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Retroviral vectors for gene therapy are designed to minimize the occurrence of replication-competent
retrovirus (RCR); nonetheless, it is possible that a vector-derived RCR could establish an infection in a patient.
Since the efficacy of antiretroviral agents can be impacted by interactions between virus, host cell, and drug,
five commonly used antiretroviral drugs were evaluated for their abilities to inhibit the replication of a murine
leukemia virus (MLV)-derived RCR in human cells. The results obtained indicate that the combination of
nucleoside analogs zidovudine and dideoxyinosine with the protease inhibitor indinavir effectively inhibits
MLV-derived RCR replication in three human cell lines. In addition, MLV-derived RCR was found to be
inherently resistant to the nucleoside analogs lamivudine and stavudine, suggesting that mutations conferring
resistance to nucleoside analogs in human immunodeficiency virus type 1 have the same effect even in an
alternative viral backbone.

Retroviral vectors designed for use in gene therapy are rep-
lication defective and are by definition limited in their poten-
tial for insertional mutagenesis and pathogenesis in host cells.
Although replication-competent retrovirus (RCR) has never
been detected in a gene therapy patient (15, 16), recombina-
tion can occur between vector and packaging sequences in
vector producer cells or with endogenous retrovirus, and it is
possible that an RCR infection could be established. In its
native host, murine leukemia virus (MLV) infection normally
results in acute viremia followed by clearance; oncogenesis
occurs only when newborn or immunosuppressed animals are
infected (8, 32). While this suggests that disease due to RCR is
not likely to occur in normal humans, the pathological conse-
quences of murine RCR infection remain unknown. Clinical
considerations of how to treat such an infection would need to
take into account the nature of both the virus and the species
of cell involved.

To identify potential treatments for a murine RCR replicat-
ing in human cells, five commonly used antiretroviral drugs
were tested for the ability to inhibit the establishment and
spread of murine RCR infection in human 293 cells. The RCR
used for this study resulted from the recombination of vector
and packaging sequences in the murine vector producer cell
line PA317/G1Na.40 (23). Antiretroviral drugs were added to
the cells simultaneously with virus in a medium containing 8 mg
of Polybrene per ml, the cells were passaged twice in the
presence of drug, and the medium was collected from the
cultures 10 days after infection. The amount of virus released
into the medium was determined by using commercially avail-
able reverse transcriptase (RT) assays according to the manu-
facturer’s directions (NEN Life Sciences, Boston, Mass.), ex-
cept that the reaction buffer supplied with the kit was replaced
with a buffer containing 25 mM Tris, pH 8.3, and 2.5 mM
MnCl2. The sources of antiretroviral agents were as follows:
zidovudine (AZT), dideoxyinosine (ddI), and stavudine (d4T)
were from Sigma Chemical, St. Louis, Mo., lamivudine (3TC)

was supplied by the National Institutes of Health AIDS Re-
agent Repository, and indinavir was supplied by Merck, Rah-
way, N.J. Dose response curves for AZT, ddI, 3TC, and indi-
navir are shown in Fig. 1.

Nucleoside analogs such as AZT have been reported to have
a broad spectrum of antiretroviral activity (10, 27–29, 31);
however, efficacy has been shown to vary with the species and
cell type or tissue tested (1–4, 22, 24). We found that AZT was
highly effective in inhibiting RCR replication in 293 cells, with
a 98% reduction in RT activity at a concentration of 5 mM (Fig.
1). ddI also inhibited murine RCR, although much higher
doses were required for effective inhibition. Two other nucle-
oside analogs tested, d4T (data not shown) and 3TC, had no
effect on detectable levels of virus even at a concentration of 50
mM, which was the highest concentration of these drugs at
which toxic effects were not observed. In addition to the nu-
cleoside analogs, the protease inhibitor indinavir was also
tested. Although structural similarities have been reported be-
tween the proteases of MLV and human immunodeficiency
virus type 1 (HIV-1) (18, 20), differences in protease substrate
specificity between murine retroviruses and HIV-1 have been
demonstrated (19). We examined the efficacy of indinavir in
doses ranging from 0.01 to 10 mM and found that it effectively
inhibited murine RCR replication in 293 cells (Fig. 1). To
ensure that the reductions in infectivity observed were not due
to toxic effects of the drugs on the cell line being assayed, the
cell doubling time in the presence of the highest dose of each
drug was determined; no difference between control and drug-
treated cells was observed (data not shown).

The results shown in Fig. 1 demonstrate that murine RCR
was resistant to two nucleoside analogs frequently used against
HIV-1 in the clinic. Clinical HIV isolates resistant to 3TC have
been well characterized and most frequently result from a
mutation at residue 184 of the HIV-1 RT B chain from a
methionine to a valine or isoleucine (M184[V/I]) (11, 17, 25,
30). A comparison of the sequence of wild-type MLV RT with
that of HIV-1 indicates that in the region of this mutation, the
sequences of the two viruses are highly conserved (Fig. 2A).
The HIV-1 M184 residue occurs in a highly conserved domain
of the RT active site (YMDD); as in 3TC-resistant HIV-1, this
residue is a valine in the RT of wild-type MLV. The M184V
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mutation in HIV-1 has also been associated with low-level
resistance to ddI in in vitro studies (11, 12). While ddI did have
an effect the replication of murine RCR in our studies, the
concentration needed to achieve 50% inhibition of the viral
activity was 40 mM, which was 500-fold greater than that re-
quired for AZT. Resistance to d4T is much more unusual in
the clinic (14, 17); however, a single mutation (from valine to
threonine) at residue 75 of HIV-1 RT associated with d4T
resistance in vitro has been identified (13). The examination of
the region surrounding this mutation in the MLV RT reveals
that a glutamine occurs at the homologous position and that in
general this region is not well conserved between MLV and
HIV-1 (Fig. 2B). The relative resistance of the MLV-derived
RCR to both 3TC and d4T that we observed in vitro can
therefore be accounted for by the sequence of the RT. Our
experiments demonstrate a good correlation between the pres-
ence of amino acid changes in HIV-1 causing resistance to
particular drugs and resistance of MLV to these drugs, even in
the context of a different viral backbone.

Combinations of RT inhibitors and protease inhibitors are

the most commonly used clinical treatment for HIV infection
(26).

The studies described above demonstrate that three clini-
cally relevant antiretroviral agents are effective in inhibiting
the replication of murine RCR in 293 cells. To ensure that the
drugs identified were also active in other human cell types,
these drugs were retested alone and in combination in 293 cells
as well as two human cell lines of lymphoid origin, Jurkat and
H9 cells. In order to be able to detect decreases in viral infec-
tivity for the combination treatments, an intermediate dose of
drug was chosen for the combination therapies tested; each
drug was tested singly in the same experiment so that any
additive effects of the combination treatments could clearly be
assessed. H9 and Jurkat cells were infected and passaged un-
der the same conditions as those described previously for 293
cells. For increased sensitivity of detection, infectivity was mea-
sured by a quantitative PCR assay for the presence of viral
envelope sequences. This RCR PCR assay amplifies a 712-bp
region of the envelope sequences contained in pPAM3, the
packaging sequence present in PA317 cells (21). The primers
used for amplification were 59-TTGTCCACCACGGTGCTC
AAT-39 and 59-GGCTCGTACTCTATAGGCTTC-3. Ampli-
fication products were analyzed by gel electrophoresis and
Southern blotting and were analyzed on a Storm imaging sys-
tem (Molecular Dynamics, Sunnyvale, Calif.). The results of
these experiments are shown in Fig. 3.

The efficacy of AZT, ddI, and indinavir alone varied be-
tween cell types. For example, H9 cells were more sensitive to
both nucleoside analogs than either 293 or Jurkat cells and
appeared to be extremely sensitive to ddI (96.6% inhibited at
40 mM). In contrast, infectivity in Jurkat cells appeared to be
unaffected by 0.05 mM AZT and was only slightly affected by 40
mM ddI. These results support previous studies demonstrating
that antiretroviral efficacy can vary between cell types, even in
an in vitro assay system in which identical virus and conditions
were used to establish infection. However, in all three cell
lines, the combinations of two and three drugs were more
effective than any single drug. In the most resistant cell line
assayed, Jurkat, the AZT-ddI combination inhibited approxi-
mately 24% and the addition of the protease inhibitor indina-
vir further reduced activity to 36% of the untreated control
cultures. In H9 and 293 cells, infectivity in the triple combina-
tion-treated cells was reduced to 1.1 and 11.3% of that of the
untreated control cells, respectively. The approximate 50%
inhibitory concentrations (IC50s) of AZT and indinavir in 293
cells were 0.08 and 3.0 mM, respectively, which are similar to
IC50s reported in in vitro studies against HIV-1 and well within
the achievable concentrations of these drugs in vivo (maximum
concentration of drug in serum [Cmax] for AZT, 3.4 mM; Cmax
for indinavir, 12.6 mM) (4–6, 9). While the IC50 for ddI deter-
mined in 293 cells (approximately 40 mM) exceeds the Cmax in
vivo (8.2 mM), the increased sensitivity of H9 cells to this drug
suggests that ddI may have efficacy against some cell types in
vivo. These results demonstrate that the use of the AZT-ddI-
indinavir combination therapy yields a good inhibition of mu-
rine RCR replication in three different human cell types.

Although distribution studies and patient monitoring indi-
cate that retroviral vectors can potentially be found in a num-
ber of tissues, it is not clear what cell type, if any, might be
particularly susceptible to RCR infection. In the one study in
which murine RCR infection was established in immunosup-
pressed primates (7), three of eight monkeys died of T-cell
lymphoma; the surviving monkeys have remained positive for
viral sequences at very low levels in peripheral blood lympho-
cyte samples. It is worth noting that monkeys that survived the
infection developed an antibody response to the RCR but

FIG. 1. Efficacies of antiretroviral drugs against murine RCR replication in
293 cells. 293 cells were infected with G1Na.40 RCR; drugs were added simul-
taneously with virus to block the establishment and spread of infection. Cultures
were passaged in the presence of drug at 4 and 7 days postinfection, and the
medium collected 10 days postinfection was precipitated with polyethylene glycol
for RT assay. The doses tested were as follows: AZT, 0.01 to 5 mM; ddI, 0.1 to
100 mM; 3TC, 0.1 to 50 mM; indinavir, 0.1 to 10 mM. The relative efficacies of the
drugs tested may be arranged as follows: AZT . indinavir . ddI . d4T (data not
shown), 3TC.

FIG. 2. Alignment of MLV and HIV-1 RT sequences. The sequences of
Moloney MLV (Mo-MLV) and HIV-1 RT were aligned in regions flanking
mutations known to confer resistance to one or more drugs. The murine RCR
used in these studies was sequenced and found to be identical to the Moloney
sequence in these regions (data not shown). (A) 3TC resistance mutation occurs
at amino acid 184 of HIV (shaded box); the sequence of the Moloney RT in this
region is identical to that of 3TC-resistant HIV-1. (B) d4T resistance mutation
occurs at amino acid 75 of HIV (shaded box). The sequence of MLV RT in the
homologous position differs from wild-type HIV at several residues in this re-
gion.
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those that died did not. Individual animal variability in the
degree of immune system suppression and/or immune system
recovery following transplantation may be responsible for dif-
ferences in RCR pathogenesis. An early intervention with the
combination of antiretroviral drugs identified in this study
might limit the viral load in multiple cell types and allow
sufficient time for immune system recovery and long-term sur-
vival.

We thank David Onions and Tyler Martin for helpful comments on
these studies. We are grateful to Merck and Co. for providing indina-
vir.
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