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Previous studies have shown that airway administration of adenovirus or adenovirus vectors results in a
dose-dependent inflammatory response which limits the duration of transgene expression. We explored the
possibility that adenovirus infection triggers signal transduction pathways that induce the synthesis of cyto-
kines and thus contribute to the early inflammatory response. Since stimulation of the Raf/mitogen-activated
protein kinase (MAPK) pathway activates transcription factors that control the expression of inflammatory
cytokines, we examined the activation of this pathway following adenovirus infection. Adenovirus infection
induced the rapid activation of Raf-1 and a transient increase in the tyrosine phosphorylation and activation
of p42™2Pk at early times postinfection. Activation of the Raf/MAPK pathway by adenovirus is likely triggered
by the infection process, since it occurred rapidly and with various mutant adenoviruses and adenovirus
vectors. Moreover, interleukin-8 (IL-8) mRNA accumulation was evident at 20 min postinfection and was
induced even in the presence of cycloheximide. Both MAPK activation and IL-8 production were inhibited by
forskolin, a potent inhibitor of Raf-1. These results suggest that adenovirus-induced Raf/MAPK activation
contributes to IL-8 production. Adenovirus-induced activation of the Raf/MAPK signaling pathway and IL-8
production may play critical roles in the inflammation observed following in vivo administration of adenovirus

vectors for gene therapy.

Recombinant adenoviruses offer many advantages for the
development of gene therapy vectors, e.g., the ability to infect
nondividing cells, robust transgene expression, and ease of
generating high-titer stocks. A major obstacle that stands in the
way of effective gene therapy for chronic diseases with adeno-
virus vectors is transient expression of the therapeutic trans-
gene, which is associated with vector-induced pathology. Two
phases of an inflammatory response following adenovirus in-
fection in the lungs of cotton rats and mice have been reported
elsewhere (22, 23). The first phase occurs between days 1 and
5 postinfection and is associated with a lymphocyte, monocyte/
macrophage, and polymorphonuclear leukocyte infiltration, as
well as the local release of the inflammatory cytokines inter-
leukin-1B8 (IL-1B), tumor necrosis factor alpha (TNF-a), and
IL-6. In addition, elevated levels of the inflammatory cytokine
IL-6 have been observed in the serum following airway admin-
istration of adenovirus vectors in humans (14), rats (22), and
mice (23). Recently, increased levels of IL-8 were observed in
the bronchoalveolar lavage fluid (BALF) following airway de-
livery to macaques (67). The second phase occurs 5 to 7 days
postinfection and is characterized by perivascular and bron-
chiolar infiltration of lymphocytes. The T-cell infiltrate, char-
acteristic of the second inflammatory phase, contributes to the
transient nature of transgene expression observed following
adenoviral gene therapy. CD4" T cells of the Th-1 subclass
produce gamma interferon (IFN-y), which upregulates expres-
sion of major histocompatibility complex class I molecules on
vector-transduced cells (74). CD8" T cells perform the major
effector function and destroy vector-transduced cells in an ma-
jor histocompatibility complex class I-restricted fashion (71—
73).

Over the past several years, a clear understanding of a major
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signaling pathway that controls cell growth has emerged. Stim-
ulation of receptor tyrosine kinases results in receptor cluster-
ing and autophosphorylation (63). Guanine nucleotide ex-
change factors for Ras are then recruited to the cell membrane
by adapter proteins which bind to the exchange factors via SH3
domains and interact with the tyrosine-phosphorylated recep-
tors via their SH2 domains (10, 12, 18, 40, 50, 53, 58). The
exchange factors then activate Ras by releasing bound GDP
and freeing Ras to bind excess GTP in the cytoplasm (55).
Ras-GTP recruits Raf-1 to the plasma membrane, where it is
subsequently activated by other kinases (19, 34, 39, 60). Acti-
vated Raf-1 phosphorylates and activates mitogen-activated
protein kinase (MAPK; also known as extracellular signal-
regulated kinase [ERK])-activating kinase (MEK) (16, 30, 37),
which in turn phosphorylates and activates MAPK. Cytosolic
phospholipase A, is phosphorylated and activated by MAPK,
resulting in the production of arachidonic acid, a potent in-
flammatory mediator (41). In addition, activated MAPK trans-
locates to the nucleus, where it phosphorylates and activates
transcription factors (15).

Activation of the Raf/MAPK pathway has been shown to
stimulate transcription through AP-1, ETS, NF-IL-6, and
NF-«B elements (8, 9, 20, 65). Transcription of many cytokine
genes is regulated by factors that bind to these elements. For
example, NF-kB and NF-IL-6 are necessary for IL-183, TNF-«,
IL-6, and IL-8 expression. Moreover, activation of the Raf/
MAPK signaling pathway has been shown to trigger the syn-
thesis and release of cytokines. For example, Raf-1 is required
for IL-2 production in response to phorbol 12-myristate 13-
acetate (TPA) or anti-CD3 antibody, and constitutively acti-
vated Raf-1 stimulates IL-2 production in T cells (52).

Cyclic AMP functions as a negative regulator of this pathway
by activating protein kinase A (13, 25, 27, 29, 57, 68). Protein
kinase A has been reported to inhibit Raf-1 activity by two
distinct mechanisms. Cyclic AMP stimulates the phosphoryla-
tion of Raf-1 on serine 43, which decreases the affinity of Raf-1
for Ras (68). However, protein kinase A can also inhibit the
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activity of Raf-1 through phosphorylation of its kinase domain
(27).

Very little is known concerning the mechanisms that initiate
the first phase of inflammation following adenovirus infection.
One possibility is that the first phase is elicited by the activation
of signaling pathways in the transduced cell that identify it as
being infected by a virus. Adenovirus infection may trigger
signaling pathways that activate cellular defenses such as cyto-
kine induction and arachidonic acid production.

In this report, we demonstrate that adenovirus infection
activates the Raf/MAPK signaling pathway. In addition, our
results suggest that activation of this pathway contributes to
IL-8 production following adenovirus infection.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were obtained from the American Type Culture
Collection and were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% calf serum. Adenovirus type 5 (Ad5) and
deletion mutant d/312 were obtained from the American Type Culture Collec-
tion. The E1-, E3-deleted adenovirus AdLacZ expresses the lacZ gene from the
Ad5 E1 region. AACMVNull is similar to AdLacZ except that it contains only the
cytomegalovirus promoter and simian virus 40 poly(A) sequence in the E1
region. The E1-, E3-deleted adenovirus AdGus expresses -glucuronidase from
the cytomegalovirus promoter in the E1 region.

All viruses were propagated on 293 cells (24). The viruses were purified from
infected cells at 2 days postinfection by three freeze-thaw cycles that were
followed by three successive bandings on CsCl gradients. Purified virus was
dialyzed against a 10 mM Tris (pH 7.8) buffer containing 150 mM NaCl, 10 mM
MgCl,, and 3% sucrose and was stored at —70°C until use. All viruses were
tested and found to have replication-competent adenovirus levels of less than 1
in 107 PFU. Heat-inactivated virus was generated by incubating the virus prep-
aration at 56°C for 1 h.

Immunoblotting and kinase assays. Cells grown on 10-cm plates were starved
in serum-free DMEM for 18 h and then treated with 100 ng of TPA per ml
(Gibco-BRL) or were infected with adenovirus vectors at a multiplicity of infec-
tion (MOI) of 50 in 1 ml of serum-free DMEM, unless otherwise indicated. At
the indicated time points, the cells were washed three times with phosphate-
buffered saline (PBS) and lysed in 1 ml of ice-cold RIPA buffer (20 mM Tris [pH
7.4], 137 mM NaCl, 10% glycerol, 0.1% sodium dodecyl sulfate [SDS], 0.5%
deoxycholate, 1% Triton X-100, 2 mM EDTA containing 25 mM glycerol phos-
phate, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 5 pg
of aprotinin per ml, 5 pg of leupeptin per ml, and 1 mM sodium vanadate) at 4°C
for 10 min. Cell lysates were scraped into Eppendorf tubes and clarified. The
supernatant was then transferred to a new tube and used for immunoprecipita-
tion with either a Raf-1-specific antiserum generated against the C-terminal
domain of Raf-1 or ERK-2-specific antiserum (Santa Cruz Biotechnologies).
Immunoprecipitates were washed three times with RIPA buffer for immunoblot-
ting and twice each with RIPA buffer, LiCl buffer (0.5 M LiCl, 0.1 M Tris [pH 8]),
and kinase buffer (25 mM HEPES [pH 7.4], 25 mM glycerol phosphate, 1 mM
dithiothreitol [DTT], 10 mM MgCl,) for kinase assays. MAPK assays were
performed in 40-pl reaction mixtures with 10 pCi of [y-**PJATP-10 uM unla-
beled ATP-2 pg of myelin basic protein (MBP). Raf kinase assays were per-
formed in 40-pl reaction mixtures with 10 wCi of [y->>P]JATP-10 uM unlabeled
ATP-0.5 ng of MKK K97M (42). Kinase reaction mixtures were incubated for 30
min at room temperature, Laemmli buffer was added, and the reaction mixtures
were boiled for 5 min and electrophoresed on SDS-polyacrylamide gels. The gels
were either dried down and exposed or transferred to nitrocellulose, exposed,
and subsequently used for immunoblots to control for equal levels of Raf-1 or
MAPK in the immunoprecipitates.

For immunoblot analysis, immunoprecipitates were electrophoresed on SDS-
polyacrylamide gels, electroblotted to nitrocellulose, blocked with TBST (10 mM
Tris [pH 8], 150 mM NaCl, 0.05% Tween-20) containing 2% bovine serum
albumin for 30 min at room temperature, and incubated with either ERK-2,
Raf-1, or phosphotyrosine specific-antiserum at room temperature for 1 h. The
immunoblots were washed in TBST and incubated with either anti-mouse or
anti-rabbit immunoglobulin G conjugated to horseradish peroxidase (Boehringer
Mannheim) for 50 min at room temperature and then washed in TBST and
detected by enhanced chemiluminescence (Amersham).

Protein purification. pPRSET A +MKK (K97M) (a gift from N. Ann) was used
to transform the BL21 strain of Escherichia coli. A culture was incubated at 37°C
until the optical density at 590 nm reached 0.5. The temperature was shifted to
25°C, the culture was induced with 0.03 mM isopropyl-B-p-thiogalactopyranoside
(IPTG), and the cells were grown for an additional 20 h (1). The bacterial culture
was pelleted and lysed in lysis buffer containing 20 mM triethanolamine, 10 mM
Tris (pH 7.8), 60 mM NaCl, 0.05% (wt/vol) Triton X-100, 2 mM DTT, 1 mM
phenylmethylsulfonyl fluoride, 10 wg of leupeptin per ml, 2 uM pepstatin, and 10
wg of aprotinin per ml. Lysozyme was added to 1 mg/ml, and the lysate was
incubated on ice for 30 min and then sonicated. DNase I (Boehringer Mann-
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FIG. 1. Adenovirus infection induces the tyrosine phosphorylation and mo-
bility shift of MAPK. HeLa cells were treated with TPA for 20 min or were
infected with AdLacZ or heat-inactivated AdLacZ for 5 and 30 min. (A) Cell
lysates were immunoprecipitated and then immunoblotted with an p42mapk.
specific antiserum. (B) Tyrosine phosphorylation of p42™#Pk was analyzed by
immunoblotting p42™?P% immunoprecipitates with the 4G10 anti-phosphoty-
rosine antibody.

heim, grade IT) was added to a final concentration of 25 wg/ml, MgCl, was added
to a final concentration of 2.5 mM, and the mixture was incubated on ice for 10
min. This material was centrifuged at 100,000 X g for 30 min at 4°C. Ni** -
nitrilotriacetic acid (NTA)-agarose purification was performed as previously
described (31). Briefly, the supernatant was adjusted to 17% glycerol and incu-
bated with 4.5 ml of washed Ni** - NTA-agarose resin (Qiagen) for 1 h with
constant agitation. The material was centrifuged at 200 X g for 10 min at 4°C and
washed with and resuspended in buffer D (10 mM HEPES [pH 7.9], 5 mM
MgCl,, 0.1 mM EDTA, 50 mM NaCl, 1 mM DTT, 17% glycerol, 0.1 mM phenyl-
methylsulfonyl fluoride, 10 mM NaF) containing 0.8 mM imidazole. The resin
was washed successively with buffer D containing 0.8 mM and then 8 mM
imidazole and was then eluted with buffer D containing 40 mM and then 80 mM
imidazole. The fractions containing MKK (K97M) were pooled and dialyzed for
4 h in buffer containing 25 mM Tris (pH 7.4), 5 mM EGTA, 2 mM DTT, 0.1%
(wt/vol) Triton X-100, and 50% (vol/vol) glycerol and were stored at —20°C.

Northern (RNA) analysis. HeLa cells were infected with AACMVNull at a
MOI of 50 or treated with TNF-a per ml (Boehringer). Following infection, cells
were washed three times with PBS, and total RNA was extracted by using
RNAzol B (Biotecx Laboratories, Inc., Houston, Tex.) following the manufac-
turer’s instructions. A 10-pg amount of total RNA was electrophoresed on a 1%
agarose formaldehyde gel at 100 V for 2 h. RNA was transferred to a nylon
membrane and cross-linked with 120,000 wJ with a Stratalinker UV cross-linker
(Stratagene). Northern blots were hybridized with 3?P-labeled IL-8 cDNA and
GAPDH cDNA fragments. The blots were washed and exposed to film.

IL-8 ELISA. HeLa cells were plated at a density of 2 X 10° cells per well in
12-well plates. After 24 h, the cells were incubated with forskolin or 1,9-dideoxy-
forskolin at a concentration of 20 pg/ml in 0.25 ml of DMEM supplemented with
2% calf serum for 10 min at 37°C. AdLacZ at a MOI of 100 was added, and the
mixture was incubated for 60 min at 37°C. The infected cells were washed with
PBS and then incubated in 1 ml of DMEM supplemented with 2% calf serum at
37°C in a humidified incubator at 5% CO,. After 19 h, the cell medium was
analyzed for IL-8 protein by a sandwich enzyme-linked immunosorbent assay
(ELISA) (R&D Systems) according to the manufacturer’s instructions.

RESULTS

Adenovirus infection activates MAPK. To determine if ad-
enovirus infection stimulates the Raf/MAPK signal transduc-
tion pathway, HeLa cells were infected with a highly purified
adenovirus vector, AdLacZ. Cell lysates were obtained 5 and
30 min after the initiation of infection and were immunopre-
cipitated with p42™*PX_specific antiserum. Immunoblotting of
the p42™2P* immunoprecipitates with p42™*P* antiserum re-
vealed the existence of a shifted form of p42™2P present 30
min after infection with the vector or stimulation with TPA
(Fig. 1A). Virus that was heat inactivated prior to infection
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FIG. 2. Adenovirus infection activates MAPK. Cell lysates were analyzed for
MAPK activity with p42™2PX immunoprecipitates in immune complex kinase
assays with MBP as the substrate. The bottom panels show p42™#PX immunoblots
(IB) of the material used in the kinase assays. (A) HeLa cells were mock infected
(buffer) or were infected with AdLacZ or heat-inactivated AdLacZ at a MOI of
25 PFU per cell for 5 and 20 min or were stimulated with TPA as indicated. (B)
HelLa cells were infected with AdS5, dI312, AACMVNull, AdGus, or heat-inacti-
vated Ad5 at a MOI of 6,000 particles per cell for 20 min.

failed to induce the p42™*P* mobility shift. Previous studies
have correlated the altered mobility of p42™2P* with the ty-
rosine phosphorylation and activation of p42™*Pk, To deter-
mine if the shifted form of p42™*P* was phosphorylated on
tyrosine, a similar immunoblot was probed with the 4G10 an-
tibody. Tyrosine-phosphorylated p42™2P* similar to that ob-
served following TPA treatment was detected in lysates from
cells infected with the adenovirus vector, but not the heat-
inactivated vector (Fig. 1B).

To determine if this modified form of p42™2P* had increased
kinase activity, cell lysates from vector-transduced cells were
immunoprecipitated with p42™#Pkspecific antiserum, and in
vitro kinase assays were performed with myelin basic protein as
a substrate. A dramatic increase in p42™P* kinase activity was
evident at 20 min postinfection that was not seen with the
heat-inactivated vector (Fig. 2A, top panel). The elevation in
p42™aPk kinase activity was similar in magnitude to that ob-
served following TPA treatment of the cells. Immunoblot anal-
ysis of the filter with p42™#P¥_specific antiserum revealed that
equivalent levels of MAPK protein were present in the im-
munoprecipitates (Fig. 2A, bottom panel). These results indi-
cate that the tyrosine phosphorylation and specific activity of
MAPK are increased dramatically following adenovirus infec-
tion. To determine if the elevation in MAP kinase activity
was specific to AdLacZ, cells were infected with wild-type AdS5,
an Ela deletion mutant, d/312, or two adenovirus vectors,
AdCMVNull or AdGus. In vitro MAP kinase assays were per-
formed on p42™#P* immunoprecipitates from cell lysates har-
vested 20 min after infection. All four viruses, but not heat-
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inactivated AdS, activated p42™2P* efficiently (Fig. 2B). These
results indicate that activation of MAPK is not specific for
AdLacZ but appears to be a general effect of adenovirus in-
fection.

Different extracellular stimuli can result in either transient
or sustained activation of p42™=P* in PC12 cells (28, 49, 61).
Transient activation of MAPK results in proliferation, whereas
differentiation is the response to sustained activation. A time
course of p42™#P¥ kinase activity following adenovirus infec-
tion revealed detectable p42™#PX activation 2 min after infec-
tion (Fig. 3, top panel). p42™2P* kinase activity peaked at 20
min after infection and subsequently waned, with only minor
elevation observed after 60 min. Immunoblot analysis with
p42™m#Pk_specific antiserum revealed that equivalent levels of
MAPK protein were present in the immunoprecipitates (Fig. 3,
bottom panel). We conclude that adenovirus infection results
in a transient activation of p42™m=P¥,

Adenovirus infection activates Raf-1. Activation of MAPK
has been reported to occur via two distinct pathways, one
stimulated by Raf-1 (16, 30, 37, 62) and the second stimulated
by MEK kinase (38). The physiological significance of the
MEK kinase induced activation of MAPK has recently been
questioned, since MEK kinase has been shown to be a potent
stimulator of the stress-activated protein kinases and appears
to stimulate MAPK only when overexpressed (17, 69, 70). To
determine if adenovirus infection-induced MAPK activation is
mediated by Raf-1, in vitro kinase assays were performed with
Raf-1 immunoprecipitates and kinase-inactivated MEK as sub-
strate. This analysis demonstrated that the AdLacZ vector, but
not the inactivated vector, increased the phosphotransferase
activity of Raf-1 (Fig. 4).

A time course of Raf-1 activation following adenovirus in-
fection revealed that Raf-1, like MAPK, was maximally acti-
vated at 20 min postinfection (data not shown). This 20-min
delay in the activation of Raf may be due to a delay in adeno-
virus binding to its receptor. To address this issue and deter-
mine the timing of Raf kinase activation following receptor
binding, temperature shift experiments were performed. Ade-
novirus will bind to but will not enter cells efficiently at 4°C (26,
64). Adenovirus was added to cells at 4°C and was allowed 60
min to bind to cells. The cells were then warmed to 37°C, and
Raf kinase activity was monitored as a function of time. Under
these conditions, maximal Raf-1 activation was observed 5 min
after the shift from 4 to 37°C (Fig. 5). These results suggest
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FIG. 3. Time course of MAPK activation following adenovirus infection.
HelLa cells were infected with AdLacZ for various times or were stimulated with
TPA as indicated. Cell lysates were analyzed for MAPK activity with p42mapk
immunoprecipitates in immune complex kinase assays with MBP as the sub-
strate. The bottom panel shows a p42™2P* immunoblot (IB) of the material used
in the kinase assay.
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FIG. 4. Adenovirus infection activates Raf-1 kinase. HeLa cells were treated
with TPA and infected with AdLacZ or heat-inactivated AdLacZ for the indi-
cated periods of time. Cell lysates were immunoprecipitated with a Raf-1-specific
antiserum, washed, and then incubated with inactivated MAPK kinase (MKK
K97M) in the presence of [y->?P]ATP. Phosphorylated MKK K97M was resolved
on a 10% polyacrylamide-SDS gel, transferred to nitrocellulose, and exposed.
The bottom panel shows a Raf-1 immunoblot (IB) of the material used in the
kinase assay.

that Raf-1 is activated early after adenovirus binds to its re-
ceptors.

Adenovirus infection induces IL-8 synthesis. We then inves-
tigated the possibility that adenovirus-induced activation of
this pathway results in the induction of cytokine synthesis.
Since IL-8 is produced by epithelial cells (2, 35, 46, 59) in
response to various stimuli, IL-8 mRNA levels were examined
at early times following adenovirus infection. HeLa cells were
infected with AACMVNull, an adenovirus vector similar to
AdLacZ, except that it does not express a transgene, and IL-8
mRNA levels were determined at various times postinfection
by Northern analysis. Detectable levels of IL-8 mRNA were
observed 20 min after infection, peaked at 60 min, and were
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FIG. 5. Rapid activation of Raf-1 after adenovirus infection. HeLa cells were
incubated with AdLacZ for 20 or 60 min at 4°C and then incubated at 37°C as
indicated. Cell lysates were immunoprecipitated with a Raf-1-specific antiserum,
washed, and then incubated with inactivated MAPK kinase (MKK K97M) in the
presence of [y-*?P]JATP. Phosphorylated MKK K97M was resolved on a 10%
polyacrylamide-SDS gel, transferred to nitrocellulose, and exposed. The bottom
panel shows a Raf-1 immunoblot (IB) of the material used in the kinase assay.
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FIG. 6. Adenovirus infection induces IL-8 synthesis. A 10-p.g amount of total
cellular HeLa cell RNA was analyzed with IL-8 and GAPDH probes. (A) RNA
was harvested at the indicated times following infection with AACMVNull at a
MOI of 25 or after stimulation with 10 ng of TNF-a per ml. (B) RNA was
harvested at 60 min after infection with AdLacZ in the presence or absence of 5
wg of cycloheximide per ml as indicated.

sustained for up to 3 h (Fig. 6A). Similar results were obtained
with the AdLacZ vector (Fig. 6B). IL-8 expression was not
detectable in uninfected control cells. The kinetics of IL-8
induction following adenovirus infection suggest that it is trig-
gered by a posttranslational event. Infections performed in the
presence of cycloheximide support this idea, since cyclohexi-
mide had no effect on adenovirus-induced IL-8 induction (Fig.
6B). The migration of IL-8 mRNA induced by TNF-« is
slightly slower than that induced by adenovirus infection. The
reason for this is not clear but may be due to altered processing
of the IL-8 message or differential transcription start site uti-
lization. Importantly, the increase in IL-8 mRNA levels fol-
lowing adenovirus infection correlated with an increase in se-
creted IL-8 protein observed in the media by an ELISA (Fig.
7B).

Activation of the Raf/MAPK pathway is required for adeno-
virus-induced IL-8 induction. To determine if Raf-1 is neces-
sary for adenovirus induction of IL-8, the Raf/MAPK signaling
pathway was blocked with forskolin, a drug that increases cyclic
AMP levels and activates protein kinase A (56). Immunopre-
cipitates of p42™#P* from cells infected with adenovirus in the
presence of forskolin were severely compromised in their abil-
ity to phosphorylate MBP, while 1,9-dideoxyforskolin (an in-
active forskolin analog) had no effect (Fig. 7A). We then
looked at the effect of blocking the Raf/MAPK signaling path-
way on IL-8 synthesis. Cells were infected with adenovirus
vector AdLacZ, in the presence or absence of forskolin or
1,9-dideoxyforskolin and IL-8 protein levels in the media were
analyzed 19 h postinfection by ELISA. Pretreatment of cells
with forskolin, but not 1,9-dideoxyforskolin, attenuated vector-
induced IL-8 production (Fig. 7B). These results indicate that
forskolin blocks adenovirus infection-induced activation of the
Raf/MAPK pathway and suggest that the Raf/MAPK signaling
pathway is necessary for maximal IL-8 synthesis following in-
fection.

DISCUSSION

To gain a better understanding of the inflammatory response
following adenovirus infection, we examined cellular signal
transduction pathways that are activated following adenovirus
infection. Our results demonstrate that both Raf-1 and MAPK
are activated at early times following adenovirus infection. The
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FIG. 7. Forskolin inhibits MAPK activation and IL-8 synthesis following
AdLacZ infection. (A) HeLa cells were left untreated or treated with forskolin
(Fsk) for 20 min. Cells were then infected with AdLacZ for 20 min, and cell
lysates were analyzed for MAPK activity by using p42™#Pk immunoprecipitates in
immune complex kinase assays with MBP as substrate. The bottom panel shows
an p42™m2Pk immunoblot (IB) of the material used in the kinase assay. (B) HeLa
cells were incubated with forskolin (Fsk) or 1,9-dideoxyforskolin (ddFsk) at a
concentration of 20 wg/ml for 10 min at 37°C. The cells were then infected with
AdLacZ at a MOI of 100 for 60 minutes at 37°C. After 19 h, the cell medium was
analyzed for IL-8 protein by a sandwich ELISA. Error bars indicate the standard
errors of the means (n = 3).

activation of this signaling pathway may be important in the
initiation of immune and inflammatory responses against the
virus.

Infiltration of leukocytes during an inflammatory response is
mediated by chemotactic factors such as IL-8. IL-8 is a potent
chemotactic cytokine for neutrophils and T lymphocytes (51).
Induced expression from the IL-8 promoter is dependent on
three distinct enhancer elements, the AP-1, NF-kB, and NF-
IL-6 binding sites. TNF-a and gamma interferon synergistically
activate the IL-8 promoter through the NF-kB and AP-1 ele-
ments in a human gastric cancer cell line (75). The NF-kB and
the NF-IL-6 binding sites are essential for activation of the
IL-8 promoter in a human T-cell line, Jurkat, and in a human
monocytic cell line, U937 (36, 44). Each of these elements has
previously been shown to be regulated by the Raf/MAPK sig-
naling pathway. MAPK phosphorylates NF-IL-6 at Thr-235,
resulting in an increase in NF-IL-6 transcriptional activity
(45). Transcriptional transactivation through AP-1 sites (8, 65)
and NF-«B binding sites (9, 20) is stimulated by Raf-1.

Adenovirus-induced IL-8 expression has recently been
shown in A549 cells (2). These investigators demonstrated an
increase in IL-8 mRNA and secreted protein 24 h after infec-
tion. Thus, a paracrine mechanism for IL-8 production follow-
ing infection could not be ruled out. Our results indicate that
IL-8 mRNA accumulates as early as 20 min after cells are
exposed to the virus. Since cychloheximide did not block the
rapid accumulation of IL-8 mRNA, it appears that an adeno-
virus-induced activation of the IL-8 promoter occurs by a post-
translational mechanism. It is likely that adenovirus-induced
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activation of the Raf/MAPK pathway contributes to the induc-
tion of the IL-8 promoter since forskolin, a potent inhibitor of
Raf-1, inhibited both MAPK activation and IL-8 induction
following adenovirus infection, while the inactive analog 1,9-
dideoxyforskolin had no effect.

The mechanism by which adenovirus infection triggers the
Raf/MAPK signaling pathway is not known. It is unlikely that
expression of any gene products from the adenovirus vectors
used in this study are involved in activating the pathway, since
it is activated by many different vectors that express different
genes. Moreover, the timing of Raf-1 and MAPK activation is
not consistent with gene expression playing a role, since these
kinases are activated between 2 and 20 min postinfection, a
time when no virus-specific gene expression is expected to
occur. Adenovirus binding to cells is dependent on an interac-
tion of fiber with an unknown cell surface receptor. The virus
particles are then rapidly internalized by receptor-mediated
endocytosis. Viral entry is accelerated by the interaction of
penton base with av integrins (3, 66). Since ligation of integrins
has been shown to stimulate the MAPK pathway (11, 33, 43,
54), it is possible that the penton base integrin interaction
mediates activation of the Raf/MAPK pathway. Alternatively,
fiber binding to its receptor or subsequent events, such as
endosome rupture, may play a role. These possible mecha-
nisms of Raf/MAPK pathway stimulation by adenovirus infec-
tion are currently being examined.

The finding that adenovirus infection activates the Raf/
MAPK signaling pathway raises the possibility that activation
of this pathway is necessary for efficient adenovirus infection.
There are several steps in the infection process that may be
regulated by the activation of the Raf/MAPK signaling path-
way. Adenovirus E1A proteins have many functions, one of
which is to bind to Rb and p107 and thereby activate E2F. This
function of E1A is thought to induce quiescent cells to enter S
phase, an environment conducive for viral DNA synthesis (47).
Since vRaf is an oncogene and many mitogenic agents activate
the Raf/MAPK pathway, it is conceivable that adenovirus-
induced activation of the Raf/MAPK pathway may facilitate
the cell cycle progression of quiescent cells, thus setting the
stage for efficient viral replication. A second possible benefit
for the virus suggested by the activation of the Raf/MAPK
pathway following adenovirus infection may be to drive E1A
transcription more efficiently. E1A is the first gene to be tran-
scribed during an adenovirus infection (48), and its transcrip-
tion is dependent on cellular transcription factors. Expression
of the remaining adenovirus early genes requires E1A (4, 32).
Thus, the initiation of E1A transcription is a critical step in the
infection process. E1A transcription is controlled by an Ets
family transcription factor, EF-1A, which is the human ho-
molog of GABP (5-7). We have recently shown that activation
of the Raf-1 signaling pathway results in the activation of
GABP (21). Thus, it is likely that adenovirus infection-induced
activation of the Raf/MAPK pathway augments E1A transcrip-
tion and helps to initiate the early phase in adenovirus infec-
tion. Other steps in the viral life cycle could be affected by the
activation of the Raf/MAPK pathway, such as increased effi-
ciency in viral uncoating, transport, or enhanced translation of
viral transcripts. Alternatively, it is possible that activation of
this pathway is not important for efficient infection and that it
is a side effect of infection. These possibilities are currently
being examined.

The implications of this work for adenovirus-based gene
therapy are that vector-induced activation of the Raf/MAPK
signaling pathway and IL-8 production may contribute to the
host inflammatory response observed following adenovirus
vector delivery. Blocking these pathways may be critical for
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developing an adenovirus delivery system that is associated
with reduced inflammation.
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