (Fig. 6). Moreover, there
was no detectable effect of temperature on AZT
uptake into control cells. However, uptake of AZT
into GM-CSF-treated cells was inhibited at 4° and
declined to levels comparable to that in control cells
(Fig. 6). Under these conditions, intracellular AZT
was predominantly in the nucleoside form (data not
shown). In addition to that, at 4°, the accumulated
AZT consisted of both nucleoside and nucleotide
forms. These findings suggested that while uptake
of AZT into U-937 cells is insensitive to decreases
in temperature, the enhanced uptake associated with
GM-CSF-treatment is temperature sensitive and
thus possibly related to inhibition of thymidine
kinase activity.

We also examined the effects of GM-CSF on

retention of AZT nucleotides. The half-lives of
AZT-MP, AZT-DP and AZT-TP were 1.1, 3.0, and
3.1 hr respectively (Fig. 7). Similar findings were
obtained in HIV-1-infected U-937 cells (data not
shown). Moreover, treatment of these cells with
GM-CSF for 24 hr was associated with significant
increases in the half-lives of AZT-MP and AZT-TP,
but not the diphosphate (Fig. 7). Taken together,
these findings indicated that the increases in AZT
nucleotide levels associated with GM-CSF treatment
arerelated tobothincreased formation and retention.

DISCUSSION

Previous studies have demonstrated that treatment
of human monocytes with GM-CSF for 5 days is
associated with increased formation of AZT-TP [8].
In contrast, exposure of normal human myeloid
progenitor cells to GM-CSF and AZT for 6 hr results
in decreased formation of the triphosphate derivative
[9]. In the present work with U-937 cells, sim-
ultaneous exposure to GM-CSF and AZT for
6 hr was associated with detectable increases in AZT
nucleotide levels compared to cells treated with AZT
alone. Moreover, longer exposures of 12 and 24 hr
to these agents were associated with maximal
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Fig. 7. Effects of GM-CSF on retention of AZT nucleotides. U-937 cells were exposed to 1 pM [PH]AZT

in the absence ((J) and presence (@) of GM-CSF for 24 hr. After washing and incubating in the absence

of drug for the indicated times, the cells were extracted and monitored by HPLC for AZT nucleotide

pools. The results are the means + SD for three experiments. The calculated half-lives (hr) were: (A)

AZT-MP: control, 1.1 £ 0.1; GM-CSF-treated, 1.6 + 0.2 (P <0.05, Student’s r-test); (B) AZT-DP:

control, 3.0 + 0.3; GM-CSF-treated, 2.9 + 0.2 (P <0.5); and (C) AZT-TP: control, 3.0 = 0.6; GM-
CSF-treated, 4.4 £ 0.4 (P <0.01).

increases in pools of AZT-MP, AZT-DP and AZT-
TP. These findings indicated that the effect of GM-
CSF were time dependent. Consequently, other
studies were performed to examine the effects of
pretreatment with GM-CSF. In concert with the
initial findings, while 6 hr of GM-CSF pretreatment
clearly had an effect, longer GM-CSF exposures
before adding AZT maximally increased AZT
nucleotide pools. Taken together, these results
suggested that a period of 12-24 hr of GM-CSF
treatment is required to increase AZT nucleotide
pools in these cells.

AZT permeates the membranes of human
erythrocytes and lymphocytes primarily by non-
facilitated diffusion and not, as in the case of
thymidine, via the nucleoside transporter [17]. This
distinction between AZT and thymidine has been
attributed to an increase in lipophilicity as a result
of replacing the 3'-hydroxyl group with an azido
moiety. The present results also support uptake of
AZT primarily by nonfacilitated diffusion. However,
less than 10% of the AZT uptake in U-937 cells was
inhibited by NBMPR. These findings suggested that
facilitated uptake may play a minor but nonetheless
significant role in the uptake of AZT. Of further
interest was the finding that GM-CSF pretreatment
was associated with apparent increases in AZT
uptake. While pretreatment with GM-CSF for 6 hr
had a partial effect, exposures of 12 and 24 hr to this
cytokine maximally increased total AZT uptake as
compared to control. The GM-CSF-induced increases
in AZT were also partially sensitive to NBMPR.
Moreover, the increases in AZT uptake could not
be attributed to increases in intracellular volume
associated with GM-CSF treatment. These findings
suggested that AZT chiefly permeates both control
and GM-CSF-treated U-937 cells by nonfacilitated
diffusion.

Several different types of carrier-mediated mech-
anisms have been described for nucleoside uptake
into mammalian cells. In addition to the widely
studied nucleoside transport system which is energy-
independent and sensitive to NBMPR {18, 19],
another nonconcentrative transporter has been
described which is insensitive to the effects of this
inhibitor [20, 21]. Moreover, an energy-dependent

nucleoside transport system has been identified
which is insensitive to NBMPR {22]. The uptake of
AZT into U-937 cells at 5 sec was similar at 4° and
37°. In contrast, the stimulation of AZT uptake into
GM-CSF-treated cells observed at 37° was inhibited
at 4°. Thus, AZT uptake at 4° was similar in both
control and GM-CSF-treated cells. The basis for this
temperature effect is unclear, and further studies
are required to characterize more precisely this
uptake process. However, taken together with the
other uptake experiments, the results suggest that
GM-CSF treatment is associated with increases in
AZT uptake through the activity of a temperature-
dependent and NBMPR-insensitive process.

AZT is phosphorylated to AZT-MP by thymidine
kinase and thus increases in the activity of this
enzyme could account for enhanced formation of
AZT nucleotides. Indeed, the present results
demonstrate that GM-CSF treatment was associated
with approximately 2-fold increases in thymidine
kinase activity. Of interest, in other studies with 1-
p-pD-arabinofuranosylcytosine (ara-C) in  U-937
cells, there was no detectable effect of GM-CSF on
the formation of ara-C nucleotides, thus suggesting
that deoxycytidine kinase activity is not stimulated
by this cytokine. The basis for this selective increase
in enzyme activity was examined by monitoring
thymidine kinase mRNA levels in untreated and
GM-CSF-treated U-937 cells. There was no
detectable effect of GM-CSF on levels of RNA
transcripts that hybridize to a human thymidine
kinase probe [23] (data not shown), Thus, GM-CSF-
induced increases in the activity of this enzyme are
probably related to changes at the protein level.
These increases in thymidine kinase activity thus
provide one explanation for the effects of GM-CSF
on AZT nucleotide formation. Moreover, the
increasesin thymidine kinase activity could contribute
to the increase in uptake of AZT into GM-CSF-
treated cells. In this regard, while AZT permeates
cells primarily by nonfacilitated diffusion [18], rapid
phosphorylation of AZT, particularly in the presence
ofincreased thymidine kinase activity, would increase
AZT nucleotide formation and apparent AZT
uptake by a temperature-dependent process.
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Finally, the present results demonstrate that GM-
CSF treatment was associated with a significant
prolongation in the half-life of AZT-MP. While the
basis for this effect is unclear, increased retention
in GM-CSF-treated cells would contribute to the
expansion of AZT-MP pools. Furthermore, although
retention of AZT-DP was similar in both untreated
and GM-CSF-treated cells, expansion of the AZT-
TP pools may also be related, at least in part, to
increased retention of the triphosphate. Taken
together, the present findings suggest that the GM-
CSF increases AZT nucleotides by multiple
mechanisms involving increased uptake, increased
phosphorylation to AZT-MP, and increased reten-
tion of nucleotide derivatives.
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