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Respiratory syncytial virus (RSV) causes bronchiolitis, the main cause of infantile hospitalization. Inmunity
against reinfection is poor, and there is great interest in boosting vaccine responses using live vectors
expressing host cytokines. We therefore constructed a recombinant RSV expressing murine interleukin 18
(RSV/IL-18), a cytokine capable of inducing strong antiviral immune responses. Ir vitro RSV/IL-18 replicated
at wild-type levels and produced soluble IL-18. In naive BALB/c mice, RSV/IL-18 infection significantly
increased both IL-18 mRNA and protein and attenuated the peak viral load 3-fold. Despite a reduced viral load,
RSV/IL-18 infection caused a biphasic weight loss at days 2 and 6 postinfection that was not seen in wild-type
infection. Day 2 disease was associated with enhanced pulmonary natural killer (NK) cell numbers and activity
and was prevented by NK cell depletion during infection; day 6 disease was correlated with CD8 T-cell
recruitment and was enhanced by NK cell depletion. IL-18 expression during priming also enhanced RSV-
specific antibody responses and T-cell responses on secondary RSV infection. Therefore, while IL-18 boosted
antiviral immunity and reduced the viral load, its coexpression worsened disease. This is the first recombinant
RSV with this property, and these are the first studies to demonstrate that NK cells can induce pathology

during pulmonary viral infections.

Human respiratory syncytial virus (RSV) is the major cause
of infantile viral bronchiolitis worldwide (27). RSV infection
results in lower respiratory tract illness (LRTI) in 25 to 40% of
children, with 0.5 to 2% requiring hospitalization. Immunity
against RSV is short-lived and incomplete, and reinfection
with the same strain can occur regularly throughout life. In
elderly persons, RSV causes morbidity and mortality that
match those resulting from influenza A virus infection in those
vaccinated against seasonal influenza; there is currently no
RSV vaccine. The relative roles of the virus and the immune
response in causing disease are much debated (9).

The proinflammatory cytokine interleukin 18 (IL-18) is pro-
duced by a wide range of cells, including macrophages, neu-
trophils, and airway epithelial cells, and is a potent promoter of
immune responses. It induces gamma interferon (IFN-y) pro-
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duction from T cells without the requirement for T-cell recep-
tor (TCR) engagement, an effect that is greatly enhanced by
the presence of IL-12. Together, these cytokines enhance T
helper cell type 1 (Thl) responses (15, 25, 32). IL-18 also
directly promotes NK cell activation and proliferation and has
been shown to drive antiviral immunity in a number of situa-
tions (18, 24, 26). In the presence of IL-12, IL-18 is also
capable of preventing IgE production (34), but in the absence
of IL-12 (or with an abundance of IL-2 or IL-4), it promotes
the differentiation of Th2 cells and induces nonspecific IgE
production (33, 35). Increased RSV titers are seen in IL-18
knockout mice (2), and polymorphisms in the IL-18 promoter
are associated with increased risk of severe bronchiolitis (23).

To enhance and redirect immune responses upon RSV in-
fection, we inserted various cytokine genes into the RSV ge-
nome for coexpression during infection in vitro and in vivo
(3-7, 13). In the present study, we used this technique to
investigate whether the potent immune-modulating capacity of
IL-18 could be used to boost virus-specific immunity as a vac-
cine candidate; in addition, we aimed to examine how IL-18
expression influenced lung immune responses and disease se-
verity. We found that both innate and adaptive immune re-
sponses were boosted by the coexpression of IL-18 from a
recombinant RSV during respiratory tract infection of BALB/c
mice. This resulted in a reduced primary viral load and en-
hanced memory responses with enhanced immunity on second-
ary infection. Unfortunately IL-18 expression also enhanced
illness during primary infection, characterized by weight loss
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and increased pulmonary cellular infiltration. The unexpected
and novel pattern of enhanced disease was accompanied by the
excess recruitment of NK cells and then CDS8 cells into the
airways and lungs. Further investigation of this effect led us to
identify NK cells as critical mediators of early disease and
determinants of later CD8 T-cell responses. These results show
that boosting the responses that reduce the viral load can
increase disease severity in RSV infection.

MATERIALS AND METHODS

Mice, viral stocks, and infections. Seven- to 8-week-old female BALB/c mice
(Harlan Olac Ltd., Hornby, United Kingdom) were maintained under specific-
pathogen-free conditions according to institutional and United Kingdom Home
Office guidelines. Recombinant RSV expressing murine interleukin 18 (RSV/IL-
18) was constructed as described below. All viruses were grown in HEp-2 cells
(ATCC). In vitro viral titers were determined by infectious-focus assay (22). The
same assay was used on lung homogenates to determine the in vivo viral load. UV
inactivation of RSV was performed using a UV Stratalinker (Stratagene) for 3
min on ice. Mice were inoculated intranasally (i.n.) with 5 X 10° focus-forming
units (FFU) of virus in 100 pl under light anesthesia. Rabbit anti-mouse asialo-
GM1 polyclonal antibodies (100 pl; Wako chemicals) or control antibodies were
administered intravenously (i.v.) on days —1 and +2 of infection.

Construction of RSV/IL-18. The cDNA including the complete open reading
frame (ORF) of murine IL-18 (20) was reverse transcription (RT)-PCR ampli-
fied using total RNA isolated from the murine spleen and cloned into the
pGEM-T plasmid (Promega Corporation, Madison, WI) using the Ndel and
Xhol restriction endonuclease sites according to the manufacturer’s recommen-
dations. Thereafter, the IL-18 cDNA was modified by PCR to attach the RSV-
specific gene start and gene end transcriptional regulatory sequences upstream
and downstream of the open reading frame, respectively, and to flank the re-
sulting transcriptional cassette with Xmal sites. The following primers were used:
forward primer, TATACCCGGGATGGGGCAAATATGGCTGCCATGTCA
GAAGA, and reverse primer, ATTACCCGGGAATTTTTAATAACTCTAAC
TTTGATGTAAGTTAG (the gene start and gene end sequences in the forward
and reverse primers, respectively, are underlined, and the Xmal sites are in
boldface). The Xmal-Xmal fragment of the PCR product, including an IL-18
transcriptional cassette, was inserted into the Xmal site of the plasmid D46/1024,
representing the Xhol-BamHI fragment of RSV full-length cDNA with the
Xmal site inserted between the G and F genes (5). This RSV backbone had
previously been modified to increase stability during bacterial growth by deleting
part of the downstream noncoding region of the SH gene and by introducing
several silent nucleotide changes to the downstream end of the SH open reading
frame (3). These modifications were demonstrated to have no significant effect
on viral-protein expression and viral replication in vivo (reference 3 and A.
Bukreyev and P. L. Collins, unpublished data). The XhoI-BamHI fragment of
the resulting plasmid was used to replace the corresponding fragment of RSV
full-length cDNA (10), resulting in full-length cDNA of the RSV anti-genome
carrying the IL-18 insert. Recombinant RSV carrying the IL-18 gene as an
additional gene was recovered as previously described (10) and propagated in
HEp-2 cells. The control recombinant RSV, referred to here as RSV/wt, also had
the SH gene modification mentioned above (3) and was therefore identical to
RSV/IL-18, except that it lacked the TL-18 transcription cassette.

Collection and analysis of cells. Collection of bronchoalveolar lavage (BAL)
fluid for cells and supernatants and harvesting of lung tissues, for flow cytometry
and viral titers were carried out as previously described (22). BAL fluid cells were
differentiated by hematoxylin and eosin (H&E) staining. For flow cytometric
analysis, cells were initially blocked with Fc block (anti-CD16/32; BD, United
Kingdom). Surface staining, polyclonal stimulation, and intracellular-cytokine
staining were carried out as previously described (22). RSV-specific CD8™ T cells
were analyzed using a major histocompatibility complex (MHC) class I pentamer
bearing the immunodominant M2-1 protein epitope SYIGSINNI (Proimmune,
United Kingdom). The cells were analyzed on a cyan ADP LX 9 color flow
cytometer (Dako, United Kingdom), and the data were analyzed using the Dako
Summit v4.3 analysis program.

Histological analysis. Lung tissue was fixed in 10% formalin and embedded in
wax prior to hemotoxylin and eosin staining. Blind scoring was conducted under
light microscopy. Each slide was scored for perivascular, peribronchiolar, alve-
olar, and interstitial inflammation on a scale of 0 to 4, where 0 was none, 1 was
slight, 2 was mild, 3 was moderate, and 4 was severe. For each area, the highest
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score representative of over 25% of the tissue area was taken, and the total
inflammatory score was calculated by summing the score for each area.

RSV-specific antibody ELISA. Serum antibody was assessed by enzyme-linked
immunosorbent assay (ELISA). Antigen was prepared by infecting HEp-2 cells
with RSV at 1 PFU/cell. Microtiter plates were coated overnight with 100 wl of
a 1:500 dilution of either RSV or HEp-2 antigen. After being blocked with 1%
bovine serum albumin (BSA) for 1 h, dilutions of test samples were added for a
further 1 h. Bound antibody was detected using peroxidase-conjugated rabbit
anti-mouse Ig (Dako) and o-phenylenediamine (Sigma-Aldrich, United King-
dom) as a substrate. Color development was blocked with 2 M H,SO,, and the
optical density (OD) was read at 490 nm. RSV-specific antibody was determined
by subtracting the RSV absorbance from the HEp-2 absorbance for the same
sample.

Cytokine quantification. IL-18 mRNA was quantified using RNase protection
assays (RPA) according to the manufacturer’s instructions (BD, United King-
dom). IL-4, IFN-v, and IL-18 ELISA kits were obtained from BD, and the assays
were carried out according to the manufacturer’s instructions.

Statistical analysis. Statistical analysis was performed using a nonparametric
two-way analysis of variance (ANOVA) statistics program and posttest with
GraphPad Prism 4.0 software (GraphPad Software Inc.).

RESULTS

RSV/IL-18 replicates at wild-type levels in vitro while pro-
ducing significant quantities of soluble IL-18. To construct the
recombinant RSV expressing murine IL-18, the 579-nucleo-
tide-long (including the stop codon) ORF of IL-18 was mod-
ified to be flanked by RSV-specific transcriptional gene start
and gene end signals, and the resulting transcriptional cassette
was inserted between the G and F genes of a cDNA clone of
RSV antigenomic RNA. The recombinant RSV, referred to
here as RSV/IL-18, was recovered by intracellular coexpres-
sion of the viral N, P, L, and M2-1 genes, as described previ-
ously (10). Production of recombinant RSV, carrying foreign
c¢DNA, in this manner has been previously demonstrated to
have no significant effect on viral-protein expression and viral
replication in vitro compared to recombinant wild-type controls
(reference 3 and Bukreyev and Collins, unpublished).

To investigate the IL-18 production and viral replication of
this recombinant virus, HEp-2 cells (a human airway cell line)
were infected with either RSV/IL-18 or RSV/wt (an identical
recombinant backbone lacking an inserted IL-18 gene) at a
multiplicity of infection (MOI) of 0.1 FFU per cell or treated
with phosphate-buffered saline (PBS). Viral replication was
measured by quantitative PCR (data not shown) and infec-
tious-focus-forming assays at various time points postinfection
(p-i.). There was no significant difference between the replica-
tion rates of RSV/IL-18 and RSV/wt in vitro (Fig. 1A). The
supernatant from the infected cells was collected at various
time points postinfection and tested for soluble IL-18 protein
(Fig. 1B). Approximately 23 ng of IL-18 was produced de novo
in the cell culture supernatant over a 2-day period from 10°
cells infected with 10° FFU of RSV/IL-18. Infection with
RSV/wt or PBS treatment produced no detectable IL-18 (the
limit of detection for this assay was 18 pg/ml).

Coexpression of IL-18 during RSV infection reduces the
viral load but worsens disease. As RSV/IL-18 produced high
levels of IL-18 in vitro without affecting the viral load, we
wished to see how IL-18 expression would affect the viral load
in vivo. Adult BALB/c mice were infected i.n. with 5 X 10°
FFU of RSV/wt or RSV/IL-18 or treated with PBS. Mice were
sacrificed on days 4 and 8 p.i., and infectious-focus assays were
carried out on lung tissue to determine viral titers. Day 4 p.i.
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FIG. 1. RSV/IL-18 viral replication and IL-18 production in vitro.
HEp-2 cells were infected at an MOI of 0.1 FFU of either RSV/wt,
RSV/IL-18, or nothing. (A) The viral load was measured by infectious-
focus assay with a limit of detection of 2 X 10? FFU per ml. (B) IL-18
expression was assessed by ELISA with a limit of detection of 18 pg/ml.
mlIL-18, murine IL-18.

was selected as the day of peak viral load and innate immune
responses, and day 8 p.i. was selected as the peak of pulmonary
adaptive immune responses (22). RSV/IL-18 was modestly (3-
fold), but significantly, attenuated compared to the control
RSV/wt on day 4 p.i. (P < 0.001) (Fig. 2A). No infectious virus
was detected on day 8 p.i. in any group. Lungs were removed
from mice on days 1 and 4 p.i., and IL-18 mRNA was quanti-
fied using an RPA. There were significantly higher levels of
IL-18 mRNA detected in RSV/IL-18-infected mice than in
RSV/wt-infected mice or PBS-treated controls (P < 0.001)
(Fig. 2B). The significant increase in levels of mRNA was
reflected by an increase in the levels of soluble IL-18 protein
detected in the airways (P < 0.01) (Fig. 2C).

Daily weight change postinfection was used as a measure of
disease. This noninvasive measure of disease has previously
been shown to correlate well with airway resistance, airway
hyperresponsiveness, and cellular inflammation in the murine
RSV model (22). Mice infected with RSV/IL-18 lost signifi-
cantly more weight than control-infected mice (P < 0.05) (Fig.
3A). This weight loss was biphasic, with peaks at day 2 and day
6 postinfection. Concurrent with this weight loss, there were
also significantly more viable immune cells in the airways (P <
0.001) (Fig. 3B) in RSV/IL-18-infected mice on both days 4
and 8 p.i. and in the lungs on day 8 p.i. (P < 0.001) (Fig. 3C).
Control infection with UV-inactivated RSV/IL-18 caused no
significant weight loss (data not shown). Within the airways,
there were significant increases in macrophages, lymphocytes,
and neutrophils, as assayed by BAL (Fig. 3D to F). The num-
ber of macrophages increased in proportion to increased cel-
lular infiltration after both RSV/wt and RSV/IL-18 infection;
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FIG. 2. RSV/IL-18 viral replication and IL-18 production in vivo.
Adult BALB/c mice were infected i.n. with 5 X 10° FFU of RSV/wt,
RSV/IL-18, or PBS. (A) Mice were sacrificed on days 4 and 8 postin-
fection, and infectious-focus assays were carried out to determine viral
titers. (B) IL-18 mRNA in the lungs was determined by RPA on days
1 and 4. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
(C) Levels of soluble IL-18 in the airways were determined by ELISA.
The error bars and points are means plus standard errors of the mean
(SEM); n = 5 mice per group. RPA is representative of 1 experiment;
other results are representative of 3 repeated experiments. #x*, P <
0.01; ===, P < 0.001.

however, the relative proportions of both lymphocytes and
neutrophils were much higher in mice infected with RSV/IL-18
(data not shown).

IL-18 leads to enhanced numbers of natural killer cells and
T cells, with increased activity in the lungs. To identify which
immune cells might play a role in the enhanced immunity
and/or disease induced by RSV/IL-18, lung mononuclear cells
were analyzed by flow cytometry on days 4 and 8 postinfection.
There were significantly more NK cells in the lungs (P < 0.01)
(Fig. 4A) and airways (data not shown) of mice infected with
RSV/IL-18 on both days 4 and 8 postinfection. On day 4 p.i., an
increased percentage of NK cells were also CD69™ after co-
expression of IL-18, indicative of a higher number of activated
NK cells (Fig. 4B). NK cells can be divided into two subsets
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FIG. 3. Effect of IL-18 coexpression on disease and the immune response to RSV infection. Adult BALB/c mice were infected i.n. with 5 X
10° FFU of either RSV/wt, RSV/IL-18, or PBS. (A) Weight was monitored daily and plotted as a percentage of weight on the day of infection.
(B and C) Counts of viable BAL fluid cells and total lung cells were done by light microscopy. (D to F) Airway cells (BAL fluid) were taken on
days 4 and 8 postinfection, and H&E staining was used to carry out differential cell counts for macrophages (D), lymphocytes (E), and neutrophils
(F). The error bars and points are means = SEM; n = 5 mice per group. The results are representative of 3 experiments. *, P < 0.05; *%, P <

0.01; %%, P < 0.001.

based upon expression of CD11b and CD27 on their surfaces
(14). NK cells with a CD11b" CD27" phenotype have greater
effector function than their CD11b~ CD27" counterparts but
are usually located within systemic, rather than peripheral,
tissues. There were significantly more CD11b* CD27" NK
cells on day 4 postinfection in the RSV/IL-18 group than in
RSV/wt-infected mice (P < 0.01) (Fig. 4C).

IL-18 expression during RSV infection also altered T-cell
recruitment. Significantly more CDS8 T cells were recruited to
the Iungs on day 8 following RSV/IL-18 infection (P < 0.01)
(Fig. 4D). However, there was no difference in CDS8 T-cell
activation on either day 4 p.i. or day 8 p.i. (CD69™") (Fig. 4E).
The percentage of RSV-specific CD8 T cells on day 8 postin-
fection was measured using an MHC class I pentamer bearing
the immunodominant epitope, SYIGSINNI, from the M2-1
protein. This showed there was no significant difference be-
tween RSV/IL-18 and RSV/wt infections in the recruitment of
RSV-specific CD8 T cells (RSV pentamer™) (Fig. 4F). There

were no significant differences in the numbers of CD4 T cells
after IL-18 coexpression (Fig. 4G). However, on day 4 p.i.,
RSV/IL-18 infection resulted in a significant increase in the
percentage of activated CD4 T cells compared to both RSV/
wt- and PBS-treated mice (Fig. 4H) (P < 0.01). By day 8 p.i,,
the proportions of activated CD4 T cells were similar regard-
less of the type of infection.

One of the most discussed points in the field of RSV is the
importance of Th1 versus Th2 immune responses in determin-
ing disease severity (21). Excess IL-4 (Th2) and diminished
IFN-y (Thl) have been associated with increased disease in
both clinical cases and murine models (2, 17). As IL-18 is
known to enhance the Thl or Th2 arm of the immune re-
sponse, depending on the conditions, it might have been
thought that its expression during RSV infection would alter or
enhance the dominant immune response. On day 8 p.i., we
found no significant difference between RSV/wt and RSV/
IL-18 infections in the Th1 (IFN-y*)/Th2 (IL-4*) ratio in the
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FIG. 4. Effect of IL-18 coexpression on cellular recruitment to the lung. Adult BALB/c mice were infected i.n. with 5 X 10° FFU of either
RSV/wt, RSV/IL-18, or PBS. Total mononuclear lung cells were taken on days 4 and 8 postinfection and analyzed by flow cytometry. (A and B)
NK cell (CD3~ NKp46™) numbers (A) and activation (CD3~ CD69") (B) were measured on days 4 and 8 postinfection. (C) On day 4, lung NK
cell subset recruitment was analyzed by expression of CD11b and CD27 on CD3~ DX5™ cells. (D and E) CD8 cell numbers (D) and activation
(E) were measured on days 4 and 8 postinfection. (F) On day 8, an RSV-specific MHC class I pentamer was used to enumerate the proportion
of RSV-specific CD8 T cells. (G and H) CD4 cell numbers (G) and activation (H) were measured on days 4 and 8 postinfection. (I) On day 8§,
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group. The results are representative of 3 experiments. **, P < 0.01; =%, P < 0.001.

lungs (Fig. 41). The majority of T cells had a Th1 phenotype in
spite of increased disease.

NK cell depletion abrogates early weight loss while enhanc-
ing later disease. IL-18 expression by recombinant RSV in-
creased NK cell numbers and activity in the lungs and airways.
The early weight loss seen during primary infection was of
particular interest, as we have not previously observed weight
loss at this time point during primary infection; weight loss is
normally correlated with CD8 T-cell recruitment (22, 28). We
hypothesized that the NK cells might play a role in this in-
creased disease. To test this, anti-mouse asialo-GM1 antibod-
ies were administered on days —1 and +2 of infection to
deplete NK cells during infection. Mice were infected with
either RSV/wt or RSV/IL-18. As seen previously, mice infected
with RSV/wt did not lose any weight, and antibody treatment
did not affect this (Fig. SA). RSV/IL-18 infection led to two
peaks of weight loss around days 2 and 6, consistent with
previous results. In contrast, NK cell depletion of RSV/IL-18-
infected mice eliminated the first weight loss peak on days 1

and 2 p.i. but significantly enhanced weight loss on day 7 p.i.
(P < 0.05).

Anti-asialo-GM1 treatment of RSV/wt-infected mice in-
creased the peak viral load in the lungs approximately 5-fold
(Fig. 5B). As previously seen, the peak viral load in RSV/IL-
18-infected mice was significantly reduced compared to RSV/
wt-infected mice, but anti-asialo-GM1 treatment of RSV/IL-
18-infected mice significantly increased the peak viral load
(P < 0.05) to the same level as RSV/wt infection. By day 8
postinfection, all mice had cleared virus from the lungs.

There was also a slight, but not significant, reduction in lung
cell numbers following NK cell depletion of RSV/IL-18-in-
fected mice on day 4 postinfection compared to their untreated
counterparts (Fig. 5C). Conversely, on day 8, there were sig-
nificantly more mononuclear cells in the lungs (P < 0.05) and
immune cells in the airways (P < 0.05) (data not shown) of
anti-asialo-GM1-treated mice than in those of their unde-
pleted counterparts (Fig. 5C). Anti-asialo-GM1 treatment ef-
fectively depleted the NK cell population in the lungs (Fig. 5D)
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The error bars and points are means = SEM; n = 5 mice per group. The results are representative of 3 experiments. *, P < 0.05; **, P < 0.01;

*%x%, P < 0.001.

and airways (data not shown) on both days 4 and 8, removing
95% of the NK cells. Anti-asialo-GM1 treatment of RSV/IL-
18-infected mice significantly increased the amount of airway
IL-18 but had no effect on IL-18 levels in RSV/wt-infected
mice (P < 0.05) (Fig. SE).

On day 4 p.i., mice infected with RSV/IL-18 had significantly
elevated levels of IFN-y in the BAL fluid supernatant com-
pared to the RSV/wt group (P < 0.05), while anti-asialo-GM1
treatment reduced IFN-y levels to almost nothing in both
RSV/wt- and RSV/IL-18-infected mice (P < 0.05) (Fig. 5F).
Interestingly, on day 8 p.i., IFN-y levels were elevated in both
anti-asialo-GM1 groups compared to their untreated counter-
parts. Airway measurements of granzyme B revealed a trend
similar to that seen with IFN-y. Anti-asialo-GM1 treatment
reduced the amount of granzyme B detected in the airways at
day 4 p.i. but significantly elevated it in the control virus-
infected group on day 8 p.i. (Fig. 5G). This indicated that on
day 4 p.i. the majority of IFN-vy and granzyme B in the infected
tissue was being produced in an NK cell-dependent manner
and that coexpression of IL-18 enhanced their production.

Regardless of the infecting virus, anti-GM1 treatment in-
creased the recruitment of both CDS8 T cells (Fig. 5H) and
CD4 T cells (Fig. 5I) to the lungs on day 8, but there was no
significant difference in these numbers. The increased number
of CD8 T cells may explain the increased granzyme B and
IFN-vy in the airways. There was also no change in the func-
tional characteristics of the CD4 or CD8 T cells, including
activation (CD69"), effector memory (CD44"/CD62L"), or
Th1/Th2 skewing of CD4 cells (data not shown), IFN-vy pro-
duction by CDS, or the percentage of CD8 cells that were RSV
specific (data not shown).

The effects of NK cell depletion on lung pathology were
further examined by histological analysis at the peaks of weight
loss on days 2 and 7 postinfection (Fig. 6). At day 2 p.i., overall
inflammation levels in RSV/wt- and RSV/IL-18-infected mice
were similar (Fig. 6B). RSV/IL-18 infection resulted in areas of
high interstitial inflammation that were not present after
RSV/wt infection; however, these areas represented less than
25% of the tissue area and therefore could not be included in
the total score (data not shown). NK cell depletion significantly
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FIG. 6. NK cell depletion lessens early lung inflammation. Adult BALB/c mice were infected with 5 X 103 FFU of either RSV/wt or RSV/IL-18
and were given either rabbit anti-mouse asialo-GM1 antibodies or a control serum i.v. on days —1 and +2 of infection. Lungs were harvest on days
2 and 7 postinfection, fixed, and H&E stained. The slides (X200) (A) were scored blind for inflammation under light microscopy, and total
inflammatory scores were determined on day 2 (B) and day 7 (C). The error bars and points are means plus SEM; n = 6 slides per group. *, P <

0.05; %%, P < 0.01.

reduced total inflammation after RSV/wt or RSV/IL-18 infec-
tion (P < 0.05) (Fig. 6B). On day 7 postinfection, there was
greatly increased inflammation after RSV/IL-18 infection com-
pared to RSV/wt infection (Fig. 6C). At this time point, in-
flammation was significantly enhanced in RSV/IL-18-infected
mice treated with anti-asialo-GM1 (P < 0.01).

IL-18 expression promotes enhanced immunity to protect
against secondary infection. We wished to determine whether
RSV/IL-18 increased recall immune responses to subsequent
viral infection. On day 8 p.i., RSV/IL-18-infected mice had
significantly enhanced antibody compared to RSV/wt infection
(P < 0.001) (Fig. 7A). By day 28 p.i., after both infection and
inflammation were fully resolved, anti-RSV antibody was de-
tectable in both wild-type RSV- and RSV/IL-18-infected mice,
with IL-18 expression causing a slight increase in titers. Twenty-
eight days postinfection, the mice were rechallenged i.n. with
1 X 10° FFU of nonrecombinant wild-type RSV. Prior infec-
tion prevented the development of the weight loss seen on day
7 p.i. in naive mice (Fig. 7B). Interestingly, primary infection
with RSV/wt resulted in slight weight loss on day 2 p.i., which
was prevented by primary infection with RSV/IL-18. Lympho-
cyte recruitment into the airways was also increased if mice had
been previously exposed to RSV, although IL-18 expression
did not affect this (Fig. 7C). The viral load was determined at
day 4, with 4 out of 5 RSV/IL-18-primed and 3 out of 5

RSV/wt-primed mice found to have viral loads below the level
of detection (Fig. 7D). Real-time PCR for the viral polymerase
(L) gene was used to increase sensitivity for the viral genome
and mRNA (Fig. 7E). While both viruses reduced the L gene
copy number compared to naive animals (P < 0.01), RSV/
IL-18 priming resulted in significantly lower copy numbers
than RSV/wt priming (P < 0.05). RSV/IL-18 priming also
resulted in significantly more effector (CD44" CD62L ") and
activated (CD69") CD4 and CDS8 T cells than RSV/wt infec-
tion (Fig. 7F) (P < 0.01 in all cases).

DISCUSSION

Here, we have described a novel recombinant RSV that
expresses the cytokine IL-18. In vivo, RSV/IL-18 infection sig-
nificantly increased the expression of IL-18 and attenuated
viral replication. IL-18 coexpression also caused biphasic
weight loss, peaking on days 2 and 6. In the early stages of
infection, increased NK cell numbers and activation were ob-
served, and their removal using depleting antibodies removed
the early weight loss and viral attenuation. In the later stages of
infection, the second peak of weight loss was correlated with
the recruitment of CD8 T cells and was worsened by NK cell
depletion.

The in vivo attenuation seen in this study was similar to the
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FIG. 7. IL-18 enhances recall responses during secondary infection. Adult BALB/c mice were infected in. with 5 X 10° FFU of either
RSV/6120, RSV/IL-18, or PBS. (A) Serum was taken on days 8 and 28 after primary infection, and total RSV-specific Ig was determined by ELISA.
(B) At 28 days postinfection, mice were challenged with 1 X 10° FFU of wild-type RSV A2, and body weight was monitored for 7 days
postchallenge. (C) On day 4 postchallenge, airway cells were taken, and cellular infiltration was determined by H&E staining and light microscopy.
(D and E) At the same time point, lung tissue was taken to determine the viral load by plaque assay and real-time PCR. (F) Lung T-cell recruitment
(CD8 and CD4), effector phenotype (CD44 " CD62L "), and activation (CD69) were determined by flow cytometry. The results are representative

of 2 experiments. *, P < 0.05; **, P < 0.01; #%%, P < 0.001.

effect we have previously described with recombinant RSV
expressing IFN-y (6). IL-18 was first identified as a potent
inducer of IFN-y, suggesting that a common mechanism may
be responsible (20). However, there were significant differ-
ences between the effect of IL-18 expression in the present
study and that of IFN-vy in previous work (6, 13). First, the level
of attenuation was greater following expression of IFN-y (10-
to 100-fold) than following expression of IL-18 (3-fold). This
probably reflects the differences in function of each cytokine,
as IFN-vy is directly antiviral in infected cells (31), while RSV/

IL-18 infection appeared to recruit high numbers of immune
cells, a feature not present after RSV/IFN-y infection (6). In
addition, neither RSV/IFN-y nor any previous cytokine ex-
pressed from RSV has been found to cause weight loss during
primary infection.

The induction of weight loss during primary infection due to
enhancement of host immunity seen in this study was of par-
ticular interest. Previous studies using murine models of pri-
mary RSV infection have shown that high doses of nonrecom-
binant, wild-type RSV result in CD8 T-cell-mediated weight
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loss and disease, peaking around day 7 p.i. (22, 28). Disease
can be induced at earlier time points during RSV infection by
prior infection as neonates or by vaccination with Formalin-
inactivated RSV, single RSV proteins, or recombinant RSV
expressing IFN-vy, followed by challenge with wild-type RSV
(1, 11, 13). The weight loss in these cases is the result of the
biased stimulation of specific memory T-cell subsets. In con-
trast, the early weight loss after RSV/IL-18 infection correlated
well with the early innate immune response (neutrophils and
NK cells), with T cells being relatively absent. By the use of
depleting antibodies, we showed that the key cells in early
IL-18-mediated disease are NK cells. IL-18 is known to be
critical in the priming of NK cells to acquire full effector
function, such as the secretion of IFN-y and cytotoxicity (8). In
our study, NK cells either proliferated locally or were recruited
to the lungs and airways in significantly higher numbers and
increased activation states when IL-18 was expressed during
viral infection. IL-18 also skewed NK cell recruitment to a
CD27" CD11b™ phenotype. CD27" CD11b™ NK cells prolif-
erate more readily and have higher cytoxicity and cytokine
production, which may partially explain the higher IFN-y and
granzyme B levels in the airways and the reduced viral load
(14). NK cells have not previously been associated with in-
creased disease severity in viral infections of the lung. How-
ever, the synergistic effect of coadministered IL-18 and IL-2
has been found to cause lethal lung injury in mice as a result of
excessive NK cell infiltration into the airways (19). We also
found that the enhanced NK cell numbers in the lung after
RSV/IL-18 infection is also critical for enhanced clearance, as
viral loads were significantly increased on NK cell depletion. In
agreement with this, IL-18-deficient animals have recently
been found to have increased susceptibility to poxvirus infec-
tion (30). The authors found that this was associated with a
decreased NK cell response. Interestingly, they also found that
in the absence of both IL-12 and IL-18 there were was a
greater number of FoxP3™ regulatory T cells (Tregs); however,
in our study, Treg recruitment was unaltered by overexpression
of IL-18 (data not shown).

We and others have previously shown that the induction of
late weight loss during primary RSV infection of mice with
nonrecombinant wild-type RSV is correlated with recruitment
of CDS8 T cells to the sites of infection and is abrogated by their
removal (12, 28). Interestingly, however, we have not observed
weight loss at this time point with either recombinant wild-type
RSV or RSV carrying a foreign gene. The second phase of
weight loss seen after infection with RSV/IL-18 correlated well
with increased recruitment of CD8 T cells to the lungs com-
pared to wild-type infection, and we hypothesize that during
the later phase of RSV/IL-18 infection, CD8 T cells mediate
illness. Interestingly, NK cell depletion worsened this late
phase of disease, and this was associated with a further in-
crease in CDS8 T-cell numbers and their effector molecules,
IFN-y and granzyme B, in the airways. There are a number of
potential mechanisms for this effect. After NK cell depletion,
the viral load increases approximately 5-fold. An enhanced
peak viral load, and therefore antigen burden, in NK cell-
depleted mice could drive a stronger CD8 T-cell response.
Viral loads in RSV/wt-infected mice, however, also increase by
approximately 5-fold with no effect on overall disease. Intrigu-
ingly, increased RSV/IL-18 loads also resulted in enhanced
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IL-18 in the airways, although this was not proportionate to the
increase in the viral load, and this could be responsible for the
greater activation of CD8 T cells later during infection. It is
also possible that during RSV infection NK cells have some
immunosuppressive or regulatory effects on adaptive immu-
nity. For instance, NK cells have been shown to kill immature
dendritic cells, activated CD4 T cells, and hyperactivated mac-
rophages, the increased presence of all of which could increase
CD8 T-cell numbers (29). In addition, NK cells can produce
regulatory cytokines, such as IL-10, in response to viral infec-
tions, thereby limiting the magnitude of CD8 T-cell responses
in a direct manner (16).

We conclude that antiviral immunity is enhanced by expres-
sion of IL-18 in a recombinant RSV vector and that this is
sufficient to improve immune responses to secondary infection.
However, this increased immunity led to enhanced disease by
boosting innate immune responses, in particular NK cells, a
cell type not previously thought to be detrimental to the out-
come of lung disease. Our findings support the concept that
host immune responses largely mediate RSV disease, even
while restricting virus replication. This study also highlights
issues with modulating the immune response, as depleting NK
cells prevented early disease but resulted in disease being en-
hanced at a later stage.
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