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Retrovirus-mediated gene transfer is commonly used in gene therapy protocols and has the potential to
provide long-term expression of the transgene. Although expression of a retrovirus-delivered transgene is
satisfactory in cultured cells, it has been difficult to achieve consistent and high-level expression in vivo. In this
investigation, we explored the possibility of modulating transgene expression by host-derived cytokines. Nor-
mal human keratinocytes and dermal fibroblasts were transduced with recombinant retroviruses expressing a
reporter gene (lacZ). Treatment of transduced cells with a proinflammatory cytokine, gamma interferon
(IFN-v), significantly reduced lacZ expression to less than 25% of that of nontreated cells. The inhibition was
concentration dependent (peak at 5 ng/ml) and time dependent (maximal at 16 h for transcript and 24 h for
protein); expression remained repressed in the continued presence of IFN-y but returned to normal levels 24 h
after IFN-y withdrawal. The decrease in [3-galactosidase activity appeared to result from decrease in steady-
state lacZ mRNA levels. Inhibitors of transcription and translation blocked IFN-y-induced repression, sug-
gesting involvement of newly synthesized protein intermediates. Similar results were obtained by treatment of
transduced cells with IFN-a but not with other proinflammatory cytokines, including tumor necrosis factor
alpha, interleukin-2 (IL-1), IL-4, and granulocyte colony-stimulating factor. Although the level of lacZ mRNA
was reduced by >70% following IFN treatment, the rate of lacZ transcription was not significantly different
from that for nontreated cells. These results suggest that IFN-mediated regulation of transgene expression is
at a posttranscriptional level. Interestingly, IFN-y also suppressed transgene expression driven by a cellular
promoter (involucrin) inserted in an internal position in the retroviral vector. The presence of the overlapping
3’ untranslated regions in transcripts initiated from the internal promoter and the long terminal repeat is
suggestive of a posttranscriptional regulation, likely at the level of RNA stabilization. These results provide
direct evidence for modulatory effects of IFNs on retrovirus-mediated transgene expression and suggest that

gene therapy results may be altered by host inflammatory responses.

Recombinant retroviral vectors based on Moloney murine
leukemia virus (MMLV) remain the predominant means of
gene transfer in gene therapy protocols (37). This is due to
their well-characterized biology and high efficiency of trans-
gene integration into the host chromosome. In addition, the
viral promoter in the long terminal repeat (LTR) region is
constitutively active in many cultured cell types (33). However,
when normal cells are transduced and transplanted to animals,
transgene expression is usually reduced, often to undetectable
levels. Loss of gene expression from the transduced gene has
been observed in several systems, including hematopoietic cells
(3, 47), hepatocytes (25, 49), fibroblasts (39, 46), and kerati-
nocytes (4, 14, 16, 36, 48). Poor expression in vivo has often
been attributed to a specific decrease in transcription of the
transferred gene once the transduced cells are grafted to the
animal (3, 26). Selective methylation of proviral sequences has
been proposed as one of the possible mechanisms of inactiva-
tion (3, 21, 43); however, it is unclear whether methylation is a
primary or secondary event. The specifics of vector design and
transduction protocols as well as the immune responses of the
host may also contribute to the observed problems in transgene
expression (40, 44).
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One aspect of the in vivo environment that has not been
explored for its effects on transgene expression is proinflam-
matory cytokines. As transplantation of ex vivo-modified cells
to the host usually involves some surgical or traumatic inter-
vention, it is likely that inflammatory reactions develop at the
graft site. Several proinflammatory cytokines such as gamma
interferon (IFN-y) and tumor necrosis factor alpha (TNF-a)
have been shown to regulate both viral and cellular gene ex-
pression (6, 32) and, in the case of a transduced gene, could act
directly or indirectly to alter transgene expression. The present
study analyzes the effect of several proinflammatory cytokines
on LTR-directed expression of a transduced gene in normal
epidermal keratinocytes and dermal fibroblasts. We demon-
strate that both IFN-y and IFN-a down modulate expression
of the retrovirus-delivered transgene. Interestingly, this down
modulation also occurs with an internal cellular promoter
whose expression is not known to be affected by the cytokines.

MATERIALS AND METHODS

Cells. Primary keratinocytes were obtained from human newborn foreskin and
grown in submerged cultures in the presence of irradiated 3T3 cells (42), using
keratinocyte medium described by Wu et al. (52) supplemented with 5% fetal
bovine serum. Human dermal fibroblasts were the outgrowth of skin biopsies
grown in Dulbecco’s minimal essential medium supplemented with 10% fetal
bovine serum, penicillin (100 U/ml), and streptomycin (100 p.g/ml).

Retroviral vectors and virus-producing cells. The MFG retroviral vector con-
taining the Escherichia coli lacZ reporter gene (MFG-LacZ) and the W-CRIP
amphotropic producer line were kindly provided by Richard Mulligan (24).
Retroviral vector construct pBabe-gal was generated by subcloning a fragment
containing the entire coding sequences of E. coli lacZ gene in the EcoRI/Sall site
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of pBabe (35). A DNA fragment containing nucleotides (nt) —2473 to +40 of the
human involucrin promoter was cloned upstream of the lacZ gene to create
pBabe-inv-gal (2). Retroviral vector constructs were transfected into the eco-
tropic packaging cell line W-CRE (9) by the calcium phosphate coprecipitation
method. Forty-eight hours later, the supernatant was used to transinfect the
GP+envAm12 amphotropic packaging line (28). Colonies of infected cells were
isolated by selection in the presence of medium containing puromycin (2.5
wg/ml; Sigma). Clones containing the full-length virus, as determined by South-
ern analysis, were expanded and used. Viral titer was determined on NIH 3T3
cells, and the supernatant of transduced cells was tested for the presence of
helper virus by using a marker rescue assay (46).

Primary keratinocytes and fibroblasts were seeded at 2 X 10° cells per 10-cm
dish and transduced 24 h later with 2 ml of virus-containing medium that had
been filtered through 0.45-pm-pore-size filter (Gelman) and supplemented with
Polybrene (8 pg/ml; Sigma) for 2 to 3 h at 37°C. Fresh medium was added; 2 days
after infection, the cells were passaged, and one representative plate was fixed
and stained with 4-chromo-5-bromo-3-indolyl-B-p-galactoside (X-Gal; Sigma)
for B-galactosidase (B-Gal) activity. When pBabe viruses were used, cells were
passed into the puromycin-containing medium (1 pg/ml), and selected pools of
resistant cells were expanded and used.

IFN treatment and B-Gal assay. Cells were plated in 24-well plates at 2.5 X
10* cells per well and 24 h later treated with the cytokine recombinant human
TNF-q, interleukin-1 (IL-1), IL-4, granulocyte colony-stimulating factor, IFN-y
(2.7 X 107 TU/mg; Genzyme), or IFN-a (10° IU/ml) for 40 h at various doses.
Cells were washed twice in cold phosphate-buffered saline and lysed in 30 pl of
0.25 M Tris (pH 7.8) by three successive freeze-thaw cycles. Protein concentra-
tions of the lysates in representative wells were measured by using the bicincho-
ninic acid reagent (Pierce). B-Gal enzyme activity in lysates was determined by
hydrolysis of 1 mg of o-nitrophenyl B-p-galactopyranoside (ONPG) per ml in 300
ul of sodium phosphate buffer containing 1 mM MgCl, and 45 mM B-mercap-
toethanol at 37°C for 20 min. The reaction was stopped by addition of 500 wl of
1 M Na,COs, and the absorbance was measured at 420 nm (at the linear range
0.2 to 0.8). Data are expressed as the relative absorbance of treated samples to
untreated samples. Experiments were done in quadruplicate.

RNA analysis. Total RNA was isolated from cells by modified guanidinium
isothiocyanate method (5). For keratinocytes, 3T3 feeders were removed with
5 mM EDTA prior to RNA extraction. Steady-state mRNA levels were quanti-
fied by hybridization of total RNA to specific *P-labeled antisense RNA probes
in an RNase T, protection assay (31). Protected fragments were analyzed on a 5
to 6% polyacrylamide-8 M urea gel, and excised bands were quantified in a
liquid scintillation counter. Antisense RNA probes of 635 nt for lacZ (generated
by cloning the Mull-Sacl [+2257 to +2892] fragment of lacZ coding sequences
in pGEM3) and 270 nt for B-actin were used. The latter served as internal
control for both repression and gel loading. The RNA probe used to differentiate
LTR-initiated from involucrin promoter-initiated transcripts contained 323 nt of
the involucrin promoter, including the first exon and 185 nt of contiguous lacZ
coding sequences, and was generated by reverse transcription-PCR using RNA
from pBabe-inv-gal-transduced keratinocytes. This fragment was subcloned in an
RNA expression vector (pCRII; Invitrogen) and linearized with AfII (cuts at
—136 of the involucrin promoter), and T7 RNA polymerase was used to generate
a 368-nt antisense RNA probe.

Determination of transcription rate. Nuclei were isolated by a technique
described by Marzluff and Huang (29) from nontreated or cells treated with 5 ng
of IFN-y per ml for 12 h and frozen at —70°C. An additional aliquot of TFN-y
was added 2 h prior to isolation of nuclei to demonstrate transcriptional induc-
tion of the IFN regulatory factor gene (IRF-1), whose transcription is transiently
induced following IFN-y treatment (34). Thawed nuclei were incubated in a
reaction buffer containing 25 mM Tris (pH 7.5), 5 mM MgCl,, 0.5 mM dithio-
threitol, 200 mM KCl, 25% glycerol, 500 uM each ATP, CTP, and GTP, and 300
uCi of [a-**PJUTP (3,000 mCi/mmol) for 30 min at 30°C. Elongated RNA
samples were purified and prepared for hybridization by precipitation with tri-
chloroacetic acid. Five micrograms of plasmid DNA containing lacZ was used as
probe for lacZ transcripts, and the backbone vector was used as a negative
control. To avoid binding of lacZ transcript to lacZ sequences included in the
Bluescript plasmid vector containing IRF-1 and actin cDNAs, the full-length
IRF-1 and B-actin genes were isolated, and 1 pg of each was fixed to a nylon
membrane by using a dot blot apparatus. Filters were hybridized with the labeled
RNA samples at 107 cpm/blot. Autoradiography was performed for 3 to 5 days
at —70°C, using X-ray film with an intensifying screen.

RESULTS

Suppression of LTR-directed lacZ expression in retrovirus-
transduced fibroblasts and keratinocytes treated with IFN-vy.
Early-passage human keratinocytes or dermal fibroblasts were
transduced by single exposure to MFG-lacZ retrovirus. Trans-
duction efficiencies, as assessed by X-Gal staining of a repre-
sentative culture, were greater than 80%. No change in the
number of B-Gal-expressing cells was observed throughout the
course of these studies. Nonselected pools of MFG-lacZ-trans-
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FIG. 1. Suppression of B-Gal activity in retrovirus-transduced cells treated
with IFN-y. (A) MFG-lacZ-transduced human keratinocyte (HKC-LZ) or der-
mal fibroblast (HDF-LZ) cultures were treated for 40 h with cytokines as indi-
cated. GCSF, granulocyte colony-stimulating factor. (B) Cells were treated with
graded concentrations of IFN-y (ranging from 0.1 to 10 ng/ml) for 40 h. (C) Cells
were treated with IFN-y (5 ng/ml) for the times indicated at the bottom. B-Gal
activity of the cell lysate was measured by using ONPG as the substrate. Exper-
iments were performed in quadruplicate, and results are shown as mean =*
standard error from three independent experiments.

duced cells were incubated with several proinflammatory cyto-
kines for 40 h at concentrations indicated in Fig. 1A. B-Gal
activity in cell lysates of treated cultures was measured and
compared to that of nontreated cultures. Of cells treated with
the five cytokines tested, only IFN-y-treated cells showed a
significant reduction (>75%) in B-Gal activity compared to
nontreated cells (Fig. 1A). Treatment of keratinocytes with
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TNF-a also resulted in a slight reduction of B-Gal activity
(~24%), but in TNF-a-treated fibroblasts, the enzyme activity
did not significantly differ from that of nontreated cells. The
effect of IFN-y was evident at concentrations as low as 0.1
ng/ml; the maximal level, 5 ng/ml, required at least a 24-h
incubation period to attain. Inhibition was not complete and
did not go beyond 80 to 85% reduction in B-Gal activity even
with higher levels of IFN-y and longer incubation time (Fig. 1B
and C).

The changes in transgene expression brought on by IFN-y
were not accompanied by detectable cytotoxic and/or cytostatic
effects. For fibroblasts treated with IFN-vy for 40 h, the number
of cells present and the amount of protein recovered were the
same as for nontreated controls. For keratinocytes treated in
the same way, there were 10% fewer cells recovered from
treated cultures, whereas protein recovery was the same in
treated and nontreated cultures (data not shown). As kerati-
nocyte cultures are heterogeneous, with a mixture of small
basal cells and large differentiated cells, we consider protein
levels to be more indicative of the overall viability.

To determine whether the IFN-mediated inhibition of B-Gal
activity was due to lower levels of transcript, the steady-state
level of lacZ mRNA was analyzed. Total RNA was isolated
from nontreated cultures or cultures treated with IFN-y (5
ng/ml) for various periods of time (0 to 72 h). Levels of lacZ
transcript in IFN-treated cells were compared with those of the
nontreated cells by hybridization with a specific antisense RNA
probe spanning lacZ coding sequences. An antisense probe for
B-actin added simultaneously served as an internal control. As
shown in Fig. 2, a significant decrease in the level of lacZ
transcript was observed when either keratinocytes or fibro-
blasts were treated with IFN-y (upper bands in Fig. 2A, lanes
3 to 7, and 2C, lane 3). No endogenous lacZ transcript was
detected in normal fibroblasts (Fig. 3C) or keratinocytes (data
not shown). IFN-y did not affect B-actin mRNA levels (lower
bands) even after 72 h of incubation, indicating that IFN-y-
mediated inhibition of lacZ expression was specific for LTR-
driven lacZ transcript and was not related to cytotoxic effects
of this cytokine on transduced cells.

The decrease in lacZ mRNA levels following exposure to
IFN-y was more rapid than the decrease in enzyme activity.
Maximum inhibition of 70 to 80% in the levels of lacZ tran-
script (Fig. 2A, lane 5; Fig. 2C, lane 3) was observed after 16 h
of incubation, compared to 24 h required for B-Gal activity.
lacZ mRNA levels remained at reduced levels as long as the
IFN-y was present (incubation for up to 72 h was examined,;
Fig. 2A, lane 7). To determine whether the repression of LTR-
directed expression was reversible, cells were treated with
IFN-v for 72 h and then washed and passed into fresh medium.
Twenty-four or 48 h later, the levels of lacZ transcript were
analyzed. As shown in Fig. 2B (lanes 2 and 3), upon removal of
the cytokine, lacZ mRNA levels returned to normal, indicating
that the inhibitory effects of IFN-y were reversible. These
results demonstrated a specific dose- and time-dependent re-
pression of LTR-derived transgene expression in transduced
cells as long as IFN-y was present in the medium.

IFN-a also down regulates lacZ expression in transduced
cells. Some of the antiviral and immunoregulatory effects of
IFN-v can be mimicked by other cytokines. For example, some
proteins characteristically induced by IFN-y are also induced
by IFN-a or TNF-a (11, 15, 32). To evaluate the possible
modulation of transgene expression by these cytokines, trans-
duced keratinocytes were treated with TNF-a, IFN-a, or
IFN-vy for 16 h, and the steady-state levels of lacZ transcript
were analyzed as described above. A dose-response curve in-
dicated that IFN-a mediated repression of B-Gal activity to the
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FIG. 2. Reduction in levels of steady-state lacZ mRNA in cells treated with
IFN-y. (A) Total RNA was isolated from transduced keratinocyte cultures non-
treated (lane 1) or treated with human IFN-y (hIFN-y; 5 ng/ml) for the times
indicated at the top (lanes 2 to 7). Steady-state mRNA levels for lacZ and B-actin
were measured by hybridizing 10 pg of total RNA with specific antisense RNA
probes (635 nt for lacZ and 270 nt for B-actin). RNase-protected fragments were
analyzed by electrophoresis on a 5% denaturing polyacrylamide gel. (B) Trans-
duced keratinocytes were incubated continuously over 72 h with IFN-y (5 ng/ml),
with one change of medium at 40 h. Cultures were harvested (lane 1) or passed
into fresh medium without IFN for additional 24 h (lane 2) or 48 h (lane 3). RNA
was isolated and analyzed as described in for panel A. (C) RNase protection
analysis of RNA isolated from normal human dermal fibroblasts (HDF; lane 1)
or MFG-lacZ-transduced human dermal fibroblasts (HDF-LZ) untreated (lane
2) or treated with IFN-y (5 ng/ml; lanes 3), using the RNA probes described
above.

same extent as [FN-y, with maximum inhibition at 250 IU of
IFN-a per ml (data not shown). At this concentration, lacZ
mRNA levels were reduced 75 to 80% over nontreated levels,
comparable to levels observed following treatment with IFN-y
(Fig. 3, lanes 2 and 3). However, no synergistic effect was ob-
served by a combination of IFNs (data not shown). Although
incubation of keratinocytes with TNF-« (10 ng/ml) resulted in
a slight reduction in B-Gal activity (Fig. 1A), no change in the
level of lacZ transcript was observed (Fig. 3, lane 4). These
results demonstrate that both IFN-a and IFN-y suppressed
LTR-driven lacZ expression and suggest that induction of a
common polypeptide may have mediated their effects.

The inhibitory effects of IFNs require de novo protein and
RNA synthesis. The antiviral and immunoregulatory activities
of IFNs are mediated by transcriptional activation of several
genes. Transcription of some of these genes is enhanced within
minutes and without the need for protein synthesis, while in
several cases transcription of genes is enhanced after few hours
during which new protein synthesis is required (10). Time
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FIG. 3. Effects of IFN-«a on LTR-directed transgene expression. Transduced
keratinocytes were treated with IFN-y (5 ng/ml; lane 2), IFN-a (250 TU/ml; lane
3), or TNF-a (10 ng/ml; lane 4) for 16 h. Total RNA was isolated from non-
treated (lane 1) or treated cultures, and 10 ng of RNA was analyzed as described
for Fig. 2.

course studies of keratinocytes indicated that IFN-mediated
suppression of lacZ expression required 10 to 16 h of incuba-
tion with IFNs. To examine the requirement for protein and
mRNA synthesis, cultures of transduced keratinocytes were
pretreated with cycloheximide (20 pg/ml) or actinomycin D (1
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FIG. 4. Down modulation of lacZ mRNA by IFN-y requires protein and
RNA synthesis. MFG-lacZ-transduced keratinocytes were treated with the indi-
cated agents for 16 h. When IFN-y was used, it was added 30 min following the
addition of other agents. Actinomycin D (Act-D) was used at 1 pg/ml (lanes 3
and 4), cycloheximide (CHX) was used at 20 pg/ml (lanes 5 and 6); IFN-y was
used at 5 ng/ml (lanes 2, 4, and 6). Total RNA was isolated and analyzed by
RNase protection assay as described for Fig. 2. Protected fragments were cut
from the gel, and the relative level of lacZ mRNA in each sample was quantified
by a B-counter. Values within groups were normalized relative to the amount of
B-actin mRNA and between groups to the dimethyl sulfoxide-treated control
(lane 1).
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FIG. 5. Effects of IFNs on LTR transcriptional activity. Nuclear runoff assays
were performed on nuclei isolated from 2 X 107 transduced keratinocytes (KC-
LZ) or dermal fibroblasts (HDF-LZ) either untreated or treated with IFN-y (5
ng/ml). *?P-labeled runoff transcripts were hybridized to various DNAs bound to
nylon membranes. IRF-1 is a gene known to be induced by IFN, and the
appearance of IRF-1 transcripts shows that IFN-mediated signaling is activated.
B-Actin was used as a control for normalization. The row labeled “Control” was
spotted with DNA from an irrelevant plasmid.

wg/ml) for 30 min prior to addition of IFN-y to block transla-
tion or transcription, respectively. Total RNA was isolated
after 16 h of incubation with IFN-y and analyzed by RNase
protection assay. As shown in Fig. 4, although treatment of
cultures with actinomycin D or cycloheximide alone resulted in
a drop in lacZ transcript, additional treatment with IFN-y
failed to reduce these levels further (lanes 3 to 6). In contrast,
there was a marked decrease in lacZ transcript levels in cul-
tures treated with IFN-y only (lanes 1 and 2). These results
suggest that the IFN-mediated down regulation of LTR-di-
rected gene expression is dependent on de novo protein and
RNA synthesis.

Effect IFNSs on the rate of transcription. To determine wheth-
er the decreased levels of steady-state lacZ mRNA observed
following IFN treatment was the consequence of a decrease in
the rate of transcription, nuclear run-off analysis was per-
formed. Nuclei were isolated from cells treated with IFN-y or
nontreated cells, and transcripts were elongated in vitro as
described in Materials and Methods. As shown in Fig. 5, the
rate of lacZ transcription driven by LTR remained unchanged.
As a control, transcription of IRF-1, an IFN-inducible gene,
was induced as expected following incubation of cells with
IFN-vy. Similar results were obtained in assays using IFN-a
(data not shown). These results demonstrate that IFNs do not
suppress LTR-mediated transcription and suggest that reduc-
tion in the levels of steady-state lacZ mRNA is regulated post-
transcriptionally.

IFN-dependent modulation of lacZ transcript generated by
an internal cellular promoter in a retroviral vector. The ret-
roviral vectors used to this point contained a single promoter,
the viral LTR. If the IFN-induced suppression is indeed me-
diated posttranscriptionally, transcripts originating from a sec-
ond internal promoter but having the same 3’ end are likely to
be affected similarly by IFN. To examine this possibility, the
human involucrin promoter was inserted into the pBabe ret-
roviral vector between the 5" LTR and the lacZ gene to pro-
duce pBabe-inv-gal. (A similar retroviral vector construct with-
out the involucrin promoter, pBabe-gal, was constructed and
served as control.) The constructs and expected transcripts are
depicted in Fig. 6A. The 3" untranslated region including the
poly(A) site is common between the transcripts initiated from
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FIG. 6. Effects of IFN-y on lacZ expression directed from an internal pro-
moter in a retroviral vector. (A) Retroviral vector constructs in which lacZ
expression is driven by the LTR (pBabe-gal) or an internal involucrin promoter
(pBabe-inv-gal) are shown. The antisense RNA probe used for RNase protection
assay is outlined at the top. The antisense RNA probe spans the initiation site for
the involucrin promoter to differentiate LTR-initiated from involucrin-initiated
transcripts. In cells transduced with pBabe-gal, a protected fragment (LG; 185
nt) is expected from transcripts generated by the vector, as well as a protected
fragment (INV; 43 nt) from cellular involucrin mRNA. In cells transduced with
pBabe-inv-gal, two protected fragments are expected, one from transcript de-
rived from the LTR (LIG; 368 nt) and one initiated from the vector involucrin
promoter (IG; 228 nt). A protected fragment (INV; 43 nt) from cellular involu-
crin mRNA is also expected. SV40, simian virus 40. (B) Keratinocytes transduced
with pBabe-gal (KC-Bgal) or pBabe-inv-gal (KCBIgal) retrovirus were incubated
with IFN-y (5 ng/ml) for 16 h. Total RNA was isolated from IFN-treated or
nontreated cultures, and 20 g of total RNA was analyzed. Levels of transcripts
initiated from each promoter were measured by specific hybridization to the
antisense RNA probe diagrammed in panel A. The position of LTR-initiated
(LIG), involucrin-initiated (IG), and endogenous involucrin (INV) transcripts
are shown on the right; the position of LTR-initiated transcript in KCBgal (LG)
is shown on the left. Protected fragments were analyzed on a 6% polyacrylamide-
urea gel. The autoradiograph of the dried gel was exposed to X-ray film at —70
for 40 h. A representative experiment is shown.
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the LTR and involucrin promoters. Keratinocytes were trans-
duced with these retroviruses, selected with puromycin, and
either not treated or treated with IFN-y (5 ng/ml, 16 h). Total
RNA was extracted, and the steady-state level of RNA initiat-
ed at each promoter was measured by RNase protection, using
a riboprobe that spanned the involucrin transcriptional initia-
tion site. This probe differentiated LTR-initiated from involu-
crin-initiated transcripts. Analysis of RNA from pBabe-gal-
transduced keratinocytes demonstrated that in the presence of
IFN-v, the level of lacZ mRNA was reduced more than 75%
compared to that of nontreated cells (Fig. 6B, lanes 1 and 2)
confirming our previous results. In pBabe-inv-gal-transduced
cells, the overall levels of lacZ transcript were lower than in
pBabe-gal-transduced keratinocytes. This is likely the result of
interaction between the two adjacent promoters, as has been
reported previously by other investigators (7, 12). While the
LTR promoter may have had an effect on transcription within
involucrin promoter, the B-Gal expression by this vector re-
mained keratinocyte specific (unpublished observation). Incu-
bation of pBabe-inv-gal-transduced cells with IFN-y resulted
in a significant reduction in the levels of lacZ transcripts gen-
erated from both viral and involucrin promoters (lanes 3 and
4). The levels of endogenous involucrin mRNA in treated cells
remained comparable to those in nontreated cells (lower bands
in lanes 1 to 4), indicating the specificity of IFN-mediated
suppression of transgene. These results demonstrate that IFN
specifically modulated expression of the transgene directed by
either LTR or an internal cellular promoter in the context of a
retrovector and suggest that IFN-mediated suppression of ex-
pression is not promoter dependent.

DISCUSSION

Replication-defective MMLV-based retroviral vectors are
the most popular method for gene transfer in ex vivo gene
therapy protocols. Although the LTR promoter is active in
tissue culture, it is poorly expressed in vivo for reasons that are
not well understood (25, 39). We have used MMLV-based
retroviral vectors expressing a reporter gene to study the ef-
fects of host-derived cytokines on transgene expression in cul-
tured cells. Treatment of transduced human fibroblasts or ke-
ratinocytes with IFN-a and -y resulted in a >75% reduction in
both B-Gal activity and steady-state lacZ mRNA levels in a
time- and dose-dependent manner. Maximal reduction in lacZ
mRNA levels occurred prior to maximal reduction in 3-Gal
activity, suggesting that the primary event was a decrease in
lacZ mRNA expression, not protein stability. The concentra-
tions of IFNs that resulted in maximal suppression of 3-Gal
expression is known to maximally activate IFN-inducible fac-
tors (22). The modulatory effects of IFNs were shown to be
specific to the retrovirus-expressed transgene, since the levels
of cellular transcripts including B-actin and involucrin re-
mained unaffected. Addition of IFN to keratinocytes at doses
used in our experiments did not result in a significant change in
growth and differentiation pattern of keratinocytes in sub-
merged or organotypic cultures or that of the fibroblasts (un-
published observation and reference 20).

When transfection was used to introduce the viral vector
constructs into keratinocytes instead of transduction, IFN-me-
diated inhibition of lacZ expression was not seen (data not
shown), suggesting that integration of the transgene may be
required. The site of provirus integration could not be a key
factor in IFN-mediated down regulation of LTR-driven ex-
pression because polyclonal populations of transduced cells
were used throughout these experiments, and similar results
were obtained with either keratinocytes or fibroblasts and sev-
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eral different MMLV-based vectors, including MFG and
pBabe (see Results). Possibly transfected vector constructs did
not exhibit IFN-induced inhibition of lacZ expression because
of transfer of multiple copies of the plasmid DNA and possible
titration of inhibitory factors. Consistent with this suggestion,
we have noted that the inhibitory effect of IFN on lacZ expres-
sion is reduced when cells are transduced at titers higher than
that reported in this study (data not shown). IFN-mediated
suppression of transfected gene expression has been found
when cytomegalovirus or simian virus 40 promoters were used
to drive transgene expression. However, these effects were cell
type dependent since they were not observed in some of the
cell lines used (13, 19).

The fact that IFN-mediated down regulation of lacZ expres-
sion requires mRNA and protein synthesis and an incubation
time of >8 h implies that suppression of transgene expression
is among the secondary responses to IFNs and is likely medi-
ated by synthesis of new protein intermediates. Furthermore,
treatment of transduced cells with either IFN-a or IFN-vy re-
sulted in inhibition of LTR-directed expression. As no synergy
was noted for IFN-a and IFN-y, it is likely that the effect of
each cytokine was mediated by a common factor(s). Notewor-
thy, IFN’s ability to elicit an antiviral state is due to transcrip-
tional induction of quiescent genes and resultant production of
new proteins (10).

The antiviral activity of IFNs is well documented and is
based on activation of several mechanisms which may affect
various phases of the virus growth cycle, including penetration,
transcription, translation, virion assembly, and budding (27,
45). Although transduced cells are free of helper virus and no
viral protein is made by the vector, the possibility of interaction
of an IFN-induced factor with viral sequences left in the vector
cannot be excluded. The down modulation of gene expression
at transcriptional and posttranscriptional levels by IFNs has
been reported. For example, inhibition of murine cytomegalo-
virus immediate-early gene transcription and tat-induced trans-
activation of human immunodeficiency virus LTR-driven ex-
pression of genes by IFN-y have been demonstrated (13, 17).
At the posttranscriptional level, IFN-y has been shown to
decrease stability of several transcripts, including c-myc, c-fos,
and cftr (1, 8, 41). For reovirus-infected cells, a specific in-
crease in the turnover rate of several viral transcripts has been
reported (38). Moreover, inflammatory cytokines including
IFN-y and TNF-a have been shown to activate hepatitis B
virus-infected hepatocytes to degrade viral RNA in a se-
quence-specific manner without affecting the rate of viral tran-
scription (18, 50). Using nuclear runoff analysis to assess the
effect of IFNs on the rate of transcription initiated from the
LTR in transduced cells, we showed that suppression of lacZ
mRNA levels was not due to transcriptional regulation of the
LTR. The inability to detect changes in the rate of transcrip-
tion was not due to low sensitivity of our assay since transcrip-
tional induction of an IFN-inducible gene (IRF-1) was readily
detected following IFN treatment (Fig. 5) (34). Therefore, the
reduced level of transgene mRNA is due to regulation at the
posttranscriptional level, most likely at the level of RNA sta-
bility. This conclusion is supported by the fact that IFN also
reduced expression of a gene linked to involucrin promoter
when that promoter was placed in an internal position in the
retroviral vector. Promoter interference has been shown to
reduce the ability of the adjacent promoter to act as an efficient
promoter, and this interference could be relieved by suppres-
sion of upstream promoter (7, 30). The lower expression of
lacZ initiated from both promoters in pBabe-inv-gal-trans-
duced cells suggests interference between the two promoters
(Fig. 6B). However, IFN treatment resulted in suppression of
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both LTR- and involucrin-initiated transcripts, which suggests
that IFN-mediated suppression was not at the level of tran-
scription. The only common viral sequences in the LTR and
involucrin transcripts are sequences located at the 3’ ends,
predominantly in the 3" LTR. Preliminary studies in this lab-
oratory suggest that the U3 region of the LTR mediates this
IFN-induced suppression. The importance of 3" untranslated
region and polyadenylation signal in RNA stability and regu-
lation of gene expression has recently been appreciated (23).
In the design of retroviral vectors, these regions are among
major viral sequences retained whether viral or internal pro-
moters are used. Poor expression of retrovirus-delivered trans-
gene has often been attributed to reduced expression of viral
promoter in vivo; however, an internal cellular promoter does
not always circumvent this problem, as expression remains less
than that of the endogenous cellular promoter (30, 43, 52). Our
data suggest the importance of posttranscriptional events in
regulation of transgene expression, and we believe that modi-
fication of viral sequences involved in mRNA stability might be
critical for achieving persistent and high-level transgene ex-
pression.

The stimulus for this study was to examine host factors that
might alter expression of a retrovirus-transduced transgene in
a gene therapy situation. Our discovery that IFNs suppress
expression of both an LTR-regulated gene and a gene regu-
lated by an internal cellular promoter not normally responsive
to these cytokines has these important consequences: first, it
indicates that host factors can and are likely to alter the results
of gene therapy trials and should be considered in the design of
such trials; second, it indicates that incorporation of a cellular
promoter in an internal position in the vector may not insulate
the transgene against unwanted modulating factors; and third,
it suggests that further vector modifications should be directed
at the 3’ end to reduce or eliminate changes in mRNA stability
brought on by inflammatory cytokines.
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