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Adenoviral evolution has generated mechanisms to resist host cell
defense systems, but the biochemical basis for evasion of multiple
antiviral pathways in the airway by adenoviruses is incompletely
understood. We hypothesized that adenoviruses modulate airway
epithelial responses to type | interferons by altering the levels and
activation of specific Janus family kinase-signal transducer and
activator of transcription (JAK-STAT) signaling components. In
this study, specific effects of adenovirus type 5 (AdV) on selected
JAK-STAT signal transduction pathways were identified in human
tracheobronchial epithelial cells, with focus on type | interferon-
dependent signaling and gene expression. We found that wild-type
AdV infection inhibited IFN-a-induced expression of antiviral pro-
teins in epithelial cells by blocking phosphorylation of the Stat1 and
Stat2 transcription factors that are required for activation of type |
interferon—-dependent genes. These effects correlated with AdV-
induced down-regulation of expression of the receptor-associated
tyrosine kinase Jak1l through a decrease in Jakl mRNA levels.
Phosphorylation of Stat3 in response to IL-6 and oncostatin M was
also lost in AdV-infected cells, indicating loss of epithelial cell
responses to other cytokines that depend on Jak1. In contrast, IL-4-
and IL-13-dependent phosphorylation of Staté was not affected
during AdV infection, indicating that the virus modulates specific
signaling pathways, as these Stat6-activating pathways can function
independent of Jak1. Taken together, the results indicate that AdV
down-regulates host epithelial cell Jak1 to assure inhibition of the
antiviral effects of multiple mediators to subvert airway defense
responses and establish a productive infection.
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Adenoviruses are nonenveloped, icosahedral, DNA viruses that
cause a broad spectrum of infections (1). Several of the 51
recognized serotypes cause epidemic acute respiratory infec-
tions in humans that include pharyngitis, croup, bronchitis,
pneumonia, and acute respiratory distress syndrome (2). Epi-
thelial cells are the primary site of adenoviral replication in the
airway, and the prototypic adenovirus type 5 (AdV) infects
airway epithelia most efficiently from the basolateral cell
surface by binding the coxsackie B and adenovirus type 2 and
5 receptor (CAR) (3). Adenoviral gene expression can be
conceptually divided into two major overlapping phases based
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CLINICAL RELEVANCE

This article reveals how adenovirus inhibits airway epithe-
lial cell responses to multiple cytokines. These findings
allow understanding of adenoviral subversion of host de-
fense responses in the human airway.

on the major functions of viral genes that are expressed in an
ordered, temporal pattern during the replication cycle of the
virus (4). During the early phase (the first 8-18 h of infection
ending with viral DNA synthesis), specific adenoviral early
genes (E1-4) sequester host cellular synthetic machinery for
virus production while counteracting host cell defenses. During
the late phase (12-36 h after the initiation of infection),
adenoviral late genes (L1-5) direct the assembly of new virus
and shut down nonessential host cell macromolecular synthesis.
While adenoviral gene expression and replication have been
relatively well studied, the mechanisms by which adenoviruses
evade the multiple and complex antiviral defense systems in
airway epithelia are incompletely understood.

A central feature of the host response to viral infection in the
airway is activation of cellular genes that are important in
innate and adaptive immunity by a potent group of mediators
termed interferons. Type I interferons are produced by most
nucleated cells primarily through multiple IFN-o and one IFN-
B genes, and mediate host cell effects by binding to a specific
receptor complex linked to a Janus family kinase-signal trans-
ducer and activator of transcription (JAK-STAT) signaling
cascade (5, 6). Activation of the type I interferon—driven
pathway is triggered by engagement and multimerization of
the IFN-a receptor (IFNAR) by IFN-a or IFN-B, phosphory-
lation of IFNAR2-associated Jakl and IFNARI-associated
Tyk2 tyrosine kinases, and then phosphorylation of IFNAR1
and IFNAR? (7). Phosphorylation of the IFNAR1 chain of the
IFN-a receptor results in recruitment, phosphorylation, and
subsequent release of Stat2 and Statl from the receptor (8, 9).
Activated Stat2 and Statl associate with interferon regulatory
factor-9 to form the transcriptional activator complex IFN-
stimulated gene factor 3, which translocates to the nucleus,
binds specific DNA recognition sequences, and activates tran-
scription of type I interferon-inducible genes (10). These genes
include MxA, 2',5"-oligoadenylate synthase, and protein kinase
R (PKR), all of which have antiviral properties that are impor-
tant for establishment of a host cell antiviral state (6).

The success of adenoviruses in establishing productive
infections in human airway epithelia depends on the expression
of viral gene products that mediate evasion of innate and
acquired immune responses (11). Many of these products must
be generated during active infection, after viral internalization,
when adenoviral DNA is imported into the nucleus of host cells,
thereby allowing viral gene expression to begin (12). In this
report, we demonstrate that adenoviral evolution has generated
a mechanism that efficiently blocks multiple antiviral systems,
including type I interferon-dependent gene expression in human
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airway epithelial cells. We show that AdV infection results in
a specific decrease in epithelial Jak1 expression with consequent
blockade of type I interferon-dependent downstream signaling
and gene expression. Furthermore, loss of Jakl function in
AdV-infected cells result in loss of epithelial responses to
cytokines with JAK-STAT signal transduction pathways that
require Jakl. Our results support the concept that inhibition of
Jakl-dependent signaling results in modulation of immune
response genes by adenoviruses, which may allow for evasion
of the airway defense response and establishment of a pro-
ductive infection.

MATERIALS AND METHODS

Airway Epithelial Cell Isolation, Culture, and Treatments

Human trachea and bronchial samples from multiple individuals
without lung disease were obtained under a protocol approved by
the University of Iowa Institutional Review Board. Airways were
dissected from lung tissue, and primary human tracheobronchial
epithelial (hTBE) cells from the surface of airway mucosa were
isolated by enzymatic dissociation. Cells were cultured in Laboratory
of Human Carcinogenesis (LHC)-8¢ medium on plates coated with
collagen/albumin as described previously (13-15). Cells were treated
with the following mediators: 1,000 U/ml recombinant human IFN-a,,
(PBL Biomedical Laboratories, Piscataway, NJ) for 15 to 30 minutes to
induce type I interferon JAK-STAT pathway activation and for 12
hours to induce antiviral gene mRNA and protein expression, 10 ng/ml
of recombinant human interleukin(IL)-6 or oncostatin M (OSM; R&D
Systems, Minneapolis, MN) for 30 minutes to induce Stat3 phosphor-
ylation, or 10 ng/ml of recombinant human IL-4 or IL-13 (R&D
Systems) for 30 minutes to induce Stat6 phosphorylation. In some
experiments, cells were treated with control DMSO or the cell-
permeable nonspecific proteasome inhibitor carbobenzoxy-L-leucyl-
L-leucyl-L-leucinal (MG-132; Calbiochem, San Diego, CA). To assure
reproducible and generalizable results, experiments were replicated
two to five times using cells from different individuals, with key
experiments performed on cells from at least three different individ-
uals. Accordingly, hTBE cells obtained from 10 different individuals
were used for this study.

Viral Preparation and Infection

Wild-type adenovirus type 5 (AdV) and replication-deficient AdV-
d312 with deletion in early region 1A were gifts from S. Brody
(Washington University, St. Louis, MO). Adenoviruses were propa-
gated and titered as described previously (13, 14) using human 293 cells
(CRL-1573; American Type Culture Collection, Manassas, VA).
Viruses were incubated with hTBE cells for 4 to 24 hours in LHC-8e
media at 37°C in 5% CO, at a multiplicity of infection (MOI) of 0 to 30
plaque-forming units/cell. Previous studies demonstrated that a MOI of
10 results in infection of greater than or equal to 98% of epithelial cells
without significant cytotoxicity (13, 14).

Primary Antibodies

Chicken polyclonal IgY against human MxA was from BacLab
(Muttenz, Switzerland); rabbit polyclonal IgG 9172 against total human
Statl, rabbit polyclonal IgG 3072 against human PKR, rabbit poly-
clonal IgG 9171 against phosphorylated human Stat1, rabbit polyclonal
IgG 9321 against phosphorylated human Tyk2, rabbit polyclonal IgG
3331 against phosphorylated human Jak1, rabbit IgG mAb clone 58E12
against phosphorylated human Stat3, rabbit polyclonal IgG 9132
against total human Stat3, rabbit polyclonal IgG 9361 against phos-
phorylated human Stat6, and rabbit polyclonal IgG 9362 against total
human Stat6 were from Cell Signaling Technology (Beverly, MA);
mouse IgG2a mAb clone AC-74 against human B-actin was from
Sigma-Aldrich (St. Louis, MO); mouse IgG1 mAb clone 1/Stat1 against
human Statl and mouse IgG2b mAb clone 73 against human total Jak1
were from BD Biosciences (San Jose, CA); rabbit polyclonal IgG 07—
224 against phosphorylated human Stat2, rabbit polyclonal IgG 06-502
against total human Stat2, and rabbit polyclonal IgG 06-638 against
total human Tyk2 were from Upstate Biotechnology (Lake Placid,

NY); mouse IgG2A mAb clone M73 against adenoviral E1A was from
Oncogene Science (Cambridge, MA); mouse IgG1l mAb clone H-11
against human IFNARI, and rabbit polyclonal IgG sc-704 against human
IFNAR?2 were from Santa Cruz Biotechnology (Santa Cruz, CA).

Immunoblot Analysis

Epithelial expression levels of specific proteins were assessed by
immunoblot analysis using specific antibodies as described previously
(14, 16, 17). Whole cell protein extracts were prepared by lysis of cell
monolayers in 50 mM Tris, pH 7.4, 150 mM NacCl, 1% Nonidet P-40,
a protease inhibitor cocktail (Roche Bioscience, Palo Alto, CA), and
a phosphatase inhibitor panel (Calbiochem, San Diego, CA). Protein
concentrations were determined using a commercial kit with the Folin
phenol reagent (18) (Bio-Rad Laboratories, Hercules, CA) and equal
amounts of cell protein were subjected to SDS-PAGE in 5 to 7.5% poly-
acrylamide. Resolved proteins were electrophoretically transferred to
nitrocellulose membranes (Hybond; Amersham Biosciences, Piscataway,
NJ), exposed to 5% nonfat milk or 5% bovine serum albumin in Tris-
buffered saline with 0.1% Tween-20 to block nonspecific antigens, and
then incubated with antibodies against a specific cellular protein. Primary
antibody binding was detected using rabbit antichicken IgY (Sigma-
Aldrich), or goat antirabbit or antimouse IgG (Santa Cruz) conjugated
to horseradish peroxidase and an enhanced chemiluminescence detec-
tion system (Amersham Biosciences). Reprobing of membranes with
a different primary antibody was done after washing in Restore buffer
(Pierce, Rockford, IL) for 15 minutes at 37°C.

Real-Time Reverse Transcription PCR mRNA Analysis

Total RNA was isolated using a commercial spin column isolation kit
(Stratagene, La Jolla, CA), and 0.5 pg was reverse transcribed using
a commercial kit (Ambion, Austin, TX). Equal aliquots of cDNA
were subjected to PCR using an iCycler iQ Fluorescence Thermo-
cycler (Bio-Rad) with SYBR Green I DNA dye (Molecular Probes,
Eugene, OR) and iTaq DNA Polymerase (Bio-Rad). PCR conditions
included denaturation at 95°C for 3 minutes, and then 45 cycles of
94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 30 seconds,
followed by melting curve analysis. The following primers were used.
(I) MxA forward 5'-GAAGCCCTGCAGAGAGAGAA-3’, and
reverse 5'-AACTCGTGTCGGAGTCTGGT-3'; (2) Statl forward
5'-TGGTGAAATTGCAAGAGCTG-3', and reverse 5'-AGAGGT
CGTCTCGAGGTCAA-3'; (3) PKR forward 5'-TGCCTAATTCAG
GACCTCCA-3', and reverse 5'-GCCAATTGTTTTGCITCCIG-3';
(4) Jak1 forward 5'-AGTGCCCTGAGCTACTTGGA-3’, and reverse
5'-AGGTCAGCCAGCTCCTTACA-3'; (5) Tyk2 forward 5'-CTGC
AGCTGGTCATGGAGTA-3’, and reverse 5'-CAGCAGCTCATA
CAGGGTCA-3'; and (6) human hypoxanthine phosphoribosyltransferase
(HPRT) forward 5-TTGGAAAGGGTGTTTATTCTTC-3', and re-
verse 5'-TCCCCTGTTGACTGGTCATT-3'. Fluorescence data was
captured during annealing reactions, and specificity of amplification
was confirmed using melting curve analysis. Data were collected and
recorded by iCycler iQ software (Bio-Rad) and initially determined as
a function of threshold cycle (Cr), the cycle at which the fluorescence
intensity in a given reaction tube rises above background (calculated as
10 times the mean standard deviation of fluorescence in all wells over
the baseline cycles). Levels of mRNA are expressed relative to control
HPRT levels, calculated as 22Ct,

Immunofluorescence Microscopy

Cellular localization of Statl was detected in hTBE cells grown on a
chamber slide system (Lab-Tek; Nalge Nunc International, Napersville,
IL), similar to methodology described previously (13, 15, 16). Epithelial
cells were fixed and permeabilized in 100% methanol, exposed to 2%
fishgel (Sigma-Aldrich) to block nonspecific antibody binding, and
incubated with rabbit polyclonal IgG against phosphorylated human
Statl. Antibody binding was detected by exposure to goat anti-rabbit
IgG conjugated to Alexa Fluor 568 (Molecular Probes). Slides were
mounted using Gel/Mount (Biomeda Corporation, Foster City, CA),
and images were acquired using a fluorescence microscope linked to
a digital camera system and interfaced with Leica Application Suite
software version 2.4.0 (Leica Microsystems, Cambridge, UK).
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Enzyme-Linked Immunoassay

IFN-B concentrations in cell culture media were determined using
a commercial sandwich enzyme-linked immunosorbent assay kit (PBL
Biomedical laboratories, Piscataway, NJ). This kit is highly selective
for IFN-B and has a sensitivity of more than 250 pg/ml according to the
manufacturer.

Flow Cytometry

Type I interferon receptor levels on the surface of hTBE cells were
determined by fluorescence-activated flow cytometry as described
previously (14, 19), with minor modifications. Cell monolayers were
harvested in PBS with 1 mM EDTA, and cells were suspended in PBS
containing 10% heat-inactivated FBS and 20 pg/ml of mouse mAb
against human IFNARI1, rabbit polyclonal IgG against human
IFNAR?2, or matched control antibody. Primary antibody binding was
detected using goat antimouse or antirabbit IgG conjugated to Alexa
Fluor 488 (Molecular Probes), followed by analysis on a FACScan flow
cytometer (Becton Dickinson, San Jose, CA) equipped with a 15-mW
argon-ion laser. Data were acquired using CELLQuest version 3.3
software and analyzed using CELLQuest version 4.0 software (Becton
Dickinson) using 256-channel resolution over a 4-decade log range
setting.

Immunoprecipitation

Tyrosine phosphorylation of Jakl was determined by immunoprecip-
itation of the protein from 1 mg of hTBE cell extracts that were
prepared and concentrations determined as for immunoblot analysis.
Cell protein extracts were first exposed to Protein G—conjugated to
agarose beads (Sigma-Aldrich) to preclear nonspecific interacting
proteins. Jakl was precipitated from extracts using specific primary
mouse mAb and Protein G—conjugated agarose beads, and detected by
immunoblot analysis using Ab against phosphorylated or total Jak1 as
described previously (14).

Statistical Analysis

Real-time reverse transcription PCR mRNA analysis was analyzed for
statistical significance using a one-way ANOVA for a factorial exper-
imental design. The multicomparison significance level for the
ANOVA was 0.05. If significance was achieved by one-way analysis,
post-ANOVA comparison of means was performed using Bonferroni’s
multiple comparison test (20).

RESULTS

AdV Infection Inhibits IFN-a-Dependent Gene Expression

Human airway epithelial cells under uninfected conditions
respond to type I interferons by expression of antiviral genes
(16). To evaluate AdV effects on airway epithelial responses,
we initially examined the expression of three well-characterized
antiviral genes that are induced by type I interferons. MxA is
a dynamin superfamily transport GTPase that exhibits antiviral
activity against several RNA viruses (21). Statl is activated
by both the type I (IFN-a and -B) and II (IFN-y) interferon
signaling cascades, but the overall expression levels of this
transcription factor in the unactivated state may modify cellular
responses to interferons (22, 23). PKR is a double-stranded
RNA-activated serine-threonine kinase that inhibits protein
synthesis and mediates other cellular responses to viral infection
or inflammatory stimuli (21). We found that initial AdV in-
fection inhibited subsequent IFN-a-induced MxA, Statl, and
PKR protein expression in hTBE cells, while infection by
replication-deficient AdV-d312 did not have this capacity
(Figure 1A). Similarly, AdV infection inhibited IFN-a—induced
MxA, Statl, and PKR mRNA expression in hTBE cells, while
AdV-d312 had minimal effect (Figure 1B). AdV did not affect
basal levels of expression of these antiviral genes. We have
demonstrated previously that other signaling pathways remained
functional during AdV infection, supporting our related finding
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Figure 1. Adenovirus type V (AdV) infection inhibits IFN-a—dependent
gene expression. (A) MxA, total Statl, and protein kinase R (PKR)
protein levels were assessed using immunoblot analysis of extracts from
primary human tracheobronchial epithelial (hTBE) cell monolayers that
were left uninfected or were infected with wild-type AdV or replication-
deficient AdV-d312 at the indicated multiplicity of infection (MOI) for
6 hours, followed by incubation without or with IFN-a for 12 hours. The
positions of MxA, PKR, total Stat1, and B-actin (to verify equivalency of
protein isolation and loading) are indicated by arrows. (B) MxA (solid
bars), total Stat1 (open bars), and PKR (shaded bars) mRNA levels were
assessed using real-time RT-PCR analysis of total RNA from hTBE cell
monolayers that were left uninfected or were infected with AdV or AdV-
d312 at MOI 10 for 6 hours, followed by incubation without or with
IFN-a for 12 hours. Values are expressed as mean relative mRNA level
compared with control hypoxanthine phosphoribosyltransferase mRNA
+ SD (n = 3), and a significant increase from levels in cells not treated
with IFN-a for each viral infection condition is indicated by an asterisk.
Results in A and B are representative of three experiments.

that AdV did not cause significant epithelial cell cytotoxicity
under these conditions (14). Taken together, the results were
consistent with the hypothesis that AdV inhibits antiviral gene
expression through effects on type I interferon signal trans-
duction in airway epithelial cells. Therefore, subsequent experi-
ments were directed at examining viral mechanisms for
specifically modifying the type I interferon JAK-STAT pathway
for antiviral gene expression.

AdV Infection Rapidly Inhibits IFN-a-Induced
STAT Phosphorylation

Type I interferon—induced transcription of antiviral genes in
airway epithelial cells requires nuclear translocation of Statl
driven by tyrosine phosphorylation of this transcription factor
(10). AdV infection resulted in inhibition of IFN-a—dependent
nuclear localization of phosphorylated Statl in hTBE cells,
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Figure 2. AdV infection inhibits IFN-a—induced nuclear translocation of
phosphorylated Stat1, but causes type | interferon release. (A) Phos-
phorylated Stat1 cell location was determined using immunofluores-
cence staining of hTBE cell monolayers that were left uninfected or
were infected with AdV at MOI 10 for 18 hours, followed by incubation
without or with IFN-a for 30 minutes. Scale bar, 20 pm. (B) Released
IFN-B protein levels were determined using an enzyme-linked immu-
noassay with media from hTBE cell monolayers that were left un-
infected or infected with AdV at MOI 10 for the indicated durations.
Values are expressed as mean level = SD (n = 3); ND, none detected.
Results in A and B are representative of four to five experiments.

suggesting that viral infection caused a defect in Statl activation
(Figure 2A). Epithelial cells also produce variable amounts of
IFN-B in response to AdV infection, but detection of interferon
release required greater than 12 hours of infection (Figure 2B).
To confirm inhibition of Stat function by AdV and assess the
timing of this effect, immunoblot analysis was used to detect
type I interferon—activated STAT proteins in hTBE cells. AdV
infection at an inoculum level that inhibited antiviral gene
expression also inhibited IFN-a-induced phosphorylation of
Statl and Stat2 (Figure 3A). At an MOI of 10, minimal Statl
and Stat2 phosphorylation was detected, correlating with pre-
vious results indicating infection of greater than or equal to
98% of epithelial cells at this inoculum (13, 14). Using hTBE
cells infected with this inoculum level for varying durations, we
found that minimal IFN-a—induced Statl and Stat2 phosphor-
ylation was detected after 8 to 12 hours of AdV infection, and
this effect persisted for at least 24 hours (Figure 3B). Total Statl
and Stat2 levels also decreased after AdV infection, but these
effects were relatively small, inconsistent, and occurred both at
higher AdV inoculum levels and later than AdV inhibition of
STAT activation. The decline in detectable Statl and Stat2
activation correlated temporally with adenoviral E1A protein
expression, and occurred before IFN-B release by the epithelial
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Figure 3. AdV infection rapidly inhibits IFN-a—induced STAT phos-
phorylation. (A) Phosphorylated and total Stat1 and Stat2, adenoviral
E1A, and B-actin protein levels were assessed using immunoblot
analysis of extracts from hTBE cell monolayers that were left uninfected
or were infected with AdV at the indicated MOI for 20 hours, followed
by incubation without or with IFN-a for 15 minutes. The positions of
phosphorylated and total Statl and Stat2, E1A, and B-actin are
indicated by arrows. (B) Phosphorylated and total Statl and Stat2,
E1A, and B-actin protein levels were assessed using immunoblot
analysis of extracts from hTBE cell monolayers that were left uninfected
or were infected with AdV at MOI 10 for the indicated duration,
followed by incubation without or with IFN-a for 15 minutes. Results in
A and B are representative of three to four experiments.

cells. Thus, it is likely that AdV inhibition of type I interferon—
dependent activation of Statl and Stat2 allows viral subversion
of antiviral defenses beginning in the early stages of viral
infection and replication.

AdV Infection Inhibits IFN-a Signaling Inside Cells

Because AdV infection appeared to inhibit the IFN-« signaling
cascade at or before Statl phosphorylation, we examined the
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Figure 4. AdV infection inhibits IFN-a—induced signal transduction
inside cells. (A) IFNART surface protein levels were determined using
flow cytometry with hTBE cell monolayers that were left uninfected or
infected with AdV or AdV-d312 at MOI 10 for 20 hours. (B) IFNAR2
surface protein levels were determined using flow cytometry with hTBE
cell monolayers that were left uninfected or infected with AdV or AdV-
d312 at MOI 10 for 20 hours. (C) Potential release of an extracellular
inhibitor of IFN-a—dependent Stat1 phosphorylation was assessed
using immunoblot analysis with extracts from two sets of hTBE cell
monolayers. In the first set, extracts were isolated from monolayers
that were initially left uninfected or were infected with AdV at MOI 10
for 24 hours, followed by incubation without or with IFN-a for 15
minutes. Conditioned media from monolayers infected with AdV but
not incubated with IFN-a (the monolayers used for lane 4) were
harvested after completion of the incubation period and residual viral
particles in aliquots were removed by filtration through a 100-kD pore
size membrane (Filtered) or centrifugation at 175,000 X g for 18 hours
(Centrifuged). Conditioned media aliquots were then placed on
a second set of uninfected hTBE cell monolayers, which were in-
cubated with IFN-a for 15 minutes, followed by isolation of cellular
proteins for immunoblot analysis. Results in A-C are representative of
two experiments.
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Figure 5. AdV infection decreases Jak1 protein expression. (A) Phos-
phorylated and total Tyk2 protein levels were assessed using immuno-
blot analysis of extracts from hTBE cell monolayers that were left
uninfected or were infected with AdV or AdV-d312 at MOI 10 for 20
hours, followed by incubation without or with IFN-a for 15 minutes.
The positions of phosphorylated and total Tyk2 are indicated by arrows.
(B) Phosphorylated and total Jak1 protein levels were assessed by
immunoprecipitation of Jak1 in extracts from hTBE cell monolayers that
were left uninfected or were infected with AdV or AdV-d312 at MOI
10 for 20 hours, followed by incubation without or with IFN-a for
15 minutes. For each condition, anti-Jak1 antibody and protein G-agarose
were mixed with cell extract to generate an immune complex that was
then subjected to immunoblot analysis using Ab against phosphory-
lated or total Jak1. The positions of phosphorylated and total Jak1 are
indicated by arrows. (C) Total Jak1, Tyk2, and B-actin protein levels
were assessed using immunoblot analysis of extracts from hTBE cell
monolayers that were left uninfected or were infected with AdV or AdV-
d312 at MOI 10 for the indicated duration, followed by incubation
without or with IFN-a for 15 minutes. Results in A-C are representative
of three to four experiments.

effects of AdV on the upstream type I interferon signal trans-
duction complex. Using flow cytometry, no clear differences
were observed in the expression of the two cell surface
components of the type I interferon receptor, IFNAR1 (Figure
4A) and IFNAR?2 (Figure 4B), after AdV infection. We also
questioned whether cells infected with AdV might release
a soluble extracellular factor that could inhibit type I interferon
signaling. To assess this possibility, media from hTBE cells
infected with AdV for 24 hours was transferred to uninfected
epithelial cells, and IFN-a—dependent Statl and Stat2 activation
in cells exposed to the transferred media was determined. In
these experiments, no evidence of release of a soluble extracel-
lular inhibitor of interferon signaling was found (Figure 4C).
The results suggest that AdV affects IFN-a—dependent gene
expression through modulation of the type I interferon JAK-
STAT pathway inside infected epithelial cells.
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AdV Infection Decreased Jak1 Expression

To complete evaluation of potential adenoviral effects on
components of the type I interferon receptor complex, we
examined expression and activation of the JAK kinases that
link receptor activation to STAT protein phosphorylation. AdV
infection did not significantly affect epithelial cell Tyk2 expres-
sion, but did inhibit subsequent IFN-a—dependent phosphory-
lation of Tyk2 (Figure SA). In contrast, experiments in which
Jakl was isolated from airway epithelial cell lysates using
immunoprecipitation suggested there was a marked decrease
in Jak1 levels in AdV-infected cells, which correlated with loss
of detectable phosphorylated Jak1 in the same samples (Figure
5B). Decreased Jakl expression in AdV-infected cells was
confirmed using immunoblot analysis with hTBE cells infected
for 12 hours, and this effect persisted through 20 hours of
infection (Figure 5C). Although proteasome-dependent degra-
dation of signaling proteins is a common mechanism for viral
modulation of signaling proteins, pretreatment of hTBE cells
with MG-132 under conditions previously shown to inhibit
epithelial cell proteasome function did not clearly alter AdV
effects on Jakl levels (Figure 6A) (16, 17, 24). However,
decreased Jakl mRNA was detected in epithelial cells infected
with AdV, indicating that AdV modulated Jak1 gene transcrip-
tion or mRNA stability to regulate its level (Figure 6B). In
comparison, AdV infection had smaller and inconsistent effects
on Statl and Stat2 mRNA levels (unpublished observation) and
no clear effect on Tyk2 mRNA level.

AdV Infection Specifically Inhibits Jak1-Dependent
Signaling Pathways

Due to the well-established requirement for Jakl in signal
transduction pathways for multiple cytokines, combined with
our observation of adenoviral down-regulation of Jakl expres-
sion, we reasoned that other Jak1-dependent signaling pathways
would be affected by AdV infection (25, 26). To test this
hypothesis, we examined AdV effects on activation of STAT
protein in response to specific cytokines. We found that AdV
had the capacity to block IL-6— and OSM-dependent phosphor-
ylation of Stat3 in airway epithelial cells (Figure 7A and 7B).
This correlates with the requirement for Jakl for signal trans-
duction in response to these cytokines (27). Although Jak1 has
been reported to participate in IL-4- and IL-13-dependent
signal transduction, it appears that some cells respond to these
cytokines without Jak1 function (28-30). Consistent with these
findings, we confirmed the previous report that AdV-infected
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epithelial cells maintain the capacity for IL-4-dependent acti-
vation of Stat6 (Figure 8A) (14). In addition, IL-13-induced
phosphorylation of Stat6 was unchanged by AdV infection
(Figure 8B). Taken together, it appears that multiple, but not
all, JAK-STAT signaling pathways are inhibited in airway
epithelial cells by adenoviral infection.

DISCUSSION

While epithelial cells are often targeted for respiratory virus
infection in the airway, these cells also actively participate in the
antiviral response by responding to interferons and other
mediators through induction of a host cell antiviral state,
participation in immune cell recognition of viruses, recruitment
and activation of leukocytes, and other effects that are required
for effective antiviral defense. Because interferon-dependent
immunity is critical for limiting and clearing viral infections, it
has been proposed that a prerequisite for successful viral
invasion and replication in host cells is a mechanism for
avoiding the effects of interferons (21, 31). Our results indicate
that AdV inhibits the type I interferon JAK-STAT signaling
pathway in human airway epithelial cells, resulting in reduced
antiviral gene expression. AdV effects on type I interferon
signaling appear to be mediated through down-regulation of
Jakl mRNA and protein expression. Precedent for this viral
mechanism has been established previously, as human cyto-
megalovirus also appears to decrease Jakl levels in human
endothelial cells and fibroblasts, although this appears to occur
through virus-induced Jakl protein degradation (32). AdV
effects on Jakl and type I interferon signaling occur within
the first 12 hours of infection, and before epithelial cell IFN-
release. Although other cells in the airway respond to AdV by
type I interferon release, it is likely that initial release is
initiated by epithelial cells infected by the virus (33, 34).
Interestingly, since Jakl is required for several signaling path-
ways, AdV has the capacity through this mechanism to modu-
late the epithelial response to other soluble mediators in the
airway. Therefore, AdV effects on these signaling pathways
appear during initial airway infection, likely being established
before type I interferon and other Jakl-dependent antiviral
systems have been activated by virus-induced mediator release.

The capacity to inhibit interferon effects in host cells has
coevolved in several pathogens, reflecting the importance of
interferons for antiviral defense, and this remains an area of
intense research (6). Viruses use several targeted strategies to
modify antiviral effects of interferons. These strategies can
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Figure 6. AdV infection down-regulates
Jak1 mRNA expression. (A) Total Jak1 and
Stat1, ETA, and B-actin protein levels
were assessed using immunoblot analysis
of extracts from hTBE cell monolayers
that were pretreated with control DMSO
or 2.1 uM MG-132. Cells were then left
uninfected or were infected with AdV or
AdV-d312 at MOI 10 for 20 hours. (B)
Jak1 (solid bars) and Tyk2 (open bars)
mRNA levels were assessed using real-
time RT-PCR analysis of total RNA from
hTBE cell monolayers that were left un-
infected or were infected with AdV or
AdV-d312 at MOI 10 for the indicated
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Figure 7. AdV infection specifically inhibits Jak1-dependent signaling
pathways. Phosphorylated and total Stat3, total Jakl, and B-actin
protein levels were assessed using immunoblot analysis of extracts
from hTBE cell monolayers that were left uninfected or were infected
with AdV or AdV-d312 at MOI 10 for 20 hours, followed by incubation
without or with IL-6 (A) or OSM (B) for 15 minutes. The positions of
phosphorylated and total Stat3, total Jak1, and B-actin are indicated by
arrows. Results in A and B are representative of two to four experiments.

involve suppression of interferon production, release of soluble
inhibitory factors, blockade of expression of function of in-
terferon signaling cascade components, or direct modulation of
specific interferon-inducible antiviral proteins (6, 21). For
adenoviruses, elevated interferon levels may be encountered
in the airway during infection, and thus adenoviral evolution
has resulted in multiple potent strategies to inhibit interferon-
dependent signal transduction (34-36). AdV expresses mecha-
nisms to inhibit type II interferon signaling that include: (1)
inhibition of type II interferon receptor complex activation
through decrease in the level of the IFN-y receptor 2 compo-
nent of the IFN-y receptor; (2) direct interaction between
adenoviral E1A oncoprotein and Statl; and (3) direct interac-
tion between E1A and the Statl coactivator proteins CBP and
p300 (11, 13, 14). For type I interferons, AdV also uses multiple
mechanisms to inhibit the type I interferon—dependent JAK-
STAT pathway, which include decreasing Jakl expression (as
described in this article), as well as direct E1A effects on Statl,
CBP, and p300. Taken together, this information suggests that
direct E1A effects on transcription factors are insufficient, and
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Figure 8. AdV infection does not inhibit all Jak-STAT signaling path-
ways. Phosphorylated and total Stat6, total Jak1, and B-actin protein
levels were assessed using immunoblot analysis of extracts from hTBE
cell monolayers that were left uninfected or were infected with AdV or
AdV-d312 at MOI 10 for 20 hours, followed by incubation without or
with IL-4 (A) or IL-13 (B) for 15 minutes. The positions of phosphor-
ylated and total Stat6, total Jak1, and B-actin are indicated by arrows.
Results in A and B are representative of three experiments.

additional mechanisms that block JAK-STAT signaling are
required for subversion of these antiviral systems. Effects on
interferon-activated JAK-STAT pathways may be needed later
in the viral replication cycle to assist in diversion of host cellular
energy toward production of viral progeny or may be required
when adenoviral early gene (i.e., ELA) expression and its direct
immune inhibitory effects are decreasing (13, 14). The ability of
adenoviruses to inhibit interferon-inducible gene expression
and function by multiple mechanisms with a distinct temporal
relationship is presumably designed to assure a dampened anti-
viral response during all phases of the viral replication cycle.
Like most large mammalian DNA viruses, adenoviruses
express several gene products that modulate host antiviral re-
sponses independent of effects on interferon signal transduction.
These gene products include a 19-kD glycoprotein encoded
in the adenoviral E3 region (E3-19K) that inhibits constitutive
and IFN-y—inducible major histocompatibility complex (MHC)
class I molecule transport to the cell surface for immune cell
recognition (13, 37, 38). In addition, a virally encoded 159
nucleotide RNA called VA-RNA; binds to constitutive and
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IFN-a/B-inducible PKR and prevents its shutdown of protein
synthesis that occurs by phosphorylation of eukaryotic initiation
factor 2 (39). Multiple proteins encoded in adenoviral early
region genes inhibit apoptosis in infected cells through effects
that include acting as a Bcl-2 functional homolog (E1B-19K),
inactivating p53 (E1B-55K, E4-orf6), preventing TNFR1 in-
ternalization (E3-14.7K), interacting with caspase-8, FIP-3, and
possibly other proapoptosis proteins (E3-14.7K), or decreasing
cell surface EGF receptor, Fas (CD95), and other TNF receptor
family molecules (E3-10.4K, E3-14.5K) (40-48). Furthermore,
the E3-10.4K and E3-14.5K complex inhibits TNF-induced
translocation of cytosolic phospholipase A2, decreasing inflam-
matory eicosanoid synthesis and TNF-induced infected cell
death (49). Our report indicates that AdV also inhibits infected
cell responses to IL-6 and OSM, and likely other Jak1-dependent
epithelial cell responses. Thus, a significant portion of the AdV
genome is devoted to expression of factors that evade host
defenses.

Jakl is a member of the Janus family of protein tyrosine
kinases that are characterized by the presence of a second
phosphotransferase-related or pseudokinase domain near the
functional kinase domain (25). It is a relatively large, receptor-
associated, ubiquitously expressed, phosphoprotein involved in
the signal transduction of type I and type II interferons, IL-10,
and granulocyte colony-stimulating factor, as well as cytokines
whose receptors share the vy, (including IL-2, 1L-4, IL-7, IL-9,
IL-15, IL-21) or gpl130 (including IL-6, IL-11, OSM, ciliary
neurotrophic factor, leukemia inhibitory factor) subunits (26,
50). Jak1 is obligatory for phosphorylation and activation of
Tyk2 in the type I interferon receptor complex, explaining the
loss of Tyk2 phosphorylation (and other downstream activation
events) observed after AdV infection (51). Previous studies
using primary hTBE cells isolated from a small number of
individuals had shown that AdV infection led to small decreases
in Jakl levels, leading us to conclude that AdV did not sub-
stantially affect Jakl expression in these cells (14). In subse-
quent experiments using additional primary hTBE cells isolates,
it became evident that primary airway epithelial cells from the
majority of individuals demonstrate a large decrease in Jakl
expression after AdV infection, and this decrease leads to a loss
in the function of multiple Jakl-dependent pathways. This is
a specific effect of adenoviral infection in airway epithelial cells,
as infection of airway epithelial cells at the inoculum and for
durations used in these studies do not result in detectable
cytotoxicity (14). In the present study, we also examined several
Jakl-independent JAK-STAT pathways, and found that some
(e.g., IL-12) do not function in airway epithelial cells (un-
published observation). However, Stat6 activation after IL-4
and IL-13 treatment of airway epithelial cells was maintained
after AdV infection. This fits with the observation that many
cells respond to IL-4 and IL-13 independent of Jakl, and
illustrates that not all JAK-STAT pathways in airway epithelial
cells are affected by AdV infection (28-30).

Components of the pulmonary response to adenovirus in-
clude: (1) an antigen-nonspecific, cytokine-dependent response
resulting in acute inflammation, which may have a neurogenic
component and cause systemic toxicity; (2) an MHC class I-
restricted, cytotoxic (CD8+) T lymphocyte-dependent response
directed at cells expressing viral antigens, resulting in chronic
inflammation and infected cell clearance; and (3) a helper
(CD4+) T lymphocyte-dependent response directed at adeno-
viral capsid proteins, resulting in the production of neutralizing
antibodies (11). It is not surprising that the host response to
adenoviruses occurs through multiple, interrelated mechanisms
because a multicomponent system can adapt for host defense
against a variety of pathogens. However, by directly reducing

Jak1 levels, AdV effectively blocks multiple components of this
airway antiviral response. This includes responses to cytokines
that participate in the acute response to infection such as IL-6,
as well as pathways that activate immune recognition and
cellular antiviral responses such as interferons (1).

Our results indicating that AdV infection leads to a decrease
in Jakl mRNA expression in human airway epithelial cells
suggest that the virus modulates Jak1 levels by effects on Jak1
gene transcription or mRNA stability. Similar mechanistic
possibilities can be proposed for AdV effect on the IFN-y
receptor 2 component of the IFN-y receptor (14), and we
speculate that AdV likely affects the transcription rates of these
genes. Precedent for this mechanism may be found in adeno-
viral E1A effects on the function of several transcription factors
(13). Regulation of the human Jak1 gene has not been well char-
acterized, but the 5'-flanking region of the Jakl gene contains
putative binding sites for transcription factors that could be
modulated by E1A (unpublished observation). Identification of
the mechanisms through which AdV decreases Jakl expression
will require additional study.

We speculate that AdV evolution was driven to generate
a mechanism to decrease Jakl levels and thereby inhibit
interferon signaling to counter the higher airway levels of type
I interferons and possibly other cytokines that are commonly
induced by the virus and that could inhibit viral replication.
Although it is efficient to inhibit multiple antiviral pathways
though modulation of a single protein inside infected cells, the
evolutionary mechanisms and advantages of down-regulation of
Jak1 versus other JAK-STAT pathway components are unclear.
A better understanding of viral mechanisms for altering in-
terferon-dependent immune responses may allow for the de-
velopment of therapeutic strategies that block this viral capacity
during infection of airway epithelium.
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