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Gamma interferon (IFN-y) and T1-phenotype immune responses are important components of host defense
against a variety of intracellular pathogens, including Legionella pneumophila. The benefit of intrapulmonary ade-
novirus-mediated IFN-y gene therapy was investigated in a nonlethal murine model of experimental L. pneu-
mophila pneumonia. Intratracheal (i.t.) administration of 10° CFU of L. pneumophila induced the expression
of T1 phenotype cytokines, such as IFN-y and interleukin-12 (IL-12). Natural killer cells were identified as the
major cellular source of IFN-y. To determine if enhanced expression of IFN-vy in the lung could promote pul-
monary clearance of L. pneumophila, we i.t. administered 5 X 10° PFU of a recombinant adenovirus vector
containing the murine IFN-y cDNA (AdmIFN-y) concomitant with L. pneumophila. We observed a 10-fold de-
crease in lung bacterial CFU at day 2 in the AdmIFN-vy-treated group compared to controls (P < 0.01). Alveolar
macrophages isolated from AdmIFN-y-treated animals displayed enhanced Killing of intracellular L. prneumo-
phila organisms ex vivo. Similar improvements in bacterial clearance were observed with i.t. recombinant
IFN-vy treatment. The transient transgenic expression of IL-12, a known inducer of IFN-y and promoter of
T1-type immune responses, resulted in more modest improvement in bacterial clearance (sixfold reduction;
P < 0.05). These results demonstrate that, even in immunocompetent hosts, exogenous administration or
transient transgenic expression of IFN-vy, and to a lesser extent IL-12, may be of potential therapeutic benefit
in the treatment of patients with Legionella pneumonia.

Bacterial pneumonia is a leading cause of morbidity and
mortality in the United States. With the emergence of multi-
drug-resistant organisms, treatment of patients with this dis-
ease has been difficult, particularly in immunocompromised
and elderly patients. Therefore, the magnitude of host innate
and adaptive immune responses is a critical determinant of the
clinical outcome of patients with bacterial pneumonia. Inter-
feron gamma (IFN-y) is now recognized as an important cyto-
kine in both innate and cell-mediated immune responses
against a variety of microbial pathogens. The beneficial effects
of IFN-y on phagocytes include the induction of nitric oxide
synthase expression and the generation of reactive oxygen in-
termediates (8). In addition, IFN-y promotes T1-phenotype
immune responses, which leads to enhanced cell-mediated kill-
ing of intracellular pathogens. As a result, IFN-y has been used
as an adjunctive treatment for several intracellular infections,
including disseminated Mycobacterium avium complex, Leish-
mania major, and Toxoplasma gondii (23, 28).

Legionella pneumophila is an intracellular gram-negative or-
ganism that is a common cause of severe community-acquired
and nosocomial pneumonia (45). Importantly, pulmonary in-
fection due to this organism can result in substantial morbidity
and mortality in both immunocompetent and immunocompro-
mised individuals. Previous studies have demonstrated that
endogenous IFN-vy is induced in response to Legionella infec-
tion and is believed to play an important role in the successful
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eradication of this organism (11, 46). Legionella infects and
replicates within alveolar macrophages in permissive hosts, but
its growth is dependent upon iron. Recombinant IFN-y has been
shown to activate monocytes and resident macrophages to inhibit
growth of and even promote killing of L. pneumophila, in part
by inducing nitric oxide and limiting the availability of intra-
cellular iron in macrophages (13, 15-17). In vivo, recombinant
IFN-vy has been demonstrated to be of benefit in neutropenic
mice and corticosteroid-treated rats infected with L. pneumo-
phila (42, 47). However, the benefit of IFN-y in immunocompe-
tent hosts with L. pneumophila pneumonia has not previously
been demonstrated. Furthermore, rats are relatively resistant
hosts for Legionella (51), making the biologic significance of
these observations in immunocompetent animals unclear.
Therefore, we sought to test the hypothesis that either ex-
ogenous administration or enhanced endogenous expression of
IFN-y would be of therapeutic benefit in immunocompetent,
permissive hosts using an A/J mouse model of experimental
legionellosis (11). Unlike other mouse strains, A/J mouse mac-
rophages are highly permissive for the growth of Legionella or-
ganisms, much like human macrophages. We used both recom-
binant IFN-y (rmIFN-y) and a recombinant adenovirus that
results in enhanced endogenous expression of murine IFN-y
(AdmIFN-vy) to determine if either early administration or
transient transgenic expression of IFN-y would promote pul-
monary bacterial clearance. We found that both treatment
modalities resulted in enhanced bacterial clearance. Further-
more, our studies demonstrated that AdmIFN-vy, like rmIFN-vy,
could activate macrophages to kill Legionella ex vivo; that the
effects of AdmIFN-y were independent of cell recruitment and
proinflammatory cytokine induction; and that intrapulmonary
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rather than systemic IFN-y expression was required for bene-
ficial effects to be observed. In addition, because interleukin-12
(IL-12) is a key mediator of T1-type immune responses and
IFN-y production, we also investigated whether transient trans-
genic pulmonary expression of IL-12 would promote clearance
of L. pneumophila, using a recombinant adenovirus that con-
tains the murine IL-12 p35 and p40 cDNAs (AdIL-12). We
found that intratracheally (i.t.) administered AdIL-12 also en-
hances bacterial clearance, but the results with AdIL-12 were
modest compared to the effects of AdmIFN-y or rmIFN-vy.

MATERIALS AND METHODS

Mice. Female specific-pathogen-free 6- to 8-week old A/J mice were purchased
from Jackson Laboratory (Bar Harbor, Maine) and housed under specific-patho-
gen-free conditions within the animal care facility at the University of Michigan
until the day of sacrifice.

Preparation of L. pneumophila. For animal experiments, we used a clinical
isolate of L. pneumophila suzuki (serogroup 1), which was a gift of Kazuhiro
Tateda (47). Bacteria were grown over 3 to 4 days on buffered charcoal-yeast
extract agar supplemented with L-cysteine and ferric nitrate. A single colony was
transferred to 3 ml of N-(2-acetamido)-2-aminoethanesulfonic acid (Sigma, St.
Louis, Mo.) buffered yeast extract broth and incubated overnight at 37°C with
constant shaking (18). A bacterial suspension was then transferred to fresh
buffered yeast extract broth using serial fivefold dilutions and then again was
incubated overnight under the same conditions. After confirmation of bacterial
motility by microscopic observation, the concentration of bacteria was deter-
mined by measuring the amount of absorbance at 600 nm. According to a
standard of absorbancies based on known CFU, the bacterial suspension was
diluted to the desired concentration in saline and subsequently confirmed by
plating the suspension. Animals were then anesthetized with a ketamine-xylazine
mixture intraperitoneally (i.p.). The trachea was exposed, and 30 wl of inoculum
was administered via a sterile 26-gauge needle. The skin incision was closed via
surgical staples (11, 51).

Reagents. rmIFN-y was purchased from R&D systems (Minneapolis, Minn.).
Polyclonal anti-murine IFN-y, IL-12, tumor necrosis factor (TNF), gamma in-
terferon-inducible protein 10 (IP-10) and MIG antibodies used in the enzyme-
linked immunosorbent assay (ELISA) were obtained from R&D systems.

Adenovirus vectors. AdmIFN-y has been described previously (34). Briefly,
this recombinant adenovirus 5, pACCMV.PLA, has murine IFN-y ¢cDNA in-
serted into the E1 region. Transfection of this adenovirus results in expression of
biologically active murine IFN-y. For experiments using AdmIFN-y, we used
Ademvplpa-loxP as the control adenovirus (AdCtl), which is an empty vector
with an adenovirus 5 backbone and cytomegalovirus promoter (Vector Core,
University of Michigan) (44). We also utilized an adenovirus vector which con-
tains the cDNA for both the p35 and p40 subunits of murine interleukin-12
(AdIL-12) in the E1 and E3 regions, respectively. This adenovirus has previously
been shown to express a biologically active form of IL-12 in vivo (10).

Lung harvesting. At designated time points, mice were sacrificed by CO,
asphyxia. Prior to lung removal, the pulmonary vasculature was perfused via the
right ventricle with 1 ml of phosphate-buffered saline (PBS) containing 5 mM
EDTA. Whole lungs were then harvested for assessment of bacterial number and
cytokine protein expression. After removal, whole lungs were homogenized in
1.0 ml of PBS with protease inhibitor (Boehringer Mannheim, Indianapolis, Ind.)
using a tissue homogenizer (Biospec Products, Inc.) under a vented hood. Por-
tions of homogenates (10 pl) were inoculated on buffered charcoal-yeast extract
agar after serial 1:10 dilutions with PBS or 0.9 N saline (NS) to determine the
number of CFU. The remaining homogenates were incubated on ice for 30 min
and then centrifuged at 1,400 X g for 10 min. Supernatants were collected,
passed through a 0.45-pm-pore-size filter (Gelman Sciences, Ann Arbor, Mich.),
and then stored at —20°C for assessment of cytokine levels.

BAL and cytospins. Mice were sacrificed 1, 2, and 4 days after inoculation with
bacteria for the performance of bronchoalveolar lavage (BAL). The trachea was
exposed and intubated using a 1.7-mm-outer-diameter polyethylene catheter.
BAL was performed by instilling PBS containing 5 mM EDTA in 1-ml aliquots.
The total volume of lavage was 10 ml per mouse to obtain cells or 1 ml for
cytokine analysis. Cytocentrifugation slides (Cytospin 2; Shandon Inc., Pitts-
burgh, Pa.) were subsequently prepared from BAL cells and stained with Diff-
Quik (Dade Behring, Newark, Del.) for cell differential (50).

Total lung leukocyte preparation. Lungs were removed from euthanatized
animals and leukocytes were prepared as previously described (35). Briefly, lungs
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were minced with scissors to a fine slurry in 15 ml of digestion buffer (RPMI-5%
fetal calf serum—collagenase [1 mg/ml; Boehringer Mannheim]) plus DNase
(30 pg/ml; Sigma). Lung slurries were enzymatically digested for 30 min at 37°C.
Any undigested fragments were further dispersed by drawing the solution up and
down through the bore of a 10-ml syringe. The total lung cell suspension was
pelleted, resuspended, and spun through a 20% Percoll gradiant to enrich for
leukocytes for flow analysis. Cell counts and viability were determined using
Trypan blue exclusion counting on a hemacytometer.

Intracellular cytokine staining. Cells from infected and uninfected control
mice were isolated from lung digests as previously described. Intracytoplasmic
cytokine staining was performed using the Cytofix/Cytoperm Plus kit and the
manufacturer’s protocol (BD PharMingen, San Diego, Calif.). Cells were stained
for surface expression of CD4, CDS, or DX5 (pan-NK cell marker) using fluo-
rescein isothiocyanate-labeled antibodies (BD PharMingen). Cells were then
fixed with formaldehyde and permeabilized with sodium azide and saponin for 20
min on ice. After washing, cells were stained for intracytoplasmic IFN-y expres-
sion with purified rat anti-murine IFN-y antibodies (BD PharMingen) diluted in
Perm/Wash solution for 30 min. Cells were analyzed on a FACSCalibur cytom-
eter (Becton Dickinson) using Cellquest software (Becton Dickinson).

Murine cytokine ELISAs. Murine cytokines were quantitated using a modifi-
cation of a double ligand method as previously described (44). Standards were
0.5 log dilutions of murine recombinant cytokine from 1 pg/ml to 100 ng/ml. This
ELISA method consistently detected murine IFN-y, IL-12, TNF, IP-10, and
MIG concentrations above 50 pg/ml. The ELISA did not cross-react with other
cytokines, such as IL-1, IL-2, or IL-6. In addition, the ELISA did not cross-react
with other members of the murine chemokine family, including murine KC,
MIP-2, JE/MCP-1, MIP-1a, or RANTES.

Alveolar macrophage microbicidal assay. Alveolar macrophages were isolated
from BAL as described above. Briefly, the BAL fluid was spun down at 580 X g
for 10 min, the supernatant was discarded, and the cell pellet was resuspended in
RPMI-Dulbecco modified Eagle medium with 5% fetal bovine serum with an-
tibiotics. The cell count was determined using a hemacytometer, and the cells
were then diluted to a final concentration of 10° cells/ml. Trypan blue staining
revealed the cells to be >95% viable. The cells were cultured in 24-well tissue
culture plates (Costar, Cambridge, Mass.). After 2 h of incubation at 37°C in 5%
CO,, the wells were washed of nonadherent cells, and a suspension of L. pneu-
mophila was added at a multiplicity of infection (MOI) of 0.2 to 0.3 (i.e., 2to 3
organism per 10 cells), as higher MOIs lead to significant early cytotoxicity (24,
29, 36). The cells were incubated with L. pneumophila for 2 more hours at 37°C,
and then the wells were washed again to remove extracellular Legionella organ-
isms. The cultured cells in the wells were lysed with cold distilled water 0, 2, and
3 days later to determine serial intracellular L. pneumophila CFU.

Statistical analysis. Statistical significance was determined using one-way
analysis of variance with the Bonferroni post-test for three or more groups or the
Mann-Whitney test for two groups. To determine the main cellular source of
IFN-y in the lungs in animals with intrapulmonary Legionella infection, a chi-
square test was performed. Calculations were performed using Prism 3.0 for
Windows 95 and NT (GraphPad Software).

RESULTS

T1 cytokine expression and sources of IFN-y after i.t.
L. pneumophila administration. Initial experiments were per-
formed to determine the time course and cellular source of
T1-phenotype cytokines in mice with Legionella pneumonia.
As shown in Fig. 1, the i.t. administration of L. pneumophila
(10° CFU) resulted in the expression of both IL-12 and IFN-y
in the lung. The time course of T1-type cytokine expression
correlated with the time course of bacterial CFU growth in the
lung, with peak cytokine levels, and with bacterial CFU in lung
homogenates occurring at day 2 (Fig. 1; also see Fig. 4). Using
intracellular cytokine staining and flow cytometric analysis
gated for lymphocytes, we observed that DX5™ cells were the
predominant source of endogenous IFN-y in our model (Fig.
2) by day 2 post-Legionella challenge (time of maximal IFN-y
production; P < 0.0001). However, other cells also contributed
to IFN-vy production, including a smaller population of DX5™
CD4~ CDS8™ lung cells.
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FIG. 1. Cytokine production in lung during Legionella infection.
Mice were sacrificed on days 0, 1, 2, and 4 following i.t. challenge with
L. pneumophila (1.5 X 10° CFU/mouse). IFN-y (A) and IL-12 (B)
levels were measured in lung homogenates by ELISA. The experiment
was performed three times (# = 5 animals per time point). Error bars,
standard deviation.

Time- and dose-dependent production of IFN-y in A/J mice
after i.t. AdmIFN-y administration. Previous studies have
demonstrated an important role for IFN-y in the clearance of
intracellular bacteria, including L. pneumophila, from the lung.
To determine if enhanced pulmonary IFN-y expression could
augment Legionella clearance, we utilized an intrapulmonary
adenovirus-mediated gene therapy approach. In initial char-
acterization studies, we observed substantial expression of
IFN-v in a time-dependent fashion after i.t. administration
of AdmIFN-y (10° PFU). Peak levels occurred at day 1, with
sustained elevation until at least day 7 post-AdmIFN-y admin-
istration (data not shown). Levels of IFN-y returned to base-
line by day 14. In contrast, mice treated with AdCtl did not
have significantly elevated lung levels of IFN-y at any time
point. We then administered increasing doses of AdmIFN-vy,
which resulted in a significant dose-dependent induction of
IFN-y (Fig. 3). A dose of 5 X 10® PFU was used for all
subsequent experiments, as at doses of 10° PFU and above,
systemic toxicity was observed (lethargy and ruffled fur). Thus,
these studies indicate that the i.t. administration of AdIFN-y
results in a significant induction in the expression of IFN-y
within the lung that is both time and dose dependent.

Effect of transient transgenic IFN-y expression or intrapul-
monary rmIFN-y administration on bacterial clearance in A/J

INFECT. IMMUN.

mice with Legionella pneumonia. To determine if transient
transgenic expression of IFN-y could enhance lung bacterial
clearance, mice received coadministration of L. pneumophila
(10° CFU) and AdmIFN-y, saline, or Adctl. As shown in Fig.
4, i.t. treatment with AdmIFN-y (5 X 10® PFU) enhanced bac-
terial clearance compared to that observed in infected animals
treated with either saline or AdCtl (reduction of [10 = 1.2]-
fold [mean = standard deviation] CFU in lung homogenate on
day 2 from all experiments; P < 0.01). Intratracheal rmIFN-y
(100 ng) treatment was also associated with a marked reduc-
tion in CFU in lung at day 2 compared to that observed in
control animals (35-fold reduction; P < 0.001) (Fig. 5). Since
IL-12 is known to be a major inducer of IFN-y and a key
promoter of a T1-type host response, we performed additional
studies to assess the effects of transgenic expression of IL-12 in
our model. The i.t. administration of a recombinant adenovirus
containing IL-12 p35 and p40 cDNAs (5 X 10® PFU) resulted
in a mean sixfold reduction in CFU in lung compared to that
in control animals (P < 0.05) (Fig. 5). These results indicate
that transient transgenic expression of IL-12 also has benefi-
cial effects on bacterial clearance in Legionella pneumonia,
albeit to a lesser extent than that observed with IFN-vy.

Effect of i.t. versus i.p. administration of AdmIFN-vy on lung
bacterial clearance in mice with Legionella pneumonia. To
determine if enhanced bacterial clearance in response to tran-
sient transgenic expression of IFN-y required compartmental-
ized therapy, animals were administered AdmIFN-vy either
i.t. or i.p. concomitant with i.t. L. pneumophila administra-
tion. The number L. pneumophila CFU in lung was deter-
mined 2 days later. As shown in Fig. 6, i.p. administration of
AdmIFN-vy (5 X 10% PFU) led to only a small and statistically
insignificant reduction in lung bacterial CFU (twofold reduc-
tion; P > 0.05). In contrast, i.t. administration of AdmIFN-y
resulted in a significant improvement in bacterial clearance
similar to that observed in previous experiments.

Effect of AdmIFN-y on intrapulmonary cytokine levels.
Since overexpression of IFN-y had impressive effects on bac-
terial clearance, we investigated the possibility that AdmIFN-
vy may enhance bacterial clearance by inducing the expression
of other cytokines that contribute to antibacterial host defense.
As expected, IFN-vy levels in lung homogenates from AdmIFN-
v treated animals were significantly higher than in those from
infected animals treated with AdCtl or saline (mean fourfold
increase on day 2; P < 0.01) (data not shown) at all time points
studied, although these animals had a lower bacterial burden in
the lungs. However, no appreciable differences in levels of
other cytokines studied—including TNF alpha, IL-12, or the
ELR-CXC chemokines (IP-10 and MIG, which are known to
be induced by IFN-v) (20)—were noted in the AdmIFN-v-
treated animals compared to controls (data not shown).
Based upon these results, the induction of other cytokines
does not appear to contribute to the beneficial effects of
AdmIFN-y.

Effect of AdmIFN-y on lung leukocyte influx in mice with
Legionella pneumonia. To determine the effects of intrapulmo-
nary transgenic expression of IFN-y on the development of
lung inflammation, we administered L. pneumophila concur-
rently with AdmIFN-y or AdCtl and then performed BAL at
various time points postchallenge. As shown in Table 1, we
observed that challenge with L. pneumophila resulted in a
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FIG. 2. Intracellular cytokine staining of IFN-y in lung digest cells. On day 2 after i.t. challenge with L. pneumophila (i.e., when IFN-vy levels
were at their peak), mice were sacrificed to obtain cells for lung digest. The cells were stained for surface expression of CD4 (A), CD8 (B), or DX5
(C) and then costained for intracytoplasmic IFN-y. After staining, cells underwent analysis by flow cytometry with gating for lymphocytes by size
and complexity characteristics (41). (C) The majority of cells staining positive for intracellular IFN-y were DX5", although a number of
IFN-vy-positive cells were DX5~, CD4™, and CD8™. The experiment was performed twice (n = 2 animals per group).

substantial increase in leukocytes in the lungs over the base-
line, particularly neutrophils. On days 1 and 2 post-infec-
tious challenge, when IFN-y expression was at its peak in
AdmIFN-vy-treated animals, AdmIFN-y-treated animals did
not display significant differences in the total number of neu-
trophils or mononuclear cells in lung airspace compared to
control animals. By day 4, the AdmIFN-y-treated animals had
a trend towards fewer total leukocytes and neutrophils in la-
vage fluid compared to controls, consistent with their lower
lung bacterial counts, but these differences were not statisti-
cally significant (data not shown). Thus, the beneficial effect of
AdmIFN-y treatment was not associated with significant dif-
ferences in cell recruitment to the airspace during Legionella
infection.

Effect of AdmIFN-y administration on alveolar macrophage
bactericidal activity ex vivo. Given that the transgenic ex-
pression of IFN-vy resulted in no significant changes in leu-

kocyte recruitment to the airspace, we next investigated
whether AdmIFN-y treatment resulted in enhanced ability of
alveolar macrophages to Kkill intracellular L. pneumophila ex
vivo. Animals were administered i.t. AdmIFN-y, AdCtl, or
saline, and then BAL was performed on day 2 to recover
alveolar macrophages for ex vivo studies. We observed that
alveolar macrophages from uninfected animals treated with
AdmIFN-y in vivo inhibited the intracellular growth of
L. pneumophila organisms (15% reduction in CFU between
day 0 and day 3; P<0.001), whereas intracellular growth con-
tinued in alveolar macrophages isolated from either saline- or
AdCtl-treated animals (Fig. 7). Furthermore, we observed that
alveolar macrophages from AdCtl-treated animals were more
permissive to intracellular Legionella growth than alveolar mac-
rophages from saline-treated animals (P < 0.001), suggesting
that the adenovirus vector itself might be detrimental to mac-
rophage microbicidal responses.
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FIG. 3. Dose-dependent IFN-y expression after i.t. AdmIFN-y administration. Increasing doses of AdmIFN-y or AdCtl were administered
(doses in PFU indicated by numbers above bars). Two days later, mice were sacrificed for determination of either lung homogenate (A) or BAL
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DISCUSSION

L. pneumophila is a major cause of severe bacterial pneu-
monia in both immunocompromised and immunocompetent
hosts. Therefore, modulating the immune response to this and
other pathogens continues to be an attractive therapeutic strat-
egy. For our studies, we have used an A/J mouse model, as
macrophages from this mouse strain, like human macrophages,
are permissive for Legionella growth. In our preliminary stud-
ies with this model and our Legionella strain, we observed that
intrapulmonary Legionella infection leads to a reproducible
upregulation of IFN-y and IL-12 production in the lung which

correlates temporally with bacterial burden. This is consistent
with earlier reports of T1-phenotype cytokine induction fol-
lowing Legionella infection in animal models and human pa-
tients (11, 12, 14, 46, 47).

Studies were performed to identify the cellular source of
IFN-vy in our model. Previously, it was reported that in vitro
stimulation of splenocyte cultures by Legionella antigens led to
IFN-y production by natural killer phenotype cells (7). Intact
Legionella organisms can also stimulate human peripheral
blood CD4" T lymphocytes to produce IFN-y in vitro (32).
Using intracellular cytoplasmic staining of lung digest cells
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10° CFU of L. pneumophila and AdmIFN-y (5 X 10® PFU), saline, or AdCtl (5 X 10® PFU) and then were sacrificed on days 1, 2, and 4 following
challenge for determination of L. pneumophila CFU in lung homogenates. The experiment was performed twice (n = 5 animals per group).

#%, P < 0.01; error bars, standard deviation.

isolated from Legionella-infected animals, we have determined
that the predominant source of early IFN-y in the lung are
cells positive for DXS5, which is a pan-NK cell marker. Al-
though DX5 may also be expressed on CD3" NK-T cells, this
population probably comprises a minority of the DX5" IFN-
vy-producing cells in the lung early on, as shown previously
following respiratory syncytial virus infection (30). Thus, the
majority of the cells producing intrapulmonary IFN-y follow-
ing Legionella infection in our model are NK cells. However,

a sizeable population of IFN-y producing cells are CD4 ",
CDS8 ", and DX5 . A likely candidate for this cell population is
v8-T cells, which have previously been linked to early localized
production of IFN-y following i.t. Klebsiella infection and i.p.
Listeria infection (21, 35). Studies are ongoing to identify these
additional cellular sources of IFN-y within the lung.

IFN-y plays an important role in the clearance of many
intracellular pathogens, including 7. gondii, L. monocytogenes,
and Chlamydia trachomatis (4, 8, 39, 52). Endogenous IFN-y
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FIG. 5. CFU in lung homogenate in animals with Legionella pneumonia treated with AdmIFN-y, rmIFN-v, or AdIL-12. Animals received i.t.
coadministrations of L. pneumophila (10° CFU) and saline, AdCtl, AdmIFN-y, rmIFN-y (100 ng), or AdIL-12 (5 X 10%-PFU dose for all
adenovirus vectors). Two days later, mice were sacrificed for determination of CFU lung homogenate. The experiment was performed twice (n =
5 animals per group). Statistical significance: *, P < 0.05; **, P < 0.001 (compared to control). Error bars, standard deviations.
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FIG. 6. Effect of systemic versus localized administration of AdmIFN-y vector on bacterial clearance. Animals were co-administered L. pneu-
mophila (1.5 X 10° CFU) i.t., and i.t. AdmIFN-y, i.p. AdmIFN-y, i.t. AdCtl, i.p. AdCtl (all adenovirus doses 5 X 10® PFU), or saline. On day 2
post-challenge, mice were sacrificed for lung CFU determination. #*, P < 0.01 compared to control. The experiment was performed once (n =

5 animals per group). Error bars, standard deviation.

clearly plays a significant role in clearance of L. pneumophila
since IFN-y knockout mice are more susceptible than wild-type
mice, and neutralization of IFN-y by a monoclonal antibody in-
creases bacterial burden in mice challenged intravenously with
L. pneumophila (22, 27). We therefore investigated whether
modulation of the immune system by transient transgenic
IFN-y expression was beneficial to immunocompetent, permis-
sive hosts with Legionella pneumonia. Our results indicate that
either exogenous administration or enhanced transgenic ex-
pression of IFN-y augments bacterial clearance in immuno-
competent hosts in vivo. IFN-y-treated animals had signifi-
cantly lower CFU counts in lung compared to those in infected
animals treated with saline or AdCtl. We demonstrated that
adenovirus-mediated IFN-y expression has beneficial effects
similar to that seen with recombinant protein. Thus, we have
shown that even immunocompetent hosts may benefit from
increased intrapulmonary IFN-y expression or administration.

TABLE 1. Cell counts and differentials in lavage fluid after
Legionella challenge in AdmIFN-y-treated animals®

Mean + SEM

Treatment of

Legionella Total no. No. of PMN No. of mono-

of cells : nuclear cells

Untreated (1.40 = 0.24) X 10° 425 = 425 (1.39 = 0.23) X 10°
Day 1

0.9 NS (3.01 £ 0.42) X 10° (2.66 = 0.38) X 10‘7 (0.35 = 0.04) X 10°

AdCtl (3.01 = 0.74) X 10° (2.68 = 0.68) X 10° (0.34 = 0.07) X 10°

AdmIFN-y (2.85 + 0.47) X 10° (235 = 0.44) X 10> (0.50 = 0.22) X 10°

Day 2
0.9 NS (120 = 0.19) X 10° (1.08 = 0.17) X 10° (1.21 = 0.24) X 10°
AdCtl (7.78 £ 0.96) X 10° (7.20 = 0.89) X 10° (5.77 = 0.80) x 10*

AdmIFN-y (8.98 + 0.25) X 10° (8.05 + 2.28) X 10° (9.27 = 2.72) x 10*

“ Mice were challenged with 2 X 10° CFU of L. pneumophila concomitantly
with AdmIFN-y (5 X 10% PFU), AdCtl (5 X 10% PFU), or saline. On day 0, 1, and
2 after challenge, animals were sacrificed for BAL. (n = 5 animals per group).
The experiment was performed once.

AdmIFN-y likely has multiple effects on the innate immune
response. Since we did not observe enhanced leukocyte influx
into the pulmonary airspaces in Legionella-infected animals
treated with AdmIFN-vy, our results suggest that the actions of
AdmIFN-y are independent of an augmented recruitment re-
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FIG. 7. Effect of AdmIFN-y treatment on intracellular growth
of Legionella in macrophages ex vivo. Mice were treated i.t. with
AdmIFN-y (5 X 10% PFU), AdCtl (5 X 10® PFU), or saline. Two days
later, alveolar macrophages were recovered from lavage fluid and
cultured with L. pneumophila organisms at an MOI of 0.2 to 0.3. Cells
were washed and lysed on day O following a 2 of coincubation of
Legionella and macrophages to determine the level of initial intracel-
lular or cell-associated Legionella organisms. Two and three days later,
macrophages were washed and lysed to determine serial CFU counts.
Results are expressed as the net percent change in CFU on days 2 and
3 compared to initial (i.e., day 0) CFU. The experiment was performed
twice. Statistical significance: **, P < 0.01 (compared to alveolar
macrophages from saline and AdCtl-treated animals); ##%, P <
0.001 (compared to alveolar macrophages from saline-treated ani-
mals). Error bars, standard deviations.
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sponse. Rather, the IFN-y transgene is likely exerting impor-
tant activating effects on the resident leukocytes in the lungs.
This argument is supported by previously published findings
that recombinant IFN-y activates alveolar macrophages and
other monocytes to limit the growth of intracellular Legionella
organisms in vitro (3, 15, 33, 37, 43). Likewise, our observations
indicated that macrophages isolated from AdmIFN-vy-treated
mice inhibited the growth of Legionella. Thus, AdmIFN-vy ap-
pears to activate alveolar macrophages in vivo in a fashion
similar to that shown with rmIFN-y treatment in vitro. How-
ever, it is also quite possible that IFN-y has important activat-
ing effects on neutrophils recruited to the lung, which has been
demonstrated in vitro against Legionella and fungal pathogens
(5, 6, 40).

The importance of proximal T1-phenotype cytokines, such
as IL-12 and IL-18, in Legionella and other intracellular infec-
tions has previously been demonstrated (12, 14, 19, 48, 49).
These cytokines are key modulators of intrapulmonary produc-
tion of IFN-y in Legionella pneumonia and underscore the sig-
nificance of a T1-type host response towards promoting bac-
terial clearance. The transient transgenic expression of IL-12
resulted in some improvement in Legionella clearance. How-
ever, the fact that this effect was less than that observed with
AdmIFN-y suggests that IL-12 overexpression by itself is not
sufficient to maximize IFN-y responses. Thus, as a potential
therapy, IL-12 expression or administration may be a less-at-
tractive alternative than IFN-y administration. It is possible
that other molecules are required (such as IL-18) to synergis-
tically enhance IFN-y expression, as has been demonstrated in
vitro (25, 38, 53). However, the neutralization of both IL-12
and IL-18 simultaneously had only modest effects on IFN-y
levels over neutralization of IL-12 alone, suggesting that IL.-12
is still the key mediator in terms of IFN-y production (12).
IL-12 and IL-18 may also have activating effects on the innate
immune response that are not mediated by IFN-v, such as pro-
moting NK cell-mediated cytotoxicity (2, 31, 49). Whether the
synergistic activities of exogenous IL-12 and IL-18 are benefi-
cial in Legionella pneumonia—through either IFN-vy-depen-
dent or -independent effects—is the focus of ongoing studies.

Our studies also illustrate several key points to consider
when using a gene therapy approach. First, our results dem-
onstrate the importance of compartmentalized administration
of gene therapy vectors. Specifically, i.p. administered AdmIFN-
v had limited effects on pulmonary clearance of Legionella.
Importantly, we did not observe enhanced protein expression
in the lung after i.p. vector administration relative to the ex-
pression observed in untreated animals. In contrast, i.t. treat-
ment clearly augmented pulmonary IFN-y production and
enhanced bacterial clearance. Second, the adenovirus vector
itself may have potentially detrimental effects on the immune
system, particularly on macrophage function. To this end, it
has been shown that AdCtl treatment can impair pulmonary
clearance of Klebsiella, especially when given at higher doses
(=5 X 10® PFU) (26). Although we did not observe simi-
lar effects on Legionella clearance in vivo, we did find that
macrophages recovered from AdCtl-treated animals were
more permissive for the growth of Legionella ex vivo than were
macrophages from untreated animals. A possible explanation
is that the vector itself depresses macrophage activation. Pre-
viously, it was observed that alveolar macrophages infected
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with type 1 and type 8 adenoviruses displayed reduced expres-
sion of Fc and complement receptors and a decreased ability to
kill ingested Candida albicans (1). Thus, the adverse effects
of the adenovirus vector may be partially counteracting the
potential benefits of transgenic overexpression of the target
molecule, underscoring the need for less-immunoreactive gene
therapy vectors.

Finally, the kinetics of cytokine expression and activity must
be addressed. IFN-y appears to play its most important role
early in the time course of Legionella infection. The half-life of
the recombinant protein administered in vivo is very short (up
to 7 h, depending on the route of administration) (9), but this
early burst of activity is sufficient to enhance clearance out to
2 days. This may have important implications for the design of
potential therapy for acute infections as opposed to chronic
infections.
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