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Abstract

Human T lymphotropic virus type I (HTLV-I) is an exogenous
RNA tumor virus etiologically linked to adult T cell leukemia
and related diseases. In this paper, we describe that two 2,3"-
dideoxynucleoside analogues, erythro 3'-azido-2',3'-dideoxy-
thymidine (also called azidothymidine) and 2',3'-dideoxycytidine
can inhibit the infectivity of HTLV-I against helper/inducer T
cells in vitro.

Both 2',3'-dideoxynucleoside analogues inhibited the over-
growth of target T cells, which was a consequence of virally
mediated transformation, when they were exposed to the virus
and cultured with the compounds. A profound decrease in the
expression of HTLV-I gag-proteins was also observed. Moreover,
we observed that the amount of proviral DNA detected in cellular
DNA from the target T cells was substantially reduced when the
cells were protected by the compounds against the virus and that
at certain concentrations of the compounds the synthesis of viral
DNA was completely suppressed. These results may be of value
in developing a new pharmacological strategy for preventing the
replication and possibly blocking the transmission of HTLV-I
and related retroviruses in human beings.

Introduction

Human T lymphotropic virus type I (HTLV-I)' is an exogenous
RNA tumor virus associated with adult T cell leukemia (ATL)
(1-5), a fulminant malignancy endemic in several parts of the
world (6, 7), which includes southwestern parts of Japan. In the
United States, HTLV-I infection (alone or in combination with
other pathogenic retroviruses) appears to be a growing problem,

Dr. S. Matsushita is currently at The Second Department of Internal
Medicine, Kumamoto University Medical School, Honjo 1-1-1, Ku-
mamoto 860, Japan.

Correspondence should be addressed to Dr. Mitsuya, The Clinical
Oncology Program, Bldg. 10, Rm. 13N238, National Cancer Institute,
Bethesda, MD 20892.

Received for publication 8 September 1986 and in revised form 28
January 1987.
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mononuclear cells; RT, reverse transcriptase; TCR-8, T cell receptor 8-
chain; TM-11-H, HTLV-I-infected TM-11 cells.
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especially among individuals who are addicted to illicit intra-
venous drugs (8). The West Indies, parts of South America, and
several regions of Africa are known to be other endemic areas
(3, 4). ATL was first reported as a clinical entity in Japan (9-
11). It has recently been recognized that HTLV-I can cause a
wide spectrum of diseases, including an immunodeficiency state
not necessarily accompanied by leukemia (12). Atypical cases
of ATL (13), asymptomatic carriers (14), and neurological ab-
normalities such as HTLV-I-associated myelopathy (15) have
been reported. Also, HTLV-I infection might be associated with
tropical spastic paraparesis (16). Although the mechanisms of
natural transmission of HTLV-I are not fully understood, se-
roepidemiological studies suggest horizontal and/or vertical
transmission of HTLV-I (4, 6, 7). Moreover, cases of transfusion-
associated HTLV-I infections are not uncommon in certain en-
demic areas (17). These observations have prompted us to at-
tempt to explore strategies for preventing the replication and
transmission of HTLV-I (18).

All retroviruses, including HTLV-I, require a viral DNA
polymerase called reverse transcriptase (RT) in their natural cycle
of replication (19, 20). Mitsuya et al. (21-23) have recently re-
ported that 2',3"-dideoxynucleoside analogues can inhibit the in-
fectivity and cytopathic effect of another human retrovirus, hu-
man T lymphotropic virus type III (HTLV-III) (also called
lymphadenopathy-associated virus [LAY] or acquired immu-
nodeficiency syndrome (AIDS)-related virus; recently, the hu-
man retrovirus subcommittee of the International Committee
on the Taxonomy of Viruses has proposed that AIDS retroviruses
by officially designated as human immunodeficiency virus, HIV
[24]), which is considered to be the causative agent of AIDS.
These in vitro experiments have been done using a dose of virus
greatly in excess of the minimal cytolytic dose (21, 22). However,
the extrapolation from HTLV-III (a virus that can readily infect
target cells by cell-free virions and that has as its hallmark the
capacity to destroy helper/inducer T cells) to HTLV-I (a virus
that in general requires cell-associated virion transmission for
infection and that has as its hallmark the capacity to transform
helper/inducer T cells) is not straightforward. In the present
study, we investigated the effect of two dideoxynucleoside an-
alogues, erythro 3'-azido-2',3'-dideoxythymidine (also called azi-
dothymidine [AZT]) and 2',3'-dideoxycytidine (ddCyd) on the
infectivity of HTLV-I by using cloned, normal helper/inducer
T cells as target cells. We now report the capacity of AZT and
ddCyd to inhibit the infectivity and replication of HTLV-I in
vitro.

Methods

Target cells. We have previously described the method for generating
normal tetanus-toxoid-specific helper T cell clones (25), and one such
normal OKT4* clone (TM-11) was used as a target cell line for this



study. Briefly, TM-11 was generated from a normal individual whose
serum was negative for anti-HTLV-I antibody. TM-11 cells were main-
tained in 15% (vol/vol) interleukin 2 (IL-2, lectin depleted; Cellular
Products, Buffalo, NY)—containing complete medium (RPMI 1640 sup-
plemented with 4 mM L-glutamine; 50 uM 2-mercaptoethanol; 15%
undialyzed, heat-inactivated fetal calf serum; and antibiotics). TM-11
cells undergo a proliferative reaction in response to tetanus-toxoid in the
presence of irradiated (4,000 rad), autologous peripheral blood mono-
nuclear cells (PBM). This clone displays the following surface phenotypes:
T3*, T4*, T8, HLA-DR*, and Tac-antigen*.

Nucleosides. AZT was kindly provided by Wellcome Research Lab-
oratory, whereas ddCyd was purchased from Calbiochem-Behring Corp.,
La Jolla, CA.

Cell culture. Target TM-11 cells were stimulated with antigen plus
irradiated, autologous PBM 6 d before the experiment. Growing TM-
11 cells (5 X 105) were co-cultured with 10° lethally irradiated (12,000
rad), HTLV-I-producing M.J.-tumor cells (26) in 24-well culture plates
(Costar, Cambridge, MA) in 2 ml of 15% IL-2-containing complete me-
dium in the presence or absence of various concentrations of the com-
pounds. Cells were continuously exposed to IL-2 and cultured at 37°C
in humidified air containing 5% CO,.

On day 2 of culture, one half of the medium was replaced with fresh
medium containing the same concentrations of the compounds. After
3 d of close contact with HTLV-I-producing cells, TM-11 cells were
transferred to culture flasks (Costar 3275; Costar) and were resuspended
in 40 ml of 15% IL-2-containing complete medium in the presence of
the same concentrations of the compounds. The number of viable cells
were counted at various time points by the trypan blue exclusion method.
On day 9 of culture, higher concentrations of the compounds were re-
duced: AZT, from 9 and 27 uM to 4.5 and 10 uM, respectively, whereas
ddCyd, from 8 uM to 4 uM. Other concentrations were maintained
throughout the study. On day 18 when the control virus-unexposed,
drug-unexposed cells reached a plateau and stopped replicating, all the
cultured populations were analyzed for the expression of viral gag proteins
(p24 and p19) by an indirect immunofluorescence assay and for the
amount of HTLV-I proviral DNA in cellular DNA by Southern blot
hybridization (see below). Aliquots of the cells were sometimes frozen,
stored in liquid nitrogens, and subsequently thawed.

Detection of HTLV-I gag protein expression. Methanol-acetone-fixed
cells were analyzed by an indrect immunofluorescence assay for the pres-
ence of HTLV-I gag proteins using murine monoclonal antibody spe-
cifically against HTLV-I gag protein p19 and goat anti-serum against
HTLV-I gag protein p24 (kind gifts from Dr. M. Robert-Guroff, National
Cancer Institute, Bethesda, MD) according to published methods
(27, 28).

Southern blot hybridization. Southern blot hybridization was per-
formed as previously described (2). Briefly, high molecular weight DNA
was extracted with organic solvents. 40 ug (unless otherwise stated) of
DNA were digested for 16 h at 37°C with 60 U of the restriction en-
donuclease Bam HI (Bethesda Research Laboratories, Gaithersburg, MD).
The digests were subjected to electrophoresis overnight at 40 V in 0.8%
agarose, transferred to nitrocellulose, and hybridized with a 32P-nick
translated HTLV-I probe (lambda MT-2), which detects the whole se-
quence of HTLV-I (29). Proviral digestion fragments were detected by
autoradiography with Kodak AR film using a screen (DuPont Quanta
III; DuPont Photo Products, Burbank, CA). Subsequently, the blots were
boiled and rehybridized with a T cell receptor S-chain (TCR-g) probe,
YTJ2 (30), which contains variable and constant region sequences, and
TCR-g digestion fragments were visualized by autoradiography. Relative
levels of HTLV-I viral DNA and TCR-g were compared within the dose
response by densitometry readings of the exposed film (31).

Antigen-induced T cell activation assays. Washed TM-11 cells (5
X 10*) were cultured for 4 d with tetanus-toxoid and 7.5 X 10* irradiated
(4,000 rad), autologous PBM in 200 ul of complete medium in round-
bottom microtiter culture plates. Cells were exposed to 1 uCi of
[*H]thymidine for the final 8 h and were harvested onto glass fibers, and
the incorporated radioactivity was counted.

Results

Growth characteristics of TM-11 cells exposed to HTLV-I and
cultured with AZT or ddCyd. To optimize the in vitro infectivity
of HTLV-I, we used a proliferating normal helper/inducer T
cell clone, TM-11, as a target and HTLV-I-producing tumor
cell line (M.J.-tumor) as a source of infectious virions. TM-11
cells had been stimulated with antigen plus autologous PBM 6
d before the experiment and were cultured alone or co-cultured
with lethally irradiated M.J.-tumor cells in the presence or ab-
sence of various concentrations of AZT and ddCyd. On days
13-16 of culture, the number of TM-11 cells cultured alone
reached a plateau and the cells stopped replicating even in the
presence of exogenous IL-2, which resulted in a progressive de-
crease in the number of viable cells, a common phenomenon
seen when normal human, antigen-specific helper/inducer T cell
clones are cultured (Fig. 1). In contrast, TM-11 cells exposed to
HTLV-I and cultured without the dideoxynucleosides continued
to proliferate, and this became particularly evident around day
18. This observation suggests that at least some populations in
TM-11 cells were infected and transformed by HTLV-1. When
TM-11 cells were exposed to HTLV-I and cultured in the pres-
ence of AZT or ddCyd, the cells reached a plateau and stopped
replicating, a pattern similar to that of the control virus-unex-
posed, drug-unexposed TM-11 cells (Fig. 1). However, note that
at higher concentrations of the drugs the growth of TM-11 cells
appeared to be suppressed and some concentrations were reduced
on day 9 and after being in culture (see Methods).

Inhibition of HTLV-I gag protein expression by AZT and
ddCyd. On day 18 of culture when the growth curves showed
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Figure 1. Growth curve of TM-11 cells cultured with AZT or ddCyd
when exposed to HTLV-I. Target TM-11 cells had been stimulated
with antigen and irradiated, autologous PBM 6 d before the experi-
ment. Cells were cultured alone (0); exposed to HTLV-I but not to the
compounds (e); exposed to the virus and 3 uM (O), 9 uM (), and 27
uM (v) AZT (A); or exposed to the virus and 0.5 uM (), 2 uM (2),
and 8 uM (v) ddCyd (B). On day 9 of culture, higher concentrations
of the compounds were reduced; AZT was reduced from 9 M and 27
#M to 4.5 uM and 10 uM, respectively, whereas ddCyd was reduced
from 8 uM to 4 uM. Note that the cells exposed only to HTLV-I con-
tinued to grow, but the cells exposed to HTLV-I plus the compounds
(=9 uM AZT and = 2 M ddCyd) apparently stopped the replication
on days 13-16 of culture.
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Figure 2. Inhibition of HTLV-I gag protein expression by AZT and
ddCyd. Normal helper/inducer T cells (TM-11) were exposed to
HTLYV-I in the presence or absence of various concentrations of AZT
(A) or ddCyd (B). On day 18 of culture, cells were harvested, fixed
with methanol-aceton, and analyzed for the expression of HTLV-I gag
proteins by indirect immunofluorescence assay. More than 1,000 cells
were analyzed in each sample, arid data are expressed as the numbers
of p19 (O) or p24 (W) gag protein-positive cells. TM-11 cells cultured
alone (not exposed to HTLV-I) were negative for the expression of gdg
proteins.

substantial differences in the number of TM-11 cells, we har-
vested the cells and assessed them for the expression of HTLV-
I gag proteins (Fig. 2). TM-11 cells cultured alone were negative
for the expression of gag proteins. When TM-11 cells were ex-
posed to HTLV-1 and cultured in the absence of the compounds,
16 and 13 cells per 1,000 TM-11 cells were found to express
viral gag proteins p19 and p24, respectively. In the presence of
3 uM AZT or 0.5 uM ddCyd, a substantial decrease of the gag
protéin expression was observed. When the cells were exposed
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to HTLV-I and cultured at higher concentrations of the com-
pounds, virtually no gag protein expression could be detected
(Fig. 2). Numbers of the gag protein—-positive cells in the pop-
ulations exposed to the virus in the absence of dideoxynucleosides
appeared not to be as high as could be expected from the dif-
ferences in the growth curves of HTLV-I-exposed and -unex-
posed TM-11 cell populations. As has been observed in other
settings (4, 25, 32), it would appear that there is some restriction
of viral gag protein expression in these cells.

AZT and ddCyd inhibit HTLV-I infection detected as proviral
DNA. Since certain cells may not express the viral components
even if they bear integrated HTLV-I proviruses (4, 25, 32), we
examined proviral DNA in cellular DNA using Southern blot
analysis. On day 18 of culture, high molecular weight DNA was
extracted from each cell population and was assessed for the
presence of HTLV-I proviral DNA. DNA from each cell pop-
ulation was digested with Bam HI (which cuts thiree times within
the HTLV-I-M.J. provirus, yielding a 4.0-kilobase (kb), gag-
pol-containing internal fragment, a 1-kb env-containing internal
fragment, and 3' and 5’ junctional fragments) and hybridized
with a radiolabeled HTLV-I-specific probe. No proviral DNA
was found in DNA from normal TM-11 cells that were cultured
alone (Fig. 3, I-4, lane a). When cells were cultured with M.J.-
tumor cells, polyclonally integrated HTLV-I proviruses were
detected as a diffuse, indistinct smear of junctional fragments
and a 4-kb internal fragment (Fig. 3, I-A, lane b). However, in
the presence of 3 uM AZT, a substantial decrease of the amount
of proviral DNA was observed in the Southern blot analysis
(Fig. 3, I-A, lane ¢). Densitometry readings of the exposed film
showed an 87% decrease in the amount of proviral DNA at 3
#M AZT, with very little apparent toxicity to the cells due to
AZT per se (Fig. 1). At higher concentrations of AZT (9 and 27
uM; after day 9, culture reduced to 4.5 and 9 uM), no proviral
DNA was detected (Fig. 3, I-4, lanes d and e). Densitometty
readings of the exposed film confirmed a complete (100%)

Figure 3. The effect of AZT and ddCyd on proviral DNA
synthesis in susceptible T cells exposed to HTLV-I. On
day 18 of culture, high molecular DNA was extracted
from TM-11 cells. 40 ug of each DNA preparation was di-
gested with Bam HI and was analyzed by Southern blot
hybridization using a radiolabeled HTLV-I probe (I-4 and
1I-A) or TCR-f probe (I-B and II-B). The cells had been
cultured alone (lane g in I-4 and II-4); exposed to
HTLV-I in the absence of the compounds (lane b in I-4
and II-A); exposed to HTLV-I in the presence of 3 uM (/-
A, lane ¢), 9 uM (I-A, lane d), and 27 uM (I-A, lane ¢)
AZT; or exposed to HTLV-I in the presence of 0.5 uM
(II-A, lane c), 2 uM (II-A, lane d), and 8 uM (II-A4, lane ¢)
ddCyd. Note that when TM-11 cells were cultured alone,
no proviral DNA was detected, whereas when the target
cells were exposed to HTLV-I, polyclonally integrated
HTLV-I proviral DNA was detected as a diffuse, indis-
tinct smear (junctional fragments) and a 4-kb internal
fragment. Substantial inhibition of proviral DNA synthe-
sis in the presence of either of the dideoxynucleosides was
observed. The filters were then rehybridized with a TCR-8
probe (I-B and II-B), which confirms that the amount of
loaded DNA in each lane was essentially equal. DNA
from MJ-tumor cells (20 ug) served as a control to show
multiple integration of HTLV-I (II-4, lane f).



suppression of the HTLV-I viral DNA synthesis. Note that al-
though the growth of TM-11 cells were suppressed at higher
concentrations of AZT by day 9 of culture, the numbers of viable
TM-11 cells became roughly comparable by day = 18 in culture
(Fig. 1). The same blot was rehybridized with a radiolabeled
TCR-B probe as a control indicator of the amounts of DNA
used in the Southern blot experiments (Fig. 3, I-B). The TCR-
B gene of TM-11 cells appeared in the germline configuration
in this particular case using Bam HI digestion. The density of
the hybridized bands of TCR-8 DNA was virtually comparable
in each lane, confirming that approximately the same amount
of DNA was loaded in each lane.

We then assessed the anti-viral effect of ddCyd in the same
system. As shown in Fig. 3, II-4, lane ¢, when TM-11 cells were
exposed to HTLV-I and cultured in the presence of 0.5 uM
ddCyd, a moderate decrease of the amounts of HTLV-I provirus
was observed, and densitometry reading of the film showed a
50% decrease in the amount of HTLV-I proviral DNA. At the
same time, there was little or no drug-induced toxicity (Fig. 1).
In the presence of 2 and 8 uM ddCyd, no proviral DNA could
be detected (Fig. 3, II-A, lanes d and ¢), and densitometry con-
firmed a complete inhibition of the HTLV-I viral DNA synthesis.
Consider that at these concentrations ~ 40-60% decrease in
numbers of viable TM-11 cells was noted on day 18 (Fig. 1).
When the DNA from MJ-tumor cells (a source of infectious
virions) was hybridized with the HTLV-I probe, after Bam HI
digestion, a multiple polyclonal integration of HTLV-I proviruses
was observed (Fig. 3, II-4, lane f). This pattern is commonly
seen in cultured HTLV-I-producing cells. The same blot was
then rehybridized with the TCR-8 probe (Fig. 3, II-B). Results
indicate that the amounts of cellular DNA loaded were essentially
equal (except lane f in which half the amount of DNA was
loaded). The presence of proviral DNA reflects actual infection
by the virus; therefore, these data suggest that AZT and ddCyd
blocked in vitro HTLV-I infection of normal helper/inducer T
cells.

On day 22 of culture, each TM-11 cell population was ex-
tensively washed to remove the dideoxynucleosides and contin-
uously cultured in the absence of the compounds. The cells ex-
posed to HTLV-I and cultured without the compounds as well
as the cells exposed to HTLV-I and cultured with 3 uM AZT
or 0.5 uM ddCyd could be maintained for = 6 mo without further

antigenic stimulation. However, TM-11 cells exposed to HTLV-
I and cultured with 9 and 27 uM AZT or 2 and 8 uM ddCyd
failed to continuously replicate on days 13-16 and then died
out by day 40 of culture even in the presence of exogenous IL-
2 as did the control HTLV-I-unexposed cells (data not shown).

Helper/inducer T cells protected by ddCyd remain immu-
nologically competent. When helper/inducer as well as killer/
suppressor T cells are infected and transformed by HTLV-I,
they often lose their dependence on IL-2, replicate spontaneously,
and tend to lose their immunoreactivities (25, 32-35, Matsushita,
S., H. Mitsuya, M. S. Reitz, J. B. Trepel, R. F. Jarrett, K. Tak-
atsuki, and S. Broder, manuscript in preparation). We then asked
if the T cells protected by dideoxynucleosides against the infec-
tivity of HTLV-I retained their dependence on IL-2 and normal
immune reactivities. The TM-11 populations, which had been
exposed to HTLV-], cultured in the absence of ddCyd, and then
harvested on day 20 of culture showed both spontaneous and
tetanus-toxoid-induced replication in the presence of irradiated,
autologous PBM as a source of accessory cells (Table I, Exp. 1).
In contrast, TM-11 cells, which had been exposed to HTLV-I,
but had been protected by ddCyd and had borne no detectable
HTLYV-I provirus as described above, proliferated only in re-
sponse to tetanus-toxoid and did not show a spontaneous rep-
lication. The magnitude of the antigen-induced response of the
TM-11 cells “protected” by ddCyd was largely comparable to
that of HTLV-I-unexposed and ddCyd-unexposed TM-11 pop-
ulations. We continued the culture of TM-11 cells infected with
HTLV-I (TM-11-H) for an additional 8 wk and asked if TM-
11-H retained the capacity to respond to antigen for a prolonged
period of time after HTLV-I infection (Table I, Exp. 2). Data
indicate that TM-11-H exhibited only spontaneous replication
(in the absence of IL-2) and showed no capacity to proliferate
in response to antigen, as we and other investigators have re-
ported in previous work (25, 32-35). These results suggest that
helper/inducer T cells, exposed to HTLV-I that would result in
infection, transformation, and loss of antigen-specific immune
reactivity, but protected by ddCyd, retain the normal dependence
on IL-2 and the capacity to respond to antigen in vitro.

Discussion

Because a rapid and efficient system for in vitro transmission of
HTLYV-I has not yet become available, it has been difficult to

Table I. Tetanus-Toxoid-induced Proliferation of Helper/Inducer TM-11 Cells Exposed to HTLV-I and Protected by ddCyd

Tetanus-toxoid (limiting flocculation)

Days in culture
Exposure to HTLV- Protection by ddCyd after exposure 0 0.5 2
U/mi u/mi u/mi
Exp. 1 - - 20 558+94 7,784+884 8,220+1,493
+ - 20 10,551+1,879 16,429+1,628 18,113+1,031
+ + 20 5354223 6,254+322 6,467+999
Exp. 2 - - 25 626113 19,857+2,906 19,670+684
+ - 79 111,080+8,391 117,784+11,386 102,166+13,411

TM-11 cells (5 X 10%), which had been exposed to HTLV-I and cultured in the presence and absence of 2 uM ddCyd, were cultured in the
presence or absence of tetanus-toxoid and irradiated, autologous PBM for 4 d. HTLV-I-unexposed, drug-unexposed TM-11 cells served as a con-
trol population. Cells were exposed to [*H]thymidine for the final 8 h and were harvested onto glass fibers, and the incorporated radioactivity was
counted. Data are expressed as the arithmetic mean counts per minute+standard deviation of triplicate determinations.
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assess the effect of putative anti-viral drugs against HTLV-L. In
this study, we attempted to establish a system to analyze the
effect of possible anti-viral agents on the infectivity of HTLV-
I in a relatively short time period by using an antigen-specific
helper/inducer T cell clone as a target population. Since certain
cells may not express the viral components even if they bear
integrated HTLV-I proviruses (25, 32), we examined total pro-
viral DNA in a given amount of cellular DNA by Southern blot
hybridization. The data reported here suggest that two 2',3'-di-
deoxynucleoside analogues, AZT and ddCyd, have the potential
to function as an anti-viral agent against the infectivity of HTLV-
I in vitro. Although at higher concentrations of AZT and ddCyd,
moderate to substantial cytotoxicity was observed, decreasing
the dosage lessened the toxicity and the TM-11 cells could con-
tinuously grow with virtually the same growth pattern as the
control virus-unexposed and drug-unexposed cells. We observed
an almost complete inhibition of proviral DNA synthesis in the
target cells exposed to HTLV-I in the presence of = 9 uM of
AZT or = 2 uM of ddCyd as assessed by Southern blot hybrid-
ization technique. At these concentrations both compounds also
clearly blocked viral replication by using the expression of
HTLV-I gag protein in the cells as an index of HTLV-I repli-
cation. Moreover, the compounds appeared to block the virus-
induced transformation in the target helper/inducer T cells
without affecting their immunoreactivities. These data suggest
that there is a range of the drugs that can provide a protection
against HTLV-I without unacceptable toxicity at least in vitro.

The capacity of 2',3-dideoxynucleosides to potentially inhibit
HTLV-I replication and HTLV-I-mediated transformation is
important from several points of view. Ongoing replication of
human pathogenic retroviruses could be important in certain
human diseases (21-23, 36). Moreover, the capacity of these
drugs to inhibit HTLV-I-mediated transformation in vitro could
conceivably shed light on how this virus acts as an oncogenic
agent in vivo. The transformation event might be linked to
HTLV-I infection per se. On the other hand, it is conceivable
that a process of chromosome-mediated transfer of (unregulated)
genes after fusion events between donor and recipient cells brings
about the transformed state. If the former mechanism is oper-
ative, transformation should be sensitive to chain-terminating
nucleoside inhibitors of RT. If the latter mechanism is operative,
this would not be the case. Our data are compatible with the
idea that HTLV-I infection, rather than chromosome-mediated
transfer of genes alone, is responsible for the transforming prop-
erties of the virus.

It should be noted that AZT and ddCyd are not new chem-
icals, and pioneering studies on these compounds were initiated
in the 1960s and 1970s, before human retroviruses were proven
to exist (37-42). At least one mechanism by which such agents
function is to compete with the normal nucleotide counterpart
for incorporation into retroviral DNA. These agents must un-
dergo anabolic phosphorylation by host cell kinases before they
can mediate an anti-retroviral effect. When the 3'-hydroxyl group
of the deoxynucleosides is substituted by hydrogen or other
groups, it is not possible for the corresponding nucleotide to
form the 5’ = 3’ phosphodiester linkages necessary for DNA
elongation in the replication of retrovirus. There are data that
(i) AZT and ddCyd are converted to 5'-triphosphates by cellular
enzymes (43, 44), (ii) the triphosphate products are utilized by
HTLV-III/LAV DNA polymerase (or RT) and inhibit DNA
synthesis mediated by purified HTLV-III/LAV RT (45), and
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(iii) cellular DNA polymerase alpha is rather resistant to these
dideoxynucleosides as a triphosphate form (42). Furthermore,
(iv) in previous work, the data suggest that at concentrations
that are achievable in human cells, dideoxynucleoside-5'-tri-
phosphates can serve as substrate for the HTLV-III RT to elon-
gate a DNA chain by one residue, after which the chain is ter-
minated (45). Certain dideoxynucleosides can thus act as DNA
chain-terminators in human retroviral DNA synthesis, although
this need not be the only mechanism for their anti-retroviral
activity.

2',3-Dideoxynucleosides can potentially have an effect
against virtually any retrovirus, provided that host target cells
can supply the appropriate level of anabolic phosphorylation.
Recently we have learned that 2',3'-dideoxynucleoside analogues
can profoundly suppress the replication of animal lentiviruses
such as caprine arthritis—encephalitis virus and equine infectious
anemia virus, as well as the focus formation induced by a trans-
forming murine type C retrovirus, Kirsten murine sarcoma virus,
in a system that requires only a single-round viral DNA for-
mation and integration (46).

Seroepidemiological studies on HTLV-I have suggested that
sexual transmission (originally from husband to wife) and
mother-to-child transmission represent common modes of
spreading of HTLV-I (4, 6, 7). Transfusion-associated trans-
mission is another mode of viral transmission (17). It is possible
that AZT and ddCyd or other related agents could be used in
certain clinical setings to block the infectivity of HTLV-I, and
thereby to suppress the transmissibility of the virus. It is also
possible that anti-viral drugs may have a role in prophylaxis or
treatment of HTLV-I-associated diseases if ongoing replication
of HTLV-I has clinical relevance as seen in certain patients who
appear to be in remission or preleukemic stage (36). Taken to-
gether, our observations may be of value in developing a new
pharmacological strategy for preventing the replication and
blocking the transmission of HTLV-I and related pathogenic
retroviruses in human beings (47-49).

Acknowledgments

We thank Dr. Ruth F. Jarrett, Dr. Robert Yarchoan, Dr. Toshio Hattori,
and Dr. Kiyoshi Takatsuki for their helpful discussions. We also thank
Mr. Noboru Katsuta for his excellent technical assistance and Dr. Robert
C. Gallo for providing an HTLV-I-producing tumor cell line.

References

1. Poiesz, B. J., F. W. Ruscetti, A. F. Gazdar, P. A. Bunn, J. P.
Minna, and R. C. Gallo. 1980. Detection and isolation of type-C retrovirus
particles from fresh and cultured lymphocytes of a patient with cutaneous
T-cell lymphoma. Proc. Natl. Acad. Sci. USA. 77:7415-7419.

2. Reitz, M. S., B. J. Poiesz, F. W. Ruscetti, and R. C. Gallo. 1981.
Characterization and distribution of nucleic acid sequence of a novel
type C retrovirus isolated from neoplastic human T lymphocytes. Proc.
Natl. Acad. Sci. USA. 78:1887-1891.

3. Hinuma, Y., K. Nagata, M. Hanaoka, M. Nakai, T. Matsumoto,
K.-I. Kinoshita, S. Shirakawa, and 1. Miyoshi. 1981. Adult T-cell leu-
kemia: antigen in an ATL cell line and detection of antibodies to the
antigen in human sera. Proc. Natl. Acad. Sci. USA. 78:6476-6480.

4. Wong-Staal, F., and R. C. Gallo. 1985. Human T-lymphotropic
retroviruses. Nature (Lond.). 317:395-403.

5. Mitsuya, H., and S. Broder. 1985. Human T-cell leukemia/lym-



phoma viruses (HTLV): a unique family of pathogenic retroviruses. Curr.
Top. Microbiol. Immunol. 115:33-51.

6. Tajima, K., and S. Tominaga. 1985. Epidemiology of adult T-cell
leukemia/lymphoma in Japan. Curr. Top. Microbiol. Immunol. 115:53-
66.

7. Blattner, W., and R. C. Gallo. 1985. Human T-cell leukemia/
lymphoma viruses: clinical and epidemiologic features. Curr. Top. Mi-
crobiol. Immunol. 115:67-88.

8. Robert-Gurrof, M., S. H. Weiss, J. A. Giron, A. M. Jannings,
H. M. Ginzburg, 1. B. Margalis, W. A. Blattner, and R. C. Gallo. 1986.
Prevalence of antibodies to HTLV-], -II, and -III in intravenous drug
abusers from an AIDS endemic region. JAMA (J. Am. Med. Assoc.).
255:3133-3137.

9. Takatsuki, K., T. Uchiyama, K. Sagawa, and J. Yodoi. 1977. Adult
T-cell leukemia in Japan. In Topics in Hematology. S. Seno, K. Takaku,
and S. Irino, editors. Excerpta Medica, Amsterdam. 73-77.

10. Yodoi, J., K. Takatsuki, and T. Masuda. 1974. Two cases of T-
cell chronic leukemia in Japan. N. Engl. J. Med. 290:572.

11. Uchiyama, T., J. Yodoi, K. Sagawa, K. Takatsuki, and H. Uchino.
1977. Adult T-cell leukemia: clinical and hematological features of 16
cases. Blood. 50:481-492.

12. Essex, M. E., M. F. McLane, N. Tachibana, D. P. Francis, and
T. H. Lee. 1984. Seroepidemiology of human T-cell leukemia virus in
relation to immunosuppression and the acquired immunodeficiency
syndrome. /n Human T-cell Leukemia Viruses. R. C. Gallo, M. E. Essex,
and L. Gross, editors. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, New York. 355-362.

13. Takatsuki, K., K. Yamaguchi, F. Kawano, T. Hattori, H. Nishi-
mura, H. Tsuda, 1. Sanada, K. Nakada, and Y. Itai. 1985. Clinical di-
versity in adult T-cell leukemia-lymphoma. Cancer Res. 45:46445—-4645s.

14. Gotoh, Y., K. Sugamura, and Y. Hinuma. 1982. Healthy carriers
of a human retrovirus adult T-cell leukemia virus (ATLV): demonstration
by clonal culture of ATLV-carrying T-cells from peripheral blood. Proc.
Natl. Acad. Sci. USA. 79:4780-4782.

15. Osame, M., K. Usaku, S. Izumo, N. [jichi, H. Amitani, A. Igata,
M. Matsumoto, and M. Tara. 1986. HTLV-I-associated myelopathy, a
new clinical entity. Lancet. ii:1031-1032.

16. Gessain, A., F. Barin, J. C. Vernant, O. Gout, L. Maurs, A.
Calender, and G. DeThe. 1985. Antibodies to human T-lymphotropic
virus type-I in patients with tropical spastic paraparesis. Lancet. ii:407-
410.

17. Okochi, K., H. Sato, and Y. Hinuma. 1984. A retrospective study
on transmission of adult T-cell leukemia virus by blood transfusion:
seroconversion in recipients. Vox Sang. 46:245-253.

18. Matsushita, S., M. Robert-Guroff, J. Trepel, J. Cossman, H. Mit-
suya, and S. Broder. 1986. Human monoclonal antibody directed against
an envelope glycoprotein of human T-cell leukemia virus type 1. Proc.
Natl. Acad. Sci. USA. 83:2672-2676.

19. Baltimore, D. 1970. RNA-dependent DNA polymerase in virions
of RNA tumor viruses. Nature (Lond.). 226:1209-1211.

20. Temin, H. M., and S. Mizutani. 1970. RNA-dependent DNA
polymerase in virions of Rous sarcoma virus. Nature (Lond.). 226:1211-
1213.

21. Mitsuya, H., K. J. Weinhold, P. A. Furman, M. H. St. Clair,
S. N. Lehrman, R. C. Gallo, D. Bolognesi, D. W. Barry, and S. Broder.
1985. 3'-Azido-3'-deoxythymidine (BW AS5S09U): an antiviral agent that
inhibits the infectivity and cytopathic effect of human T-lymphotropic
virus type III/lymphadenopathy-associated virus in vitro. Proc. Natl. Acad.
Sci. USA. 82:7096-7100.

22. Mitsuya, H., and S. Broder. 1986. Inhibition of the in vitro in-
fectivity and cytopathic effect of HTLV-III/LAV by 2',3-dideoxynu-
cleosides. Proc. Natl. Acad. Sci. USA. 83:1911-1915.

23. Yarchoan, R., R. W. Klecker, K. J. Weinhold, P. D. Markham,
H. K. Lyerly, D. T. Durack, E. Gelmann, S. N. Lehrman, R. M. Blum,
D. W. Baryy, G. M. Shearer, M. A. Fischl, H. Mitsuya, R. C. Gallo,
J. M. Collins, D. P. Bolognesi, C. E. Myers, and S. Broder. 1986. Ad-
ministration of 3'-azido-3'-deoxythymidine, An inhibitor of HTLV-III/

LAY replication, to patients with AIDS or AIDS-related complex. Lancet.
i:575-580.

24, Subcommittee of the International Committee on the Taxonomy
of Viruses. 1986. Human immunodeficiency viruses. Nature (Lond.).
321:10.

25. Mitsuya, H., H.-G. Guo, J. Cossman, M. Megson, M. S. Reitz,
Jr.,and S. Broder. 1984. Functional properties of antigen specific T-cells
infected by human T-cell leukemia-lymphoma virus (HTLV-I). Science
(Wash. DC). 225:1484-1486.

26. Popovic, M., P. S. Sarin, M. Robert-Guroff, V. S. Kalyanaraman,
D. Mann, J. Minowada, and R. C. Gallo. 1983. Isolation and transmission
of human retrovirus (human T-cell leukemia virus). Science (Wash. DC).
219:856-859.

27. Robert-Guroff, M., F. W. Ruscetti, L. E. Posner, B. J. Poiesz,
and R. C. Gallo. 1981. Detection of the human T-cell lymphoma virus
p19 in cells of some patients with cutaneous T-cell lymphoma and leu-
kemia using a monoclonal antibody. J. Exp. Med. 154:1957-1964.

28. Kalyanaraman, V. S., M. G. Sarngadharan, B. J. Poiesz, F. W.
Ruscetti, and R. C. Gallo. 1981. Immunological properties of a type C
retrovirus isolated from cultured human T-lymphoma cells and com-
parison to other mammalian retroviruses. J. Virol. 38:906-915.

29. Clarke, M. F., E. P. Gelmann, and M. S. Reitz. 1985. Homology
of human T-cell leukaemia virus envelope gene with class I HLA gene.
Nature (Lond.). 305:60-62.

30. Yanagi, Y., Y. Yoshikai, K. Leggett, S. P. Clark, I. Aleksander,
and T. W. Mak. 1984. A human T cell-specific cDNA clone encodes a
protein having extensive homology to immunoglobulin chains. Nature
(Lond.). 308:145-149.

31. Cossman, J., L. M. Neckers, R. M. Braziel, J. B. Trepel, S. J.
Korsmeyer, and A. Bakhshi. 1984. In vitro enhancement of immuno-
globulin gene expression in chronic lymphocytic leukemia. J. Clin. Invest.
73:587-592.

32. Mitsuya, H., H.-G. Guo, M. Megson, C. Trainor, M. S. Reitz,
and S. Broder. 1984. Transformation and cytopathogenic effect in an
immune human T-cell clone infected by HTLV-I. Science (Wash. DC).
223:1293-1296.

33. Popovic, M., N. Flomenberg, D. J. Volkman, D. Mann, A. S.
Fauci, B. Dupont, and R. C. Gallo. 1984. Alteration of T-cell functions
by infection with HTLV-I or HTLV-II. Science (Wash. DC). 226:459-
462.

34. Yarchoan, R., H.-G. Guo, M. Reitz, Jr., A. Maluish, H. Mitsuya,
and S. Broder. 1986. Alterations in cytotoxic and helper T cell function
after infection of T cell clones with human T cell leukemia virus, type
L. J. Clin. Invest. 77:1466-1473.

35. Mitsuya, H., R. F. Jarrett, J. Cossman, O. J. Cohen, C.-S. Kao-
Shan, H.-G. Guo, M. S. Reitz, and S. Broder. 1986. Infection of human
T-lymphotropic virus-I (HTLV-I)-specific immune T-cell clones by
HTLV-L J. Clin. Invest. 78:1302-1310.

36. Schiipbach, J., V. S. Kalyanaraman, M. G. Sarngadharan, P. A.
Bunn, W. Blayney, and R. C. Gallo. 1984. Demonstration of viral antigen
p24 in circulating immune complexes of two patients with human T-
cell leukemia/lymphoma virus (HTLV) positive lymphoma. Lancet. i:
302-305.

37. Horwitz, J. P., J. Chua, and M. Noel. 1964. Nucleosides. V. The
monomesylates of 1-(2'-deoxy-g-D-lyxofuranosyl)thymine. J. Org. Chem.
29:2076-2078.

38. Horwitz, J. P., J. Chua, M. Noel, and J. T. Donatti. 1967. Nu-
cleosides. XI. 2',3-Dideoxycytidine. J. Org. Chem. 32:817-818.

39. Ostertag, W., G. Roesler, C. J. Krieg, J. Kind, T. Cole, T. Crozier,
G. Gaedicke, G. Steinheider, J. Kluge, and S. Dube. 1974. Induction of
endogenous virus and of thymidine kinase by bromodeoxyuridine in cell
cultures transformed by Friend virus. Proc. Natl. Acad. Sci. USA. 71:
4980-4985.

40. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-
5467.

Human T Lymphotropic Virus Type I Suppression by 2,3-Dideoxynucleoside = 399



41. Waqar, M. A, M. J. Evans, and J. A. Huberman. 1978. Effect
of 2',3'-dideoxythymidine-5'-triphosphate on Hela cell in vitro DNA syn-
thesis: evidence that DNA polymerase alpha is the only polymerase re-
quired for cellular DNA replication. Nucleic Acids Res. 5:1933-1946.

42. Waqar, M. A., M. J. Evans, K. F. Manley, R. G. Hughes, and
J. A. Huberman. 1984. Effects of 2',3-dideoxynucleosides on mammalian
cells and viruses. J. Cell. Physiol. 121:402-408.

43. Cooney, D. A., M. Dalal, H. Mitsuya, J. B. McMahon, M. Nad-
karni, J. Balzarini, S. Broder, and D. G. Johns. 1986. Initial studies on
the cellular pharmacology of 2',3'-dideoxycytidine, an inhibitor of HTLV-
III infectivity. Biochem. Pharmacol. 35:2065-2068.

44. Furman, P. A, J. A. Fyfe, M. H. St. Clair, K. Weinhold, J. L.
Rideout, G. A. Freeman, S. N. Lehrman, D. P. Bolognesi, S. Broder, H.
Mitsuya, and D. W. Barry. 1986. Phosphorylation of 3'-azido-3'-deoxy-
thymidine and selective interaction of AZT 5'-triphosphate with HTLV-
I1I reverse transcriptase. Proc. Natl. Acad. Sci. USA. 83:8333-8337.

45. Mitsuya, H., R. F. Jarrett, M. Matsukura, F. Veronese, A. L.

400 S. Matsushita, H. Mitsuya, M. S. Reitz, and S. Broder

Devico, M. G. Sarngadharan, D. G. Johns, M. S. Reitz, and S. Broder.
1987. Long-term inhibition of HTLV-III/LAV DNA synthesis and RNA
expression in T-cells protected by 2',3-dideoxynucleosides. Proc. Natl.
Acad. Sci. USA. 84:2033-2037.

46. Dahlberg, J. E., H. Mitsuya, S. Broder, S. B. Blam, and S. A.
Aaronson. 1987. Broad spectrum antiretroviral activity of 2',3'-dideoxy-
nucleosides. Proc. Natl. Acad. Sci. USA. 84:2469-2473.

47. Koprowski, H., E. C. DeFreitas, M. E. Harper, M. Sandberg-
Wollheim, W. A. Sheremata, M. Robert-Guroff, C. W. Saxinger, M. B.
Feinberg, F. Wong-Staal, and R. C. Gallo. 1985. Multiple sclerosis and
human T-cell lymphotropic retroviruses. Nature (Lond.). 318:154-160.

48. Rowley, A. H., L. M. Pachman, and S. T. Shulman. 1986. Does
Kawasaki syndrome have a retroviral etiology? Clin. Res. 34:532. (Abstr.)

49. Burns, J. C., R. S. Geha, E. E. Schneeberger, J. W. Newburger,
F.S. Rosen, L. G. Glezen, A. S. Huang, J. Natale, and D. T. M. Leung.
1986. Polymerase activity in lymphocyte culture supernatants from pa-
tients with Kawasaki disease. Nature (Lond.). 318:154-160.



