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ABSTRACT 

One of the major limitations to current gene therapy is the low-level and transient vector gene expression due 

to poorly defined mechanisms, possibly including promoter attenuation or extinction. Because the application 

of gene therapy vectors in vivo induces cytokine production through specific or nonspecific i m m u n e responses, 

w e hypothesized that cytokine-mediated signals m a y alter vector gene expression. O u r data indicate that the 

cytokines interferon-y (IFN-y) and tumor necrosis factor-a (TNF-a) inhibit transgene expression from cer

tain widely used viral promoters/enhancers (cytomegalovirus, Rous sarcoma virus, simian virus 40, Moloney 

murine leukemia virus long terminal repeat) delivered by adenoviral, retroviral or plasmid vectors in vitro. 

A constitutive cellular promoter (/3-actin) is less sensitive to these cytokine effects. Inhibition is at the m R N A 

level and cytokines do not cause vector D N A degradation, inhibit total cellular protein synthesis, or kill in

fected/transfected cells. Administration of neutralizing anti-IFN-y monoclonal antibody results in enhanced 

transgene expression in vivo. Thus, standard gene therapy vectors in current use m a y be improved by alter

ing cytokine-responsive regulatory elements. Determination of the mechanisms involved in cytokine-regulated 

vector gene expression m a y improve the understanding of the cellular disposition of vectors for gene trans

fer and gene therapy. 

OVERVIEW SUMMARY 

Transgene expression can be eliminated even in the pres
ence of substantial amounts of vector D N A in the trans
duced cells, which suggests that mechanisms other than the 
antigen-specific immune response may mediate non-cy-
todestructive events that determine the presence of trans
gene expression. Our data indicate that the cytokines in
terferon--)/ (IFN-y) and tumor necrosis factor-a (TNF-a) 
inhibit transgene expression from certain widely used viral 
promoters/enhancers (human cytomegalovirus immediate 
early, Rous sarcoma virus long terminal repeat, simian virus 
40, Moloney murine leukemia virus long terminal repeat) 
delivered by adenoviral, retroviral, or plasmid vectors in 
vivo. Inhibition is at the m R N A level and cytokines do not 
cause vector D N A degradation, inhibit total cellular protein 
synthesis, or kill infected/transfected cells. Thus, cytokine-
regulated promoter function rather than specific immune 
destruction could limit transgene expression. These results 

have significant implications for the construction of trans
fer vectors for human gene therapy because gene transfer 
vectors could be exposed to a cytokine-rich environment 
when they are administered in vivo. 

INTRODUCTION 

GENE THERAPY is a potentially important technique, permit
ting novel approaches to the tteatment of disease (Crys

tal, 1995); however, there are limitations due to low-level and 
ttansient gene expression (Friedmann, 1996; Wilson, 1996). 
The use of sttong, constitutive viral promoters does not usually 
achieve long-term ttansgene expression in vivo; and promoter 
extinction occurs (Scharfmann et al., 1991; Challita and Kohn, 
1994; Rettinger et al., 1994), even in the presence of substan
tial amounts of vector D N A in the transduced cells (Dwarki et 
al., 1995; Yao et al., 1996). Using rettoviral vectors, which in
tegrate into the host genome and theoretically result in perma-
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nent ttansgene expression, indefinite gene expression is achieved 
in vitro, but only at low levels or not at all in vivo (Scharfmann 
et al, 1991; Rettinger et al, 1994). The immune response to ade
noviral vectors by cytotoxic T lymphocytes (CTL) is a signifi
cant limitation to vector expression (Engelhardt et al, 1994; Yang 
et al, 1994; Dai et al, 1995; DeMatteo et al., 1995); and while 
improved transgene expression can be achieved using less im
munogenic E2 temperature-sensitive adenoviral vectors (Engel
hardt et al, 1994), immunosuppressants (Yang et al, 1994; Dai 
et al, 1995; DeMatteo et al, 1995; Engelhardt et al, 1994), or 
immunodeficient mice (DeMatteo et al, 1995), expression is ei
ther not permanent or is still attenuated in comparison to initial 
levels. These findings suggest that other factors are responsible 
for determining ttansferred gene expression. 

It is noteworthy that immune responses may alter ttansgene ex
pression in other ways. For example, recent studies (Tsui et al, 
1995; Guidotti et al, 1996) demonsttate that in ttansgenic mice 
which replicate the hepatitis B vims (HBV) genome, C D 8 ^ CTLs 
reduce cellular H B V m R N A by a non-cytotoxic mechanism. 
Analysis shows that interferon-y (IFN-y) and tumor necrosis fac
tor-a (TNF-a), secreted by antigen-activated CTL, result in pro
moter-specific, post-ttanscriptional clearance of viral mRNA. 
These results suggest that antigen-specific or nonspecific cytokine 
responses initiate a series of inttacellular signals that influence 
transcriptional and ttanslational regulation and hence the level of 
ttansferred gene expression (Gribaudo et al, 1995; Harms and 
Splitter, 1995). W e hypothesize that cytokine-initiated signaling 
is a major determinant of ttansferred gene expression. 

MATERIALS AND METHODS 

Vectors 

Viral and plasmid vectors encoding the LacZ reporter gene are 
shown in Table 1. The adenoviral vectors were all generated from 
adenovims type 5 with an El region deletion. AdHCMV/3-gal 
(Csete et al, 1994), with a human C M V immediate early 1 
(HCMViel) promoter, was provided by Dr. A. Shaked (Univer
sity of Pennsylvania); AdRSV/S-gal (Sttatford-Perricaudet et al, 
1992) and Ad/3A/3-gal (Grossman et al, 1992), with a Rous sar
coma vims long terminal repeat (RSV-LTR) and /3-actin promoter 
plus C M V enhancer, respectively, were obtained from the vector 
core of the University of Michigan Medical Center. There may 
be uncharacterized differences other than promoter regions among 
these vectors because they were constmcted by in vivo homolo

gous recombination in different laboratories. Plasmid vectors: 
pMP6A)3-gal (Philip et al, 1994) with HCMViel promoter was 
provided by Dr. M. Philip (Applied Immune Sciences Inc., Santa 
Clara, CA); pRSV)3-gal (Gorman et al., 1982) with RSV-LTR 
was provided by Dr. G. Warr (Medical University of South Car
olina); pCHllO (Hall et al, 1983) with SV40 promoter was pur
chased from Pharmacia (Piscataway, NJ). Rettoviral vector MGF-
LacZ (Tahara et al, 1992) with the Moloney murine leukemia 
vims long terminal repeat (MMLV-LTR) promoter was provided 
by Dr. H. Tahara (University of Pittsburgh). 

Reporter gene expression and cytotoxicity assay 

C2C12 myoblasts (Yaffe and Saxel, 1977) were infected with 
adenoviral vectors at a multiplicity of infection (moi) of 10-100 
for 20 hr (which resulted in > 7 5 % of cells expressing the P-
Gal activity determined by X-Gal staining), or transfected with 
2 p.g of plasmid per 5 X 1 0 ^ cells by 30 /xg of Lipofectamine 
Reagent (GIBCO-BRL, Grand Island, N Y ) in semm-free OPTI
M E M (GIBCO-BRL) for 5 hr (which resulted 5-10% of cells 
expressing /3-Gal determined by X-Gal staining), or infected 
with a retroviral vector at a moi of 2 in the presence of 8 /xg/ml 
of Polybrene for 20 hr (which resulted in > 5 0 % cells express
ing /3-Gal determined by X-Gal staining). Cells were then 
trypsinized, replated at 1 X lÔ '-l X 10^ cells/cm̂ , exposed to 
IFN-y and/or TNF-a at various doses for 24—72 hr, and assayed 
for /3-Gal activity, total cellular protein, and cell viability. The 
;S-Gal activity was determined by c>-nittophenyl-/3-D-galac-
topyranoside (ONPG) assay kit (Sttatagene, La Jolla, CA), the 
total cellular protein was determined by Bradford assay (Bio
Rad, Hercules, CA), cell viability was determined by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltettazolium bromide (MTT) 
(Sigma, St. Louis, M O ) assay (Mosmann, 1983), cell prolifer
ation was determined by [^H]thymidine incorporation, and the 
cell cycle was assayed by propidium iodide (PI) (Sigma) assay 
(Noguchi, 1996). All assays samples were performed in tripli
cate and experiments repeated at least three times. 

Northern and Southern blots 

C2C12 myoblasts were infected with adenoviral vectors and 
treated with cytokines as described above. The cells were lysed, 
and R N A and D N A were isolated separately (Trizol reagent, 
GIBCO-BRL, Grand Island, NY). The R N A was m n on a 1% 
formaldehyde gel and transferred to a nylon membrane (Bio
Rad, Hercules, CA). The D N A was denatured with 0.2 N N a O H 
and loaded on a nylon membrane. Hybridization was performed 

Table 1. Vectors 

Vector Promoter (enhancer) 

Adenoviral vector 
AdHCMV;8-gal 
AdRSV/3-gal 
Ad/3A/3-gal 

Plasmid 
pMP6A;8-gal 
pRSV/3-gal 
pCHllO 

Retroviral vector 
MFG-LacZ 

HCMViel 
RSV-LTR 
j8-actin (CMV) 

HCMViel 
RSV-LTR 
SV40 

MMLV-LTR 

Reference 

Csete et al (1994) 
Sttatford-Perricaudet et al. (1992) 
Grossman et al. (1992) 

Philip et al. (1994) 
Gorman et al. (1982) 
Hall et al. (1983) 

Tahara et al. (1992) 
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with [32p]dCTP random primer-labeled probes (Stratagene, La 
Jolla, C A ) specific for /3-Gal, /3-actin, or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) genes. The /3-Gal probe 
was the 3.7-kb Bam HI-//md III fragment from p C H U O (Hall 
et al, 1983); the ;8-actin probe was a 540-bp polymerase chain 
reaction (PCR) product between base pairs 25 and 565 gener
ated from C57BL/6 genomic D N A (Alonso et al, 1986); the 
G A P D H probe was a 294-bp reverse ttanscription (RT)-PCR 
product between base pairs 309 and 602 generated from 
C57BL/10J lymphocytes (Sabath et al, 1990). For Southem 
blotting of cardiac allografts, whole transplanted hearts were 
explanted, homogenized in Trizol, D N A isolated, restricted with 
Bam HI, and Southem blotted with [32p]dCTP random primer-
labeled /3-Gal probe for a 4-kb adenoviral fragment. 

Western blot 

Lysates from the tteated cells were mn on a 7.5% SDS-
PAGE, transferred to a nitrocellulose membrane (Bio-Rad, Her
cules, CA), blotted with a mouse monoclonal antibody (mAb) 
specific for adenovims 72K D N A binding protein (Reich et 
al, 1983), and horseradish peroxidase (HRP)-coupled sheep 
anti-mouse immunoglobulin G (IgG) (Amersham, Arlington 
Heights, IL). The signal was detected by using the E C L West
em blotting system (Amersham) and exposure to X-ray film. 

P-Ga/ expression in a murine heterotopic, 
nonvascularized cardiac transplantation model 

Donor neonatal C57BL/6 mice (Harlan-Sprague-Dawley, 
Inc., Indianapolis, IN) were sacrificed, and whole hearts were 
removed and placed in a subcutaneous (s.c.) position of the ear 
pinnae of C57BL/6 recipients (Qin et al, 1996) Five X 10'' pfu 
of AdHCMV;8-gal or AdRSV/3-gal in 5 /xl was directly injected 
into the graft at the time of ttansplantation. Anti-IFN-y m A b 
(R4-6A2) (Spitalny and Havell, 1984) and isotype-matched 
conttol m A b Y13-259 (Furth etal, 1982) hybridomas were pur
chased from the American Type Culmre Collection (ATCC; 

Rockville, M D ) and grown in culture; the culmre supematant 
was purified over protein G columns (Pharmacia-LKB, Piscat
away, NJ). Purified mAbs were injected intravenously (i.v.) at 
100 /xg every other day for six doses. The ears with ttansplanted 
hearts were harvested at various time points after ttansplanta
tion, quick frozen, embedded in O.C.T. (Miles Scientific, 
Naperville, IL), sectioned at 10 /xm, collected onto gelatin-
coated glass slides, fixed at room temperature in 0.25% glu
taraldehyde m phosphate-buffered saline (PBS) for 30 min, 
rinsed three times in PBS for a total of 30 min, and incubated 
at 37°C ovemight m 0.5 mg/ml 5-bromo-4-chloro-3-indolyl-/8-
D-galactopyranoside (X-Gal) solution containing 5 m M potas
sium ferrocyanide, 5 m M potassium ferricyanide, 2 mAf M g C ^ , 
1 m M spermidine, 0.02% Nonidet P-40, and 0.01% sodium de
oxycholate in PBS. After staining, the sections were fixed with 
4 % formaldehyde and counterstained with eosin (Qin et al, 
1996). Quantitative assay of inttagraft reporter gene expression 
was performed using the luminescent /3-Gal detection kit II 
(Clontech, Palo Alto, CA) according to the manufacturer's rec
ommendations. 

RESULTS 

IFN-y and TNF-a inhibit adenoviral vector reporter 
gene expression without killing transduced cells 

To test whether cytokine-mediated signals could alter vec
tor gene expression, resulting in gene attenuation or extinction, 
C2C12 myoblasts were infected with adenoviral vectors en
coding the LacZ reporter under the conttol of HCMViel 
(AdHCMV/3-gal), RSV-LTR (AdRSV/3-gal), or /3-actin (Ad-
jSA/3-gal) promoters, exposed to 30 U/ml of IFN-y and/or TNF-
a for 24 hr and assayed for j8-Gal activity, total cellular pro
tein, cell viability, cell proliferation, and cell cycling. The 
results in Table 2 demonstrate that viral promoters (HCMViel 
and RSV-LTR) were sensitive to the inhibitory effects of the 

Table 2. Cytokines Inhibit Viral but Not Cellular Promoters 

Vectors 

AdHCMV/3-gal 

AdRSV/3-gal 

AdbA/3-gal 

Cytokines 
(30 U/ml) 

— 
IFN-y 
TNF-a 

IFN-y/IFN-a 

— 
IFN-y 
TNF-a 

IFN-y/TNF-a 

— 
IFN-y 
TNF-a 

IFN-y/TNF-a 

/3-Ga/ activity 
(U/mg of cellular protein) 

21.7 ± 0.6 
16.5 ± 0.4 
9.79 ± 0.29 
6.07 ± 0.13 

2.89 ± 0.05 
1.57 ± 0.08 
1.77 ± 0.09 
0.66 ± 0.26 

5.59 ± 0.41 
4.32 ± 0.20 
6.23 ± 0.74 
5.20 ± 0.49 

Percent 
inhibition 

— 
24.0 
54.9 
72.0 

— 
45.6 
38.6 
77.2 

— 
22.7 
11.4 
6.9 

Protein 
(mg/ml) 

3.95 ± 0.60 
3.86 ± 0.60 
4.13 ± 0.61 
4.14 ± 0.61 

3.94 ± 0.60 
3.78 ± 0.59 
4.06 ± 0.61 
4.00 ± 0.61 

3.93 ± 0.60 
3.96 ± 0.60 
4.00 ± 0.61 
3.76 ± 0.59 

Percent 
inhibition 

— 
3 

-5 
-5 

4 
-3 
-2 

-1 
-2 
4 

C2C12 myoblasts were infected with indicated adenoviral vectors for 20 hr (which resulted in > 7 5 % of cells expressing the 
/3-Gal activity determined by X-Gal staining), the cells were then exposed to 30 U/ml of IFN-y and/or TNF-a for 24 hr, and 
assayed for j8-Gal activity (expressed as units per m g of cellular protein) and total cellular protein (expressed as m g per 
milliliter of cell lysate from 2 X 10* infected C2C12). The experiment was performed six times with similar results. 



2022 QIN ET AL. 

cytokines, compared to the cellular promoter (/3-actin). There 
was a slight inhibitory effect on the /3-actin promoter by IFN-
y but not by TNF-a. It should be noted that this particular jS-
actin promoter constmct also contained a C M V i e enhancer 
(Grossmann et al, 1992). Nonetheless, it was anticipated that 
a housekeeping gene promoter would be less sensitive to the 
regulatory effects of cytokines. Despite inhibition of /3-Gal ac
tivity, total cellular protein was unaffected (Table 2), and there 
were no changes in cell viability, proliferation, and cycling (Fig. 
1), showing that the cytokines did not have global inhibitory 
effects on basic cellular functions. Additional experiments 
showed that while IFN-y and T N F - a had inhibitory effects on 
reporter expression, other cytokines, including pro-inflamma
tory cytokines [interieukin-1 (IL-1), IL-6, and TGF-/3], T H I cy
tokines (IL-2 and IL-12), T H 2 cytokines (IL-4 and IL-10), and 
chemokines [macrophage inhibitory protein-la (MIP-la), 
M I P 1/3, MIP2, and K C ] did not, even at high doses (not shown). 

IFN-y and TNF-a synergistically inhibit reporter gene 
expression from viral but not cellular promoters 

More detailed dose-response analyses demonsttated that the 
H C M V i e l promoter was sensitive to the inhibitory effects of high 
concenttations of IFN-y and very sensitive to even low doses of 
TNF-a. The R S V - L T R promoter was generally very sensitive to 

IFN-y and less sensitive to T N F - a inhibitory effects. The /3-actin 
promoter showed some sensitivity to only high concenttations of 
either IFN-y or TNF-a (Fig. 2A,B). Whereas the /3-actin and 
H C M V i e l promoters appear to have similar sensitivities to high 
concenttations of IFN-y (Fig. 2A), differences are readily ap
parent at lower, physiologically relevant concenttations (Table 2; 
Fig. 2C). Importantly, the combination of IFN-y plus T N F - a had 
marked synergistic inhibitory effects on the H C M V i e l and R S V -
L T R promoters, but none did on the /3-actin promoter (Fig. 2C). 
W e conclude that IFN-y and TNF-a initiate marked inhibitory 
and synergistic effects on selected viral promoters (HCMViel, 
R S V - L T R ) but not on a cellular promoter (/3-actin) in adenovi
ral gene ttansfer vectors. 

IFN-y and TNF-a inhibit transgene expression at 
m R N A level without degrading viral D N A 

To understand the level at which cytokines regulate reporter 
protein expression, Northem blotting was performed on cytokine-
tteated cells and showed that IFN-y plus TNF-a synergistically 
decreased the level of /3-Gal m R N A by about 6 0 % from the 
HCMViel and RSV-LTR promoters, whereas they had much less 
effect on the /3-actin promoter (Fig. 3A). It is interesting to note 
that EFN-y and TNF-a had a similar magnitude of effect on re
porter activity and m R N A expression (compare the percent in-
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FIG. 1. IFN-y and TNF-a inhibit reporter gene expression but do not alter cell viability, proliferation and cycling C 2 C 1 2 m v 
oblasts were infected with AdRSV^-gal, tteated with 30 U/ml of the indicated cytokines for 20 hr and assayed for fi Galac 
tosidase activity by O N P G assay (A), cell viability by M T T assay (B), cell proliferation by [^Hlttiymidine incoiporation (C) and 
cell cycle by PI assay (D). "̂  v /. " 
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FIG. 2. IFN-y (A) and TNF-a (B) synergistically inhibit vector gene expression. C2C12 myoblasts were infected with aden
ovectors encoding the LacZ reporter under the control of HCMViel, RSV-LTR, or /3-actin promoters. After ovemight infection, 
cells were exposed to the indicated cytokines for 48 hr and then assayed for /3-Gal activity by quantitative O N P G assay. Results 
are expressed as percent inhibition of conttol, untteated cultures. C. IFN-y and TNF-a were administered in equal concentra
tions. The doses shown in the graphs were determined by M T T assay not to be cytotoxic. Higher doses of single or combined 
cytokines were cytotoxic (not shown). The experiment was performed five times with similar results. 
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promoter. C2C12 myoblasts were infected with the indicated adenoviral vectors, tteated with 30 U/ml of cytokines for 20 hr, 
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shown). B. IFN-y and TNF-a affect the expression of adenovirus 72K D N A binding protein. C2C12 myoblasts were infected 
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Table 3. Cytoiones bmiBiT Reporter Gene Expression from Plasmid Vectors 

Vector 

pMP6A/3-gal 

pRSV;8-gal 

pCHllO 

Promoter 

HCMViel 

RSV-LTR 

SV40 

Cytokines 
(30U/ml) 

IFN-y 
TNF-a 

IFN-y/IFN-a 
— 

IFN-y 
TNF-a 

IFN-y/TNF-a 
— 

IFN-y 
TNF-a 

IFN-y/TNF-a 

fi-Gal activity 
(U/mg of cellular protein) 

1.84 ± 0.01 
1.47 ± 0.05 
1.30 ± 0.02 
0.65 ± 0.04 
0.83 ± 0.01 
0.68 ± 0.01 
0.60 ± 0.01 
0.51 ± 0.02 
0.44 ± 0.01 
0.34 ± 0.01 
0.37 ± 0.01 
0.29 ± 0.03 

Percent inhibition 

— 
20.0 
29.3 
64.7 
— 
18.1 
27.7 
38.6 
— 
23.7 
15.9 
34.1 

5 X 1 0 ^ C2C12 cells were ttansfected with 2 p,g of indicated plasmids encoding the LacZ reporter by 30 ;u,g of Lipofectamine 
Reagent (GIBCO-BRL, Grand Island, NY) in semm-free OPTI-MEM (GIBCO-BRL, Grand Island, NY) for 5 hr, treated with 
30 U/ml of IFN-y and/or TNF-a for 24 hr, and assayed as described. The experiment was performed three times with similar 
results. 

hibition in Table 2 versus Fig. 3A). This suggests that m R N A 
ttanscription is a major locus of conttol of gene expression by 
these cytokines. Southem blot analysis of vector D N A from these 
cells showed no difference among the groups (not shown). This 
suggests that IFN-y and TNF-a are not activating cellular mech
anisms that degrade the vector genome or otherwise rid the cells 
of the vector DNA. Lysates from these same cells were analyzed 
by Westem blotting for the 72K D N A binduig protein of aden
ovims. The 72K D N A binding protein is normally expressed by 
these El-deleted adenoviral vectors, conttolled by the adenovi
ral E2 promoter 27 kb downstteam from the reporter, and ttan
scribed from the linear D N A genome in the opposite direction 
from the reporter gene (Reich et al, 1983). The Westem blot
ting results (Fig. 3B) demonsttated that IFN-y had no effect on 
72K D N A binding protein expression, whereas TNF-a decreased 
expression by about 30% and the combined IFN-y plus TNF-a 
tteatment decreased expression by about 45%. This shows that 
cytokines may affect not only gene expression conttolled by the 
HCMViel promoter but also expression of other genes on the 
same adenoviral genome. Because the cytokine effects on re
porter activity and on 72K D N A binding protein expression are 
not the same (compare the percent inhibition in Fig. 3B versus 
Table 2 and the effect of IFN-y versus TNF-a), diis suggests that 
cytokines initiate signals that regulate different viral promoters 
in a promoter-specific fashion. 

IFN-y and TNF-a inhibit transgene expression 
delivered by plasmid and retroviral vectors 

To determine if these cytokine inhibitory effects were asso
ciated only with adenoviral vectors or could be observed with 
other vectors, C2C12 cells were transfected with plasmid D N A 
encoding the LacZ reporter, or infected with a retroviral vector 
encoding LacZ, treated with IFN-y and/or TNF-a, and assayed 
as described above. The results in Table 3 demonstrate that IFN-
y and TNF-a were able to inhibit plasmid reporter expression 
from HCMViel, RSV-LTR, and SV40 promoters and did so in 
an additive or synergistic fashion. These results are qualitatively 

similM to those with adenoviral vectors, and controls likewise 
showed no effect on cell viability or proliferation (not shown). 
IFN-y and TNF-a also inhibited reporter gene expression from 
tiie retroviral vector MFG-LacZ with the M M L V - L T R pro
moter (Table 4). Transgene expression could be restored two 
days after these cytokines were removed from culture (Table 
4), which again indicates that inhibition of gene expression is 
at the ttanscriptional and/or ttanslational level and that cy
tokines do not cause vector nucleic acid degradation or kill 
ttansduced cells. These results further support the hypothesis 
that cytokine-initiated events are acting at the level of ttan
scriptional control and do not involve other vector or vims-spe
cific loci or mechanisms. 

Anti-IFN-y mAb prolongs adenoviral vector reporter 
gene expression in vivo 

To determine if cytokine manipulation was also relevant for 
the expression of ttansferred genes in vivo, syngeneic cardiac 
ttansplants were performed using C57BL/6 donor hearts and 
recipient mice. The operative trauma and ischemic injury to the 
graft result in tissue damage and immunologically nonspecific 
generation of cytokines such as IFN-y. The grafts were each 
injected with the viral vector AdHCMV/3-gal. Recipients were 
also untreated or treated with anti-IFN-y m A b or an isotype-
matched control mAb, grafts harvested at various time points 
after ttansplantation, and frozen sections stained with X-Gal for 
^-Gal activity. The treatment with adenoviral vectors or mAbs 
did not affect the survival of tiie syngeneic grafts as determined 
by electtocardiogram (EKG) verification (not shown). The re
sults in Fig. 4, however, demonsttate that anti-IFN y m A b treat
ment resulted in more prolonged and higher level /3-Gal ex
pression, as detennined by X-Gal staining, to at least 30 days 
after transplantation, suggesting enhanced reporter gene ex
pression as a result of neutralizing IFN-y with specific mAb. 

Similar results were observed using a quantitative /3-Gal as
say. Reporter gene expression from AdRSV/3-gal could be pro
longed by anti-IFN-y m A b (Fig. 5) to a level 10 times higher 
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Table 4. Cytokines Inhibit Reporter Gene Expression from a Retroviral Vector 

Cytokines P-Gal activity 
Group (30U/ml) (U/mg of cellular protein) 

I. Cells tteated with cytokines for 20 hr 
— 

IFN-y 
TNF-a 

IFN-yAFN-a 
II. Cells treated with cytokines for 3 days 

— 
IFN-y 
TNF-a 

IFN-y/TNF-a 

1.50 ± 0.02 
0.33 ± 0.03 
1.00 ± 0.08 
0.06 ± 0.03 

1.57 ± 0.01 
0.45 ± 0.02 
0.60 ± 0.01 
0.08 ± 0.01 

Percent 
inhibition 

— 
78.0 
33.3 
96.0 

71.3 
59.9 
95.1 

III. Cells treated with cytokines for 20 hr, washed and incubated for additional 2 days 
— 

IFN-y 
TNF-a 

IFN-y/TNF-a 

1.09 ± 0.01 
0.90 ± 0.01 
1.00 ± 0.02 
1.10 ± 0.04 

17.1 
7.9 

-0.9 

Protein 
(mg/ml) 

2.94 ± 0.10 
2.94 ± 0.40 
2.94 ± 0.44 
2.86 + 0.15 

8.88 ± 1.07 
8.91 ± 1.07 
8.50 ± 1.05 
7.98 ± 1.03 

9.30 ± 1.09 
9.25 ± 1.08 
9.31 ± 1.09 
8.68 ± 1.06 

Percent 
inhibition 

0 
0 

2.7 

-0.3 
4.3 
10.1 

0.5 
-0.1 
6.7 

C2C12 cells were infected with a rettoviral vector MFG-LacZ at moi of 2 in the presence of 8 mg/ml of Polybrene (which 
resulted > 5 0 % cells expressing ;S-Gal determined by X-Gal staining). Transduced cells were treated with 30 U/ml of IFN-y 
and/or TNF-a for (I) 20 hr, (II) 3 days, and (III) 20 hr followed by washing and incubation for an additional 2 days, and assayed 
as described. The experiment was performed three times with similar results. 

than control. These results are commensurate with those ob
tained with the C2C12 myoblast line in vitro. 

It is possible that these results could be explained not only 
by differences in promoter function as a result of neutralizing 
IFN-y with specific mAb, but also by inhibition of anti-ade
noviral vector immunity and cytotoxicity by the mAb. To ad
dress this issue, grafts were harvested 10 days after fransplan
tation, a time at which there was a large difference in X-Gal 
staining between conttol and treated groups, as shown in Fig. 
4. D N A was isolated, digested with Bam HI, and Southem blot
ted with the /3-Gal probe. The results demonstrate no difference 
between the groups in the amount of vector D N A in the car
diac tissues (Fig. 6). This suggests that the difference in reporter 
expression is due to the effects of promoter activity on gene 
transcription and not due to the specific immune response 

killing infected cells, which would have caused a decrease in 
vector D N A and affected syngeneic graft survival, neither of 
which effects were observed. 

D I S C U S S I O N 

The data here indicate that the cytokines IFN-y and TNF-a 
inhibit transgene expression from certain widely used viral pro
moters (CMV, RSV, SV40, MMLV-LTR) delivered by adeno
viral, retroviral, or plasmid vectors in vitro. Inhibition is at the 
m R N A level and cytokines do not cause vector D N A degrada
tion, inhibit total cellular protein synthesis, or kill 
infected/transfected cells. It is possible that these cytokine ef
fects have not generally been noted previously because most 

Day 5 

Untreated 

Day 10 Day 20 Day 30 

alFNy m A b 

FIG. 4. Anti-IFN-y m A b prolongs adenoviral vector reporter gene expression. Syngeneic cardiac transplants were performed 
and grafts were injected with 5 X 10^ pfu of AdHCMV/3-gal. One group of recipients received no m A b (A-D), while a second 
group was freated with 100 p.g of anti-IFN-y m A b R4-6A2 i.v. on days 0, 2, 4, 6, 8, and 10 with respect to transplantation (E-H). 
Grafts were harvested on days 5 (A and E), 10 (B and F), 20 (C and G), and 30 (D and H) after ttansplantation and stained with 
X-Gal for /3-Gal activity. Original magnification, lOOX. There were at least three grafts for each group at each time point. Groups 
tteated with control Y13-259 m A b were no different from the untreated controls (not shown). 
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-O— AdRSV̂ -gal + Control mAb 
-•—AdRSvp-gal + anti-IFNymAb 

10-

0 10 20 30 40 
Days 

FIG. 5. Anti-lFN-ymAb prolongs adenoviral vector reporter 
gene expression. Syngeneic cardiac transplants were perfonned 
and grafts were injected with 5 x 1 0 ' pfu of AdRSV/3-gal. Re
cipients were treated with 100 /xg of anti-lFN-y m A b or con
trol m A b on days 0, 2, 4, 6, 8, and 10 with respect to trans
plantation. Grafts were harvested 5. 10, 20, and 30 days after 
transplantation and assayed for /3-Gal activity by luminescent 
/3-Gal detection. Note that results are given on a logarithmic 
scale. 

work has been performed in vitro under conditions of low and 
unchanging cytokine concentrations. These results have signif
icant implications for the constmction of transfer vectors be
cause there are at least three situations in which gene transfer 
vectors could be exposed to a cytokine-rich environment when 
they are administered ;/; vivo: (i) Gene therapy has been con
sidered for the treatment of diseases {e.g., cancer, AIDS, trans
plantation, atherosclerosis, autoimmunity, ischemia-reperfu
sion) (Crystal, 1995), which have in common the ubiquitous 
production of cytokines through either antigen-specific stimu
lation of lymphocytes, or nonspecific stimulation of lympho
cytes, other leukocytes, vascular endothelial cells, or organ 
parenchymal cells by infection, ischemia, necrosis, or trauma. 
(ij) Gene therapy protocols frequently involve gene transfer of 
cytokines to either elicit immune responses (ct;.. cancer) or in
hibit immune responses (e.g.. transplantation and autoimmu
nity), (iii) Specific and nonspecific immune responses to gene 
transfer vectors or gene products are capable of inducing sev
eral cytokines (Engelhardt el «/.. 1994; Yang el al. 1994; Dai 

R 4 6 A 2 YI3-259 

A Wo • • • # • 

FIG. 6. Anti-lFN-y m A b does not affect the persistence of 
adenoviral genomic D N A in cardiac transplants. Recipients of 
syngeneic cardiac grafts infected with 5 X 10^ pfu of 
AdHCMV/3-gal received anti-lFN-y (R4-6A2) or control m A b 
(Y13-259) as detailed in the Materials and Methods section. 
The grafts were explanted after 10 days, and Southem blotting 
for /3-Gal was performed on adenoviral genomic D N A isolated 
from the cardiac tissues. 

et al, 1995; DeMatteo et al, 1995; Krieg el al, 1995; Sato 
et al, 1996). For example, recombinant adenoviruses stimu
late host immune responses which involve IFN-y and IL-2 
(Engelhardt et al., 1994; Yang et al, 1994; Dai et al, 1995; 
DeMatteo el al, 1995). In addition, the transferred nucleic 
acids themselves are capable of inducing several cytokines in
cluding IFN-a, 1FN-/3, IL-12, and IFN-y (Krieg et al, 1995; 
Sato et al, 1996). Despite the fact that cytokines are likely to 
be frequently present during gene therapy applications and in
fluence cellular responses, there are few studies in the current 
gene therapy literature that examine the effects of cytokine 
signals on the transcriptional and translational disposition of 
transferred genes (Harms and Splitter, 1995). Instead, the cel
lular targets of gene transfer vectors and the other physiologic 
signals impinging on these cells have often been considered 
passive participants in the process of gene transfer and ex
pression. 

It is notable that the CMVie, RSV, SV40. and M M L V - L T R 
promoters and enhancers, which are cytokine sensitive as shown 
here, are widely used in gene transfer vectors. Thus, vectors in 
current use may not be entirely appropriately constmcted to pro
vide for sustained gene expression because the cytokine envi
ronment or the gene transfer product itself may inhibit its own 
promoter. For example, IFN-y and TNF-a have been transduced 
into tumor cell lines or tumor-infiltrating lymphocytes by retro
viral vectors with the M M L V - L T R promoter (Karp et al, 1993; 
Marincola el al. 1994). Much of the work has focused on char
acterizing short-term gene expression of cells transduced in 
vitro rather than evaluating chronic gene expression in con
junction with potential antitumor activity ;>; vivo. In fact, ge
netically modified, TNF-a-secreting, nonimmunogenic murine 
fibrosarcomas failed to elicit a host immune response, which is 
in contrast to tbe effects with an IL-2-secreting tumor (Karp et 
al, 1993). In other applications of gene therapy, retroviral vec
tors are used to transduce bone marrow stem cells, which are 
then expanded in the presence of growth factors, such as gran
ulocyte-macrophage colony-stimulating factor (GM-CSF), 
granulocyte colony-stimulating factor (G-CSF). stem cell fac
tor (SCF), lL-3, lL-6, and lL-7 (Lu et al. 1993). yet the effects 
of these growth factors on viral promoters or other promoters 
have not been investigated. 

In an attempt to enhance the efficacy of a plasmid D N A vac
cine to rabies virus, cytokine-expressing plasmids (IFN-y and 
GM-CSF) were co-inoculated with the viral antigen encoding 
plasmid under the control of the SV40 eariy promoter. The G M -
CSF-expressing plasmid increased antiviral immunity by stim
ulating both the antibody and the T helper cell responses. 
Conversely, an IFN-y-expressing plasmid had no such im
munostimulatory effects, but rather resulted in a slight decrease 
in antibody and cytokine production (Xiang and Ertl, 1995). 
This unanticipated effect of IFN-y could be due to inhibition 
of the SV4() early promoter by IFN-y, so that less viral antigen 
was produced when the plasmid was co-injected with IFN-y-
expressing plasmid. T lymphocytes are particulariy recalcitrant 
to attempts at stable gene transfer and expression (Rosenberg, 
1991; Chu cl al. 1992). Because these cells are immunologi
cally active, and in particular produce IFN-y and TNF-a, the 
results presented here may provide a partial explanation for this 
resistance. It should also be noted that these and other cytokines 
can activate these viral promoters under other circumstances 
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(Tzen and Scott, 1993; Stein et al, 1993; Fietze et al, 1994; 
John et al, 1994 Laegreid et al, 1994); and that these pro
moters can occasionally direct long-term gene expression in 
vivo, even in immunocompetent recipients (Barr et al, 1995; 
Poller et al, 1996). 

It is well known that IFNs, produced by vims-infected cells 
as part of the innate immune system, can signal to neighboring 
cells to resist viral replication and prevent vims spread (Samuel, 
1991; Farrar and Schreiber, 1993). TNF-a is also a potent an
tiviral cytokine that acts alone or in a synergistic manner with 
IFN-y to protect cells from viral infection (Wong et al, 1986, 
1992; Wietzerbin et al, 1990). A number of studies suggest 
that these cytokines are basic cellular defenses against viral nu
cleic acids and that cells can distinguish viral from cellular se
quences. For example, it has been reported that IFN-y and IFN-
a can inhibit the transcription of murine cytomegalovims 
( M C M V ) immediate-early genes (Gribaudo et al, 1995). The 
inhibitory effect on M C M V i e gene enhancer function is related 
at least partially to cytokine-induced inhibition of NF-/<B ac
tivity (Gribaudo et al, 1995). It is likely that NF-kB activity is 
directly inhibited by the p202 protein, which is induced by IFN-
y and which direcdy binds to and inhibits the function of the 
p50 and p65 subunits of NF-kB (Wang et al, 1996). p202 can 
also bind to and inhibit the c-fos and c-jun subunits of the AP-
1 ttanscription factor (Wang et al, 1996), which may have neg
ative regulatory effects because AP-1 binding sites have been 
mapped inside the M C M V promoter/enhancer region (Gribaudo 
et al, 1995). Because p202 inhibits cell cycling and prolifera
tion, it is probably not mediating the effects observed in the 
present report because the cytokines did not affect C2C12 pro
liferation. A more recent report shows that IFN-y-induced 
STATl competes for the C B P and p300 co-activator proteins, 
and thereby inhibits AP-1 and ets-dependent transcriptional ac
tivation (Horvai et al, 1997). There is also recent evidence that 
Kupfer cells, known producers of IFN-y and TNF-a, play a role 
in immunologically nonspecific elimination of adenoviral vec
tors in the liver following in vivo administtation (Worgall et 
al., 1997). Inhibition of early viral promoters, as shown here, 
provides an additional mechanism for the antiviral effects of 
IFNs and TNF-a. Determination of the mechanisms involved 
in cytokine-regulated gene expression and a comprehensive un
derstanding of promoter cytokine sensitivities may significantiy 
alter the design of vectors for gene ttansfer and gene therapy. 

ACKNOWLEDGMENTS 

We thank Dr. A. Shaked (University of Pennsylvania) for 
providing AdHCMV/3-gal, Dr. H. Tahara (University of Pitts
burgh) for providing MFG-LacZ, Dr. G. Warr (Medical Uni
versity of South Carolina) for providing pRSV/3-gal, Dr. M . 
Philip (Applied Immune Sciences Inc., Santa Clara, C A ) for 
providing pMP6A/3-gal, Dr. A.J. Levine (Princeton University) 
for providing m A b for 72K D N A binding protein, and Ms. K. 
Cherian ( U M M C ) for preparation of adenoviral vector. This 
work was supported by the Baxter Healthcare Corporation Ex-
ttamural Grant Program (JSB), the Edward Mallinckrodt, Jr. 
Foundation (J.S.B.), U M - M A C NIH P60-AR20557 (J.S.B.), 
and NIH ROl GM34902 (M.J.I.). 

REFERENCES 

ALONSO, S., MINTY, A., BOURLET, Y., and BUCKINGHAM, M.E. 
(1986). Comparison of three actin-coding sequences in the mouse; 
evolutionary relationships between the actin genes of warm-blooded 
vertebrates. J. Mol. Evol. 23, 11-22. 

BARR, D., TUBB, I., FERGUSON, D., SCARL\, A., LIEBER, A., 
WILSON, C, PERKINS, I., and KAY, M.A. (1995). Strain related 
variations in adenovirally mediated transgene expression from mouse 
hepatocytes in vivo: Comparisons between immunocompetent and 
immunodeficient inbred strains. Gene Ther. 2, 151-155. 

CHALLITA P.M., and KOHN, D.B. (1994). Lack of expression from 
a retroviral vector after transduction of murine hematopoietic stem 
cells is associated with methylation in vivo. Proc. Natl. Acad. Sci. 
USA 91, 2567-2571. 

CHU, Y., SPERBER, K., MAYER, L., and HSU, M.T. (1992). Persis
tent infection of human adenovirus type 5 in human monocyte cell 
lines. Virology 188, 793-800. 

CRYSTAL, R.G. (1995). The gene as the dmg. Nat. Med. 1, 15-17. 
CSETE, M.E., DRAZAN, K.E., BREE, M.V., and SHAKED, A. 

(1994). Adenoviras-mediated gene transfer in the transplant setting. 
Part I: Conditions for expression of transferred genes in cold pre
served hepatocytes. Transplant 57, 1502-1507. 

DAI, Y., SCHWARTZ, E.M., GU, D., ZHANG, W.W., SARVET
NICK, N., and VERMA, I.M. (1995). Cellular and humoral immune 
responses to adenoviral vectors containing factor IX gene: Toleriza
tion of factor IX and vector antigens allows for long-term expres
sion. Proc. Nati. Acad. Sci. USA 92, 1401-1405. 

DeMATTEO, R.P., RAPER, S.E., AHN, M., HSHER, K.J., BURKE, 
C, RADU, A., WIDERA, G., CLAYTON, B.R., BARKER, C.F., 
and M A R K M A N N , J.F. (1995). Gene transfer to the thymus: A 
means of abrogating the immune response to recombinant aden
ovirus. Annals Surg. 222, 229-242. 

DWARKI, V.J., BELLONI, P., NIJJAR, T., SMITH, J., COUTO, L., 
RABIER, M., CLIFT, S., BERNS, A., and COHEN, L.K. (1995). 
Gene therapy for hemophilia A: Production of therapeutic levels of 
human factor VIII in vivo in mice. Proc. Natl. Acad. Sci. USA 92, 
1023-1027. 

ENGELHARDT, J.F., YE, X., DORANZ, B., and WILSON, J.M. 
(1994). Ablation of E2A in recombinant adenoviruses improves 
transgene persistence and decreases inflammatory response in mouse 
liver. Proc. Nati. Acad. Sci. USA 91, 6196-6200. 

FARRAR, M.A., and SCHREIBER, R.D. (1993). The molecular cell 
biology of interferon-gamma and its receptor. Annu. Rev. Immunol. 
11,571-611. 

HETZE, E., PROSCH, S., REINKE, P., STEIN, J., DOCKE, W.D., 
STAFFA, G., LONING, S., DEV AUX, S., EMMRICH, F., V O N 
BAEHR, R., KRUGER, D.H., and VOLK, H.D. (1994). Cy
tomegalovirus infection in transplant recipients. The role of tumor 
necrosis factor. Transplantation 58, 675-680. 

FRIEDMANN, T. (1996). Human gene therapy—an immature genie, 
but certainly out of the bottle. Nature Med. 2, 144—147. 

FURTH, M.E., DAVIS, L.J., FLEURDELYS, B., and SCOLNICK, 
E.M. (1982). Monoclonal antibodies to the p21 products ofthe trans
forming gene of Harvey murine sarcoma viras and of the cellular ras 
gene family. J. Virol. 43, 294-304. 

G O R M A N , CM., MERLINO, G.T., WILLINGHAM, M.C, PASTAN, 
I., and H O W A R D , B.H. (1982). The Rous sarcoma viras long ter
minal repeat is a strong promoter when introduced into a variety of 
eukaryotic cells by DNA-mediated transfection. Proc. Natl. Acad. 
Sci. USA 79, 6777-6781. 

GRIBAUDO, G., RAVAGALL^, S., GABOLI, M., GARIGLIO, M., 
CAVALLO, R., and LANDOLFO, S. (1995). Interferon-a inhibits 
the murine cytomegaloviras immediate-early gene expression by 
down-regulating NF-kB activity. Virology 211, 251-260. 

GROSSMAN, M., RAPER, S.E., and WILSON, J.M. (1992). Trans-



2028 QIN ET AL. 

plantation of genetically modified autologous hepatocytes into non-
human primates: feasibility and short-term toxicity. Hum. Gene Ther. 
3, 501-510. 

GUIDOTTI, L.G., ISHIKAWA, T., HOBBS, M.V., MATZKE, B., 
SCHREIBER, R., and CHISARI, F.V. (1996). hitracellular inacti
vation of the Hepatitis B viras by cytotoxic T lymphocytes. Immu
nity 4, 25-36. 

HALL, C.V., JACOB, P.E., RINGOLD, G.M., and LEE, F. (1983). Ex
pression and regulation of Escherichia coli lacZ gene fusions in mam
maUan cells. J. Mol. Appl. Genet. 2, 101-109. 

H A R M S , J.S., and SPLFTTER, G.A. (1995). hiterferon-y inhibits trans
gene expression driven by SV40 or C M V promoters but augments 
expression driven by the mammalian M H C I promoter. Hum. Gene 
Ther. 6, 1291-1297. 

HORVAI, A.E., XU, L., KORZUS, E., BRARD, G., KALAFUS, D., 
MULLEN, TM., ROSE, D.W., ROSENFELD, M.G., and GLASS, 
C.K. (1997). Nuclear integration of JAK/STAT and Ras/AP-1 sig
naling by CBP and p300. Proc. Nafl. Acad. Sci. USA 94,1074-1079. 

JOHNS, L.D., SARR, T., and RANGES, G.E. (1994). Inhibition of 
ceramide pathway does not affect ability of TNF-alpha to activate 
nuclear factor-kappa B.J. Immunol. 152, 5877-5882. 

KARP, S.E., FARBER, A., SALO, J.C, H W U , P., JAFFE, G., ASHER, 
A.L., SHILONI, E., RESTIFO, N.P., MULE, J.J., and ROSEN
BERG, S.A. (1993). Cytokine secretion by genetically modified non
immunogenic murine fibrosarcoma. Tumor inhibition by IL-2 but not 
tumor necrosis factor. J. Immunol. 150, 896-908. 

KRIEG, A.M., YI, A.K., MATSON, S., WALDSCHMIDT, T.J., 
BISHOP, G.A., TEASDALE, R., KORETZKY, G.A., and KLIN
M A N , D.M. (1995). CpG motifs in bacterial D N A trigger direct B-
cell activation. Nature 374, 546-549. 

LAEGREID, A., MEDVEDEV, A., NONSTAD, U., B O M B A R A , 
M.P., RANGES, G., SUNDAN, A., and ESPEVIK, T. (1994). Tu
mor necrosis factor receptor p75 mediates cell-specific activation of 
nuclear factor kappa B and induction of human cytomegaloviras en
hancer. J. Biol. Chem. 269, 7785-7791. 

LU, L., XIAO, M., CLAPP, D.M., LI, Z.H., and BROXMEYER, H.E. 
(1993). High efficiency retroviral mediated gene transduction into 
single isolated immature and replatable CD34''" hematopoietic 
stem/progenitor cells from human umbilical cord blood. J. Exp. Med. 
178, 2089-2096. 

MARINCOLA, P.M., ETTINGHAUSEN, S., COHEN, P.A., 
CHESHIRE, L.B., RESTIFO, N.P., MULE, J.J., and ROSENBERG, 
S.A. (1994). Treatment of established lung metastases with tumor-
infiltrating lymphocytes derived from a poorly immunogenic tumor 
engineered to secrete human TNF-alpha. J. Immunol. 152, 
3500-3513. 

M O S M A N N , T. (1993). Rapid colorimetric assay for cellular growth 
and survival: Application to proliferation and cytotoxicity assays. J. 
Immunol. Methods 65, 55-63. 

NOGUCHI, P.D. (1996). Use of flow cytometry for D N A analysis. In 
Current Protocols in Immunology. (Greene Publishing Associates, 
Inc. and John Wiley & Sons, Inc.) pp. 5.7.1-5.7.6. 

PHILIP, R., BRUNETTE, E., KILINSKI, L., MURUGESH, D., Mc
NALLY, M.A., UCAR, K., ROSENBLATT, J., O K A R M A , T.B., 
and LEBKOWSKI, J.S. (1994). Efficient and sustained gene ex
pression in primary T lymphocytes and primary and cultured tumor 
cells mediated by adeno-associated viras plasmid D N A complexed 
to cationic liposomes. Mol. Cell. Biol. 14, 2411-2418. 

POLLER, W., SCHNEIDER-RASP, S., LIEBERT, U., MERKLEIN, 
F., THALHEIMER, P., HAACK, A., S C H W A A B , R., SCHMITT, 
C, and B R A C K M A N N , H.H. (1996). Stabilization of transgene ex
pression by incorporation of E3 region genes into an adenoviral fac
tor IX vector and by transient anti-CD4 treatment of the host. Gene 
Ther. 3, 521-530. 

QIN, L., CHAVIN, K.D., DING, Y., TAHARA, H., FAVARRO, J.P., 
W O O D W A R D , I.E., LIN, J., ROBBINS, P.D., LOTZE, M.T., and 

B R O M B E R G , J.S. (1996). Retroviras-mediated transfer of viral in
terleukin-10 gene prolongs murine cardiac allograft survival. J. Im
munol. 156, 2316-2323. 

REICH, N.C, S A R N O W , P., DUPREY, and LEVINE, A.I. (1983). 
Monoclonal antibodies which recognize native and denamred forms 
of the adenoviras DNA-binding protein. Virology 128, 480-484. 

RETTINGER, S.D., KENNEDY, S.C, W U , X., SAYLORS, R.L., 
HAFENRICHTER, D.G., FLYE, M.W., and PONDER, K.P. (1994). 
Liver-directed gene therapy: Quantitative evaluation of promoter el
ements by using in vivo retroviral transduction. Proc. Nati. Acad. 
Sci. USA 91, 1460-1464. 

ROSENBERG, S.A. (1991). Immunotiierapy and gene therapy of can
cer. Cancer Res. 51, 5074s-5079s. 

SABATH, D.E., B R O O M E , H.E., and PRYSTOWSKY, M.B. (1990). 
Gylceraldehyde-3-phosphate dehydrogenase m R N A is a major in
terleukin 2-induced transcript in a cloned T-helper lymphocyte. Gene 
91, 185-191. 

SAMUEL, CE. (1991). Antiviral actions of interferon: Interferon-reg-
ulated cellular proteins and their surprisingly selective antiviral ac
tivities. Virology 183, 1-11. 

SATO, Y., ROMAN, M., TIGHE, H., LEE, D., CORR, M., NGUYEN, 
M.D., SILVERMAN, G.J., LOTZ, M., CARSON, D.A., and RAZ, 
E. (1996). Immunostimulatory DNA sequences necessary for effec
tive intradermal gene immunization. Science 273, 352-354. 

SCHARFMANN, R., AXELROD, J.H., and VERMA, I.M. (1991). 
Long-term in vivo expression of retroviras-mediated gene transfer in 
mouse fibroblast implants. Proc. Nati. Acad. Sci. U S A 88, 
4626-4630. 

SPITALNY, G.L., and HAVELL, E.A. (1984). Monoclonal antibody 
to murine gamma interferon inhibits lymphokine-induced antiviral 
and macrophage tumoricidal activities. J. Exp. Med. 159,1560-1565. 

STEIN, J., VOLK, H.D., LIEBENTHAL, C, KRUGER, D.H., and 
PROSCH, S. (1993). Tumour necrosis factor alpha stimulates the ac
tivity of the human cytomegaloviras major immediate early en
hancer/promoter in immature monocytic cells. J. Gen. Virol. 74, 
2333-2338. 

STRATFORD-PERRICAUDET, L.D., M A K E H , I., PERRICAUDET, 
M., and BRIAND, P. (1992). Widespread long-term gene ttansfer to 
mouse skeletal muscles and heart. J. Clin. Invest. 90, 626-630. 

TAHARA, H., MUELLER, G.M., RICORDI, C, ROBBINS, P.D., and 
LOTZE, M.T. (1992). Islet cell ttansplantation facilitated by gene 
transfer. Transplant. Proc. 24, 2975-2976. 

TSUI, L.V., GUIDOTTI, L.G., ISHIKAWA, T., and CHISARI, F.V. 
(1995). Postttanscriptional clearance of hepatitis B viras R N A by cy
totoxic T lymphocyte-activated hepatocytes. Proc. Nafl. Acad. Sci. 
USA 92, 12398-12402. 

TZEN, C.Y., and SCOTT, R.E. (1993). hiduction of SV40 early tran
scription by type I interferon. Exp. Cell Res. 205, 246-250. 

W A N G , M., GHOSH, S., and LENGYEL, P. (1996). The interferon-
inducible p202 protein as a modulator of ttanscription: Inhibition of 
NF-kB, c-Fos, and c-Jun activities. Mol. Cell. Biol. 16, 359-368. 

WIETZERBIN, J., GAUDELET, C, CATINOT, L., CHEBATH, I., 
and FALCOFF, R. (1990). Synergistic effect of interferon-gamma 
and tumor necrosis factor-alpha on antiviral activity (2'-5') oUgo (A) 
synthetase induction in a myelomonocytic cell line. J. Leuk. Biol. 
48, 149. 

WILSON, J.M. (1996). Adenovirases as gene-delivery vehicles. N. 
Engl. J. Med. 334, 1185-1187. 

W O N G , G.H.W., and GOEDDEL, D.V. (1986). Tumor necrosis factor 
a and 0 inhibit viral replication and synergize with interferons. Na
ture 323, 819-821. 

W O N G , G.H.W., TARTAGLIA, L.A., LEE, M.S., and GOEDDEL, 
D.V. (1992). Antiviral activity of tumor necrosis factor (TNF) is sig
naled through the 55-kDa receptor, type I TNF. J. Immunol. 149, 
3350-3353. 

W O R G A L L , S., WOLFF, G., FALCK-PEDERSEN, E., and CRYS-



IFN-y A N D TNF-a INHIBIT VIRAL P R O M O T E R S 
2029 

TAL, R.G. (1997). Innate immune mechanisms dominate elimina
tion of adenoviral vectors following in vivo administtation. Hum. 
Gene Ther. 8, 37^14. 

XIANG, Z., and ERTL, H.CJ. (1995). Manipulation of the immune re
sponse to a plasmid-encoded viral antigen by coinoculation with plas
mids expressing cytokines. Immunity 2, 129-135. 

YAFFE, D., and SAXEL, O. (1997). Serial passaging and differentia
tion of myogenic cells isolated from dysttophic mouse muscle. Na
Uire 270, 725-727. 

Y A N G , Y., NUNES, F.A., BERENCSI, K., FURTH, E.E., GONCZOL, 
E., and WILSON, J.M. (1994). Cellular immumty to viral antigens 
limits El-deleted adenovirases for gene therapy. Proc. Natl. Acad. 
Sci. U S A 91, 4407^1411. 

YAO, S., FARJO, A., ROESSLER, B.J., DAVIDSON, B.L., and KU

RACHI, K. (1996). Adenoviras-mediated ttansfer of human factor 
DC gene in immunodeficient and normal mice: Evidence for pro
longed stability and activity of the ttansgene in liver. Viral Immunol. 
9, 141-153. 

Address reprint requests to: 
Dr. Jonathan S. Bromberg 

Department of Surgery 
University of Michigan 
2926 Taubman Center 

Ann Arbor, M l 48109-0331 

Received for publication May 30, 1997; accepted after revision 

August 29, 1997. 



This article has been cited by:

1. M Rodrigo-Garzón, P Berraondo, L Ochoa, J J Zulueta, G González-Aseguinolaza. 2009. Antitumoral efficacy of DNA
nanoparticles in murine models of lung cancer and pulmonary metastasis. Cancer Gene Therapy . [CrossRef]

2. Masaru Mitsui, Makiya Nishikawa, Lei Zang, Mitsuru Ando, Kayoko Hattori, Yuki Takahashi, Yoshihiko Watanabe,
Yoshinobu Takakura. 2009. Effect of the content of unmethylated CpG dinucleotides in plasmid DNA on the
sustainability of transgene expression. The Journal of Gene Medicine 11:5, 435-443. [CrossRef]

3. P Trittibach, S E Barker, C A Broderick, M Natkunarajah, Y Duran, S J Robbie, J W B Bainbridge, A J Smith, G-M
Sarra, A D Dick, R R Ali. 2008. Lentiviral-vector-mediated expression of murine IL-1 receptor antagonist or IL-10
reduces the severity of endotoxin-induced uveitis. Gene Therapy 15:22, 1478-1488. [CrossRef]

4. Felix IL Clanchy, Richard O Williams. 2008. Plasmid DNA as a safe gene delivery vehicle for treatment of chronic
inflammatory disease. Expert Opinion on Biological Therapy 8:10, 1507-1519. [CrossRef]

5. Hiroyuki Yoshida, Makiya Nishikawa, Sachiyo Yasuda, Yumiko Mizuno, Yoshinobu Takakura. 2008. Cellular activation
by plasmid DNA in various macrophages in primary culture. Journal of Pharmaceutical Sciences 97:10, 4575-4585.
[CrossRef]

6. Gaurav Backliwal, Markus Hildinger, Ivan Kuettel, Fanny Delegrange, David L. Hacker, Florian M. Wurm. 2008.
Valproic acid: A viable alternative to sodium butyrate for enhancing protein expression in mammalian cell cultures.
Biotechnology and Bioengineering 101:1, 182-189. [CrossRef]

7. Ingo Kutschka, R. C. Robbins. 2008. Das Schicksal kardialer Zelltransplantate. Zeitschrift für Herz-,Thorax- und
Gefäßchirurgie 22:4, 224-232. [CrossRef]

8. Marco B. Lee, Margaret Mary McMenamin, Andrew P. Byrnes, Harry M. Charlton, Matthew J.A. Wood. 2008. Th1
cytokines are upregulated by adenoviral vectors in the brains of primed mice. NeuroReport 19:12, 1187-1192. [CrossRef]

9. Wenzhong Li, Nan Ma, Lee-Lee Ong, Alexander Kaminski, Christian Skrabal, Murat Ugurlucan, Peter Lorenz,
Hans-Heinrich Gatzen, Karola Lützow, Andreas Lendlein, Brigitte M. Pützer, Ren-Ke Li, Gustav Steinhoff. 2008.
Enhanced thoracic gene delivery by magnetic nanobead-mediated vector. The Journal of Gene Medicine 10:8, 897-909.
[CrossRef]

10. Kazuhiro Hirata, Makiya Nishikawa, Naoki Kobayashi, Yuki Takahashi, Yoshinobu Takakura. 2007. Design of
PCR-amplified DNA fragments forin vivo gene delivery: Size-dependency on stability and transgene expression. Journal
of Pharmaceutical Sciences 96:9, 2251-2261. [CrossRef]

11. Yuga Fukuhara, Tomoyuki Naoi, Yoshiyuki Ogawa, Makiya Nishikawa, Yoshinobu Takakura. 2007. Plasmid DNA
uptake and subsequent cellular activation characteristics in human monocyte-derived cells in primary culture. Journal
of Pharmaceutical Sciences 96:6, 1576-1584. [CrossRef]

12. Ian A. Pringle, Gerry McLachlan, David D. S. Collie, Stephanie G. Sumner-Jones, Anna E. Lawton, Peter Tennant,
Alison Baker, Catherine Gordon, Richard Blundell, Anusha Varathalingam, Lee A. Davies, Ralph A. Schmid, Seng H.
Cheng, David J. Porteous, Deborah R. Gill, Stephen C. Hyde. 2007. Electroporation enhances reporter gene expression
following delivery of naked plasmid DNA to the lung. The Journal of Gene Medicine 9:5, 369-380. [CrossRef]

13. Takaharu Yoshinaga, Kei Yasuda, Yoshiyuki Ogawa, Makiya Nishikawa, Yoshinobu Takakura. 2007. DNA and its
cationic lipid complexes induce CpG motif-dependent activation of murine dendritic cells. Immunology 120:3, 295-302.
[CrossRef]

14. K Benihoud, S Esselin, D Descamps, B Jullienne, B Salone, P Bobé, D Bonardelle, E Connault, P Opolon, I Saggio,
M Perricaudet. 2007. Respective roles of TNF-α and IL-6 in the immune response-elicited by adenovirus-mediated
gene transfer in mice. Gene Therapy 14:6, 533-544. [CrossRef]

15. Scott E Hensley, Ann S Cun, Wynetta Giles-Davis, Yan Li, Zhiquan Xiang, Marcio O Lasaro, Bryan R G Williams,
Robert H Silverman, Hildegund C J Ertl. 2007. Type I Interferon Inhibits Antibody Responses Induced by a
Chimpanzee Adenovirus Vector. Molecular Therapy 15:2, 393-403. [CrossRef]

16. Terence R Flotte, Philip Ng, Doug E Dylla, Paul B McCray, Guoshun Wang, Jay K Kolls, Jim Hu. 2007. Viral
Vector–mediated and Cell-based Therapies for Treatment of Cystic Fibrosis. Molecular Therapy 15:2, 229-241.
[CrossRef]

17. S G Sumner-Jones, L A Davies, A Varathalingam, D R Gill, S C Hyde. 2007. Long-term persistence of gene expression
from adeno-associated virus serotype 5 in the mouse airways. Gene Therapy 13:24, 1703-1713. [CrossRef]

http://dx.doi.org/10.1038/cgt.2009.45
http://dx.doi.org/10.1002/jgm.1317
http://dx.doi.org/10.1038/gt.2008.109
http://dx.doi.org/10.1517/14712598.8.10.1507
http://dx.doi.org/10.1002/jps.21302
http://dx.doi.org/10.1002/bit.21882
http://dx.doi.org/10.1007/s00398-008-0646-0
http://dx.doi.org/10.1097/WNR.0b013e3283088e3d
http://dx.doi.org/10.1002/jgm.1208
http://dx.doi.org/10.1002/jps.20879
http://dx.doi.org/10.1002/jps.20816
http://dx.doi.org/10.1002/jgm.1026
http://dx.doi.org/10.1111/j.1365-2567.2006.02451.x
http://dx.doi.org/10.1038/sj.gt.3302885
http://dx.doi.org/10.1038/sj.mt.6300024
http://dx.doi.org/10.1038/sj.mt.6300002
http://dx.doi.org/10.1038/sj.gt.3302815


18. P. Luo , B.D. Reed , T.C. Tsang , D.T. Harris , R.A. Flavell . 2006. A Self-Augmenting Gene Expression Cassette for
Enhanced and Sustained Transgene Expression in the Presence of Proinflammatory CytokinesA Self-Augmenting Gene
Expression Cassette for Enhanced and Sustained Transgene Expression in the Presence of Proinflammatory Cytokines.
DNA and Cell Biology 25:12, 659-667. [Abstract] [PDF] [PDF Plus]

19. M. Khoury, P. Bigey, P. Louis-Plence, D. Noel, H. Rhinn, D. Scherman, C. Jorgensen, F. Apparailly. 2006. A
comparative study on intra-articular versus systemic gene electrotransfer in experimental arthritis. The Journal of Gene
Medicine 8:8, 1027-1036. [CrossRef]

20. S Kachi, N Esumi, D J Zack, P A Campochiaro. 2006. Sustained expression after nonviral ocular gene transfer using
mammalian promoters. Gene Therapy 13:9, 798-804. [CrossRef]

21. Michelle F Solomon, Ian A Ramshaw, Charmaine J Simeonovic. 2006. Recombinant fowlpox virus for in vitro gene
delivery to pancreatic islet tissue. Immunology and Cell Biology 83:6, 615-625. [CrossRef]

22. Sonia Bastonero, Myriem Gargouri, Sandrine Ortiou, Jean-Louis Guéant, Marc D. Merten. 2005. Inhibition by
TNF-alpha and IL-4 of cationic lipid mediated gene transfer in cystic fibrosis tracheal gland cells. The Journal of Gene
Medicine 7:11, 1439-1449. [CrossRef]

23. Antoine Kichler, Christian Leborgne, Olivier Danos. 2005. Dilution of reporter gene with stuffer DNA does not alter
the transfection efficiency of polyethylenimines. The Journal of Gene Medicine 7:11, 1459-1467. [CrossRef]

24. Keri Csencsits, Sherri Chan Wood, Guanyi Lu, D. Keith Bishop. 2005. Transforming Growth Factor-Beta1 Gene
Transfer is Associated with the Development of Regulatory Cells. American Journal of Transplantation 5:10, 2378-2384.
[CrossRef]

25. E P Papapetrou, N C Zoumbos, A Athanassiadou. 2005. Genetic modification of hematopoietic stem cells with nonviral
systems: past progress and future prospects. Gene Therapy 12, S118-S130. [CrossRef]

26. I A Pringle, S Raman, W W Sharp, S H Cheng, S C Hyde, D R Gill. 2005. Detection of plasmid DNA vectors
following gene transfer to the murine airways. Gene Therapy 12:15, 1206-1214. [CrossRef]

27. Isabel Virella-Lowell, Benjamin Zusman, Kevin Foust, Scott Loiler, Thomas Conlon, Sihong Song, Kye A. Chesnut,
Thomas Ferkol, Terence R. Flotte. 2005. Enhancing rAAV vector expression in the lung. The Journal of Gene Medicine
7:7, 842-850. [CrossRef]

28. Anne Wright , Andrey Semyonov , Glenn Dawes , Andreas Crameri , Rick Lyons , Willem P.C. Stemmer , Doris
Apt , Dr. Juha Punnonen . 2005. Diverse Plasmid DNA Vectors by Directed Molecular Evolution of Cytomegalovirus
PromotersDiverse Plasmid DNA Vectors by Directed Molecular Evolution of Cytomegalovirus Promoters. Human Gene
Therapy 16:7, 881-892. [Abstract] [PDF] [PDF Plus]

29. Siddhesh D. Patil, David G. Rhodes, Diane J. Burgess. 2005. DNA-based therapeutics and DNA delivery systems: A
comprehensive review. The AAPS Journal 7:1, E61-E77. [CrossRef]

30. Michael W. Konstan, Pamela B. Davis, Jeffrey S. Wagener, Kathleen A. Hilliard, Robert C. Stern, Laura J.H. Milgram,
Tomasz H. Kowalczyk, Susannah L. Hyatt, Tamara L. Fink, Christopher R. Gedeon, Sharon M. Oette, Jennifer M.
Payne, Osman Muhammad, Assem G. Ziady, Robert C. Moen, Mark J. Cooper. 2005. Compacted DNA Nanoparticles
Administered to the Nasal Mucosa of Cystic Fibrosis Subjects Are Safe and Demonstrate Partial to Complete
Cystic Fibrosis Transmembrane Regulator Reconstitution. Human Gene Therapy, ahead of print041210060115001.
[CrossRef]

31. Zhi-Ying Chen , Cheng-Yi He , Dr. Mark A. Kay . 2005. Improved Production and Purification of Minicircle
DNA Vector Free of Plasmid Bacterial Sequences and Capable of Persistent Transgene Expression In VivoImproved
Production and Purification of Minicircle DNA Vector Free of Plasmid Bacterial Sequences and Capable of Persistent
Transgene Expression In Vivo. Human Gene Therapy 16:1, 126-131. [Abstract] [PDF] [PDF Plus]

32. Michael W. Konstan , Pamela B. Davis , Jeffrey S. Wagener , Kathleen A. Hilliard , Robert C. Stern , Laura J.H.
Milgram , Tomasz H. Kowalczyk , Susannah L. Hyatt , Tamara L. Fink , Christopher R. Gedeon , Sharon M. Oette ,
Jennifer M. Payne , Osman Muhammad , Assem G. Ziady , Robert C. Moen , Dr. Mark J. Cooper . 2004. Compacted
DNA Nanoparticles Administered to the Nasal Mucosa of Cystic Fibrosis Subjects Are Safe and Demonstrate Partial
to Complete Cystic Fibrosis Transmembrane Regulator ReconstitutionCompacted DNA Nanoparticles Administered
to the Nasal Mucosa of Cystic Fibrosis Subjects Are Safe and Demonstrate Partial to Complete Cystic Fibrosis
Transmembrane Regulator Reconstitution. Human Gene Therapy 15:12, 1255-1269. [Abstract] [PDF] [PDF Plus]

33. Hai-sheng Zhou, De-pei Liu, Chih-chuan Liang. 2004. Challenges and strategies: The immune responses in gene
therapy. Medicinal Research Reviews 24:6, 748-761. [CrossRef]

http://dx.doi.org/10.1089/dna.2006.25.659
http://www.liebertonline.com/doi/pdf/10.1089/dna.2006.25.659
http://www.liebertonline.com/doi/pdfplus/10.1089/dna.2006.25.659
http://dx.doi.org/10.1002/jgm.922
http://dx.doi.org/10.1038/sj.gt.3302700
http://dx.doi.org/10.1111/j.1440-1711.2005.01379.x
http://dx.doi.org/10.1002/jgm.789
http://dx.doi.org/10.1002/jgm.805
http://dx.doi.org/10.1111/j.1600-6143.2005.01042.x
http://dx.doi.org/10.1038/sj.gt.3302626
http://dx.doi.org/10.1038/sj.gt.3302518
http://dx.doi.org/10.1002/jgm.759
http://dx.doi.org/10.1089/hum.2005.16.881
http://www.liebertonline.com/doi/pdf/10.1089/hum.2005.16.881
http://www.liebertonline.com/doi/pdfplus/10.1089/hum.2005.16.881
http://dx.doi.org/10.1208/aapsj070109
http://dx.doi.org/10.1089/hum.2004.15.ft-2
http://dx.doi.org/10.1089/hum.2005.16.126
http://www.liebertonline.com/doi/pdf/10.1089/hum.2005.16.126
http://www.liebertonline.com/doi/pdfplus/10.1089/hum.2005.16.126
http://dx.doi.org/10.1089/hum.2004.15.1255
http://www.liebertonline.com/doi/pdf/10.1089/hum.2004.15.1255
http://www.liebertonline.com/doi/pdfplus/10.1089/hum.2004.15.1255
http://dx.doi.org/10.1002/med.20009


34. Michael J. McConnell , Dr. Michael J. Imperiale . 2004. Biology of Adenovirus and Its Use as a Vector for Gene
TherapyBiology of Adenovirus and Its Use as a Vector for Gene Therapy. Human Gene Therapy 15:11, 1022-1033.
[Citation] [PDF] [PDF Plus]

35. Kei Yasuda, Hiroki Kawano, Ikuko Yamane, Yoshiyuki Ogawa, Takaharu Yoshinaga, Makiya Nishikawa, Yoshinobu
Takakura. 2004. Restricted cytokine production from mouse peritoneal macrophages in culture in spite of extensive
uptake of plasmid DNA. Immunology 111:3, 282-290. [CrossRef]

36. J. VERMEIREN, J. L. CEUPPENS, H. HAEGEL-KRONENBERGER, M. DE BOER, L. BOON, S. W. VAN
GOOL. 2004. Blocking B7 and CD40 co-stimulatory molecules decreases antiviral T cell activity. Clinical and
Experimental Immunology 135:2, 253-258. [CrossRef]

37. Dongmei Chen, Yaozhong Ding, Nan Zhang, Bernd Schroppel, Shuang Fu, Weiping Zang, Haojiang Zhang,
Wayne W. Hancock, Jonathan S. Bromberg. 2004. Viral IL-10 Gene Transfer Inhibits the Expression of Multiple
Chemokine and Chemokine Receptor Genes Induced by Inflammatory or Adaptive Immune Stimuli. American Journal
of Transplantation 3:12, 1538-1549. [CrossRef]

38. Myra M. Mizokami , Peisheng Hu , Leslie A. Khawli , Jiali Li , Alan L. Epstein . 2003. Chimeric TNT-3
Antibody/Murine Interferon-γ Fusion Protein for the Immunotherapy of Solid MalignanciesChimeric TNT-3
Antibody/Murine Interferon-γ Fusion Protein for the Immunotherapy of Solid Malignancies. Hybridoma and
Hybridomics 22:4, 197-207. [Abstract] [PDF] [PDF Plus]

39. Uwe J. F. Tietge, Karen F. Kozarsky, Mary H. Donahee, Daniel J. Rader. 2003. A tetracycline-regulated adenoviral
expression system forin vivo delivery of transgenes to lung and liver. The Journal of Gene Medicine 5:7, 567-575.
[CrossRef]

40. Shuang Fu, Dongmei Chen, Xia Mao, Nan Zhang, Yaozhong Ding, Jonathan S. Bromberg. 2003. Feline
Immunodeficiency Virus-Mediated Viral Interleukin-10 Gene Transfer Prolongs Non-Vascularized Cardiac Allograft
Survival. American Journal of Transplantation 3:5, 552-561. [CrossRef]

41. S. FERRARI, U. GRIESENBACH, D. M. GEDDES, E. ALTON. 2003. Immunological hurdles to lung gene therapy.
Clinical and Experimental Immunology 132:1, 1-8. [CrossRef]

42. Manuela Cappelletti, Immacolata Zampaglione, Gabriella Rizzuto, Gennaro Ciliberto, Nicola La Monica, Elena Fattori.
2003. Gene electro-transfer improves transduction by modifying the fate of intramuscular DNA. The Journal of Gene
Medicine 5:4, 324-332. [CrossRef]

43. Dennis Hartigan-O'Connor , Catherine Barjot , Robert Crawford , Jeffrey S. Chamberlain . 2002. Efficient Rescue of
Gutted Adenovirus Genomes Allows Rapid Production of Concentrated Stocks Without Negative SelectionEfficient
Rescue of Gutted Adenovirus Genomes Allows Rapid Production of Concentrated Stocks Without Negative Selection.
Human Gene Therapy 13:4, 519-531. [Abstract] [PDF] [PDF Plus]

44. Nondita Sarkar, Pontus Blomberg, Eva Wardell, Malihe Eskandarpour, Christer Sylven, Viktor Drvota, Khalid Islam.
2002. Journal of Cardiovascular Pharmacology 39:2, 215-224. [CrossRef]

45. L. Jornot, M. A. Morris, H. Petersen, I. Moix, T. Rochat. 2002. N-acetylcysteine augments adenovirus-mediated
gene expression in human endothelial cells by enhancing transgene transcription and virus entry. The Journal of Gene
Medicine 4:1, 54-65. [CrossRef]

46. Makiya Nishikawa, Mitsuru Hashida. 2002. Nonviral Approaches Satisfying Various Requirements for Effective in Vivo
Gene Therapy. Biological & Pharmaceutical Bulletin 25:3, 275-283. [CrossRef]

47. Vivian Wai Yan Lui, Louis Domenic Falo Jr, Leaf Huang. 2001. Systemic production of IL-12 by naked DNA mediated
gene transfer: toxicity and attenuation of transgene expressionin vivo. The Journal of Gene Medicine 3:4, 384-393.
[CrossRef]

48. Chris Kitson, Eric Alton. 2000. Gene therapy for cystic fibrosis. Expert Opinion on Investigational Drugs 9:7, 1523-1535.
[CrossRef]

49. P. Leone, C. G. Janson, L. Bilianuk, Z. Wang, F. Sorgi, L. Huang, R. Matalon, R. Kaul, Z. Zeng, A. Freese, S. W.
McPhee, E. Mee, M. J. During. 2000. Aspartoacylase gene transfer to the mammalian central nervous system with
therapeutic implications for Canavan disease. Annals of Neurology 48:1, 27-38. [CrossRef]

50. S. Chesnoy, L. Huang. 2000. STRUCTURE AND FUNCTION OF LIPID-DNA COMPLEXES FOR GENE
DELIVERY. Annual Review of Biophysics and Biomolecular Structure 29:1, 27-47. [CrossRef]

http://dx.doi.org/10.1089/hum.2004.15.1022
http://www.liebertonline.com/doi/pdf/10.1089/hum.2004.15.1022
http://www.liebertonline.com/doi/pdfplus/10.1089/hum.2004.15.1022
http://dx.doi.org/10.1111/j.1365-2567.2004.01814.x
http://dx.doi.org/10.1111/j.1365-2249.2003.02363.x
http://dx.doi.org/10.1046/j.1600-6135.2003.00263.x
http://dx.doi.org/10.1089/153685903322328929
http://www.liebertonline.com/doi/pdf/10.1089/153685903322328929
http://www.liebertonline.com/doi/pdfplus/10.1089/153685903322328929
http://dx.doi.org/10.1002/jgm.384
http://dx.doi.org/10.1034/j.1600-6143.2003.00076.x
http://dx.doi.org/10.1046/j.1365-2249.2003.02124.x
http://dx.doi.org/10.1002/jgm.352
http://dx.doi.org/10.1089/10430340252809810
http://www.liebertonline.com/doi/pdf/10.1089/10430340252809810
http://www.liebertonline.com/doi/pdfplus/10.1089/10430340252809810
http://dx.doi.org/10.1097/00005344-200202000-00008
http://dx.doi.org/10.1002/jgm.232
http://dx.doi.org/10.1248/bpb.25.275
http://dx.doi.org/10.1002/jgm.201
http://dx.doi.org/10.1517/13543784.9.7.1523
http://dx.doi.org/10.1002/1531-8249(200007)48:1&lt;27::AID-ANA6&gt;3.0.CO;2-6
http://dx.doi.org/10.1146/annurev.biophys.29.1.27


51. Pierre-Alain Moisset , Lynn Bonham , Daniel Skuk , Dwight Koeberl , Valentine Brussee , Marlyne Goulet , Brigitte
Roy , Isabelle Asselin , A. Dusty Miller , Jacques P. Tremblay . 2000. Systemic Production of Human Granulocyte
Colony-Stimulating Factor in Nonhuman Primates by Transplantation of Genetically Modified MyoblastsSystemic
Production of Human Granulocyte Colony-Stimulating Factor in Nonhuman Primates by Transplantation of
Genetically Modified Myoblasts. Human Gene Therapy 11:9, 1277-1288. [Abstract] [PDF] [PDF Plus]

52. Cécile Ged , Hubert De Verneuil , Josy Reiffers , Françeois-Xavier Mahon , Stéphanie Salesse , Valélerie Lagarde
. 2000. Retroviral Coexpression of IFN-α and IFN-γ Genes and Inhibitory Effects in Chronic Myeloid Leukemia
CellsRetroviral Coexpression of IFN-α and IFN-γ Genes and Inhibitory Effects in Chronic Myeloid Leukemia Cells.
Journal of Interferon & Cytokine Research 20:6, 577-587. [Abstract] [PDF] [PDF Plus]

53. Ayub Darji, Susanne Lage, Annette I. Garbe, Trinad Chakraborty, Siegfried Weiss. 2000. Oral delivery of DNA vaccines
using attenuated Salmonella typhimurium as carrier. FEMS Immunology and Medical Microbiology 27:4, 341-349.
[CrossRef]

54. Yi Chu, Frank M. Faraci, Donald D. Heistad. 2000. Gene therapy of hypertensive vascular injury. Current Hypertension
Reports 2:1, 92-97. [CrossRef]

55. Colleen S. Stein, In�s Martins, Beverly L. Davidson. 2000. Long-term reversal of hypercholesterolemia in low density
lipoprotein receptor (LDLR)-deficient mice by adenovirus-mediated LDLR gene transfer combined with CD154
blockade. The Journal of Gene Medicine 2:1, 41-51. [CrossRef]

56. Ulla B. Rasmussen , Miloud Benchaibi , Veronique Meyer , Yasmin Schlesinger , Klaus Schughart . 1999. Novel
Human Gene Transfer Vectors: Evaluation of Wild-Type and Recombinant Animal Adenoviruses in Human-Derived
CellsNovel Human Gene Transfer Vectors: Evaluation of Wild-Type and Recombinant Animal Adenoviruses in
Human-Derived Cells. Human Gene Therapy 10:16, 2587-2599. [Abstract] [PDF] [PDF Plus]

57. Shuo Quan , Eric Feldman , Liming Yang , Frank A.D.T.G. Wagener , Timothy J. Farley , Nader G. Abraham ,
Tauseef Ahmed . 1999. Distinct Effect of Retroviral-Mediated IFN-alpha Gene Transfer on Human Erythroleukemic
and CD34+ Cell Growth and DifferentiationDistinct Effect of Retroviral-Mediated IFN-alpha Gene Transfer on
Human Erythroleukemic and CD34+ Cell Growth and Differentiation. Journal of Hematotherapy Stem Cell Research
8:5, 491-502. [Abstract] [PDF] [PDF Plus]

58. Karen E. Pollok , Johannes C.M. Van Der Loo , Ryan J. Cooper , Lorrie Kennedy , David A. Williams . 1999.
Costimulation of Transduced T Lymphocytes via T Cell Receptor-CD3 Complex and CD28 Leads to Increased
Transcription of Integrated RetrovirusCostimulation of Transduced T Lymphocytes via T Cell Receptor-CD3
Complex and CD28 Leads to Increased Transcription of Integrated Retrovirus. Human Gene Therapy 10:13,
2221-2236. [Abstract] [PDF] [PDF Plus]

59. Nelson S. Yew , John Marshall , Malgorzata Przybylska , Donna M. Wysokenski , Robin J. Ziegler , Patrick W. Rafter ,
Chester Li , Donna Armentano , Seng H. Cheng . 1999. Increased Duration of Transgene Expression in the Lung with
Plasmid DNA Vectors Harboring Adenovirus E4 Open Reading Frame 3Increased Duration of Transgene Expression
in the Lung with Plasmid DNA Vectors Harboring Adenovirus E4 Open Reading Frame 3. Human Gene Therapy
10:11, 1833-1843. [Abstract] [PDF] [PDF Plus]

60. Michael Ott, Pankaj Rajvanshi, Rana P. Sokhi, Gianfranco Alpini, Emma Aragona, Mariana Dabeva, David A. Shafritz,
Sanjeev Gupta. 1999. Differentiation-specific regulation of transgene expression in a diploid epithelial cell line derived
from the normal F344 rat liver. The Journal of Pathology 187:3, 365-373. [CrossRef]

61. George M. Smith, Mario I. Romero. 1999. Adenoviral-mediated gene transfer to enhance neuronal survival, growth,
and regeneration. Journal of Neuroscience Research 55:2, 147-157. [CrossRef]

62. Nelson S. Yew , Kathryn X. Wang , Malgorzata Przybylska , Rebecca G. Bagley , Margaret Stedman , John Marshall
, Ronald K. Scheule , Seng H. Cheng . 1999. Contribution of Plasmid DNA to Inflammation in the Lung after
Administration of Cationic Lipid:pDNA ComplexesContribution of Plasmid DNA to Inflammation in the Lung after
Administration of Cationic Lipid:pDNA Complexes. Human Gene Therapy 10:2, 223-234. [Abstract] [PDF] [PDF
Plus]

63. Florence Paillard. 1998. Activation of Retrovirally Transduced T LymphocytesActivation of Retrovirally Transduced
T Lymphocytes. Human Gene Therapy 9:10, 1395-1396. [Citation] [PDF] [PDF Plus]

http://dx.doi.org/10.1089/10430340050032384
http://www.liebertonline.com/doi/pdf/10.1089/10430340050032384
http://www.liebertonline.com/doi/pdfplus/10.1089/10430340050032384
http://dx.doi.org/10.1089/10799900050044778
http://www.liebertonline.com/doi/pdf/10.1089/10799900050044778
http://www.liebertonline.com/doi/pdfplus/10.1089/10799900050044778
http://dx.doi.org/10.1111/j.1574-695X.2000.tb01448.x
http://dx.doi.org/10.1007/s11906-000-0065-4
http://dx.doi.org/10.1002/(SICI)1521-2254(200001/02)2:1&lt;41::AID-JGM79&gt;3.0.CO;2-P
http://dx.doi.org/10.1089/10430349950016636
http://www.liebertonline.com/doi/pdf/10.1089/10430349950016636
http://www.liebertonline.com/doi/pdfplus/10.1089/10430349950016636
http://dx.doi.org/10.1089/152581699319948
http://www.liebertonline.com/doi/pdf/10.1089/152581699319948
http://www.liebertonline.com/doi/pdfplus/10.1089/152581699319948
http://dx.doi.org/10.1089/10430349950017202
http://www.liebertonline.com/doi/pdf/10.1089/10430349950017202
http://www.liebertonline.com/doi/pdfplus/10.1089/10430349950017202
http://dx.doi.org/10.1089/10430349950017518
http://www.liebertonline.com/doi/pdf/10.1089/10430349950017518
http://www.liebertonline.com/doi/pdfplus/10.1089/10430349950017518
http://dx.doi.org/10.1002/(SICI)1096-9896(199902)187:3&lt;365::AID-PATH237&gt;3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1097-4547(19990115)55:2&lt;147::AID-JNR2&gt;3.0.CO;2-8
http://dx.doi.org/10.1089/10430349950019011
http://www.liebertonline.com/doi/pdf/10.1089/10430349950019011
http://www.liebertonline.com/doi/pdfplus/10.1089/10430349950019011
http://www.liebertonline.com/doi/pdfplus/10.1089/10430349950019011
http://dx.doi.org/10.1089/hum.1998.9.10-1395
http://www.liebertonline.com/doi/pdf/10.1089/hum.1998.9.10-1395
http://www.liebertonline.com/doi/pdfplus/10.1089/hum.1998.9.10-1395

