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Highly pathogenic influenza A viruses cause acute severe pneumonia to which the occurrence of “cytokine storm”
has been proposed to contribute. Here we show that interleukin-15 (IL-15) knockout (KO) mice exhibited reduced
mortality after infection with influenza virus A/FM/1/47 (H1N1, a mouse-adapted strain) albeit the viral titers of
these mice showed no difference from those of control mice. There were significantly fewer antigen-specific CD44™
CD8™ T cells in the lungs of infected IL-15 KO mice, and adoptive transfer of the CD8" T cells caused reduced
survival of IL-15 KO mice following influenza virus infection. Mice deficient in 3,-microglobulin by gene targeting
and those depleted of CD8™ T cells by in vivo administration of anti-CD8 monoclonal antibody displayed a reduced
mortality rate after infection. These results indicate that IL-15-dependent CD8™" T cells are at least partly respon-
sible for the pathogenesis of acute pneumonia caused by influenza A virus.

Highly pathogenic influenza A viruses cause acute severe
pneumonia that results in high morbidity and significant mor-
tality (11, 12, 24, 26). Elevated levels of serum cytokines and
chemokines accompany these clinical manifestations, and the
possibility that this “cytokine storm” contributes to increased
severity of the disease caused by avian H5N1 virus and by other
strains of influenza A virus has been proposed (10, 21, 33). In
fact, CCR2-deficient mice [CCR2 is chemokine (C-C motif)
receptor 2] were protected from early pathological manifesta-
tions despite higher pulmonary titers of the influenza virus
A/PR/8/34 (HIN1) strain (7). Tumor necrosis factor receptor 1
(TNFR-1)-deficient mice exhibited significantly reduced morbid-
ity following challenge with H5N1 virus (31). Other cytokines or
chemokines have also been investigated (8, 28, 34, 35, 38). Thus,
at least some of the elevated proinflammatory cytokines may
contribute to the pathogenesis of influenza A virus.

Interleukin-15 (IL-15) is a pleiotropic cytokine involved in
both innate and adaptive immune responses (20, 36). IL-15
utilizes the B-chain of the IL-2 receptor (IL-2R) (CD122) and
the common cytokine receptor y-chain (CD132) for signal
transduction in lymphocytes and therefore shares many bio-
logical properties with IL-2 (3). Memory CD8" T cells, natural
killer (NK) cells, NKT cells, and intraepithelial lymphocyte
(IEL) T cells (15, 23, 42) decrease in mice with defective IL-15
signaling, indicating the importance of IL-15 in their development
and/or maintenance. IL-15 regulates not only the number of
memory CD8" T cells but also activation of their functions, in-
cluding gamma interferon (IFN-vy) production and cytotoxic ac-
tivity (40), which are important to target the virus (9). Therefore,
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it is possible that we may be able to use IL-15 as an immune-
enhancing molecular adjuvant in vaccines for protection against
various pathogens, including influenza A virus (37).

In the present study, we demonstrate that IL-15 knockout
(KO) mice exhibited high resistance against infection with
mouse-adapted influenza virus A/FM/1/47 (HIN1) strain. We
show for the first time that IL-15-dependent CD8™ T cells are
at least partly responsible for the pathogenesis of acute pneu-
monia caused by influenza A virus. In addition, our observa-
tions are important in the light of recent research into the use
of IL-15 as an adjuvant for vaccination.

MATERIALS AND METHODS

Mice. C57BL/6 mice in which IL-15 had been knocked out (IL-15 KO mice)
(15) and B,-microglobulin (82-m) KO mice (16) were purchased from Taconic
(Germantown, NY). The mice were maintained in specific-pathogen-free condi-
tions and used at 7 to 12 weeks of age. The study design was approved by the
Committee of Ethics on Animal Experiments of the Faculty of Medicine, Kyushu
University. Experiments were carried out under the Guidelines for Animal Ex-
periments. Laboratory animals were cared for and used in accordance with the
experimental animal standards of Japan (30a).

Reagents. Fluorescein isothiocyanate (FITC)-conjugated anti-CD3e (145-
2C11), anti-CD11b, and anti-IFN-y (XMG1.2) monoclonal antibodies (MAbs),
phycoerythrin (PE)-conjugated anti-NK1.1 (PK136), anti-T-cell receptor vy
(anti-TCR 8) (UC7), anti-major histocompatibility complex (anti-MHC) class II
(M5/114.14.2), and anti-CD8a (53-6.7) MAbs, and allophycocyanin (APC)-con-
jugated anti-CD44 (IM7) MAb were purchased from eBioscience (San Diego,
CA). Peridinin chlorophyll protein (PerCP)-Cy5.5-labeled anti-CD4 (L3T4
RM4-5) MAb was purchased from BD Biosciences (San Jose, CA). H-2D®
tetramers were purchased from MBL (Nagoya, Japan). 2.4G2 (anti-Fcy receptor
II or III [anti-FeyRII/I]-specific MADb, rat IgG1, producing hybridoma) was
obtained from the American Type Culture Collection.

Virus. Madin-Darby canine kidney (MDCK) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco BRL, Grand Island, NY). Influenza
virus A/FM1/47 (HIN1, a mouse-adapted strain) was provided by the Osaka
Prefectural Institute of Public Health in Japan (6, 25) and intranasally infected
on day 0 by dropping 20 pl of fluid containing 500 PFU influenza virus into each
nostril.

Virus titer in the lungs. The lungs were placed in homogenizers with 2 ml of
phosphate-buffered saline (PBS) containing 0.05% Tween 80. The lungs were
completely homogenized, and the homogenates were serially diluted with cold
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PBS. For a plaque assay, MDCK cells were plated at 1 X 10° cells in a flat-
bottomed 6-well plate 24 h before infection. Supernatants from lung homoge-
nates serially diluted were used to infect the MDCK cells at 37°C for 1 to 2 h. The
cells were subsequently overlaid with DMEM (MP Biomedicals) mixed with
0.75% agarose (Lonza) in the presence of 1 pg/ml N-acetyltrypsin (Sigma). The
plaques were visualized by staining the cells with naphthol blue black (Sigma),
and the cells were counted 4 to 6 days after infection.

Histology. Lung tissues were removed and fixed with 10% neutral buffered
formalin and then embedded in paraffin. After the tissue was cut in round slices,
the tissue sections were stained with hematoxylin and eosin (H&E) and exam-
ined microscopically.

Cell preparation. Lung tissue samples were minced and incubated with stirring
at 37°C for 30 min in HBSS with 1.3 mM EDTA, followed by treatment with 150
units/ml collagenase (Invitrogen) at 37°C for 1.5 h in RPMI 1640 with 10% fetal
bovine serum (FBS). The resulting suspension was pelleted by centrifugation,
resuspended in 45% Percoll layered on 66.6% Percoll, and centrifuged at 600 X
g. Cells at the gradient interface were harvested and washed extensively before
use. Lung cells at the gradient interface were harvested. Splenocytes were pre-
pared by centrifugation and resuspended in RPMI 1640 supplemented with 10%
FBS, penicillin (100 units/ml), streptomycin (100 wg/ml), and 10 mM HEPES.

Flow cytometric analysis. Splenocytes or lung cells were preincubated with
2.4G2 culture supernatant to prevent nonspecific staining. After the cells were
washed, they were stained with various combinations of MAbs. The stained cells
were analyzed using a FACSCalibur flow cytometer (BD Biosciences). Data were
analyzed with CellQuest software (BD Biosciences). For the intracellular cyto-
kine staining (cytokine fluorescence-activated cell sorting [FACS]), lung cells
were incubated with 10 wg/ml nuclear protein (NP)-specific peptide (ASNENM
DTM) (30) and 10 pg/ml brefeldin A (Sigma-Aldrich) for 4 h at 37°C in 48-well
flat-bottom plates at a concentration of 5 X 10%well in a volume of 500 pl of
RPMI 1640 containing 10% fetal calf serum (FCS). After the cells were cultured,
they were surface stained with various combinations of MAbs and then subjected
to intracellular cytokine staining using the manufacturer’s instructions (BD Bio-
sciences). In brief, 100 pl of BD Cytofix/Cytoperm solution (BD Biosciences) was
added to the cell suspension with mild mixing and placed for 20 min at 4°C. Fixed
cells were washed with 250 pl of BD Perm/Wash solution (BD Biosciences) twice
and were stained intracellularly with anti-IFN-y MAb for 30 min at 4°C. Samples
were acquired in a FACSCalibur flow cytometer and analyzed by CellQuest
software.

In vivo cytotoxicity assay. Analysis of in vivo cytolytic activity was carried out
using a protocol similar to that previously reported (22). B6-Ly5.1" splenocytes
were divided into two populations and labeled with a high concentration of
carboxyfluoroscein succinimidyl ester (CFSE) (5 uM) (CFSEM2") and a low
concentration of CFSE (0.5 uM) (CFSE'®Y). Next, CFSEM" cells were pulsed
with 5 pg/ml NP peptide for 1 h at 37°C, while CFSE'™ cells were not pulsed.
After the two cell groups were washed, they were mixed in equal proportions and
then injected intravenously (i.v.) into mice infected with influenza virus 6 or 8
days previously. Spleens or lungs were obtained from recipients 24 h later for
flow cytometric analysis to measure in vivo killing activities. Percent specific lysis
was calculated according to the formula [1 — (ratio of primed cells/ratio of
unprimed cells) X 100], where the ratio of unprimed cells = % CFSE"%/%
CFSEMe" cells remaining in noninfected recipients, and the ratio of primed
cells = % CFSE'"/% CFSEM#" cells remaining in infected recipients.

In vivo treatments. Anti-CD8 MADb (clone 2.43) was intraperitoneally injected
into mice to deplete CD8™ T cells. Isotype-matched control IgGs were obtained
by BioLegend. For adoptive transfer, splenocytes were washed and passed
through nylon wool columns. CD8" T cells were negatively purified to >90%
using autoMACS by depletion of the cells expressing CD4, B220, CD11c, NK1.1,
TCR v3, or MHC class II; the cells were resuspended in PBS and then trans-
ferred intravenously into IL-15 KO mice infected with influenza virus.

Statistical analysis. The difference in survival rates was evaluated by the log
rank test (Mantel-Cox). Differences in parametric data were evaluated by the
Student ¢ test. A P value of <0.05 was considered significant.

RESULTS

Survival rate and viral clearance in IL-15 KO mice inocu-
lated intranasally with influenza virus A/FM/1/47. We first
monitored the survival of IL-15 KO mice daily after influenza
virus infection. All mice in the control group died within 14
days after intranasal infection with 100, 500, and 5,000 PFU of
influenza virus A/FM/1/47 (HIN1, a mouse-adapted strain),
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suggesting that a mouse-adapted A/FM/1/47 strain was patho-
genic to mice (data not shown). To determine the role of IL-15
in influenza A virus pathogenesis, we monitored the survival of
IL-15 KO mice daily for 14 days after intranasal infection with
influenza virus A/FM/1/47. All mice in the control group died
within 14 days after intranasal inoculation with 500 PFU of
influenza virus A/FM/1/47, while 80% of 1L-15 KO mice sur-
vived beyond 8 days after infection (P < 0.05; Fig. 1A). The
results clearly show that IL-15 deficiency protected mice from
lethal viral effects. Next, we examined the kinetics of virus
titers in lungs following intranasal challenge at 500 PFU of
influenza virus A/FM/1/47. There was no significant difference
in the viral load in the lungs during the course of infection with
500 PFU of influenza virus A/FM/1/47 between IL-15 KO and
control mice (Fig. 1B). These results suggest that influenza
virus-induced mortality was not directly related to an impaired
host defense mechanism for elimination of the virus.

Proinflammatory cytokines of IL-15 KO mice inoculated
intranasally with influenza virus A/FM/1/47. The occurrence
of a “cytokine storm” has been proposed to contribute to the
increased severity of disease caused by highly pathogenic in-
fluenza viruses (14, 33). To determine the proinflammatory
cytokine levels following influenza virus A/FM/1/47 infection,
we measured cytokine levels in the sera of IL-15 KO mice
during the course of infection. The levels of tumor necrosis
factor alpha (TNF-a) and IL-6 were significantly lower in
IL-15 KO mice than control mice on day 6 after infection (P <
0.05; Fig. 1C). IL-1B was not detected in the infection (data not
shown).

Lung injury of IL-15 KO mice inoculated intranasally with
influenza virus A/FM/1/47. We examined the morphological
and histological changes in the lungs of IL-15 KO mice by day
7 after influenza A virus infection. As shown in Fig. 1D, which
exhibits a typical gross morphological view of the lungs, the
lungs of control mice appeared severely injured as assessed by
massive and diffuse leukocyte accumulation, whereas those of
IL-15 KO mice showed only restricted leukocyte accumulation
during the course of influenza A virus infection. These results
suggested that the lung injury induced by influenza A virus
infection was reduced in the absence of IL-15.

Cell population infiltrating the lungs of IL-15 KO mice
inoculated intranasally with influenza virus A/FM/1/47. To
determine which cell type can possibly participate in IL-15-
regulated lung injury, lung cells were harvested from the lungs
of IL-15 KO mice on days 2, 4, 6, and 8 after infection with
influenza virus A/FM/1/47, and the number and phenotype of
the cells were characterized by flow cytometric analysis. The
total number of lung cells was significantly lower in IL-15 KO
mice than in control mice on day 6 after infection (P < 0.05;
Fig. 2A). The number of NK1.1" cells was significantly lower
in the lungs of IL-15 KO mice on days 4 and 6 after infection
(P < 0.05; Fig. 2B), whereas the number of CD44* CD4* T
cells was almost the same in IL-15 KO mice as in control mice
(Fig. 2C). The number of CD44" CD8™ T cells was consider-
ably lower in the lungs of IL-15 KO mice on days 4, 6, and 8
after infection (P < 0.05; Fig. 2D).

Antigen (Ag)-specific CD8* T cells in IL-15 KO mice inoc-
ulated intranasally with influenza virus A/FM/1/47. We exam-
ined the number of Ag-specific CD8" T cells in the lungs of
IL-15 KO mice after infection assessed by staining with an



5576 NAKAMURA ET AL.

A 100

J. VIROL.

7
SE:Y L 2°
5 g3 5
£ 60 @®C57BL/6 =3
% 40 IL-15 KO g g 3 -8-C57BL/6
2 ll-1s >% “©-IL-15KO
c o 2
5 20 =
» 1
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8
Days after infection Days after infection
*
C 300 400 100 -
=3 = 80 -
£ =~ =
\g 200 E 300 %,60
) g e —e—C57BL/6
3 = 200
s © 340 -
< 100 € =
= L
- 10 = 50 4 —e—IL-15 KO
0 0 g
0 2 4 6 8 02 4 6 8

Days after infection

Days after infection

D ; 4% . f e
C57BL/6 ’ e Kxl '
IL-15 KO ‘ l ) Q 1 '

0 2 4 6 8
Days after infection

Day 0 Day2 Day4 Day6 Day7 ' Day Day7

Days after infection X10 X100

FIG. 1. Mortality and viral clearance in IL-15 KO mice after infection with influenza virus A/FM/1/47. (A) Survival rate of C57BL/6 mice
(closed circles) and IL-15 KO mice (open circles) following intranasal infection with influenza virus A/FM/1/47 (HIN1) strain at 500 PFU. Each
group consists of 10 mice. Values that are statistically significantly different (P < 0.05) are indicated by an asterisk. Data are representative of four
independent experiments. (B) Virus titers in the lung after inoculation with 500 PFU of influenza virus A/FM/1/47. The mouse lungs were taken
and homogenized on days 2, 4, 6, and 8 for quantifying the virus titers of C57BL/6 and IL-15 KO mice by a plaque assay in MDCK cells. Each
point shows the mean = standard deviation (SD) (error bar). Each group consists of 3 to 5 mice. Data are representative of at least three
independent experiments. (C) Proinflammatory cytokines of IL-15 KO mice after infection with 500 PFU of influenza virus A/FM/1/47. Mouse sera
were taken on days 2, 4, 6, and 8, and the levels of TNF-«, IL-6, and IFN-y from C57BL/6 and IL-15 KO mice were quantified by enzyme-linked
immunosorbent assay (ELISA). Each group consists of 5 mice. Statistically significant differences (P < 0.05) between C57BL/6 and IL-15 KO mice
are indicated with an asterisk. Each point shows the mean *+ standard deviation (SD). Data are representative of at least three independent
experiments. (D) Histology of lung tissues stained with H&E on days 2, 4, 6, and 7 after infection with 500 PFU of influenza virus A/FM/1/47.

Representative figures are shown. Original magnifications, X10 (left) and X100 (right).

H-2D" tetramer coupled with a nuclear protein (NP)-derived
ASNENMDTM peptide. Although the percentage of NP-spe-
cific CD8™ T cells seemed to be higher in IL-15 KO mice, the
absolute number of NP-specific CD8" T cells was significantly
lower in the lungs of IL-15 KO mice than in control mice on
day 8 after infection (P < 0.05; Fig. 3A). Next, we compared
the functional activities of NP-specific CD8"* T cells between
IL-15 KO mice and control mice infected with influenza virus
A/FM/1/47, as assessed by intracellular cytokine flow cytomet-
ric analysis and in vivo cytotoxic assay. The percentage of
IFN-y* CD8" T cells did not differ in IL-15 KO mice from
that in control mice (Fig. 3B), but the absolute number of
NP-specific CD8" T cells producing IFN-y was significantly
lower in the lungs of IL-15 KO mice on days 6 and 8 after
infection (P < 0.05; Fig. 3B).

To directly detect the cytotoxic activity of CD8" T cells in vivo,
we measured the ability of CD8" T cells to eliminate fluores-

cence-labeled spleen cells pulsed with NP peptides after infection.
As shown in Fig. 4A, the elimination of NP-pulsed target cells was
severely impaired in the lungs of IL-15 KO mice on days 6 and 8
after infection (P < 0.05; Fig. 4B), indicating that in vivo cytotoxic
activity of NP-specific CD8™ T cells was severely reduced in IL-15
KO mice after infection. Taken together, the accumulation of
Ag-specific CD44" CD8" T cells and their functions in lungs
were significantly reduced in IL-15 KO mice after infection with
influenza virus A/FM/1/47.

Adaptive transfer of CD8" T cells into IL-15 KO mice in-
oculated intranasally with influenza virus A/FM/1/47. To de-
termine whether CD8" T cells contributed to lung injury and
mortality following infection, CD8™" T cells from the spleens of
mice infected with influenza virus A/FM/1/47 9 days previously
were transferred into IL-15 KO mice 2 days after infection, and
the survival rate was monitored. CD8" T cells were negatively
purified to >90% using autoMACS (Fig. 5A). The survival rate
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FIG. 2. Cell population infiltrating the lungs of IL-15 KO mice after
infection with influenza virus A/FM/1/47. The lung cells were isolated on
days 2, 4, 6, and 8 after infection with 500 PFU of influenza virus A/FM/
1/47, and the absolute number of lung cells was counted (A). The cells
were stained with anti-NK1.1, CD4, CD8, or CD44 MAD and subjected to
flow cytometric analysis. The absolute numbers of NK1.1* cells (B),
CD44" CD4™" T cells (C), and CD44" CD8™" T cells (D) were counted by
multiplying the percentage of the cells by the absolute number of lung
cells. Each group consisted of 5 mice. Statistically significant differences
(P < 0.05) between C57BL/6 and IL-15 KO mice are indicated with n
asterisk. Each point shows the mean =+ standard deviation (SD) (error
bar). Data are representative of at least three independent experiments.
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of IL-15 KO mice was significantly decreased by adoptive
transfer of CD8" T cells from infected wild-type (WT) mice,
but not by adaptive transfer of CD8" T cells from infected
IL-15 KO mice or from PBS-treated WT mice (P < 0.05; Fig.
5B). These results suggested that CD8" T cells differentiating
in the presence of IL-15 or CD8" T cells activated in the
presence of IL-15 are important in lethal viral effects following
intranasal infection with 500 PFU of A/FM/1/47 strain.

Survival of B,m KO mice or CD8" T-cell-depleted mice
inoculated intranasally with influenza virus A/FM/1/47. To
confirm that CD8" T cells contributed to the lung injury and
mortality following infection with influenza virus A/FM/1/47,
we examined the survival rates in f2m KO mice, in which
major histocompatibility complex (MHC) class I-restricted
CD8™ T cells cannot develop without MHC class T molecules
(16). All mice in the control group died within 8 days after
intranasal infection with 500 PFU of A/FM/1/47 strain,
whereas 32m KO mice survived beyond 12 days after A/FM/
1/47 infection (P < 0.05; Fig. 6A). There was no significant
difference in the viral load in the lungs during the course of
infection in f2m KO and WT mice.

Last, we examined the survival rates in CD8% T-cell-de-
pleted control mice by in vivo administration of anti-CD8 MAb
after the mice were infected with influenza virus A/FM/1/47.
CD8™" T cells were mostly abolished until 3 days after in vivo
administration of 300 pg anti-CD8 MAb (Fig. 6B). All mice in
the control group died within 8 days after they were infected
with influenza virus A/FM/1/47, whereas in vivo administration
of 300 wg anti-CD8 MADb on days 1 and 4 after infection
protected mice from mortality following infection with A/FM/
1/47 (P < 0.05; Fig. 6B). There was no significant difference in
the viral load in the lungs during the course of infection be-
tween mice treated with anti-CD8 MAb and control mice (Fig.
6B). We examined the morphological and histological changes
in the lungs of the mice treated with anti-CD8 MADb by day 7
after influenza A virus infection. As shown in Fig. 6C, which
shows a typical gross morphological view of the lungs, the lungs
of control mice appeared severely injured as assessed by the
massive and diffuse accumulation of leukocytes, whereas the
lungs of infected mice showed only restricted leukocyte accu-
mulation during the course of influenza A virus infection.
Thus, the lung injury induced by influenza A virus infection
was reduced in the absence of CD8" T cells. We confirmed
that CD8" T cells were mostly abolished until days after in-
fection (unpublished data). There were no differences in the
numbers of NK1.1* cells and CD44" CD4" T cells in mice
treated with anti-CD8 MAD and in control mice during the
course of infection (unpublished data). These results clearly
show that CD8" T cells accumulating and/or expanding in the
lungs after infection are responsible for lethal viral effects
following influenza A virus infection.

DISCUSSION

Influenza A viruses are finally eliminated by adaptive im-
mune mechanisms in which cytotoxic CD8" T lymphocytes as
Ag-specific effectors target the virus (10, 17, 30). On the other
hand, it has been reported that excessive activation of Ag-
specific CD8™ T cells is harmful and pathogenic by destroying
infected alveolar epithelial cells in an Ag-specific manner (29,
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FIG. 3. Ag-specific CD8" T cells in the lungs of IL-15 KO mice after infection with influenza virus A/FM/1/47. (A) NP-specific CD8" T cells
on days 6 and 8 after infection with 500 PFU of influenza virus A/FM/1/47. The lung cells were stained with anti-CD8 MADb, anti-CD44 MAb, and
NP-MHC class I tetramer. Samples were analyzed by flow cytometry. Dot plots are shown after gating CD8" cells. The numbers indicate the
percentage of cells in the corresponding quadrants. Absolute numbers were counted by multiplying the percentage of tetramer-positive cells by the
absolute number of lung cells. Each group consisted of 5 mice. Statistically significant differences (P < 0.05) between C57BL/6 and IL-15 KO mice
are indicated with an asterisk. Each point shows the mean plus standard deviation (SD) (error bar). Data are representative of at least three
independent experiments. (B) IFN-y-producing CD8™" T cells on days 6 and 8 after infection with 500 PFU of influenza virus A/EM/1/47. The lung
cells were incubated with 10 pg/ml NP-derived ASNENMDTM peptide and 10 pwg/ml brefeldin A for 4 h at 37°C, and expression of IFN-y was
detected by intracellular staining. Dot plots were shown after gating CD8™ cells. The numbers indicate the percentage of cells in the corresponding
quadrants. The absolute number of IFN-y-producing CD44" CD8™" T cells was counted by multiplying the percentage of tetramer-positive cells
by the absolute number of lung cells. Each group consisted of 5 mice. Statistically significant differences (P < 0.05) between C57BL/6 and IL-15
KO mice are indicated with an asterisk. Each point shows the mean plus standard deviation (SD). Data are representative of at least three
independent experiments.

30, 39, 43). We found in the present study that the absolute contraction of effector T cells is an important process for
number of NP-specific CD8" T cells and their functions were termination of immune responses to avoid excessive inflamma-
significantly lower in IL-15 KO mice following influenza A tion after the battle against a pathogen has been won (13). We
virus infection. Our results suggest that excessive activation of speculate that effector CD8" T cells surviving in the presence
Ag-specific CD8" T cells may be harmful and pathogenic by of IL-15 may be pathogenic in lung injury following highly

destroying infected alveolar epithelial cells. pathogenic influenza A virus infection. IL-15 deficiency may
Recent studies have demonstrated that primary responses to promote apoptosis of the pathogenic CD8" T cells, inhibiting
lymphocytic choriomeningitis virus (LCMV) were readily gen- acute lung injury caused by influenza virus infection.
erated in IL-15 KO mice or IL-15Ra KO mice to a level equal IL-15 regulates not only the number of CD8" T cells but
to that in control mice (2). Thus, IL-15 is not required for also their activation (40). IL-15 plays an important role in early
generation of effector CD8" T cells during the expansion activation of Ag-specific memory CD8" T cells following in-
phase after infection. However, we have recently reported that fection with microbes (27). IL-15 has been reported to induce
IL-15 plays a critical role in protecting effector CD8" T cells ~ IFN-y production of CD44* CD8™" T cells (5) and to directly
from apoptosis during the contraction phase following micro- upregulate expression of cytotoxic molecules such as granzyme

bial infection via inducing anti-apoptotic molecules (41). The B and perforin that are closely correlated with the cytotoxic
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numbers of CFSE"&"-labeled and NP peptide-pulsed splenocytes and
CFSE'“-labeled and nonpulsed Ly5.1* splenocytes into mice infected
with 500 PFU of influenza virus A/FM/1/47 6 or 8 days previously. Values
in the right corner of each panel represent the percentage of specific
killing compared with nonpulsed cells. (B) The values of each panel
represent the percentage of specific killing compared with nonpulsed
cells. Each group consisted of 3 mice. Statistically significant differences
(P < 0.05) between C57BL/6 and IL-15 KO mice are indicated with an
asterisk. Each point shows the mean = standard deviation (SD). Data are
representative of at least three independent experiments.

effector function of CD8" memory cells in vitro (19). Consis-
tently, our present results revealed that total activities of NP-
specific CD8T cells, including IFN-y production and cytotoxic
activity in vivo, were severely impaired in infected IL-15 KO
mice. IL-15 may also play a crucial role of early activation of
the pathogenic CD44™ CD8" T cells following influenza A
virus infection.

Innate immunity is the first line of defense against viral
infection (4). Cells of innate immunity express pattern recog-
nition receptors (PRRs) that induce proinflammatory cyto-
kines (1). Among PRRs, influenza A virus, a single-stranded
RNA virus, has been shown to trigger type I interferon (IFN)
through recognition by Toll-like receptor 3 (TLR3) and reti-
noic acid-inducible gene I (RIG-I) in dendritic cells (DCs),
fibroblasts, or alveolar epithelial cells and through TLR7 in
plasmacytoid DCs (pDCs) (4, 32). The invasion of viruses is
initially sensed by the host innate immunity system, triggering
rapid antiviral responses that involve the release of proinflam-
matory cytokines and leading to the subsequent activation of
adaptive immune responses. Recently, TLR3-deficient mice
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FIG. 5. Adoptive transfer of CD8" T cells into IL-15 KO mice
infected with influenza virus A/FM/1/47. (A) CD8" T cells of spleno-
cytes derived from C57BL/6 mice or IL-15 KO mice that had been
infected with 500 PFU of influenza virus A/FM/1/47 9 days previously
were adaptively transferred into IL-15 KO mice 2 days previously
infected with 500 PFU of influenza virus A/FM/1/47. The purity of
CD8" T cells was confirmed by flow cytometry. (B) Survival rate of
IL-15 KO mice transferred with CD8" T cells from infected C57BL/6
mice (closed circles), infected IL-15 KO mice (open circles), or PBS-
treated C57BL/6 mice (triangles). Each group consisted of 10 mice.
Statistically significant differences (P < 0.05) are indicated with an
asterisk. Data are representative of two independent experiments.

had an expected survival advantage accompanied by signifi-
cantly reduced inflammatory mediators, including RANTES
(CCR5L), IL-6, and 1L-12, a lower number of CD8™ T cells in
the bronchoalveolar air spaces and increased viral titers fol-
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FIG. 6. CD8" T cells contribute to influenza virus A/FM/1/47-induced lethality. (A) Survival rate and viral clearance in 2m KO mice
inoculated intranasally with influenza virus. C57BL/6 mice and f2m KO mice were intranasally infected with 500 PFU of influenza virus. Each
group consisted of 10 mice. Statistically significant differences (P < 0.05) are indicated with an asterisk. Data are representative of two independent
experiments. After inoculation with A/FM/1/47 virus, the mouse lungs were taken and homogenized on days 3 and 6. The homogenates were used
for quantifying the virus titer of C57BL/6 and f2m KO mice by a plaque assay. Each group consisted of 5 mice. Each point shows the mean *
standard deviation (SD) (error bar). Data are representative of two independent experiments. (B) Survival rate and virus titer of mice treated with
anti-CD8 MAD (open circles) and control mice treated with isotype-matched IgG (closed circles) after infection with influenza virus A/FM/1/47.
C57BL/6 mice were intranasally infected with 500 PFU of influenza virus A/FM/1/47 (HIN1) strain. Anti-CD8 MAb (clone 2.43) or isotype-
matched control IgGs were intraperitoneally injected into the mice on day 1 and 4 after infection, respectively. Depletion of CD8" T cells in the
spleen was confirmed by flow cytometry 3 days after a single injection of 300 wg anti-CD8 MAb. Each group consisted of 10 mice. Statistically
significant differences (P < 0.05) are indicated with an asterisk. Data are representative of two independent experiments. After inoculation with
A/FM/1/47 influenza virus, the mouse lungs were taken and homogenized on days 3, 6, and 9. The homogenates were used for quantifying the virus
titer by a plaque assay. Each group consisted of 5 mice. Each point shows the mean * standard deviation (SD). Data are representative of two
independent experiments. (C) Histology of lung tissues stained with H&E on days 3, 6, and 9 after infection with 500 PFU of influenza virus
A/FM/1/47. Representative figures are shown. Original magnifications, x40 (left) and X100 (right).

lowing influenza virus A/Scotland/20/74 (H3N2) infection (18). tor (TIR) domain-containing adaptor inducing IFN- (TRIF)
TLR3 has been demonstrated to interact with influenza A virus to mediate cytokine production via activation of IFN regula-
in specific cell populations, including pulmonary epithelial cells tory factor 3 (IRF3), which is ubiquitously expressed and re-
and alveolar macrophages (1). TLR3 recruits Toll/IL-1 recep- sponsible for IL-15 production (32). We speculate that im-
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paired production of IL-15 may be associated with decreased
CD8" T-cell responses and an increased survival of TLR3-
deficient mice following influenza A virus infection.

In conclusion, we observed that IL-15 KO mice were protected
against highly pathogenic influenza A virus infection accompa-
nied by a drastic decrease in infiltration of CD44™ CD8™ T cells
in the lung despite no differences in the viral titer in the lung.
Adaptive transfer of CD44" CD8" T cells into IL-15 KO mice
deteriorated the survival rate following influenza virus infection.
Hence, to our knowledge, our findings show for the first time that
IL-15-dependent CD8™ T cells play a critical role in the patho-
genesis of acute pneumonia caused by highly pathogenic influ-
enza A virus. IL-15 may be a candidate target for immunomodu-
latory therapy for highly pathogenic influenza virus.
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