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Alveolar macrophages constitutively reside in the respiratory tracts of pigs and humans. An in vivo role of
alveolar macrophages in defending against influenza viruses in mice infected with a reassorted influenza virus,
1918 HA/NA:Tx/91, was reported, but there has been no report on an in vivo role of alveolar macrophages in
a natural host such as a pig using currently circulating human influenza virus. Here we show that in vivo
depletion of alveolar macrophages in pigs by dichloromethylene diphosphonate (MDPCL2) treatment results
in 40% mortality when pigs are infected with currently circulating human HIN1 influenza viruses, while none
of the infected control pigs died. All infected pigs depleted of alveolar macrophages suffered from more severe
respiratory signs than infected control pigs. Induction of tumor necrosis factor alpha in the infected pigs
depleted of alveolar macrophages was significantly lower than that in the lungs of infected control pigs, and the
induction of interleukin-10, an immunosuppressive cytokine, significantly increased in the lungs of infected
pigs depleted of alveolar macrophages compared to infected control pigs. When we measured antibody titers
and CD8™" T lymphocytes expressing gamma interferon (IFN-y), lower antibody titers and a lower percentage
of CD8™" T lymphocytes expressing IFN-y were detectable in MDPCL2-treated infected pigs than in phosphate-
buffered saline- and liposome-treated and infected pigs. Taken together, our findings suggest that alveolar

macrophages are essential for controlling HIN1 influenza viruses in pigs.

Influenza viruses cause considerable morbidity and mortality
in humans worldwide. Influenza viruses mainly infect epithelial
cells in the respiratory tracts and macrophages in humans and
animals (3, 14, 28). Each year, influenza viruses are responsible
for more than 30,000 excess deaths and about 250,000 hospi-
talizations in the United States alone (29). Influenza viruses
cause an acute infection in humans, with clinical signs of chills,
fever, aches and pains in the body, fatigue, sore throat, and
nasal congestion. Gastrointestinal signs such as vomiting, ab-
dominal pain, and diarrhea sometimes occur in humans in-
fected with influenza viruses (8, 9, 31).

Influenza-caused pathological signs might be due to the
combination of direct effects of viral replication on the infected
tissue and the effects of the host’s response to infection by
inflammatory cytokines such as tumor necrosis factor alpha
(TNF-o) produced by alveolar macrophages in the lungs in
humans and animals (17). Previous studies showed that influ-
enza A virus-infected macrophages produce proinflammatory
cytokines, such as TNF-«, interleukin-1 (IL-1), IL-6, and alpha/
beta interferon (IFN-a/B), and CC chemokines (14). In a study
using cultured human macrophages derived from monocytes,
the highly pathogenic H5N1 influenza viruses induced a larger
amount of TNF-« in the cultured macrophages than human
HINTI or H3N2 influenza viruses (5). An in vivo study of pigs
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using human influenza viruses showed that alveolar macro-
phages in pigs infected with human H3N2 influenza viruses
produced a larger amount of TNF-a than alveolar macro-
phages in pigs infected with human HIN1 influenza viruses
(28).

Diphosphonates are drugs originally developed for treat-
ing diseases of bones, teeth, and calcium metabolism (10).
Among various diphosphonates, dichloromethylene diphos-
phonate (MDPCL2) is cytotoxic to alveolar macrophages
when administered as a liposome-encapsulated drug (7, 30,
32, 33, 36, 37). Liposome-encapsulated MDPCL2 specifi-
cally eliminated alveolar macrophages in lungs of mice by
causing apoptosis (7, 33).

Pigs have been suggested as “mixing vessels” for the creation
of pandemic influenza viruses, since they are readily infected
with avian and human influenza viruses (13, 19, 27). It was
suggested that two pandemic influenza viruses, H2N2 in 1957
and H3N2 in 1968, were created in pigs infected with avian and
human influenza viruses (26). The molecular basis of reassort-
ment of avian and human influenza viruses in pigs may be the
presence of both avian and human influenza virus receptors in
their tracheas (16), even though a recent study suggests that
avian influenza viruses do not attach well to the tracheal epi-
thelium of pigs (35).

Until now, study of the in vivo role of alveolar macrophages
in controlling influenza viruses using MDPCL2 was performed
only in mice (34, 38). That study, using reassorted HIN1 virus
containing 1918 HA/NA:Tx/91, showed that alveolar macro-
phages could play a role in controlling the replication and
spread of the 1918 HA/NA:Tx/91 virus in mice (34). Mice are
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not regarded as a natural host for influenza viruses, since
influenza viruses are not circulating in mice. In this study, using
pigs, an important natural host for influenza virus, and cur-
rently circulating human HINI influenza viruses (28), we
wanted to examine the in vivo role of alveolar macrophages in
controlling influenza viruses by depleting alveolar macro-
phages in pigs by MDPCL2 treatment and to determine
whether depletion of alveolar macrophages in pigs would affect
the profiles of inflammatory cytokines compared to those in
control infected pigs.

MATERIALS AND METHODS

Viruses. Currently circulating human HIN1 (A/New Caledonia/20/99) influ-
enza viruses were propagated in the amniotic cavities of 10-day-old specific-
pathogen-free eggs before used for pathogenesis study. We used human HIN1
influenza virus since we hoped to explain the role of alveolar macrophages in
human influenza infections using a pig model.

Animals. Six-week-old pigs that were serologically negative by enzyme-
linked immunosorbent assay (ELISA) for exposure to porcine respiratory and
reproductive syndrome viruses, Mycoplasma hyopneumoniae, Pasteurella mul-
tocida, Bordetella bronchiseptica, Actinobacillus pleuropneumoniae, and H1
and H3 influenza viruses were used in this study. Optical density values were
regarded as negative when they were less than twofold higher than that of a
phosphate-buffered saline (PBS) control. The animal use committee at Chun-
gnam National University approved the experimental protocols. All animal
experiments were performed at the biosafety level 2 facility at Chungnam
National University.

Depletion of alveolar macrophages in the lungs of pigs. To deplete alveolar
macrophages in the lungs of pigs, we used liposome-encapsulated MDPCL2,
which could selectively deplete alveolar macrophages in lungs (36). MDPCL2
and control (PBS)-liposomes were prepared as described earlier (37). We de-
pleted alveolar macrophages as described previously (7) with some modifica-
tions. Six-week-old pigs were intramuscularly (i.m.) anesthetized with Zoletil (2
mg/kg) (Virbac Laboratories, Carros, France) and were intranasally (i.n.) ad-
ministered 5 ml of MDPCL2 or PBS-liposome for 3 days before pigs were
infected with 2 ml of 10* log,, 50% egg infectious doses (EIDs,) of human HIN1
(A/New Caledonia/20/99) influenza virus. When we tried intratracheal adminis-
tration of MDPCL2 to deplete alveolar macrophages in pigs, it was not success-
ful. Therefore, we used the i.n. route to deplete alveolar macrophages. To deliver
MDPCL2 into alveoli of pigs’ lungs, we quickly closed the mouths and noses of
pigs after i.n. administration of MDPCL2 to pigs.

To determine the efficiency of depletion of alveolar macrophages in lungs of
pigs, bronchoalveolar lavage (BAL) and immunofluorescence assay using anti-
body specific for procine alveolar macrophages were performed. Pigs were eu-
thanized with a high dose of Zoletil, and the lungs with respiratory tracts (trachea
and bronchus) were collected from the pigs. The collected lungs were lavaged
with 50 ml of PBS (pH 7.4). The lavaged samples were centrifuged at 800 X g for
10 min to collect cells. The collected cells were resuspended with 5 ml of PBS
(pH 7.4), and 100 pl of the resuspended cells was cytospun before immunoflu-
orescence assay was performed with mouse anti-porcine macrophage (Serotech,
Oxford, United Kingdom) and fluorescein isothiocyanate (FITC)-labeled anti-
mouse secondary antibody. Alveolar macrophages stained with antibody specific
for porcine alveolar macrophages were counted under a fluorescence microscope
(Olympus DP70) (Olympus Corporation, Tokyo, Japan).

For leukocytes, Wright staining was performed. BAL samples were cytospun
on glass slides and were allowed to air dry. The dried samples were fixed by
immersing them in methanol for 5 min before Wright staining solution (Muto
Pure Chemicals Co., Tokyo, Japan) was dropped on the slide. The slide was
incubated for 2 min, and then Wright staining buffer was dropped on it. After 5
minutes of incubation at room temperature, the glass slide was rinsed with
distilled water before cells were counted under a light microscope.

Counting bacteria in BAL samples. Pig BAL samples were tested for bacterial
infection. Serial 10-fold dilutions of BAL samples from each group (days 0, 5, 9,
and 14 postinfection [p.i.]) were transferred to a MacConkey agar plate, a tryptic
soy agar plate, or blood agar. Two individual bacteriological loops were plated
from each sample, and the number of CFU was determined at 72 h after
incubation (37°C).

Observation of clinical signs in pigs. Pigs depleted of alveolar macrophages by
MDPCL2 or not depleted of alveolar macrophages by use of PBS-liposomes (10
pigs per group) were sedated with Zoletil (2 mg/kg) before they were i.n. infected
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with 2 ml of 10* EIDs, of human HIN1 (A/New Caledonia/20/99) influenza virus.
Body weight, rectal temperature, and mortality in the infected pigs were ob-
served daily for clinical signs of infection for 14 days after infection.

Titration of virus in the lungs of pigs. One-gram portions of the left cranial
lobes of lungs of pigs infected with 2 ml of 10* EID5, of human HINT1 (A/New
Caledonia/20/99) influenza virus were homogenized using a Daihan WiseStir
HS-30E homogenizer (Daihan Co., Seoul, Korea) and frozen and thawed
three times in 1 ml of PBS (pH 7.4) supplemented with 2X antibiotic-
antimycotic solution (Sigma, St. Louis, MO). The prepared samples of lungs
were serially 10-fold diluted in PBS (pH 7.4) before each diluted sample was
inoculated into 10-day-old embryonated eggs. The presence of virus in the
inoculated eggs was determined by hemagglutination assay using 0.5% turkey
red blood cells. Viral titers were determined by log,, EIDs/ml as described
previously (24).

Histopathology staining. Pigs uninfected or infected with 2 ml of 10* EIDs, of
human HIN1 (A/New Caledonia/20/99) influenza virus were euthanized with a
high dose of Zoletil before the left cranial lobes of lungs were collected and
inflated with formalin. The lung tissues were fixed by submerging them in 10%
neutral buffered formalin and embedding them in paraffin. Five-micrometer
sections were made before they were stained with hematoxylin and eosin (H&E)
as described previously (2). The stained tissue sections were evaluated under an
Olympus DP70 microscope (Olympus Corporation, Tokyo, Japan).

Immunohistochemistry staining. Pigs uninfected or infected with 2 ml of 10*
EIDs, of human HIN1 (A/New Caledonia/20/99) influenza virus were eutha-
nized with high dose of Zoletil, and then the left cranial lobes of lungs were
collected. The collected lung tissues were fixed using 10% neutral-buffered for-
malin for 24 h and then embedded in paraffin. Five-micrometer sections were
made and stained with mouse influenza A virus antinucleoprotein antibody
(Serotech, United Kingdom). Tissue sections were deparaffinized and hydrated
in distilled water. Sections were fixed with 100% chilled acetone for 2 h for
permeabilization, and endogenous peroxidase activity was blocked by incubating
tissue sections in 3% H,0, for 15 min at 37°C before the sections were blocked
with 5% bovine serum albumin in PBS (pH 7.4) for 1 h. The blocked tissue
sections were labeled with mouse influenza A virus antinucleoprotein antibody
(1:1,000 dilution) by incubating at room temperature for 1 h. The labeled tissue
sections were stained with peroxidase-labeled goat anti-mouse immunoglobu-
lin(KPL, Gaithersburg, MD) and with stable diaminobenzidine peroxidase sub-
strate (KPL, Gaithersburg, MD, USA). The stained tissue sections were coun-
terstained with hematoxylin QS (Vector Laboratories, Burlingame, CA) before
the stained sections were evaluated under an Olympus DP70 microscope (Olym-
pus Corporation, Tokyo, Japan).

Quantification of inflammatory cytokines in lungs by ELISA. Pigs uninfected
or infected with 2 ml of 10* EIDs, of human HIN1 (A/New Caledonia/20/99)
influenza virus were euthanized with high dose of Zoletil, and then the left
cranial lobes of lungs were collected. One gram of left cranial lobes of lungs was
suspended in 1 ml of PBS (pH 7.4) before being disrupted by homogenizing using
a Daihan WiseStir HS-30E homogenizer (Daihan Co., Seoul, Korea) and freez-
ing and thawing three times. The disrupted cells were centrifuged at 14,000 X g
for 10 min. The supernatants were collected and stored at —70°C before analysis
of cytokines using porcine cytokine ELISA kits. The ELISA kits specific for
porcine IL-4, IL-10, and IFN-y were purchased from Biosource Inc., and that
used for porcine TNF-o was purchased from R&D Systems. The cytokine de-
tections were performed according to the manufacturers’ instructions. The quan-
tity of the cytokines was calculated and plotted based on a standard curve for
each cytokine.

Determination of antibody titers by HI assay. Sera from MDPCL2-treated or
untreated infected pigs were collected until 14 days p.i. Sera were treated with
receptor-destroying enzyme (Denka Seiken, Tokyo, Japan) before serial dilution
was performed in PBS (pH 7.4). The serially diluted sera were reacted with 8 HA
units of A/New Caledonia/20/99 (HIN1) for 15 min before turkey red blood cells
(0.5%) were added. Hemagglutination inhibition (HI) titers were determined at
30 min after incubation.

Intracellular staining of CD8* T lymphocytes expressing IFN-y. MDPCL2-
treated or untreated pigs were infected with 2 ml of 10* EIDs, of human HIN1
(A/New Caledonia/20/99) influenza virus, and BAL samples were collected until
14 days p.i. Lymphocytes were isolated by centrifuging (800 X g, 30 min) with
Histopaque (Sigma, MO). Alveolar macrophages were depleted by incubating
cells in a flask for 2 h with RPMI medium supplemented with 10% fetal bovine
serum and penicillin-streptomycin. The purified lymphocytes (10°) were stimu-
lated with human HINT1 influenza virus (A/New Caledonia/20/99) (multiplicity of
infection, 0.1) at 37°C for 4 h, and then brefeldin A (Sigma, MO) was added at
a final concentration of 1 pl/ml. After overnight incubation, the cells were
washed twice with cold PBS (pH 7.4) by spinning at 800 X g for 10 min. The
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FIG. 1. Efficiency of depletion of alveolar macrophages in the lungs of pigs by MDPCL2 treatment. (A) Determination of MDPCL2 dosage.
Six-week-old pigs were i.m. anesthetized with Zoletil (2 mg/kg) and were daily i.n. administered 2.5 ml, 5 ml, or 7.5 ml of MDPCL2. Three pigs
per time point were euthanized, and BAL was performed with 50 ml of PBS (pH 7.4). The lavaged samples were cytospun and stained with mouse
anti-porcine macrophage antibody and FITC-labeled goat anti-mouse secondary antibody. Alveolar macrophages stained with antibody specific for
porcine alveolar macrophages were counted under a fluorescence microscope. Data are the means for three pigs = standard errors per time point.
(B) Number of alveolar macrophages in MDPCL2-treated infected pigs. Six-week-old pigs were i.m. anesthetized with Zoletil (2 mg/kg) and were
daily i.n. administered 5 ml of MDPCL2 or PBS-liposomes for 3 days before being infected with 2 ml of 10* EIDs, of human HIN1 (A/New
Caledonia/20/99) influenza virus. Three pigs per time point were euthanized, and BAL was performed with 50 ml of PBS (pH 7.4). The lavaged
samples were cytospun and stained with mouse anti-porcine macrophage antibody and FITC-labeled goat anti-mouse secondary antibody. Alveolar
macrophages stained with antibody specific for porcine alveolar macrophages were counted under a fluorescence microscope. Data are the means
for three pigs * standard errors per time point. We statistically compared group 1-4 with group 1-2. *, P < 0.05. P-I (group 1-1), PBS-treated
infected pigs; PL-I (group 1-2), PBS-liposome-treated infected pigs; CL-UI (group 1-3), MDPCL2-treated uninfected pigs; CL-I (group 1-4),
MDPCL2-treated infected pigs. (C) Number of porcine lymphocytes in MDPCL2-treated infected pigs. Lymphocytes were counted by Wright
staining using the same samples as for panel B. Data are the means for three pigs + standard errors per time point. (D) Number of neutrophils
in MDPCL2-treated infected pigs. Neutrophils were counted by Wright staining using the same samples as for panel B. Data are the means for
three pigs * standard errors per time point. (E) Number of dendritic cells in MDPCL2-treated infected pigs. Dendritic cells were counted by
Wright staining using the same samples as for panel B. Data are the means for three pigs * standard errors per time point. (F) Number of bacteria
in MDPCL2-treated infected pigs. Bacteria were counted using a MacConkey agar plate, a tryptic soy agar plate, or blood agar and the same
samples as for panel B. Data are the means for three pigs *+ standard errors per time point.

washed cells were fixed with 0.5 ml of cold 4% paraformaldehyde by incubating
at room temperature for 10 min. The fixed cells were incubated for 10 min at
room temperature in 2 ml of SAP buffer containing PBS with 0.5% bovine serum
albumin and 0.2% saponin (Sigma, MO) for permeabilization. Permeabilized
cells were incubated with 200 ul of SAP buffer containing 10 pl of phycoerythrin-
labeled rabbit anti-porcine IFN-y antibody (R&D Systems, MN) and FITC-
labeled mouse anti-porcine CD8 antibody (Seotech, NC) for 30 min at room

temperature. Stained lymphocytes were measured by flow cytometry (FACSCali-
bur; Becton Dickinson).

Statistical analysis. The statistical significances of macrophage depletion, viral
titers, and cytokines were determined by a two-tailed, paired Student ¢ test. A P
value of less than 0.05 was regarded as significant. We compared data for pigs
depleted of alveolar macrophages by MDPCL2 with those of pigs not depleted
of alveolar macrophages and given PBS-liposomes.
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TABLE 1. Clinical signs in pigs infected with human HIN1 (A/New Caledonia/20/99) influenza virus
No. of pigs showing sign/total at day p.i.”:
Clipical 3 6 9 14
sign
ur cCL-ur pI1 PLI CLI UI CL-UI PI PLI CLI UI CLUI PI PLI CLI UI CL-U PI PLI CLI
Sneezing 0/10  0/10 3/10 4/10 9/10 0/10 0/10 3/10 4/10 10/10 0/10 0/10 2/10 2/10 10/10 0/10 0/10 0/10 0/10 6/6
Nasal 0/10  0/10  3/10 3/10 7/10 0/10 0/10 3/10 4/10 9/10 0/10 0/10 1/10 2/10 10/10 0/10 0/10 0/10 0/10 6/6
rattling
Dyspnea 0/10  0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 3/10 0/10 0/10 0/10 0/10 4/10 0/10 0/10 0/10 0/10 6/6
Lethargy 0/10  0/10 0/10 0/10 2/10 0/10 0/10 1/10 2/10 4/10 0/10 0/10 0/10 0/10 5/10 0/10 0/10 0/10 0/10 6/6
Emaciation 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 5/10 0/10 0/10 0/10 0/10 10/10 0/10 0/10 0/10 0/10 6/6
Ruffled fur 0/10 0/10 0/10 0/10 2/10 0/10 0/10 0/10 0/10 7/10 0/10 0/10 0/10 0/10 10/10 0/10 0/10 0/10 0/10 6/6

¢ P-I (group 2-1), PBS-treated infected pigs; PL-I (group 2-2), PBS-liposome-treated infected pigs; CL-UI (group 2-3), MDPCL2-treated uninfected pigs; CL-I (group
2-4), MDPCL2-treated infected pigs; UI (group 2-5), untreated and uninfected pigs.

RESULTS

Efficiency of depletion of alveolar macrophages by MDPCL2
treatment. We were interested in finding out the role of alveolar
macrophages in controlling influenza virus infection by depleting
alveolar macrophages in the lungs of pigs by MDPCL2 treatment.
The efficiency of depletion of alveolar macrophages in the lungs
of pigs by MDPCL2 was determined before the in vivo role of
alveolar macrophages in controlling human HINT1 influenza virus
infection was studied (Fig. 1A). Pigs were treated daily with dif-
ferent doses of MDPCL2 for 3 days before alveolar macrophages
were collected. The average number of alveolar macrophages in
lungs of untreated pigs was 2.78 X 10°, while the average number
of alveolar macrophages in lungs of pigs treated with 2.5 ml, 5 ml,
and 7.5 ml of MDPCL2 was 0.91 X 10°, 0.62 X 10%, and 0.63 X
10°, respectively. The results suggest that the efficiencies of de-
pletion of alveolar macrophages by 5 ml or 7.5 ml of MDPCL2
are similar. Therefore, we used 5 ml of MDPCL2 throughout this
study.

Six-week-old pigs (12 pigs per group) were i.m. anesthetized
with Zoletil (2 mg/kg) and were i.n. inoculated daily with 5 ml
of MDPCL2 or PBS-liposomes for 3 days before being infected
with 2 ml of 10* EIDs,/ml of human HIN1 (A/New Caledonia/
20/99) influenza virus. The alveolar macrophages in the lungs
of infected pigs treated with MDPCL2 for 3 days prior to
infection (group 1-4) were depleted up to 77% (0.63 X 10°)
(P < 0.05) compared to those in the lungs of PBS-liposome-
treated and infected pigs (group 1-2) (2.8 X 10°). The levels of
alveolar macrophages in the lungs of MDPCL2-treated unin-
fected pigs (group 1-3) were 0.62 X 10°, and those in the lungs
of PBS-treated infected pigs (group 1-1) were 2.61 X 10° (Fig.
1B). When pigs were infected with human HINI1 influenza
virus, the number of depleted alveolar macrophages in group
1-3 and group 1-4 did not return to that of alveolar macro-
phages in group 1-1 or group 1-2 (P < 0.05) until 9 days or 14
days p.i. The results suggest that MDPCL2 treatment could
efficiently deplete alveolar macrophages in the lungs of pigs in
vivo.

When we compared lymphocytes, neutrophils, and dendritic
cells in BAL samples of pigs, the numbers of lymphocytes and
neutrophils among group 1-1, group 1-2, group 1-3, and group
1-4 were similar before infection (Fig. 1C, D, and E). The
numbers of lymphocytes, neutrophils, and dendritic cells after
infection with human HIN1 influenza virus increased in BAL
samples of pigs in group 1-1, group 1-2, and group 1-4 until 14

days p.i. The results suggest that MDPCL2 treatment does not
deplete lymphocytes, neutrophils, and dendritic cells in the
lungs of pigs.

We also counted bacteria in BAL samples. The numbers of
bacteria in lungs of pigs in group 1-1, group 1-2, group 1-3, and
group 1-4 were similar until 14 days p.. (Fig. 1F).

Clinical signs in alveolar macrophage-depleted and infected
pigs. To investigate the role of alveolar macrophages in the
lungs, pigs (10 pigs per group) depleted of alveolar macro-
phages by MDPCL2 treatment or pigs not depleted of alveolar
macrophages were in. infected with 2 ml of 10* EIDs, of
human HIN1 (A/New Caledonia/20/99) influenza virus. Clin-
ical signs, survival rates, body temperatures, body weights, and
lung images were observed until 14 days p.i., the last day that
we monitored. Infected pigs in group 2-1 and group 2-2 showed
minor clinical signs such as sneezing, nasal rattling, and leth-
argy until 6 days p.i., while infected pigs in group 2-4 showed
severe clinical signs such as difficulty breathing (dyspnea),
emaciation showing spinal cords, and ruffled fur together with
minor clinical signs such as sneezing, nasal rattling, and leth-
argy (Table 1). On day 14 p.i., all six surviving infected pigs in
group 2-4 showed the clinical signs of sneezing, nasal rattling,
dyspnea, lethargy, emaciation, and ruffled fur, but pigs in group
2-1, group 2-2, group 2-3, and group 2-5 (MDPCL2-treated
and uninfected) did not show any clinical signs.

When we monitored the survival rates of pigs (Fig. 2A), 2
out of 10 pigs in group 3-4 died at 10 days p.i., and an addi-
tional 2 pigs died at 12 days p.i., while none of the pigs in group
3-1, group 3-2, and group 3-3 died. We also rectally measured
body temperatures until 14 days p.i. (Fig. 2B). Pigs in group 3-4
had fevers over 39°C until 14 days p.i., whereas pigs in group
3-1 and group 3-2 had fevers over 39°C only until 7 days p.i.,
and then their body temperatures returned to normal (under
39°C) like for the uninfected pigs in group 3-3 and group 3-5.
We measured the pigs’ body weights until 14 days p.i. (Fig. 2C).
Pigs in group 3-4 lost up to 11% of their original weights until
14 days p.i., but pigs in group 3-1 and group 3-2 lost up to 4.5%
of their original weights until 7 days p.i. and then started to
gain weight until 14 days p.i. The uninfected pigs in group 3-3
and group 3-5 did not lose initial weight and gained weights
until 14 days p.i.

Determination of viral titers and tissue staining of alveolar
macrophage-depleted and infected pigs. We performed an-
other independent experiment to measure viral titers in lungs,
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FIG. 2. Clinical signs in pigs depleted of alveolar macrophages by MDPCL2 treatment. MDPCL2-treated pigs or PBS-liposome-treated pigs were i.n.
infected with 2 ml of 10* EIDs, of human HIN1 (A/New Caledonia/20/99) influenza virus. Clinical signs such as survival rates, change of body
temperatures, change of pig body weights, and change of lung images were observed daily for 14 days after infection. This experiment was independent
from the one described for Fig. 1. (A) Survival rates of pigs. Two MDPCL2-treated and infected pigs died at 10 days p.i., and an additional two
MDPCL2-treated and infected pigs died at 12 days p.i. P-I (group 3-1), PBS-treated infected pigs; PL-I (group 3-2), PBS-liposome-treated infected pigs;
CL-UI (group 3-3), MDPCL2-treated uninfected pigs; CL-I (group 3-4), MDPCL2-treated infected pigs. (B) Change of body temperature in pigs. Pig
body temperatures were measured rectally. Data are the means for 10 pigs * standard errors per time point, except at 10 and 12 days p.i., when two pigs
at each time point died. *, mean for eight pigs + standard errors; #, mean for six pigs = standard errors. UI (group 3-5), untreated and uninfected pigs.
(C) Change of body weight in pigs. Data are the means for 10 pigs = standard errors per time point, except at 10 and 12 days p.i., when two pigs at each

time point died. *, mean for eight pigs = standard errors; #, mean for six pigs = standard errors.

to stain lung tissues using H&E, and to stain lung tissues using
antibody specific for influenza A virus nucleoprotein. Twenty
pigs per group were infected with 2 ml of 10* EIDs, of human
HINI (A/New Caledonia/20/99) influenza virus, and lung tis-

sues were taken from three surviving pigs at each time point
after pigs were euthanized with high doses of Zoletil. Eight
pigs died until 14 days p.i. When we measured viral titers in
lungs (Fig. 3A), influenza viruses were detected in the lungs of
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pigs in group 4-2 at 3 days p.i. (1.79 log,, EIDs,/ml) and 6 days
p.i. (0.88 log,, EIDs,/ml), but viruses were not detected at
either 9 days p.i or 14 days p.i. (<0.5 log,, EIDsy/ml). In the
lungs of pigs in group 4-4, considerable viral titers (P < 0.05)
were detected until 14 days p.i. (4.195 log,, EIDs,/ml), when
all surviving pigs were euthanized with high doses of Zoletil
because of severe illness. No virus was detectable in the control
pigs of group 4-3 and group 4-5.

When we analyzed lung tissues by H&E staining, the lung
tissues of pigs in group 4-2 showed alveolitis with inflammation
(Fig. 3B, panels ¢ and d) until 6 days p.i., and lung tissues (Fig.
3B, panel ¢) returned to the status of lung of control pigs in
group 4-5 and group 4-3 (Fig. 3B, panels a and b) by 9 days p.i.,
while the lung tissues of pigs in group 4-4 had severe interstitial
pneumonia with infiltration of inflammatory cells and atelec-
tasis in alveoli (Fig. 3B, panels f, g, and h).

To detect antigens of influenza viruses in alveoli in lungs of
pigs, immunohistochemical staining was performed using an-
tibody specific for influenza A virus nucleoprotein. In the lungs
of pigs in group 4-2, positive staining of influenza virus was
observed in alveoli until 6 days p.i., (Fig. 3C, panels ¢ and d),
and no positive staining of influenza viruses in alveoli was
detected at 9 days p.i. (Fig. 3C, panel e). In alveoli in the lungs
of pigs in group 4-4, positive staining was observed until 9 days

FIG. 3. Viral titers, cytokine responses, and histopathological signs
in the lungs of pigs. Pigs (20 pigs per group) were i.n. infected with 2
ml of 10* EIDs, of human HIN1 (A/New Caledonia/20/99) influenza
virus. Three pigs per time point were euthanized before the left cranial
lobes of lungs were collected for determining viral titers, cytokine
responses, and histopathology. This experiment was independent from
those described for Fig. 1 and Fig. 2. (A) Viral titers in the lungs of
pigs. Viral titers were determined by log,, EIDs,/ml. Data are the
means for three pigs *+ standard errors per time point. We statistically
compared group 4-4 with group 4-2. *, P < 0.05. P-I (group 4-1),
PBS-treated infected pigs; PL-I (group 4-2), PBS-liposome-treated
infected pigs; CL-UI (group 4-3), MDPCL2-treated uninfected pigs;
CL-I (group 4-4), MDPCL2-treated infected pigs; UI (group 4-5),
untreated and uninfected pigs. (B) Staining of lungs of pigs with H&E
(magnification, X400). The left cranial lobes of lungs were cut by 5
micrometers and were stained with H&E. a, lung of an untreated and
uninfected pig (group 4-5); b, lung of an MDPCL2-treated and unin-
fected pig (group 4-3); ¢ to e, lungs of PBS-liposome-treated and
infected pigs (group 4-2) at 3, 6, and 9 days p.i., respectively; f to h,
lungs of MDPCL2-treated and infected pigs (group 4-4) at 3, 6, and 9
days p.i., respectively. The insets show magnifications of X1,000.
(C) Immunohistochemical staining of lungs of pigs using influenza A
virus antinucleoprotein antibody (magnification, X1,000). The left cra-
nial lobes of lungs were cut by five micrometers and were stained with
mouse influenza A virus antinucleoprotein, peroxidase-labeled goat
anti-mouse immunoglobulin, and with stable diaminobenzidine perox-
idase substrate. The stained tissue sections were counterstained with
hematoxylin before they were evaluated under the microscope. a, lung
of an untreated and uninfected pig (group 4-5); b, lung of an
MDPCL2-treated and uninfected pig (group 4-3); ¢ to e, lungs of
PBS-liposome-treated and infected pigs (group 4-2) at 3, 6, and 9 days
p.i.; f to h, lungs of MDPCL2-treated and infected pigs (group 4-4) at
3, 6, and 9 days p.i. Arrows, cells positive for influenza A virus nucleo-
protein protein. (D) Photographs of lungs of pigs. Lungs of pigs were
photographed at 9 days p.i. after surviving pigs were euthanized. a,
lung of an untreated and uninfected pig (group 4-5); b, lung of an
MDPCL2-treated and uninfected pig (group 4-3); c, lung of a PBS-
liposome-treated and infected pig (group 4-2); d, lung of an MDPCL2-
treated and infected pig (group 4-4). Left, dorsal position; right, ven-
tral position.
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FIG. 4. Quantification of inflammatory cytokines in lungs. One-gram
portions of left cranial lobes of lungs from the same pigs per time point
described in Fig. 3 were suspended in 1 ml of PBS (pH 7.4) before being
disrupted by homogenizing and then freezing and thawing three times.
The supernatants from the disrupted tissues were collected to analyze the
porcine inflammatory cytokines TNF-a (A), IFN-y (B), IL-10 (C), and
IL-4 (D) using porcine cytokine-specific ELISA kits. The quantity of
cytokines was calculated and plotted based on a standard curve for each
cytokine. Data are the mean for three pigs * standard errors per time
point. We statistically compared group 4-4 with group 4-2. =, P < 0.001;
x, P < 0.05. P-I (group 4-1), PBS-treated infected pigs; PL-I (group 4-2),
PBS-liposome-treated infected pigs; CL-UI (group 4-3), MDPCL2-
treated uninfected pigs; CL-I (group 4-4), MDPCL2-treated infected pigs;
UI (group 4-5), untreated and uninfected pigs.
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pi. (Fig. 3C, panels £, g, and h). No positive staining was
observed in alveoli in the lungs of control pigs in group 4-5 and
group 4-3 (Fig. 3C, panels a and b).

When we grossly observed the lungs of pigs at 9 days p.i., the
lungs of pigs in group 4-2 (Fig. 3D, panel c) appeared normal
like those of control pigs in group 4-5 and group 4-3 (Fig. 3D,
panels a and b), but the lungs of pigs in group 4-4 showed signs
of severe pneumonia (Fig. 3D, panel d). At 3 and 6 days p.i.,
the lungs of pigs in group 4-4 showed mild pneumonia and at
12 and 14 days p.i., the lungs of pigs in group 4-4 showed severe
pneumonia (data not shown).

Modulation of inflammatory cytokines in alveolar macro-
phage-depleted and infected pigs. It has been suggested that
inflammatory responses are responsible for the lung pathology
elicited by influenza viruses (5, 28). To determine whether
depletion of alveolar macrophages by MDPCL2 treatment
would affect the induction of inflammatory cytokines in lungs
of pigs infected with human HINI influenza virus, we mea-
sured TNF-a, IFN-v, IL-10, and IL-4 in the left cranial lobes of
lungs from the same pigs used for Fig. 3. We measured these
cytokines since they are involved in inflammatory responses in
lungs (28). The Th1 cytokines TNF-a and IFN-y were induced
to lower levels in the lungs of pigs in group 4-4 than in the
lungs of pigs in group 4-2 (Fig. 4A and B), and Th2 cytokine
such as IL-10 (23) were induced to higher levels in the lungs of
pigs in group 4-4 than in the lungs of pigs in group 4-2 (Fig.
4C). In the lungs of pigs in group 4-2, the induction of TNF-«
peaked at 6 days p.i. (1,519.7 pg/ml) and then declined until 14
days p.i. (588.9 pg/ml), while in the lungs of pigs in group 4-4,
the amount of induced TNF-a was 369.1 pg/ml (P < 0.001) at
6 days p.i. and was similar until 14 days p.i. (347 pg/ml). The
amount of TNF-a in the lungs of control pigs in group 4-3 and
group 4-5 was less than 90 pg/ml (Fig. 4A). When we measured
the amount of induced IFN-y (Fig. 4B), it was less than 10
pg/ml in the lungs of pigs in group 4-4 (P < 0.001). However,
the amount of induced IFN-y in the lungs of pigs in group 4-2
peaked at 3 days p.i. (312.2 pg/ml) and then declined until 14
days p.i. (85.5 pg/ml). The immune suppressive cytokines such
as IL-10 and IL-4 were also measured in the lungs of pigs (Fig.
4C and D). IL-10 induction peaked in the lungs of pigs in
group 4-4 at 9 days p.. (200.36 pg/ml), while its induction
peaked in the lungs of pigs in group 4-2 at 6 days p.i (64.88
pg/ml). IL-10 induction in the lungs of control pigs in group 4-3
and group 4-5 was less than 10 pg/ml (Fig. 4C). The amount of
induced IL-4 in the lungs of pigs in group 4-1, group 4-2, and
group 4-4 was very low (less than 8 pg/ml), like that in pigs in
group 4-3 and group 4-5 (less than 9 pg/ml) (Fig. 4D). The
results suggest that alveolar macrophages play an important
role in cytokine production in influenza virus-infected porcine
lungs and that the increased induction of IL-10 in lungs is
correlated with severe alveolitis in lungs of pigs.

Modulation of antibody production and IFN-y-expressing T
cells in pigs depleted of alveolar macrophages. It is known that
macrophages can perform immunoregulatory functions such as
cytokine production and antigen presentation (15). We wanted
to know whether depletion of alveolar macrophages in pigs
would affect the production of antibody and the induction of
CD8™ T cells expressing IFN-y in pigs infected with human
HINI. Sera were collected from MDPCL2-treated or un-
treated infected pigs, and antibody titers were determined by
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FIG. 5. Determination of antibody titers in pigs. Sera were collected from MDPCL2-treated or untreated pigs infected with 2 ml of 10* EIDs,
of human HIN1 (A/New Caledonia/20/99) influenza virus until 14 days p.i. Antibody titers were determined by HI assay using A/New Caledonia/
20/99 (HIN1) and turkey red blood cells (0.5%). Data are the means for three pigs = standard errors per time point. P-I (group 5-1), PBS-treated
infected pigs; PL-I (group 5-2), PBS-liposome-treated and infected pigs; CL-UI (group 5-3), MDPCL2-treated uninfected pigs; CL-I (group 5-4),
MDPCL2-treated infected pigs. We statistically compared group 5-4 with group 5-2. *, P < 0.05.

HI assay using human HIN1 (A/New Caledonia/20/99) influ-
enza virus. Lower HI titers were detected in pigs in group 5-4
than in pigs in group 5-2 (Fig. 5). HI titers were detectable at
7 days p.i. and increased until 14 days p.i. in pigs of both group
5-4 and group 5-2. At 14 days p.i., the HI titer in pigs in group
5-4 was 80, while that in group 5-1 and group 5-2 was 160. No
antibody for specific human HINI viruses was detectable in
control pigs in group 5-3.

It has been known that CD8" T cells play an important role
in recovery from infection with viruses (18). When we mea-
sured CD8* T lymphocytes expressing IFN-y in lymphocytes
from BAL samples from the same pigs used for HI assay by
using flow cytometry analysis, a lower percentage of CD8" T
lymphocytes expressing IFN-y was detected in pigs in group
5-4 than in pigs in group 5-2 (Fig. 6). CD8™" T cells expressing
IFN-y and specific for human HIN1 influenza viruses were
detectable at 5 days p.i. and peaked at 7 days p.i. At 7 days p.i.,
the percentage of CD8" T cells expressing IFN-y in pigs in
group 5-4 was 6.5%, while that in pigs in group 5-2 was 14%.
The results suggest that depletion of alveolar macrophages
may affect the functions of B and T lymphocytes.

DISCUSSION

Our study showed that when pigs depleted of alveolar mac-
rophages by MDPCL2 treatment were infected with human
HINT influenza virus, 40% mortality was observed, with severe
clinical signs of dyspnea, emaciation, ruffled fur, prolonged
higher body temperatures, and severe loss of body weight,
while none of the pigs not depleted of alveolar macrophages
and infected with human H1N1 influenza virus died and these
pigs showed minor clinical signs of sneezing, nasal rattling,
lethargy, mild increase of body temperature, and mild loss of
body weight. This result is quite different from those of previ-
ous studies that suggested inflammatory cytokines produced by
macrophages as a cause for influenza virus-induced immuno-

pathology in the lungs of humans and animals (5, 28). In our
current study, the induction of Thl cytokines TNF-a and
IFN-y in pigs depleted of alveolar macrophages by MDPCL2
treatment and infected with human HINI influenza virus was
significantly reduced compared to that in infected pigs not
depleted of alveolar macrophages. However, the clinical signs
in infected pigs depleted of alveolar macrophages worsened,
with 40% mortality, in contrast to the case for infected pigs not
depleted of alveolar macrophages. The increase in pig mortal-
ity after depletion of alveolar macrophages is similar to what
was seen in a study of mice infected with a sublethal dose of
1918 HA/NA:Tx/91 (34). That study showed that depletion of
alveolar macrophages or neutrophils caused uncontrolled virus
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FIG. 6. Determination of CD8" T lymphocytes expressing IFN-y.
Lymphocytes were isolated from BAL samples from MDPCL2-treated
or untreated pigs infected with 2 ml of 10* EIDs, of human HIN1
(A/New Caledonia/20/99) influenza virus. The percentage of CD8" T
cells expressing IFN-y was determined by flow cytometry analysis using
phycoerythrin-labeled rabbit anti-porcine IFN-y antibody and FITC-
labeled mouse anti-porcine CDS8 antibody. Data are the means for
three pigs = standard errors per time point. We statistically compared
group 5-4 with group 5-2. *, P < 0.05. P-I (group 5-1), PBS-treated
infected pigs; PL-I (group 5-2), PBS-liposome-treated infected pigs;
CL-UI (group 5-3), MDPCL2-treated uninfected pigs; CL-1 (group
5-4), MDPCL2-treated infected pigs.
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replication and mortality in mice infected with 1918 HA/NA:
Tx/91.

Compared to the lack of mortality of infected pigs not de-
pleted of alveolar macrophages, the high mortality (40%) of
infected pigs depleted of alveolar macrophages by MDPCL2
treatment indicates that alveolar macrophages are important
in controlling the disease caused by influenza virus infection.
Indeed, considerable amounts of virus were detectable in the
lungs of infected pigs depleted of alveolar macrophages until
14 days p.i.(4.19 EIDsy/ml), the last day on which we made
observations, while viruses in the lungs of pigs not depleted of
alveolar macrophages were detectable only until 6 days p.i.
(0.88 log,, EIDsy/ml). It is possible that the reduced produc-
tion of the released reactive nitrogen intermediates (nitric
oxide) and reactive oxygen species in alveolar macrophages (1)
and the diminished phagocytosis of alveolar macrophages and
reduced stimulation of dendritic cells for innate and adaptive
immunity by TNF-a produced by alveolar macrophages may be
responsible for the increased pathogenicity in MDPCL2-
treated pigs (20).

Another possible reason for the high mortality of pigs de-
pleted of alveolar macrophages by MDPCL2 treatment may be
significantly higher induction of immunosuppressive 1L-10 in
the lungs compared to that in the lungs of pigs not depleted of
alveolar macrophages. IL-10 has been known to inhibit the
activation and effector function of T lymphocytes, monocytes,
and macrophages (23). The previous studies suggested that
IL-10 was associated with lower immune responses to patho-
gens (6, 22, 25). In a study of influenza virus vaccination, the
higher IL-10 production in the elderly was associated with a
low antibody response to influenza vaccination (6). A study of
Mycobacterium avium infection in BALB/c mice suggested that
the increased production of IL-10 was responsible for the in-
creased susceptibility of mice to Mycobacterium avium (25). A
study of infection of mice with lymphocytic choriomeningitis
virus (clone 13) reported that the increased production of
IL-10 in serum caused functional inactivation of cytotoxic T
lymphocytes (CTL) (22). Our results showed that the percent-
age of CD8" T lymphocytes expressing IFN-y was lower in
infected pigs depleted of alveolar macrophages than in in-
fected pigs not depleted of alveolar macrophages. Other stud-
ies showed that CTL is very important in clearing influenza
viruses in lungs of animals and humans (4, 11, 21). Respiratory
challenge of HIN1-primed mice with H3N2 influenza viruses
reduced viral titers in lungs 2 to 3 days earlier than in naive
mice by influenza virus-specific CD8" CTL (11). In mice in-
fected with A/Japan/305/57 (H2N2), the majority of CD8* T
cells in the lung peaked at days 9 to 11 p.i. and were directed
to four epitopes (three dominant and one subdominant) when
intracellular cytokine staining and major histocompatibility
complex class I tetramer binding were used (21). In humans
who have HLA-A2" major histocompatibility complex class I,
CTL responses against influenza virus are directed predomi-
nantly to the HLA-A2-restricted epitope of matrix protein (M1
58 to 66) (4).

We also could not rule out the possibility that the reduced
induction of antibody for specific influenza viruses was responsi-
ble for the increased pathogenicity in MDPCL2-treated infected
pigs. Our results showed that HI titers in MDPCL2-treated in-
fected pigs were lower than those in PBS-liposome-treated in-
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fected pigs. Another study showed that neutralization of progeny
influenza virus played an important role in the process of virus
clearance in mice (12).

Our study indicates that alveolar macrophages may be crit-
ical for inhibiting influenza viruses in the lungs and reducing
mortality and clinical signs in pigs, even though they may
contribute to causing some damage to lungs by producing
inflammatory cytokines such as IFN-y and TNF-a.
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