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Adenovirus is a common respiratory pathogen which causes a broad range of distinct clinical syndromes and
has recently received attention for its potential for in vivo gene delivery. Although adenovirus respiratory tract
infection (ARTI) results in dose-dependent, local inflammation, the pathogenesis of this remains unclear. We
hypothesized that alveolar macrophages (AMd) rapidly internalize adenovirus following in vivo pulmonary
administration and then initiate inflammatory signaling within the lung. To evaluate the role of AMd in the
induction of lung inflammation during ARTI in vivo, we directly assessed adenovirus uptake by murine AM®b
and correlated uptake with the initiation of proinflammatory gene expression. Stimulation of cytokine (tumor
necrosis factor alpha [TNF-«], interleukin-6 [IL-6], macrophage inflammatory protein-2 [MIP-2], and MIP-
la) expression in the lung was evaluated at the level of mRNA (by reverse transcription-PCR [RT-PCR]) and
protein (by enzyme-linked immunosorbent assay) and by identification of cells expressing TNF-a and IL-6
mRNA in lung tissues (by in situ hybridization) and isolated lung lavage cells (by RT-PCR). Adenovirus,
labeled with the fluorescent dye (Cy3), was rapidly and widely distributed on epithelial surfaces of airways and
alveoli and was very rapidly (~1 min) localized within AMd. At 30 min after infection AMd¢ but not airway
epithelial or vascular endothelial cells expressed mRNA for TNF-« and IL-6, thus identifying AMd as the cell
source of initial cytokine signaling. IL-6, TNF-o,, MIP-2, and MIP-1« levels progressively increased in bron-
choalveolar lavage fluid after pulmonary adenovirus infection, and all were significantly elevated at 6 h (P <
0.05). To begin to define the molecular mechanism(s) by which adenovirus initiates the inflammatory signaling
in macrophages, TNF-a expression from adenovirus-infected RAW264.7 macrophages was evaluated in vitro.
TNF-a« expression was readily detected in adenovirus-infected RAW cell supernatant with kinetics similar to
AMd during in vivo infection. Blockage of virus uptake at specific cellular sites, including internalization (by
wortmannin), endosome acidification and/or lysis (by chloroquine) or by Ca®>* chelation (by BAPTA) com-
pletely blocked TNF-« expression. In conclusion, results showed that during ARTI, (i) AMd rapidly internal-
ized adenovirus, (ii) expression of inflammatory mediators was initiated within AM&b and not airway epithelial
or other cells, and (iii) the initiation of inflammatory signaling was linked to virion uptake by macrophages
occurring at a point after vesicle acidification. These results have implications for our understanding of the
role of the AM¢ in the initiation of inflammation following adenovirus infection and adenovirus-mediated gene

transfer to the lung.

Adenovirus, a nonenveloped DNA virus with at least 45
serotypes, is an important respiratory pathogen affecting indi-
viduals of all ages and accounting for 7 to 10% of all respira-
tory illnesses in infants and children, with an incidence of
between 5 to 10 million infections annually in the United
States alone (13, 21). Adenovirus respiratory tract infection
(ARTTI) occurs sporadically, epidemically, and nosocomially,
presents in a wide spectrum of distinct clinical syndromes rang-
ing from self-limited acute pharyngitis to fatal pneumonia, and
has been identified as an etiological factor associated with
exacerbations in individuals with chronic obstructive lung dis-
eases (13). Despite the frequency and broad range of clinical
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presentations, the pathogenesis of inflammation in ARTI is
poorly understood. Early information regarding host responses
to adenovirus was derived from efforts to develop human ad-
enovirus vaccines (42) or to understand the pathology of fatal
adenoviral pneumonia (4). Recently, ARTI has been studied in
a variety of animal models, including mice (14, 37, 58), Cotton
rats (Sigmodon hispidus) (15, 39, 59, 60), and primates (8, 44,
55, 61) as part of preclinical toxicology studies for human gene
therapy clinical trials for cystic fibrosis (reviewed in references
7 and 48). Studies in humans showed that administration of
replication-deficient adenovirus vectors to the respiratory tract
can cause dose-dependent local inflammation (12, 26, 33).
Inflammatory responses to ARTI have been best studied in
rodent models. In the Cotton rat, a permissive host for repli-
cation of human adenovirus, pulmonary histopathology con-
sists of early and late phases similar to that seen in human
ARTI (15, 39). The early phase consists primarily of accumu-
lation of neutrophils, macrophages, and monocytes and devel-
ops within the first 24 h (60). The late phase, consisting mainly
of lymphocytes, is apparent by day 5 (39, 60). In mice, a non-
permissive host for human adenovirus, adenovirus early gene
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expression occurs in the absence of viral replication or late
gene expression (14). Importantly, the histopathologic re-
sponse is similar to that observed in Cotton rats (14, 37, 39, 60)
and humans (4) and inoculation of the respiratory tract with
sufficient doses of either wild-type or replication-deficient ad-
enovirus results in significant pulmonary inflammation (14,
37). The earliest histopathological abnormality, the influx of
polymorphonuclear neutrophils (PMN), is first noted 6 h after
infection (37), peaks by 24 h, and evolves over the course of
several days into a mononuclear cell infiltrate due to influx of
both CD4" and CD8" lymphocytes and expansion of the
mononuclear phagocyte pool (14, 37, 58). ARTI is accompanied
by an evolving pattern of elevated levels of proinflammatory
cytokines (tumor necrosis factor alpha [TNF-«], interleukin-6
[IL-6], IL-1, and interferon gamma [IFN-y] and chemotactic
chemokines (macrophage inflammatory protein-la [MIP-1«],
MIP-2, and macrophage chemotactic protein-1 [MCP-1]), the
chronology of which has been partially characterized in mice
over the period from 6 h to several weeks (14, 32, 37). TNF-q,
IL-6, MIP-1a, and MIP-2 are among the earliest proinflam-
matory molecular mediators detected and are significantly el-
evated in lung lavage fluid at 6 h, while MCP-1, IL-1, and
IFN-y are elevated by 24 h (37). The pattern of molecular and
cellular inflammation is similar in both normal and immuno-
deficient (athymic) mice (37), demonstrating that initiation of
inflammatory signaling is independent of specific (adaptive)
immunity. However, neither the precise location nor the mech-
anism of the initiation of inflammatory signaling during ARTI
is known. Such signalling might occur in epithelial cells (which
are tropic for the virus) or alveolar macrophages or as a con-
sequence of recruited natural killer or other cells.

Alveolar macrophages (AMd) can provide a barrier to pul-
monary infection through both intrinsic and extrinsic resis-
tance pathways, the former by their ability to accumulate
pathogenic organisms by phagocytosis and/or endocytosis and
to degrade or restrict the replication of the organism and the
latter by the recruitment and activation of other inflammatory
cells and by their ability to act as accessory cells in adaptive
immune responses (6, 53). Macrophages (Md) play a central
role in the acute-phase response and intrinsic resistance to
some viruses, including vesicular stomatitis virus, encephalo-
myocarditis virus, and influenza virus, while failing to provide
a barrier and instead providing a reservoir for latent infection
for other viruses such as human immunodeficiency virus (re-
viewed in reference 53). Adenovirus is cleared from the mouse
lung in a biphasic pattern consisting of an early-phase rapid
elimination of approximately 60% of the adenovirus DNA
within the first 24 h, followed by a late-phase slower elimina-
tion of remaining adenovirus DNA over the course of several
days to weeks (56). While the late-phase elimination is known
to be due to the destruction of infected epithelial cells by
adenovirus-specific cytotoxic T lymphocytes (58), the very
rapid onset of the early phase within the first day suggests a
mechanism independent of adaptive immunity (56). This was
confirmed by the finding of similar early-phase elimination
kinetics in normal and immunodeficient (athymic) mice (56).
Pretreatment of the lungs with clodronate-laden liposomes to
deplete phagocytic cells significantly impaired early-phase
clearance, suggesting that lung macrophages may mediate the
rapid adenovirus clearance. However, because rapid and sig-
nificant PMN influx occurs during the first 24 h of infection
(37), thus overlapping the early phase of adenovirus elimina-
tion (56), PMN-mediated clearance cannot be excluded as an
important mediator of viral clearance in ARTIL.

The mechanism by which phagocytic cells such as AMd
might internalize adenovirus in vivo is not known and might
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involve endocytosis or phagocytosis and may also involve other
factors in the local milieu. The in vitro uptake of adenovirus by
highly susceptible epithelial-like cells has been well studied
(reviewed in reference 17), occurs by receptor-mediated endo-
cytosis (31), and can be summarized as follows: (i) high-affinity
binding of the virion to the cell mediated by attachment of the
adenovirus fiber knob to its 46-kDa cell surface receptor, CAR
(5); (ii) receptor clustering and rapid virion internalization via
a clathrin-coated vesicle mediated by interaction of the ade-
novirus penton base with integrins o 35 or o, 85 (28-30, 52, 54);
(iii) release of clathrin to generate an endocytotic vesicle; (iv)
endosome acidification mediated by an endogenous vesicular
membrane proton pump (38); (v) penetration of the endosome
membrane (endosome lysis) and release of the virion into the
cytoplasm mediated by the TVD motif-containing cytoplasmic
tail portion of integrin B5 (51); (vi) virion translocation to the
nuclear membrane mediated by microtubules (28, 45); (vii)
virion binding to the nuclear pore (16); (viii) capsid disassem-
bly at the nuclear pore (17); and (ix) translocation of viral
chromatin into the nucleus through the nuclear pore (16). The
ability of specific blocking agents to interrupt virion uptake at
each of these sites has provided the means to study the inter-
nalization mechanism in detail (17). In contrast to highly sus-
ceptible CAR™ cells, in vitro studies show that hematopoietic
lineage cells, including AM¢, monocytes, and related cell lines,
which do not express CAR, internalize adenovirus about 100-
to 1,000-fold less well (22, 23, 25, 49). Despite the very slow
uptake kinetics in vitro, internalization of adenovirus by such
cells in vitro requires cell surface a, integrin, similar to CAR™
epithelial cells, and upregulation of o,85 and o 35 on human
monocytes facilitates their infection by adenovirus (22).

In this study, we hypothesized that AM¢ rapidly internalize
adenovirus in vivo very early during ARTI and then directly
initiate inflammatory signaling. To test this hypothesis, we ex-
amined the immediate pulmonary distribution of adenovirus
and internalization by AM¢ during acute ARTI in vivo. Virion
internalization was correlated with the kinetics and cellular
origin of the earliest detectable stimulated proinflammatory
cytokine responses. Adenovirus was very rapidly internalized
by AMd, and the earliest detectable cytokine responses oc-
curred in AM¢ and not airway epithelial cells as detected by in
situ hybridization. To begin to define the molecular mecha-
nism(s) whereby adenovirus stimulates inflammatory signaling
in AM¢ during internalization of the virion, we correlated
virion uptake with TNF-a release from adenovirus-infected
macrophages after interrupting virion internalization at vari-
ous sites with specific blockers. The data show that TNF-a
expression in adenovirus-exposed AMd is initiated by a mo-
lecular mechanism activated during or subsequent to acidifi-
cation of the adenovirus-containing vesicle.

MATERIALS AND METHODS

Adenovirus. The adenovirus used in this study was a human serotype 5 ade-
novirus carrying a 2,936-bp deletion in El, a 1,875-bp deletion in E3, and a
3,932-bp lacZ marker gene within the E1 deletion (for convenience referred to
as adenovirus hereafter except where otherwise specified) and has been previ-
ously described (47). For the transduction experiment, AvIGFP, an adenovirus
of identical structure except expressing a mammalianized green fluorescent pro-
tein (GFP) instead of the lacZ marker was used. Viral growth in 293 cells,
purification, and storage were done as previously described (41) except that
infection was carried out in roller bottles (Falcon no. 3069) containing 12 X 107
cells/bottle and approximately five virions/cell in a Wheaton roller bottle appa-
ratus with continuous slow rotation in a humidified atmosphere containing 5%
CO, at 37°C. All cell culture media, medium supplements, and solutions used in
virus preparation were supplied routinely or by special arrangement as endotox-
in-free materials (BioWhittaker, Inc., Walkersville, Md.). Adenovirus was pre-
pared under conditions which have previously been shown to yield undetectable
levels of endotoxin using the Limulus amebocyte assay (BioWhittaker, Inc.) (55).
The concentration of adenovirus virions was determined from the optical density
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of the purified virus at 260 nm and is expressed as optical particle units (OPU)
as previously described (35).

Mice. Mice (BALB/c) were maintained in a “barrier” facility in microisolation
cages with filtered air under controlled ventilation and constant temperature and
humidity. Bedding, food, and water were all sterilized before use, and food and
water were administered ad libitum. Sterilely gowned and gloved operators
performed cage changes and animal handling in a laminar flow biosafety cabinet.
Sentinel mice were tested monthly to ensure a pathogen-free environment.

Localization of adenovirus within the lung after in vivo infection. To permit
visualization of adenovirus virions during in vivo infection, purified adenovirus
was labeled by covalent linking of the fluorescent dye, FluoroLink Cy3 (Amer-
sham, Inc.) essentially as described by Leopold et al. (28). Virus labeling in this
way results in retention of greater than 90% virus infectivity (28). A molecular
sieve chromatography step using PG10 columns (Bio-Rad, Inc.) was substituted
for the final dialysis step to increase the purity of the labeled virions and to
eliminate traces of unlinked dye from the fluorescently labeled adenovirus (Ad-
Cy3) preparations. Ad-Cy3 (4 X 10'° OPU) was administered to lungs of normal
mice by transtracheal instillation (63). At subsequent times indicated in the
figures, mice were anesthetized with pentobarbital and either bronchoalveolar
lavage (BAL; three times with 1 ml of Hank’s balanced salt solution (HBSS)
containing 20 mM EDTA) was done to collect cells or the lungs were fixed in situ
at 25 cm of H,O, embedded in paraffin, and sections (5 um) were prepared.
Specimens were evaluated by fluorescence microscopy (Nikon FXTA micro-
scope) or by confocal microscopy. Differential counts were done for cells recov-
ered by BAL after cytocentrifugation and Diff-Quick (Dade Diagnostics, Inc.)
staining as previously described (37).

Evaluation of cytokine protein levels by ELISA. Quantification of cytokine
expression in murine lung following adenovirus infection was done as previously
described (37). Briefly, adenovirus (4 X 10'° OPU) was administered by oral
endotracheal delivery, and mice were sacrificed at various subsequent times (0.5,
3, and 6 h) by pentobarbital injection followed by exsanguination. BAL fluid was
then collected as described above, cleared of cells by centrifugation (200 X g, 5
min, 4°C), and stored at —80°C until use. Quantification of cytokine and che-
mokine levels in unconcentrated BAL fluid was accomplished by enzyme-linked
immunoassay (ELISA; Quantikine M kits; R&D Systems, Minneapolis, Minn.)
under conditions specified by the manufacturer.

Evaluation of cytokine mRNA expression by RT-PCR. To evaluate cytokine
mRNA expression during ARTI, adenovirus (4 X 10'° OPU) was administered
as described above. Mice were sacrificed at subsequent times (0.5, 3, and 6 h) as
described above, and lungs were removed en bloc. Total RNA was purified by the
guanidine-acid phenol-guanidinium method, subjected to reverse transcription-
polymerase chain reaction (RT-PCR) amplification using cytokine gene-specific
oligonucleotide primers (1), and evaluated by agarose gel electrophoresis as
previously described (37). To evaluate cytokine and chemokine mRNA expres-
sion in recovered murine AMd, mice were infected and sacrificed as described
above. AM¢ were recovered by BAL and collected by centrifugation (200 X g, 5
min, 4°C), total RNA was purified with a Micro-Scale RNA Prep Kit (5 Prime-3
Prime, Inc.), and RT-PCR was carried out as described elsewhere (37).

Localization of in vivo mRNA expression by in situ hybridization. To localize
expression of proinflammatory cytokine mRNA to specific cell types within the
lung, mice were infected with adenovirus (4 X 10'© OPU/mouse). At subsequent
times (30 min, 3 h, and 6 h), mice were sacrificed, and lung tissue was processed
and evaluated by in situ hybridization with 3S-labeled cRNA antisense and sense
(control) probes as previously described (62). Briefly, IL-6 cRNA riboprobe
synthesis was performed using a 664-bp murine IL-6 cDNA (kindly provided by
Keiko Yamauchi Takihara, Osaka, Japan) subcloned into pSP72 (Promega,
Inc.). TNF-a cRNA riboprobe synthesis was performed with a 1,101-bp murine
TNF-a ¢DNA subcloned into pPGEM7Z" (Promega, Inc.). Both antisense (for
mRNA detection) and sense (as a control for nonspecific hybridization)
[*>SJUTP (specific activity, 1,000 to 1,500 Ci/mmol)-labeled cRNA probes were
synthesized in vitro from opposing transcriptional promoters using the Ribo-
probe Gemini Core System II transcription kit under conditions specified by the
manufacturer (Promega, Inc.). Tissue sections were incubated at 42°C (IL-6) or
55°C (TNF-a) overnight in hybridization buffer (15 ul) containing 10° cpm of
purified probe and 50% formamide. Following hybridization, tissues were
washed to a final stringency of 0.1X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate), and autoradiography was performed using Kodak NTB2 emul-
sion at 4°C for periods of 3 to 8 weeks. Development was done with Kodak D19
developer as previously described (62). Representative examples of hybridization
results were photographed with dark-field illumination and then counterstained
with hematoxylin and eosin for bright-field or phase microscopy using a Nikon
Microphot-FXA microscope.

Evaluation of adenovirus-induced cytokine induction in murine macrophages.
To further explore the adenovirus-macrophage interactions that lead to induc-
tion of proinflammatory cytokine expression, in vitro studies were conducted
with a murine macrophage cell line, RAW264.7 (American Type Culture Col-
lection) (34). These cells have phagocytic properties and the capacity to secrete
cytokines in response to adenovirus infection similar to that of primary AMd.
Cells were maintained in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated (56°C, 30 min) fetal bovine serum, 2 mM
glutamine, 100 U of penicillin per ml, and 100 pg of streptomycin per ml
(DMEM-10) in a humidified atmosphere containing 5% CO, at 37°C. The
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culture medium was changed every 2 to 3 days, and cells were passed using brief
trypsin digestion just prior to reaching confluence. To evaluate adenovirus-
stimulated macrophage TNF-« expression, cells were seeded at 10° cells per well
in six-well plates and incubated (16 h, humidified atmosphere, 5% CO,, 37°C).
Cells were then briefly exposed to adenovirus (5 X 10'° OPU/well, 30 min), after
which the medium was aspirated and replaced with DMEM-10 without virus.
TNF-a release into the medium was then quantified by removing small aliquots
(100 wl) of supernatant at subsequent times and quantitative determination of
TNF-a concentration by ELISA. To determine at which step of adenovirus
uptake TNF-a signaling is initiated, virion uptake was blocked at one of several
distinct cellular sites, and then TNF-« release was quantified in supernatant 2 h
after the start of infection. To evaluate the effect of blocking adenovirus inter-
nalization at the stage of phagosome closure, wortmannin, in various concentra-
tions (0 to 300 pM) was preincubated (15 min prior to infection) with cells,
followed by adenovirus infection and evaluation of TNF-« release as described
above. As an additional approach to block virion entry at the cell membrane,
cells were incubated at 4°C for 10 min prior to and during adenovirus infection.
At subsequent times (1 to 6 h), cells were warmed to 37°C (removal of “cold
block”), incubation was continued, and the TNF-a assay was done as described
above. In experiments designed to evaluate the role of Ca?* signaling in ade-
novirus-stimulated TNF-a release, cells were preincubated (30 min prior to
adenovirus infection) in the absence or presence of 100 pM bis-(0-aminophe-
noxy)ethane-N,N,N',N'-tetra-acetic acid (BAPTA) to block intracellular Ca?*
flux. Adenovirus infection and TNF-a expression were evaluated as described
above. Chloroquine, which blocks the cellular pathway of adenovirus uptake at
the endosome by blocking endosome acidification (17, 43), was used to evaluate
the effect of blocking virion entry at the stage of endosome lysis. Chloroquine (50
or 100 M) was preincubated (10 min prior to infection) with cells, followed by
adenovirus exposure and evaluation of TNF-a release as above. Trypan blue
exclusion was used to assess the potential for toxicity from each of the inhibitors
under each of the conditions used: in every condition, cell viability was greater
than 97% at the end of the experimental period (2 h after the start of infection).

Statistical method. Numerical data are presented as the mean = the standard
error of the mean. Statistical comparisons were made by using the Student’s ¢ test
using Sigma Plot (v4.0) software on an IBM-compatible microcomputer.

RESULTS

Intrapulmonary distribution and fate of virions during early
adenovirus lung infection. To directly determine the distribu-
tion and immediate fate of adenovirus following intrapulmo-
nary administration, adenovirus labeled with the fluorescent
dye, Cy3 (Ad-Cy3) was administered (4 X 10'® OPU/mouse)
by tracheal instillation. Localization of Ad-Cy3 by fluorescence
microscopy of unstained, paraffin-embedded sections revealed
that adenovirus was rapidly and widely distributed throughout
the respiratory tract (Fig. 1). Within medium and larger air-
ways, virus was seen along the airway epithelial surfaces at
approximately 1 min with little penetration into the lung pa-
renchyma (top left panels). By 10 min, virus was observed in a
punctate pattern in association with macrophages in the tissue
near the terminal airways (top right panels). Fluorescence re-
mained associated with the airway lumen and within nearby
macrophages at later times (3 and 6 h; data not shown). In
alveolar spaces, Ad-Cy3 was initially (~1 min) distributed pre-
dominantly in a “point-like” pattern, suggesting fine dispersion
of the virions (middle left panels). By 10 min, adenovirus was
found in a more punctate pattern associated with AMd (mid-
dle right panels). The punctate pattern of macrophage-associ-
ated fluorescence persisted at subsequent times (3 and 6 h) and
became more pronounced, suggesting further accumulation in
AMé (data not shown). Cells obtained by BAL revealed ac-
cumulation of Ad-Cy3 as early as 1 min after adenovirus in-
stillation (bottom left panels). Accumulation was pronounced
by 10 min (bottom right panels) and progressed substantially
through the 6-h period of observation (30 min and 3 and 6 h;
data not shown). BAL cells from adenovirus-infected mice
contained greater than 95% macrophages at all times after
infection up to 6 h as determined by Diff-Quick staining and
differential counting (P > 0.36 for all comparisons of AMd
values at 30 min, 3 h, and 6 h; Table 1). However, neutrophils
were occasionally seen at 30 min and began to increase in
number at 3 and 6 h (without reaching statistical significance
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FIG. 1. Distribution of adenovirus during acute respiratory tract infection. Infectious, fluorescently labeled adenovirus (Ad-Cy3) or HBSS, as a sham control, was
administered by intratracheal instillation into the lungs of mice. Mice were then sacrificed after either 1 min (left panels) or 10 min (right panels), and the lungs were
removed and processed for tissue sections or the mice were subjected to BAL, followed by recovery and cytospin preparation of cells as described in Materials and
Methods. Shown are fluorescence and corresponding phase photomicrographs for tissue sections (top and middle panels, X114) and fluorescence and bright-field
photomicrographs for BAL cells (bottom panels, X232). For BAL cells, separate slides were prepared for fluorescence and bright-field photomicroscopy because

Diff-Quick staining partially quenched Cy3 fluorescence.

[P > 0.6, all comparisons]), a result consistent with the patchy
histological evidence of neutrophil infiltration at 6 h as previ-
ously observed (37). Confocal microscopy revealed the pres-
ence of Ad-Cy3 within AMd recovered by BAL and, interest-
ingly, also within occasional PMN recovered at 6 h (data not
shown). These data show that during ARTI in mice, adenovi-

TABLE 1. Differential cell counts for BAL cells recovered at
various times from mice receiving intrapulmonary administration
of adenovirus”

% Cells = SEM

Time (h)  Administration
Macrophages Neutrophils ~ Lymphocytes
0 Nothing 96.0 = 0.5 22*+09 1.8 0.4
0.5 Virus 972031 0.53 x=0.29 2.3 £0.07
HBSS 99.0 = 0.30 0 1.0+0.3
3 Virus 96.8 £ 1.2 21*+1.0 1.1 +0.24
HBSS 99.2+0.29 044029 033=0
6 Virus 95.7 =14 3511 0.82 =0.32
HBSS 98.3 =0.38 0.77 £0.28 09 =0.1

“ Normal (BALB/c) mice (n = 3/group) were exposed to adenovirus and at the
subsequent times indicated were sacrificed and subjected to BAL. Cells were
recovered from BAL fluid by centrifugation and evaluated in cytocentrifuge
preparations by routine cytological analysis. At least 200 cells were counted for
each determination.

rus is initially widely distributed throughout the respiratory
tract and that adenovirus rapidly accumulates within AMd.
Early molecular inflammation induced by adenovirus lung
infection. To identify some of the molecular mediators that
initiate the cascade of pulmonary inflammation that occurs
during ARTI, we measured the level of several important
proinflammatory and chemotactic molecular mediators in un-
concentrated BAL fluid obtained 0.5, 3, and 6 h after adeno-
virus administration to the lung (Fig. 2). IL-6, TNF-a, MIP-2,
and MIP-1a were all significantly elevated in unconcentrated
BAL fluid obtained from adenovirus-exposed mice by 6 h after
infection (P < 0.05, all comparisons to controls; Fig. 2). TNFa,
MIP-2, and MIP-1«, but not IL-6, were also elevated at 3 h.
None of these cytokines were yet detectable 30 min after in-
fection. As a sham administration control, mice exposed to
HBSS did not show detectable cytokine or chemokine activity
at any time (Fig. 2). To determine if adenovirus infection
increased cytokine levels by stimulating gene expression,
mRNA levels for these cytokines were measured in whole lung
total RNA by RT-PCR as previously described (37). Cytokine
mRNA transcripts were easily detected in the lungs of mice 3
and 6 h after adenovirus exposure and variably detected 30 min
after adenovirus exposure (data not shown, but see below [Fig.
6] for evaluation of expression in isolated AM¢). In contrast,
mice exposed to HBSS as a sham control did not have detect-
able mRNA for IL-6, TNF-a, MIP-2, and MIP-1« at any time
(0, 30 min, 3 h, or 6 h; data not shown). These results show that
initiation of the inflammatory cascade occurs very early during
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FIG. 2. Stimulation of proinflammatory cytokine and chemotactic chemo-
kine levels in lung during acute adenovirus respiratory tract infection. Infectious
adenovirus (+Ad) or HBSS (Control) was administered by intratracheal instil-
lation into the lungs of mice (n = 3/time point). At the subsequent times
indicated, mice were sacrificed and the lung epithelial lining fluid was recovered
by BAL. Proinflammatory cytokine (IL-6 and TNFa) and chemoattractive che-
mokine (MIP-2 and MIP-1«) levels were measured in unconcentrated BAL fluid
by ELISA. The entire experiment was performed twice, and representative data
from one experiment are shown.

ARTI and is associated with activation of cytokine gene ex-
pression.

Localization of proinflammatory cytokine mRNA expression
during early adenovirus lung infection. To determine a cell
source of adenovirus-stimulated proinflammatory cytokine
gene expression, expression of cytokine (IL-6, TNF-a) mRNA
was evaluated by in situ hybridization. Six hours after infection,
hybridization was detected in lung parenchyma with a *2P-
labeled IL-6 cRNA antisense probe (Fig. 3, upper left panels).
As a negative control for nonspecific probe binding, a **P-
labeled IL-6 cRNA sense probe did not show hybridization in
lungs of virus-infected mice (upper middle panels). As a neg-
ative sham administration control, the antisense probe did not
show hybridization in the lungs of mice exposed to HBSS
instead of adenovirus (upper right panels). Detailed evaluation
of adenovirus-infected lungs revealed intense hybridization of
the IL-6 antisense probe in AMd (lower left panels) but not
airway epithelial cells (lower middle panels) or vascular endo-
thelial cells (lower right panels). A similar pattern of expres-
sion was observed for TNF-a 6 h after infection (Fig. 4).
Specific hybridization was observed only to a >?P-labeled
TNF-a cRNA antisense probe in the lung parenchyma of virus-
infected mice (left panels). As a negative control for nonspe-
cific probe binding, no hybridization was observed when a
32P.labeled TNF-o cRNA sense probe was incubated with lung
parenchyma from virus-infected mice (middle panels) or with
the antisense probe in sham HBSS administration control mice
(right panels). Detailed evaluation of adenovirus-infected lung
tissues showed hybridization of the TNF-a antisense probe in
AM¢ but in not the airway epithelium or vascular endothe-
lium. IL-6 and TNF-«a antisense probes both showed specific
hybridization to AM¢ within lung parenchyma obtained 30
min after virus administration (Fig. 5). Neither IL-6 nor TNF-«
antisense probes hybridized to airway epithelium or vascular
endothelium of virus-infected mice at 30 min. As negative
controls for nonspecific probe binding, neither IL-6 nor TNF-a
sense probes showed hybridization to lung tissues of virus-
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infected mice at 30 min (data not shown but similar to that
presented in Fig. 3 and 4, upper middle panels). Neither IL-6
nor TNF-«a antisense probes hybridized to negative sham ad-
ministration controls taken at 30 min (data not shown but
similar to that presented in Fig. 3 and 4, upper right panels).
Similar results were obtained with these probes using lung
parenchyma taken at 3 h (data not shown). These results dem-
onstrate readily detectable expression of proinflammatory
genes (e.g., IL-6 and TNF-a) by 30 min and further localize
this expression to AMé.

Proinflammatory cytokine mRNA expression in AM recov-
ered early after adenovirus lung infection. To confirm that
AMo were a source of stimulated expression of proinflamma-
tory cytokines and chemotactic chemokines in the lungs of
adenovirus-exposed mice, BAL cells were recovered after in-
fection and evaluated by RT-PCR. At 3 and 6 h after adeno-
virus administration to the lung, IL-6, TNF-a, MIP-2, and
MIP-1ao mRNA transcripts were consistently detected at ele-
vated levels in BAL cells from adenovirus-infected mice but
not in sham, HBBS-exposed controls (Fig. 6). TNF-a, IL-6,
MIP-2, and MIP-1a mRNA transcripts were also detectable in
BAL cells recovered from virus-infected mice after only 30 min
(Fig. 6). Although consistently detected at later times, at 30
min expression was variably detectable in independent exper-
iments, suggesting that 30 min is approximately the time of the
initiation of expression. Since AM¢ comprised more than 95%
of the recovered BAL cells for up to 6 h after adenovirus
infection in this study (Table 1), the RT-PCR data confirm that
AMo were the likely source of the rapidly upregulated proin-
flammatory cytokine and chemotactic chemokine mRNA lev-
els during ARTTI. Taken together, these data demonstrate that
AM¢o begin to take up adenovirus immediately after in vivo
lung infection, upregulate cytokine and chemokine mRNA lev-
els within minutes, and are the source of the earliest detectable
cytokine signals in the initiation of the pulmonary inflamma-
tory cascade during ARTIL.

Mechanism of adenovirus-stimulated initiation of macro-
phage proinflammatory cytokine stimulation. To begin to de-
fine the molecular mechanism(s) whereby clearance of adeno-
virus by macrophages stimulates acute-phase, proinflammatory
cytokine expression, adenovirus-stimulated TNF-a expression
from the macrophage cell line, RAW264.7, was evaluated in
vitro. Preliminary experiments showed that these cells were
able to internalize adenovirus and rapidly responded by secre-
tion of TNF-a with kinetics similar to those of AMd. Further,
the in vitro approach permitted precise control of the experi-
mental conditions required to block virion uptake into cells at
various sites (17). We hypothesized that by blocking virion
uptake, the molecular stimulus that initiates inflammatory cy-
tokine signaling (e.g., TNF-a) could also be blocked. Ad-Cy3
was used to verify, by direct visualization, that adenovirus entry
could be blocked at various specific cellular sites, as expected
based on studies of adenovirus uptake and uncoating in epi-
thelial cells (16, 17, 22, 23, 29, 30, 38, 43) (Fig. 7). Exposure of
RAW264.7 cells to Ad-Cy3 in vitro resulted in a pattern of
fluorescence demonstrating significant virus internalization,
cytoplasmic translocation, and prominent extranuclear aggre-
gation (Fig. 7A). As expected (16), incubation of virus and cells
at 4°C prevented virion internalization, resulting in a pericel-
lular rim of Ad-Cy3 fluorescence (panel C). Evaluation by
confocal microscopy confirmed that virion entry into the cell
was blocked at 4°C but not at 37°C (panels B and D). The
intracellular calcium chelator BAPTA did not prevent virion
attachment or internalization. However, little or no transloca-
tion and no significant extranuclear aggregation of fluores-
cence was noted in BAPTA-treated cells by either fluorescence
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FIG. 3. Localization of IL-6 mRNA expression by in situ hybridization in lung tissues 6 h after adenovirus respiratory tract infection. Infectious adenovirus or HBSS
was administered by intratracheal instillation into the lungs of mice. After 6 h, mice were sacrificed, and the lungs were removed, inflation fixed, and subjected to in
situ hybridization analysis using IL-6-specific **S-labeled antisense and sense cRNA probes as described in Materials and Methods. (Upper panels) Dark-field (above)
and bright-field (below) views of the hybridizations of lung tissues from adenovirus-infected or sham control (HBSS)-exposed mice with antisense or sense probes
(indicated). The bronchial epithelium (br) and vascular endothelium (v) are indicated. The sense probe did not show specific hybridization in HBSS-exposed mouse
lung (not shown but similar to results for sense probe [middle panels] in adenovirus-infected mice). (Left and middle panels, X143; right panels, X286). (Lower panels)
High-power dark-field (above) and bright-field (below) views demonstrating hybridization of the antisense probe to lung tissues from adenovirus-infected mice.
Bronchial and vascular tissues are indicated for upper panels (X343).

or confocal microscopy (panels E and F). As expected, wort- G and H), but virions were poorly internalized and did not
mannin, a specific blocker of phosphatidylinositol 3-OH kinase localize as large extranuclear aggregations of fluorescence as
(PI3K) (46), phagocytosis (3), and adenovirus internalization seen in untreated cells (panels A and B). Chloroquine, which
(30), did not block virion attachment to the cell surface (panels blocks endosome acidification (43) and adenovirus uptake at
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FIG. 4. Localization of TNF-a mRNA expression by in situ hybridization in lung tissues 6 h after adenovirus respiratory tract infection. Mice were exposed to
adenovirus or HBSS and then sacrificed and prepared for in situ hybridization as described in the legend to Fig. 3. Tissues were hybridized with TNF-a-specific
35S-labeled antisense and sense cRNA probes. Dark-field (above) and bright-field (below) views of the hybridizations of lung tissues from adenovirus-infected or sham
control (HBSS)-exposed mice with antisense or sense probes (indicated) are shown. The bronchial epithelium (br) and vascular endothelium (v) are indicated. The
sense probe did not show specific hybridization in HBSS-exposed mouse lung (not shown but similar to sense probe [middle panel] in adenovirus-infected mice). (Left

and middle panels, X143; right panels, X286).

the doses used here (17), did not prevent virus attachment or
internalization but did reduce the extranuclear aggregation of
fluorescence (panels I and J).

To assess the fate of adenovirus in macrophages subsequent
to extranuclear aggregation, we evaluated adenovirus-medi-
ated nuclear gene transfer and expression in AM¢, RAW264.7
macrophages and, as an epithelial-like cell positive control,
A549 cells using AvIGFP. As expected, A549 cells were very
efficiently transduced, and nearly all cells expressed GFP when
evaluated 48 h after infection by using flow cytometry to quan-
tify GFP-positive cells (Fig. 8, A549). In contrast, transduction
of murine AM¢ was very inefficient, with only 0.2% of cells
showing an increase in mean fluorescence by flow cytometry
(Fig. 8, AMd). Similarly, RAW264.7 macrophages were also
poorly transduced, with only 0.02% of cells showing an in-
crease in mean fluorescence (Fig. 8, RAW). Evaluation of
transduced cells by fluorescence microscopy demonstrated
that, while nearly all A549 cells expressed GFP, none of the
infected alveolar or RAW264.7 macrophages expressed GFP
(data not shown). These results show that the ultimate fate of
internalized adenovirus is different in macrophages and the
nonphagocytic A549 cells and is consistent with inefficient
nuclear delivery of the adenovirus genome in Md.

To assess the mechanism of adenovirus-stimulated macro-
phage cytokine expression, studies were conducted using
RAW264.7 macrophages infected in vitro by adenovirus in the
absence or presence of various conditions known to block
virion entry into cells at various sites along the pathway (17)
(30). Adenovirus exposure produced a brisk, reproducible
stimulation of TNF-a expression in RAW264.7 cells, resulting

in easily detectable levels of TNF-a in the media at 2 h (Fig. 9;
see Fig. 11 below for the time course of expression). In Ca*™-
free medium, adenovirus exposure resulted in marked TNF-a
release at 2 h, while unexposed controls did not release any
detectable TNF-a (panel A, +Ad). Results were similar in
Ca®*-containing medium except that TNF-a release was in-
creased (panel B, +Ad). To investigate the role of Ca®" in the
mechanism of adenovirus-stimulated TNF-a expression,
RAW264.7 cells were infected in the absence or presence of
the intracellular Ca®" chelator BAPTA. Preincubation of cells
with BAPTA completely blocked TNF-« release from adeno-
virus-exposed cells in both Ca*'-free (panel A, +BAPTA
+Ad) and Ca®*-containing (panel B, +BAPTA +Ad) me-
dium. As a positive control, to demonstrate the role of extra-
cellular Ca*”" influx in TNF-a expression by RAW264.7 cells,
the Ca®" ionophore, A23187 stimulated a large TNF-« release
in Ca®*-containing medium (panel B, +A23187). As a nega-
tive control for effect of this Ca®* ionophore on TNF-a ex-
pression, as expected, TNF-a release did not occur in response
to A23187 in Ca®*-free media (panel A, +A23187). As a
positive control for the blocking effects of BAPTA, the marked
release of TNF-a occurring in cells exposed to a known potent
TNF-a-releasing stimulus (lipopolysaccharide plus A23187)
was blocked completely by BAPTA in both Ca®"-free and
Ca?*-containing medium (+BAPTA +LPS +A23187). These
observations show that adenovirus-stimulated TNF-a release
by RAW264.7 macrophages is dependent on Ca®>" and that
this flux can derive from both intra- and extracellular sources.

To determine if the signal for TNF-«a release during adeno-
virus uptake by RAW264.7 cells occurred before or after virion
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FIG. 5. Localization of IL-6 and TNF-a mRNA expression by in situ hybridization in lung tissues 30 min after adenovirus respiratory tract infection. Mice were
exposed to adenovirus or HBSS and then sacrificed and prepared as described in the legend to Fig. 3 except that lung tissues were recovered 30 min after initiation
of infection. In situ hybridization was done using TNF-a or IL-6-specific >S-labeled antisense or sense cRNA probes as described above. Results for mice infected with
adenovirus for 30 min after hybridization to antisense probes for IL-6 (left panels) or TNF-a (right panels) are shown. For each field, both dark-field (above) and
bright-field (below) views are shown. Note the hybridization in AMd¢ (arrows) but not in the bronchial (br) epithelium or the vascular (v) endothelium. The results for
the sense probe and HBSS sham infection controls are shown in Fig. 3 and 4 (experiments conducted simultaneously). Magnification, X430.

internalization, wortmannin was used to block virion internal-
ization (Fig. 7D). Wortmannin blocked adenovirus-stimulated
TNF-a release in a dose-dependent manner (Fig. 10). To fur-
ther assess virion internalization in the mechanism of adeno-
virus-stimulated TNF-a release by macrophages, cold-induced
blockade of virion uptake was evaluated (17). Incubation of
virus with cells at 4°C blocked virion internalization, but not
cell binding (Fig. 7B) as previously described (17), and com-

Un- 30 min

pletely blocked TNF-a expression for the duration of the ex-
periment (data not shown). When cells were allowed to bind
adenovirus at 4°C and subsequently (after 1, 2, 3, and 6 h)
warmed to 37°C, TNF-a release was delayed by an amount
related to the time of the shift to 37°C and not the total time
from the start virus exposure (data not shown). Thus, TNF-«
release by adenovirus-exposed macrophages was correlated
with virion internalization, and virion binding to the cell surface in

3 hr 6 hr

infected Ad Control

Control Ad Control
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FIG. 6. Stimulation of proinflammatory cytokine mRNA levels in AM¢ recovered after adenovirus respiratory tract infection. Mice were exposed to adenovirus
(Ad) or HBSS (Control) and sacrificed at subsequent times (indicated), and RT-PCR analysis was done as described in Materials and Methods. All experiments were
conducted twice and results from experiment 1 (IL-6) or experiment 2 (TNF-a, MIP-2, MIP-1a, and L32) were chosen so as to permit adequate photographic
reproduction of the data at 30 min. Each lane represents data from a separate mouse.
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FIG. 7. Direct visualization of uptake of adenovirus virions by cultured mac-
rophages in vitro and blockage of uptake at distinct stages. Ad-Cy3 was incubated
with RAW264.7 cells under various conditions, and the results were evaluated by
fluorescence (A, C, E, G, and I) and confocal (B, D, F, H, and J) microscopy as
described in Materials and Methods. (A and B) Infection at 37°C. (C and D)
Infection at 4°C. (E and F) Effect of the Ca®>" chelator, BAPTA, on the cellular
distribution of virions during infection at 37°C. (G and H) Effect of wortmannin,
a PI3K inhibitor known to block adenovirus endocytosis. (I and J) Effect of
chloroquine, a lysosomotropic agent know to block endosome acidification. All
panels, X706.

the absence of internalization was insufficient for TNFa release.
Together, these observations show that TNF-a release is initiated
by a molecular mechanism subsequent to internalization of the
virion into the cell, but not by virion binding to the cell alone.
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FIG. 8. Analysis of adenovirus-mediated transgene delivery and expression.
AMd, RAW264.7 macrophages, or A549 cells, as an epithelial-like cell positive
control, were infected with AvIGFP, an adenovirus vector similar in structure to
AvinBg except expressing a mammalianized GFP encoding transgene. After
48 h, cells were evaluated for GFP expression by quantifying fluorescence using
flow cytometry (gray profiles). Uninfected control cell samples were also evalu-
ated (black profiles).

To determine if the initiation of TNF-a release occurs be-
fore or after endosome acidification, cells were incubated in
the absence or presence of chloroquine under conditions
known to block endosome acidification (17, 43). Chloroquine
completely blocked adenovirus-stimulated TNF-a release at
two different doses (50 and 100 pM) (Fig. 11).

Taken together, these data suggest that the signal for initi-
ation of TNF-a expression during adenovirus exposure to mac-
rophages requires virion internalization, likely occurs during or
subsequent to endosome acidification, and is calcium dependent.

DISCUSSION

In the current study, we sought to obtain information re-
garding the mechanism of initiation of the pulmonary inflam-
matory signaling during adenovirus respiratory tract infection.
Our results demonstrate that adenovirus is rapidly distributed
throughout the mouse lung and is also very quickly internalized
by alveolar macrophages in vivo. Concurrently, inflammatory
cytokine signaling is initiated in AM¢ but not in airway epi-
thelial or vascular endothelial cells. Finally, the mechanism of
macrophage-mediated TNF release requires internalization of
the virion and is calcium dependent.

An important focus of these studies was the determination
of the in vivo fate of adenovirus during ARTI. Adenovirus was
already widely distributed throughout airway and alveolar ep-
ithelial surfaces following intratracheal instillation at the ear-
liest times feasible for direct evaluation and was rapidly taken
up by AM¢. This very rapid in vivo uptake of adenovirus by
AM¢ is surprising for several reasons. First, AM¢ and other
hematopoietic lineage cells do not express the high-affinity
adenovirus receptor CAR (22, 23, 25, 49), and thus in vitro
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FIG. 9. Adenovirus-stimulated macrophage TNF-a expression in vitro does
not occur in the presence of the Ca?* chelator, BAPTA. RAW264.7 cells were
evaluated for TNF-a expression and release 2 h after a 30-min in vitro exposure
to adenovirus. All experiments were carried out in the absence (A) or presence
(B) of Ca®* in the culture medium. Cells were infected with adenovirus alone
(+Ad) or in the presence of the intracellular Ca>* chelator, BAPTA (+BAPTA
+Ad) to demonstrate the effect of blocking intracellular calcium fluxes on ade-
novirus-stimulated TNF-a expression. Cells were exposed to HBSS (Control)
alone as a negative control for spontaneous TNF-a release. Cells were treated
with the calcium ionophore, A23187 in Ca?*-free or Ca®*-containing medium as
controls to demonstrate the role of the extracellular Ca®>* in stimulation of
TNF-a expression in RAW264.7 cells. As an additional positive control, cells
were exposed to lipopolysaccharide and A23187 (+ LPS + A23187), a potent
stimulus for TNF-a expression in RAW264.7 cells. As an additional control to
demonstrate the blocking effect of BAPTA, LPS-A23187 stimulation was done in
the presence of BAPTA (+BAPTA +LPS +A23187).

virion binding is reduced ca. 100-fold compared to CAR ™ cells
(9). Reintroduction of CAR into AM¢ significantly increased
adenovirus binding and the rate of infection in vitro (25).
Second, monocytes and monocytic cell lines express the core-
ceptor, o, B5 integrin, at low levels, thus reducing adenovirus
internalization (22). Third, the rate of adenovirus infection in
vitro is slow even in highly susceptible cells that express CAR
due to the rate-limiting step of extracellular diffusion of virions
to the cell surface (35). Taken together, these observations
suggest the possibility that an additional factor may accelerate
internalization of adenovirus by AM¢ in vivo. There are mul-
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FIG. 10. Adenovirus-stimulated macrophage TNF-a expression does not oc-
cur when virion internalization is blocked by wortmannin. RAW264.7 cells were
infected by adenovirus in vitro in the absence or presence of various concentra-
tions of the PI3K inhibitor, wortmannin, and TNF-a expression was measured at
2 h as described in Materials and Methods.
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FIG. 11. Adenovirus-stimulated macrophage TNF-a expression does not oc-
cur when endosome acidification is blocked by chloroquine. RAW264.7 cells
were infected by adenovirus in vitro in the absence or presence of two concen-
trations of chloroquine to block endosome-lysosome acidification, and TNF-«
release into the culture medium was measured at various subsequent times as
described in Materials and Methods.

tiple candidates for such a factor, including complement pro-
teins or natural antibodies, which are important in the uptake
of some viruses (53), and collectins such as surfactant proteins
A and D, which are involved in lung host defense (11). Such a
role for surfactant proteins is supported by data from mice
genetically deficient in surfactant protein A expression that
show reduced in vivo adenovirus uptake by AM¢ during ARTI
(19). Interactions between surfactant and adenovirus are also
supported by data showing that coadministration of surfactant
with an adenovirus vector expressing a marker gene resulted in
a wider distribution of infection and gene transfer within the
lungs of rabbits (24). In vivo uptake and internalization ade-
novirus by AMd may also be facilitated by the expression of
o, integrins because adenovirus uptake into most, if not all,
other cells, including monocytes, requires «, 5 or o 5 inte-
grin, and upregulation of o,Bs integrin expression on mono-
cytes correspondingly increases their rate of infection by ade-
novirus in vitro (22). The precise mechanism of virion uptake
by AM¢ in vivo is not known and may involve endocytosis,
phagocytosis, or both; further studies are needed to determine
the mechanism.

Our results are consistent with earlier studies (56) that pro-
posed a role for AM¢ in the clearance of adenovirus from the
lung. However, a role for PMN-mediated adenovirus uptake
and clearance from the lung has not been excluded. Impor-
tantly, our direct observations using confocal microscopy dem-
onstrated that AM¢ and PMN both internalize adenovirus
during ARTI. Thus, further studies will be required to deter-
mine the relative contributions of AM¢ and newly recruited
PMN in the clearance of adenovirus from the lung. Very little
(<5%) of the internalized adenovirus is eliminated by lysoso-
mal degradation in highly susceptible cells (e.g., epithelial
cells) (17, 56). In contrast, AM¢ degrade a large proportion of
adenovirus administered in vivo (56). Further, although AM¢
rapidly can internalize adenovirus in vivo, they are transduced
with very low efficiency. Thus, the pathway and fate of adeno-
virus in AMd and epithelial cells appears to be fundamentally
different or a common pathway may diverge at a point after
endosome formation. Alternative pathways for adenovirus in-
fection have been shown in fibroblasts in the absence or pres-
ence of CAR expression (20). The notion that AM¢ efficiently
degrade adenovirus is not supported by data showing that
adenovirus can persistently infect hematopoietic lineage cells,
including monocytes, thus providing a reservoir for latent in-
fection (2, 9). Also inconsistent is the finding that AMd can
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harbor replication-deficient adenovirus vectors for up to 5
weeks in immunocompetent mice in vivo (57).

The major focus of the present study was to obtain informa-
tion regarding the mechanism of activation of the pulmonary
inflammatory signaling during ARTI. The sequence of inflam-
matory events at late times following adenovirus infection of
the lung has been best studied in animal models and consists of
an evolving cascade of molecular and cellular mediators (14,
37, 44, 55, 58, 60, 63). In mice, cellular infiltration by PMN is
noted in the lung as early as 6 h after adenovirus administra-
tion (37). This increases in magnitude, eventually giving way to
a predominantly mononuclear cell infiltrate over the course of
several days. Elevated levels of several proinflammatory cyto-
kines and chemokines have also been observed at intermediate
times during ARTI. For example, elevated lung cytokine levels
were detected during ARTI for TNF-a, IL-6, MIP-1a, and
MIP-2 in mice (37), IL-8 in nonhuman primates (55), and IL-6
in humans (33). In humans, exposure of the adenovirus to
AM¢ was postulated as the cause of elevated IL-6 levels (33).
Consistent with this concept, following reduction of the volume
of adenovirus inoculum to prevent alveolar spread of virus
(thus reducing exposure to AMd), subsequently treated pa-
tients did not show elevated IL-6 levels (33). In the present
study, TNF-a was detectable 3 h after adenovirus infection,
and IL-6 was detectable at 6 h. Importantly, in situ hybridiza-
tion demonstrated elevated mRNA levels for both cytokines in
macrophages at 30 min, suggesting a common, very early acti-
vation signal. NF-kB could provide such a signaling mecha-
nism, and this factor has been reported to be required for
stimulation of TNF-a expression in AM¢ (27). Nonetheless,
no mRNA expression for either cytokine was observed in air-
way or vascular endothelia, thus clearly identifying AM¢ as the
site of initiation of the pulmonary inflammatory cytokine cas-
cade. Our results are consistent with in vitro data that showed
that cultured human bronchial epithelial cells do not secrete
cytokines after adenovirus exposure even though TNF-a, as a
positive control, stimulated IL-6 and IL-8 expression (36).

Several lines of evidence suggest that inflammation during
ARTI is initiated within AM¢ during virion uptake and/or
degradation rather than as a response of natural killer or other
cells to infected epithelial cells or by events within epithelial or
vascular cells. In vivo, adenovirus infection increased levels of
TNF-a mRNA in AM¢ by 30 min and protein in BAL by 3 h.
RAW264.7 macrophages infected at high multiplicity in vitro
showed similar TNF-a expression kinetics and demonstrated
that macrophages alone are sufficient for initiation of cytokine
signaling. Further, TNF-a expression was completely abro-
gated when virion internalization was interrupted at one of
several distinct cellular sites. Previous studies have demon-
strated that receptor-mediated adenovirus internalization by
epithelial cells is blocked by wortmannin or infection at 4°C
(17, 30). Both of these conditions completely blocked adeno-
virus internalization and TNF-a expression. Blocking intracel-
lular Ca®* flux completely abrogated TNF-a expression by
RAW264.7 cells. Although BAPTA did not affect virion inter-
nalization, it prevented late extranuclear aggregation of ade-
novirus. Ca®* is known to be involved in adenovirus uptake in
CAR-expressing epithelial cells at early and late times (16).
Although the precise point of the early involvement is not
known, the later involvement occurs during virion binding to
the nuclear pore (16). It is interesting that BAPTA enhanced
adenovirus-mediated gene transfer to airway epithelium dur-
ing in vivo administration to the lung (50). This enhancement
was attributed to an effect on airway cell tight junction perme-
ability, although potential effects on macrophage virion uptake
were not evaluated. Chloroquine, at the doses used here, has
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been shown to block endosome-lysosome acidification (38) and
also adenovirus-mediated endosome lysis and cellular infection
(17). At lower doses (5 to 10 wM) which reduce the toxicity
seen at late times (48 to 72 h) after infection, chloroquine was
reported to block endosome acidification but did not affect
adenovirus infection of HeLa cells (40). Our data demon-
strated that chloroquine completely blocked TNF-a expression
in RAW264.7 macrophages and appears to have altered the
intracellular distribution of adenovirus, reducing the extranu-
clear aggregation. Our results with chloroquine and the various
inhibitors in these short-term experiments cannot be explained
on the basis of toxicity since >97% of cells were viable under
all conditions evaluated as determined by trypan blue exclu-
sion. Expression of adenoviral early genes such as those of the
El region has been postulated as important in stimulating the
inflammatory cascade during ARTI in the mouse model (15).
The adenovirus mutant used here was devoid of E1 genes and
also E3 region genes known to modulate inflammatory re-
sponses (18) but still rapidly initiated inflammation during
ARTI. Thus, our data do not support a requirement for ade-
novirus early gene expression in the initiation of pulmonary
inflammation. Taken together, our data suggest that the mo-
lecular event that initiates cytokine gene expression in AMd
during virus clearance occurs during or subsequent to endo-
some acidification.

These observations have implications for the development
of adenovirus vectors for human gene therapy for cystic fibrosis
and lung disorders. Inflammation has been observed in multi-
ple clinical trials where replication-deficient adenovirus vectors
have been administered to the respiratory tract (7). Impor-
tantly, inflammation occurred after vector administration to
nasal and bronchial epithelium. Thus, vector delivery to the
alveolar surface cannot completely explain the inflammatory
host response as previously proposed (33). Nasal inflammatory
responses to adenovirus appear not to be explained by an
epithelial cell response because cultured primary airway epi-
thelial cells do not stimulate cytokines following in vitro ade-
novirus infection (36). These prior findings may be reconciled
by the fact that macrophages are found on the epithelial sur-
face distributed throughout the respiratory tract with a density
in proportion to the surface area (6, 10) and our observations
that macrophages initiate the inflammatory response during
adenovirus infection.
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