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infection through suppression of group II innate
lymphoid cells
D Califano1,3, Y Furuya1,3, S Roberts1, D Avram1,4, ANJ McKenzie2 and DW Metzger1

Increased levels of interferon-c (IFN-c) are routinely observed in the respiratory tract following influenza virus infection,

yet its potential role remains unclear. We now demonstrate that influenza-induced IFN-c restricts protective innate

lymphoid cell group II (ILC2) function in the lung following challenge with the pandemic H1N1 A/CA/04/2009 (CA04)

influenza virus. Specifically, IFN-c deficiency resulted in enhanced ILC2 activity, characterized by increased production

of interleukin (IL)-5 and amphiregulin, and improved tissue integrity, yet no change in ILC2 numbers, viral load or

clearance. We further found that IFN-c-deficient mice, as well as wild-type animals treated with neutralizing anti-IFN-c
antibody, exhibited decreased susceptibility to lethal infection with H1N1 CA04 influenza virus, and moreover that

survival was dependent on the presence of IL-5. The beneficial effects of IFN-c neutralization were not observed in ILC2-

deficient animals. These data support the novel concept that IFN-c can have a detrimental role in the pathogenesis of

influenza through a restriction in ILC2 activity. Thus, regulation of ILC2 activity is a potential target for post-infection

therapy of influenza.

INTRODUCTION

Interferon-g (IFN-g) is a cytokine that is critical for regulating
both the innate and adaptive immune response.1 Increased
production of IFN-g in the respiratory tract is observed during
influenza infection, yet its physiological importance remains
unclear.2 Most studies have indicated that IFN-g is dispensable
for survival following influenza infection.3–5 However, some
reports suggested that IFN-g deficiency can result in increased
viral burden or mortality.6–8 These discrepancies are likely to be
due to differences in experimental design, i.e., viral strain, gene
deficiency versus anti-cytokine monoclonal antibody (mAb),
and/or immunization routes. Despite this, the general con-
sensus in the field is that deficiency in IFN-g or its receptor does
not significantly have an impact on susceptibility in a mouse
model of influenza.

Group II innate lymphoid cells (ILC2s) are essential
mediators of mucosal immunity, particularly in the lung.9,10

ILC2s respond to epithelial cell-derived cytokines, such as

interleukin (IL)-33 and IL-25, with rapid production of IL-5
and IL-13, which in turn leads to eosinophil recruitment,
mucus secretion, goblet cell hyperplasia, and airway hyper-
reactivity.11–13 Furthermore, lung ILC2s secrete the epidermal
growth factor amphiregulin, which promotes epithelial cell
proliferation and tissue regeneration following virus-induced
tissue damage.10 The biological effects of these ILC2-mediated
activities can vary, including enhanced development of allergies
and asthma, induction of protective immunity against parasitic
worms, and regulation of adipocyte development and meta-
bolic homeostasis.14–16 During influenza infection, ILC2s are
similarly thought to have diverse roles.9,10 Considering that
large amounts of IFN-g are produced during influenza and that
IFN-g can inhibit IL-33-dependent activation of ILC2s,17–19 we
have now examined the specific role of IFN-g in ILC2
regulation during influenza infection. Our results demonstrate
that lethal challenge with the pandemic H1N1 A/CA/04/2009
influenza (CA04) virus caused IFN-g-mediated suppression of
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ILC2 function in the lung. IFN-g deficiency resulted in
enhanced ILC2 activity, characterized by increased production
of IL-5 and amphiregulin. Unexpectedly, IFN-g-deficient mice,
as well as wild-type (WT) animals treated with neutralizing
anti-IFN-g antibody, were protected against lethal CA04
infection and increased resistance was dependent on the
presence of ILC2s and IL-5. We therefore reveal an unanti-
cipated role for IFN-g in the pathogenesis of CA04 influenza
virus infection, specifically in promoting increased suscept-
ibility through the suppression of ILC2 protective responses.
We further provide evidence that induced IL-5 and, possibly,
increased eosinophilia support survival following lethal
viral challenge. These results indicate that specific regulation
of ILC2-mediated immune responses could be a promising
therapeutic approach for enhancing recovery following
influenza infection.

RESULTS

IFN-c increases susceptibility to CA04 influenza virus
challenge

The role of IFN-g during primary infection with influenza virus
remains unresolved. We therefore investigated the response of
BALB/c IFN-g� /� mice to lethal challenge with the 2009
pandemic strain A/California/04/2009 (CA04) H1N1 virus.
BALB/c IFN-gþ /þ mice produced large amounts of IFN-g in
the bronchoalveolar lavage fluid (BALF) starting at Day 3 post
infection and continuing through Day 9 (Figure 1a). Similar to
previous reports,3,20 the absence of IFN-g did not have an
impact on viral burden (Figure 1a,b); however, BALB/c
IFN-g� /� mice surprisingly exhibited increased
resistance to lethal infection (Figure 1c), an observation
that has never been reported in the literature.3,20 This increased
resistance was not restricted to a particular mouse
strain, as both BALB/c and C57Bl/6 IFN-g� /� mice exhibited
the same phenotype (Figure 1c,d). The data show that the
presence IFN-g caused decreased survival of CA04
virus-infected mice, but this was not due to altered viral
clearance.

IFN-c� /� mice exhibit decreased immunopathology

IFN-g is a pleiotropic cytokine that regulates both the adaptive
and innate immune response. We therefore determined
whether the increased resistance of BALB/c IFN-g� /� mice
was due to an altered immune response. Analysis of influenza
virus-specific antibody titers revealed that the levels of IgM,
IgG, or IgA anti-CA04 antibodies were comparable between
BALB/c IFN-gþ /þ and IFN-g� /� mice (Supplementary
Figure S1a online). We further measured titers of IgG antibody
subclasses IgG1, IgG2a, IgG2b, and IgG3 (Supplementary
Figure S1b). Antibody titers of the IgG2a and IgG3 isotypes,
which are normally stimulated during Th1-type immune
responses,21 were reduced, whereas titers of the Th2-associated
IgG1 isotype were modestly increased in BALB/c IFN-g� /�

mice (Supplementary Figure S1c), suggesting a predominately
type-2 immune response in BALB/c IFN-g� /� mice. This was
not surprising, as IFN-g is known to be a key switch factor for

IgG2a and IgG3 production. Consistent with the antibody
titers, hemagglutination inhibition assays also demonstrated
that there were no significant differences in functional antibody
responses in BALB/c IFN-gþ /þ and IFN-g� /� mice
(Supplementary Figure S1c). We observed a transient
increase in CD4þ and CD8þ T-cell numbers in BALB/c
IFN-g� /� mice at day 6 post infection (Supplementary Figure
S2a); however, granzyme B levels in the BALF were diminished
(Supplementary Figure S2b). In addition, levels of
inflammatory cytokines in the BALF were comparable in
both BALB/c IFN-gþ /þ and IFN-g� /� mice (Supplementary
Figure S2c). Thus, in agreement with the similar viral burdens
observed in BALB/c IFN-gþ /þ and IFN-g� /� mice, there
were no significant differences in antibody or T- cell responses
that could account for the enhanced survival of BALB/c
IFN-g� /� mice.

Viral respiratory infection can cause massive destruction of
the epithelial lung tissue as a result of viral replication,
production of inflammatory cytokines by innate and adaptive
immune cells, and apoptosis of infected epithelial cells. Recovery
from infection therefore not only requires viral clearance but also
the regeneration of the lung tissue, which is crucial for normal
respiratory function. Taking into account that both BALB/c
IFN-gþ /þ and IFN-g� /� mice exhibited similar levels of viral
lung titers (Figure 1b) and comparable effector immune
responses, we postulated that survival differences might be
attributed to influenza-induced lung injury. We initially
examined lung histopathology but the differences between
WT and IFN-g� /� mice were inconclusive. We therefore used
quantitative methods of detecting tissue integrity and lung
permeability, as these would be suitable for revealing subtle
differences. One measure of respiratory distress is pulmonary
edema, a correlate of tissue permeability. Pulmonary edema was
markedly increased in BALB/c IFN-gþ /þ mice by day 9
following infection. However, BALB/c IFN-g� /� mice
presented with a significant reduction in pulmonary edema
following infection compared with BALB/c IFN-gþ /þ mice
(Figure 2a). Similarly, albumin and total protein levels in the
BALF of BALB/c IFN-g� /� mice were significantly reduced
when compared with WT mice (Figure 2b,c), further indicating
improved tissue integrity in the absence of IFN-g. Of note, before
day 9 post infection, signs of tissue permeability were equivalent
in both BALB/c IFN-gþ /þ and IFN-g� /� animals, suggesting
that IFN-g-deficient mice exhibit enhanced lung repair following
infection (Figure 2a–c). Nitrite levels in the BALF of BALB/c
IFN-g� /� mice were likewise reduced, indicating that BALB/c
IFN-g� /� mice exhibited decreased inflammation following
infection with CA04 virus (Figure 2d). In addition, the levels of
IL-10 were increased in the absence of IFN-g (Supplementary
Figure S2c). Taken together, these data demonstrate that
BALB/c IFN-g� /� mice exhibit diminished immunopathology
and respiratory damage following influenza infection
compared with WT animals. These results suggest that the
increased resistance of BALB/c IFN-g� /� mice is due not to
enhanced viral clearance, but rather to suppressed
immunopathology.
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ILC2 activity is modulated by IFN-c
The above results indicated that IFN-g� /� mice have both
improved tissue integrity and reduced inflammation following
influenza infection. However, BALB/c IFN-g� /� mice also
exhibited increased airway hyperreactivity (Supplementary
Figure S2d). ILC2s have been implicated in both
maintaining tissue homeostasis and promoting airway
hyperreactivity following influenza infection.9,10 We therefore
evaluated the ILC2 response after CA04 virus infection. Flow
cytometry analysis of intracellular cytokine expression revealed
that the lungs and BALF of BALB/c IFN-g� /� mice contained
significantly greater numbers and percentages of IL-5þ ILC2s
compared with BALB/c IFN-gþ /þ mice (Figure 3a–c and
Supplementary Figure S3a). However, the number and

percentage of IL-13þ ILC2s or IL-5þ IL-13þ ILC2s remained
unchanged in the absence of IFN-g (Figure 3a–c and
Supplementary Figure S4c-b,e-f). Interestingly, ILC2
production of IL-5 and IL-5 levels in the BALF were not
increased in BALB/c IFN-g� /� mice before day 9 post infection
(Supplementary Figure S4a,d), which correlates with improved
tissue integrity in these mice (Figure 2a–c). The total numbers of
ILC2s were equivalent in BALB/c IFN-gþ /þ and IFN-g� /�

mice in both the lung or BALF (Figure 3d, e), suggesting that
IFN-g did not have an impact on generation of ILC2s following
CA04 virus infection. We further observed major increases in
levels of amphiregulin and IL-5, but not IL-13, in the BALF of
BALB/c IFN-g� /� mice following CA04 virus infection (Figure
3f–h). Increased IL-5 production in BALB/c IFN-g� /� mice

Figure 1 Interferon-g (IFN-g) promotes mortality during primary A/CA/04/2009 influenza (CA04) infection. (a) Levels of IFN-g in the bronchoalveolar
lavage fluid (BALF) of mice infected with 2,000 plaque-forming units (PFUs) of CA04 virus. (b) Pulmonary viral burdens at various time points following
CA04 infection. Data shown were pooled from two independent experiments. (c) Survival and weight loss of BALB/c IFN-gþ /þ and IFN-g� /� mice
infected with 2,000 PFUs of the CA04 virus. Data shown were pooled from four independent experiments. (d) Survival and weight loss of C57BL/6 IFN-gþ /

þ and IFN-g� /� mice infected with 2,000 PFUs of CA04 virus. (a,b) Statistical analyses were performed by two-way analysis of variance. *Po0.05,
**Po0.01 and ****Po0.0001. (c,d) Survival data were analyzed with log-rank Mantel–Cox test and weight loss data were analyzed by Mann–Whitney
U-test. **Po0.01, ***Po0.001, and ****Po0.0001.
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consequently contributed to enhanced eosinophil recruitment
(Figure 3i and Supplementary Figure S3b). Of note, depletion
of CD4þ T cells using neutralizing antibodies did not have an
impact on the levels of amphiregulin, IL-5, or IL-13 in the BALF
(Supplementary Figure S5), indicating that Th2 cells were
dispensable for the production of these cytokines. Thus,
expression of IFN-g strongly correlated with suppression of
ILC2 function, specifically IL-5 and amphiregulin expression,
and increased lung permeability during CA04 virus infection.

ILC2s express the IFN-c receptor on their surface

ILC2s become activated in response to alarmin expression by
damaged epithelial cells. We therefore evaluated the epithelial
cytokines IL-25 and IL-33, which stimulate ILC2 function.11,13

Infection with CA04 virus did not trigger IL-25 responses in
either BALB/c IFN-gþ /þ or IFN-g� /� mice (Figure 4a), an
observation consistent with the literature.22 In contrast, IL-33
was highly upregulated following CA04 virus infection but IFN-g
deficiency had no impact on IL-33 production (Figure 4b) or the
expression of ST2 (IL-33R) on the surface of ILC2s (Figure 4c).
These data suggest that IFN-g does not suppress ILC2 function
through inhibition of IL-33 production or the expression of the
IL-33 receptor. To determine whether IFN-g might regulate
ILC2 function directly, we evaluated ILC2s for surface expression
of IFN-gR1 by flow cytometry. ILC2s from both BALB/c IFN-
gþ /þ and IFN-g� /� mice expressed similar levels of IFN-gR1

(Figure 4d). These results, together with previous studies
reporting the impact of IFN-g on ILC2 activity,17,19 suggest that
IFN-g produced during influenza infection modulates ILC2
functions by directly binding to receptors found on the surface
of ILC2s.

Diverse groups of ILC2s, such as inflammatory ILC2s, which
express IL-17rb and possess the potential to transdifferentiate into
ILC3-like cells, have been described.23 We therefore evaluated
ILCs in lungs for production of ILC1 and ILC3 cytokines.
Consistent with the lack of IL-25 production (Figure 4a), we did
not observe an increase in inflammatory ILC2s in the lung
(data not shown). We further demonstrated comparable numbers
of IL-22þ ILCs, IL-22þ IL-17þ ILCs, and IL-17þ ILCs in the
lungs and BALF of IFN-gþ /þ and IFN-g� /� mice
(Supplementary Figure S6a,b). Similar results were found
when we evaluated cytokine levels in the BALF (Supplementary
Figure S6c,d). These results indicate that no detectable
differences in inflammatory ILC2s or ILC3-like cells were
found in BALB/c IFN-gþ /þ and IFN-g� /� mice during
CA04 virus infection.

Anti-IFN-c treatment promotes resistance to CA04 infection
in WT mice

To further examine the role of IFN-g as a suppressor of ILC2
activity, we treated BALB/c IFN-gþ /þ mice with neutralizing
anti-IFN-g antibodies following CA04 infection (Figure 5a,b).

Figure 2 Interferon-g (IFN-g) deficiency reduces immunopathology associated with A/CA/04/2009 influenza (CA04) infection. (a) Pulmonary edema of
mice infected with 2,000 plaque-forming units (PFUs) of CA04 virus as determined by tissue wet/dry weight ratio. (b–d) Levels of albumin (b), total protein
(c), and nitrite (d) in the BALF of mice infected with 2,000 PFUs of CA04 virus. Data shown were pooled from two independent experiments. (a–d)
Statistical analyses were performed by two-way analysis of variance. *Po0.05, **Po0.01, and ****Po0.0001.
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Figure 3 Interferon-g (IFN-g) suppresses innate lymphoid cell group II (ILC2) function during A/CA/04/2009 influenza (CA04) infection. (a)
Representative dot plots showing percentages of ILC2s (CD90þLin�CD127þKLRG1þST2þ ) that were positive for interleukin (IL)-13 or IL-5. Cells
were collected 9 days after CA04 virus infection and restimulated ex vivo with phorbol 12-myristate 13-acetate (50 ng ml�1) and ionomycin (500 ng ml� 1)
in the presence of Brefeldin A (10 mg ml� 1). Unstimulated cells were used as a negative control. (b,c) Total number of cytokine-secreting ILC2s in the
lungs (b) and bronchoalveolar lavage fluid (BALF) (c) 9 days after CA04 infection. (d,e) Total number of ILC2s in the lung (d) and BALF (e). (f–h) Levels of
IL-5 (f), Amphiregulin (g), and IL-13 (h) in the BALF of mice infected with 2,000 plaque-forming units (PFUs) of CA04 virus. Data shown were pooled two
independent experiments. (i) Total number of SiglecFþCD11bþLy6G�CD11c� eosinophil numbers in the BALF of mice infected with 2,000 PFUs of
CA04 virus. Data shown were pooled two independent experiments. (b–i) Statistical analyses were performed by two-way analysis of variance. *Po0.05,
***Po0.001, and ****Po0.0001.

Figure 4 Pulmonary responses and receptor expression on innate lymphoid cell group II (ILC2s) following A/CA/04/2009 influenza (CA04) virus
infection. (a,b) Pulmonary interleukin (IL)-25 and IL-33 responses in CA04-infected mice. Data shown were pooled from two independent experiments.
(c) Expression of ST2 (IL-33 receptor) on ILC2s (CD90þLin�CD127þKLRG1þ ). Median fluorescent intensities of five mice per group; representative
results from one out of three experiments are shown. (d) A representative histogram of surface expression of interferon-g receptor 1 (IFN-gR1) on ILC2s
(CD90þLin�CD127þKLRG1þST2þ ) collected from the lungs of uninfected BALB/c IFN-gþ /þ , BALB/c IFN-g� /� , and C57BL/6 IFN-gR1� /� mice.
(a,b) Statistical analyses were performed by two-way analysis of variance. (c) Data were analyzed by Mann–Whitney U-test.
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IFN-g neutralization caused significant increases in IL-5 and
amphiregulin levels in the BALF of infected mice, but IL-13
levels were unaffected (Figure 5c–e). Consistent with elevated
production of IL-5, the numbers of eosinophils in the lung were
also increased (Figure 5f). Moreover, anti-IFN-g-treated
mice exhibited an increase in the number of IL-5þ ILC2s

in the lung (Figure 5g). However, neutralization of IFN-g did
not impact the numbers of lung IL-13þ ILC2s or IL-5þ

IL-13þ ILC2s (Figure 5h,i). Similar to BALB/c IFN-g� /�

mice, mice treated therapeutically with neutralizing anti-IFN-g
antibody did not exhibit changes in viral burden compared to
mice treated with IgG isotype control (Figure 5j). Nevertheless,

Figure 5 a-Interferon-g (a-IFN-g) treatment as a therapeutic strategy in BALB/c IFN-gþ /þ mice. (a) Schematic timeline showing A/CA/04/2009
influenza (CA04) infection, treatment with a-IFN-gmonoclonal antibody (mAb) or IgG isotype control, and bronchoalveolar lavage fluid (BALF) collection
for immunological analyses. (b–f) Quantities of IFN-g (b), interleukin (IL)-5 (c), amphiregulin (d), IL-13 (e), and eosinophils (f) in the BALF of indicated
mice 9 days after CA04 virus infection. Data shown were pooled two independent experiments. (g–i) Total numbers IL-5þ ILC2s (g), IL-5þ IL-13þ ILC2s
(h), and IL-13þ ILC2s (i) in the lungs of indicated mice 9 days after CA04 infection. (k–m) Viral burden (j), albumin (k), and total protein (l) in the BALF of
indicated mice 9 days after CA04 infection. Data shown were pooled two independent experiments. (m) Survival of CA04-infected BALB/c IFN-gþ /þ mice
treated with a-IFN-g mAb or IgG isotype control. Data shown were pooled two independent experiments. (b–l) Data were analyzed by Mann–Whitney
U-test. *Po0.05, **Po0.01, and ***Po0.0001. (m) Survival data were analyzed by log-rank Mantel–Cox test. *Po0.05.

Figure 6 Innate lymphoid cell group II (ILC2s) promote survival following A/CA/04/2009 influenza (CA04) virus infection in the absence of interferon-g
(IFN-g). (a,b) C57BL/6 Roraf/fIl7rCre and Roraþ /fIl7rCre mice were infected with 500 plaque-forming units (PFUs) of CA04 virus followed by intraperitoneal
(i.p.) treatment with a-IFN-gmonoclonal antibody (mAb) or IgG isotype control. Survival (a) and weight loss (b) were monitored for 20 days. Survival data
were analyzed by log-rank Mantel–Cox test. **Po0.01.
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neutralization of IFN-g in CA04 virus-infected mice resulted in
resistance to infection, as evidenced by diminished levels of
BALF albumin and total protein, and increased survival rates,
compared to IgG-treated mice (Figure 5k–m). These data,
together with results obtained from BALB/c IFN-g� /�

animals, demonstrate that IFN-g is detrimental during
CA04 infection, causing increased morbidity and mortality
due to a reduction in tissue integrity.

The beneficial effects of IFN-c neutralization in CA04 virus-
infected mice requires ILC2s

To confirm the protective role of ILC2s in the absence of IFN-g
during CA04 virus infection, we evaluated the impact of anti-
IFN-g on Roraflox/flox IL7rcre mice, which are deficient in
ILC2s.24 Similar to BALB/c IFN-gþ /þ mice, control litter-
mates (Roraþ /f IL7rcre) were protected against CA04 virus
infection following treatment with anti-IFN-g (Figure 6a,b).
However, this protection was lost in ILC2-deficient mice
(Roraf/f IL7rcre) (Figure 6a,b). Importantly, ILC2-deficient
animals showed increased susceptibility to infection compared
to WT mice, regardless of the presence of IFN-g (Figure 6a,b).
Of note, the survival of IgG isotype-treated control littermates
was marginally, but not significantly improved when compared
to IgG isotype-treated ILC2-deficient mice (Figure 6a,b), most
likely due to the fact that the presence of IFN-g blocks the
protective activity of ILC2s. These results indicate that the
beneficial effect of IFN-g deficiency is mediated by ILC2s.

IL-5 neutralization restores susceptibility to CA04 virus
infection

To determine whether increased survival from CA04 infection
in BALB/c IFN-g� /� mice was dependent on IL-5, we treated
animals post virus infection with either neutralizing anti-IL-5
antibody or IgG isotype control (Figure 7a). BALB/c
IFN-g� /� mice treated with anti-IL-5 succumbed to
infection around day 9 and had a significantly diminished
survival rate when compared with IgG control-treated BALB/c
IFN-g� /� mice (Figure 7b). Neutralization of IL-5 in BALB/c
IFN-g� /� mice resulted in a major reduction in IL5þ ILC2
and eosinophil numbers compared to BALB/c IFN-g� /� mice
treated with IgG isotype control (Figure 7c,d). However,
numbers of IL13þ ILC2s and IL5þ13þ ILC2s remained
consistent in all mouse groups (Supplementary Figure S7a,b
online). In addition, numbers of alveolar macrophages,
recruited macrophages, and neutrophils were similar
between IgG- and anti-IL-5-treated mice (Supplementary
Figure S7c–e online). Furthermore, amphiregulin and IL-13
levels, as well as viral burdens, remained unaffected by anti-IL-5
treatment (Figure 7f–h). Inflammation, as measured by the
amount of nitrite in the BALF, was slightly increased in the
absence of IL-5 (Figure 7i); however, IL-10 levels remained
unchanged following anti-IL-5 administration
(Supplementary Figure S7f). Indicative of diminished
tissue integrity, total protein and albumin levels were also
increased in IL-5-neutralized BALB/c IFN-g� /� mice (Figure
7j,k). The observed trends are consistent with the involvement
of IL-5 in protective lung tissue regeneration. These data

support the novel finding that IFN-g production contributes to
increased susceptibility to influenza virus infection.

DISCUSSION

The results presented here establish an unanticipated role for
ILC2s in promoting survival during influenza susceptibility and
a crucial role for IFN-g as a suppressor of ILC2-mediated
protection. Our data further showed that resistance to CA04
virus infection was dependent on the production of IL-5, which
appeared to be required to maintain tissue repair post-
infection. Gorski et al.22 have previously demonstrated that
ILC2s produce IL-5 in response to influenza virus infection in
WT mice. Interestingly, in Rag2� /� mice, which lack T and B
cells, and thus exhibit significantly reduced IFN-g produc-
tion,25 levels of IL-5 production are dramatically increased.22

Recent data further suggest that IFN-g diminishes ILC2 activity
to limit excessive inflammation following helminth infection or
asthma exacerbation by fungal infection.18,19 However, these
reports described a role of IFN-g in terminating ILC2-mediated
inflammation and did not characterize/elucidate the regulation
of ILC2-mediated functions during an immune response
dominated by IFN-g, e.g., influenza virus infection. In these
previous studies, IFN-g was reported to inhibit production of
both IL-5 and IL-13 by ILC2s;18,19 however, our results
demonstrated that IL-13 production by ILC2s was not
enhanced following viral infection. Furthermore, analysis of
BALF samples indicated that IL-13 levels were nearly
undetectable in either BALB/c IFN-gþ /þ or IFN-g� /� mice,
suggesting that CA04 virus infection did not elicit a strong
IL-13 response. Most evidence presented in the literature
suggests that ILC2 expression of IL-5 and IL-13 is regulated
concurrently by transcription factors including Gata-3, TCF-1,
and Bcl11b.26–29 As such, the loss of one or more of these
transcription factors results in reduced production of both IL-5
and IL-13. However, the Gfi-1 transcription factor is known to
only regulate IL-5 production as evidenced by the fact that
genetic ablation of Gfi-1 causes the specific downregulation of
IL-5 production but not IL-13,30 further suggesting that IL-5
and IL-13 are regulated by independent mechanisms.

Monticelli et al.10 discovered that ILC2s mediated enhanced
lung function and repair following H1N1 (PR8) virus infection
through production of amphiregulin. Furthermore, although
ILC2s were important for regeneration of lung tissue, they were
dispensable for survival following PR8 infection.10 Alterna-
tively, our results suggest that in the absence of IFN-g, ILC2s are
required for improved survival following CA04 virus infection.
These findings suggest the concept of a strain-specific
contribution of ILC2s to protection against influenza virus
infection. Although both PR8 and CA04 are H1N1 influenza
viruses, they have distinct origins.31 CA04 virus is derived from
the 2009 pandemic strain and is the result of a recombination
event involving a Eurasian avian-like swine virus and a triple
assortment composed of bird, swine, and human flu viruses.31

In addition to its unique origin, the CA04 viral strain possesses a
truncated form of the PB1-F2 protein, which is thought to
contribute to its reduced pathogenicity.31–33 Full-length
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PB1-F2, which is expressed in PR8 as well as in isolates derived
from the 1918 influenza virus, promotes apoptosis of immune
cells, contributes to increased immunopathology, and nega-
tively impacts viral clearance.31–34 As a result, the PR8 virus
exhibits significantly increased virulence compared with the
2009 pandemic strain, which may overcome ILC2-mediated
protection.

IFN-g� /� mice were protected against lethal challenge with
CA04 virus, without substantial differences in viral burden
when compared with WT animals. BALB/c IFN-g� /� mice
also exhibited lower levels of total protein content and albumin

in the BALF, indicating decreased epithelial and/or endothelial
barrier permeability. This suggests that enhanced survival was
most likely to be dependent upon improved tissue integrity and
not increased viral clearance. ILC2 production of amphiregulin
is known to support lung repair and tissue homeostasis
following viral infection,35,10 and although we demonstrated
that mice lacking IFN-g exhibited elevated levels of amphi-
regulin in the BALF following viral infection, our data
suggested that increased production of IL-5 in the absence
of IFN-gwas most crucial to improved survival following CA04
virus infection. In support of this, antibody-mediated

Figure 7 Interleukin (IL)-5 neutralization suppresses the eosinophil response and abrogates resistance of BALB/c IFN-g� /� mice to A/CA/04/2009
influenza (CA04) infection. (a) Schematic timeline showing CA04 infection, treatment with a-IL-5 monoclonal antibody (mAb) or IgG isotype control, and
bronchoalveolar lavage fluid (BALF) collection for immunological analyses. (b) CA04-infected mice were treated with a-IL-5 mAb or IgG isotype control,
and monitored for survival. Data shown were pooled from four independent experiments. (c,d) Total numbers of IL-5þ ILC2s (c) and eosinophils (d) in the
BALF 9 days after CA04 virus infection of mice treated with a-IL-5 mAb or IgG isotype control. (e–g) Levels of IL-5 (e), amphiregulin (f), and IL-13 (g) in the
BALF 9 days after CA04 virus infection of mice treated with a-IL-5 mAb or IgG isotype control. (h–k) Viral burden (h), nitrite levels (i), total protein (j), and
albumin levels (k) in the BALF 9 days after CA04 virus infection of mice treated witha-IL-5 mAb or IgG isotype control. (b) Survival data were analyzed with
log-rank Mantel–Cox test. **Po0.01. (c–k) Statistical analyses were performed by two-way analysis of variance. **Po0.01, ***Po0.001, and
****Po0.0001. Data pooled from two independent experiments.
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neutralization of IL-5 resulted in increased susceptibility
accompanied by a mild reduction in tissue integrity. These
findings reveal a possible unexpected role for IL-5 in airway
epithelial cell regeneration and tissue maintenance following
lung injury, resulting in enhanced survival following influenza
infection. However, neutralization of IL-5 in BALB/c
IFN-g� /� mice did not significantly alter lung permeability
or inflammation. As previously described,10 the presence of
amphiregulin probably contributed to the maintenance of
tissue regeneration, but was not sufficient by itself to promote
survival. Further studies will be required to elucidate the precise
mechanisms of IL-5-mediated protection.

In addition to IL-5, survival may be dependent on the
presence of pulmonary eosinophils. Eosinophils promote
allergic inflammation and asthma in the lung, but published
evidence suggests that they may also enhance anti-viral
resistance during respiratory syncytial virus36 and parain-
fluenza virus37 infections. Although eosinophils are primarily
known for their destructive impact on tissue epithelium,
previous studies have shown that increased eosinophilia may
actually limit airway hypersensitivity during viral infection.36

Moreover, eosinophils have been reported to reduce inflam-
mation and promote tissue homeostasis.38 Furthermore, recent
evidence suggests that eosinophils have an important role in
restricting ILC2 plasticity during Th1 immune responses.39

Thus, it is possible that recruitment of eosinophils can
contribute to ILC2 stability during influenza infection.
Whether eosinophils participate in protection against CA04
virus infection requires further exploration.

Based on our results and the work of others,17–19 we postulate
that IFN-g acts directly on ILC2s, signaling through the IFN-g
receptor to alter their function. Nevertheless, it is also possible
that IFN-g blocks ILC2 function through a bystander
mechanism, possibly through interference with the IL-33
signaling pathway. As evidenced by our data, IL-33 secretion is
stimulated after influenza infection both in the presence and
absence of IFN-g; therefore, one possibility is that IFN-g limits
the influence of IL-33 on ILC2 activity. The IL-33 receptor, a
member of the Toll-like/IL-1 receptor super family, is
composed of IL-1 receptor accessory protein and ST2L, an
isoform of ST2 that contains an extracellular domain, a
transmembrane region and a cytoplasmic domain.40–43 It has
been reported that soluble ST2, a secreted isoform of ST2, which
lacks the transmembrane and cytoplasmic regions, sequesters
IL-33 to suppress signaling and activation of ILC2s.44 Mast cells
produce soluble ST2 following FceRI activation45 and more-
over IFN-g regulates FceRI-dependent mast cell activities
during allergic airway inflammation,46 indicating a possible
role for IFN-g in the expression of soluble ST2 by mast cells.
The potential indirect impact of IFN-g on ILC2 activity is an
area for further investigation.

In summary, we report the novel finding that IFN-g
production contributes to increased susceptibility to influenza
virus infection. IFN-g appears to have a major role as a
suppressor of ILC2-mediated protection, namely in restricting
the production of IL-5. Inhibition of IL-5 with neutralizing

antibodies resulted in reduced survival in IFN-g-deficient mice,
indicating that protection was dependent on the production of
IL-5 and possibly increased eosinophilia. These results establish
an unanticipated role for ILC2s in promoting resistance against
influenza infection. Therefore, specific regulation of ILC2
activity during infection could ultimately prove to be a potent
avenue for the development of more effective influenza
treatments, as well as enhanced vaccination procedures.

METHODS

Mouse strains and viruses. BALB/c and C57Bl/6 IFN-gþ /þ and
IFN-g� /� mice were originally obtained from Jackson Laboratories
(Bar Harbor, ME). Roraþ /floxIl7rCre mice were generated in the lab of
Dr. Andrew N.J. McKenzie (MRC Laboratory of Molecular Biology).24

All mice were maintained under specific pathogen-free conditions in
the Animal Research Facility at Albany Medical College. Mice were
anesthetized by intraperitoneal injection with 100 ml xylazine
(20 mg ml� 1) and ketamine (1 mg ml� 1) in phosphate-buffered
saline. For influenza infections, anesthetized IFN-gþ /þ and
IFN-g� /� mice were intranasally inoculated with a lethal dose (2,000
plaque-forming units) H1N1 A/California/04/2009 (CA04). ILC2-
deficient animals and their littermate controls (Roraþ /floxIl7rCre) were
given the median lethal dose of 500 plaque-forming units. Survival and
weight loss were monitored daily for 20 days. The virus was propagated
in 10-day-old embryonated chicken eggs (Charles River, Wilmington,
MA). The stock titer was measured by standard plaque assay. All
experimental procedures were approved by the Institutional Animal
Care and Use Committee at Albany Medical College (Protocol
Number 11-04004).

Pulmonary viral burdens. Influenza viral loads were measured in
BALF samples by plaque assay on Madin–Darby canine kidney cells.

Analysis of lung lavage samples. To collect BALF samples, a small
incision was made in the trachea and an 18-gauge cannula was
inserted. Lungs were lavaged with 1 ml of phosphate-buffered saline
and samples were centrifuged to remove cells. Cells were used for flow
cytometry analysis. Cell-free supernatants were analyzed for protein
levels of IL-2, IL-4, IL-5, IL-10, IL-12, tumor necrosis factor, and IFN-g
using Bio-Plex mouse cytokine assays (Bio-Rad, Hercules, CA).
TGFb1, amphiregulin, IL-25, IL-33, and IFN-g levels were also
measured using commercially available kits from BD Biosciences
(San Jose, CA), eBioscience (San Diego, CA), and R&D Systems
(Minneapolis, MN). Total protein concentrations in the cell free
fractions of BALF were determined using a Pierce BCA protein assay
kit (Thermo Scientific, Rockford, IL). Nitrite levels were quantified
using a colorimetric Griess reagent kit (Life Technologies, Carlsbad,
CA). Levels of albumin in BALF were determined with the BCG
albumin assay kit (Sigma-Aldrich, St. Louis, MO).

Measurement of pulmonary edema. Whole mouse lungs were
harvested on day 9 post infection. Lung weight (wet) was measured
using an AX105 Delta Range analytical balance (Mettler Toledo,
Columbus, OH) followed by 72 h incubation at 60 1C. Dried lungs were
weighed and edema was expressed as a ratio of lung wet/dry weight.47

Hemagglutination inhibition assay. Heat-inactivated BALF samples
from CA04 infected mice were serially diluted and incubated with 50 ml
of CA04 (4 HAU) in a 96-well plate at room temperature for 30 min.
Chicken red blood cells (Hemostat Laboratories, Dixon, CA) was
added to each well and incubated at room temperature for an
additional hour. Hemagglutination inhibition titers were determined
as the last reciprocal sample dilutions that fully inhibited influenza
virus hemagglutination.

Characterization of lung ILC2s. Lungs were perfused by injecting
10 ml phosphate-buffered saline through the right ventricle, followed
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by digestion of the lung tissue in phosphate-buffered saline buffer
containing DNAse I (150 mg ml� 1; Roche) and collagenase D
(1 mg g ml� 1; Roche) for 45 min at 37 1C. Following digestion, lung
tissue was passed through a 40 mm filter and blood cells were sub-
sequently removed by incubation in ACK buffer. ILC2s were identified
using flow cytometry as cells which expressed CD90.2 (Thy1.2),
CD127 (IL-7R), ST2 (IL-33R), and KLRG1, while excluding any cells
that expressed lineage-specific markers for T cells (CD3), B cells
(CD45R), myeloid cells (TER-119, CD11b, and Gr-1), and dendritic
cells (CD11c).

Flow cytometric analysis. BALF cells or lung single cell suspensions
were first incubated with a-mouse FcgIII/II receptor (2.4G2 mAb) for
15 min. Fc receptor-blocked cells were then stained with mixtures of
anti-mouse mAbs. Cells were further stained with Fixable Viability
Dye (eFluor 780; eBioscience) to label dead cells. For intracellular
cytokine staining, cells were stimulated ex vivo for five hrs
with 50 ng ml� 1 phorbol 12-myristate 13-acetate and 500 ng ml� 1

ionomycin at 37 1C, in the presence of 10 mg ml� 1 Brefeldin A. Cells
were stained for surface markers, followed by fixation and per-
meabilization in 4% paraformaldehyde and 0.05% saponin buffer,
respectively, followed by intracellular cytokine staining. Stained cells
were analyzed on a BD FACSCanto or LSR II (BD Biosciences, San
Jose, CA). Data were analyzed using FlowJo software (Tree Star Inc.,
Ashland, OR).

In vivo cytokine neutralization. For IL-5 neutralization, BALB/c
IFNgþ /þ and IFNg� /� mice were intraperitoneally treated with
150mg of a-IL-5 mAb (clone TRFK5; BioXcell, West Lebanon, NH) or
IgG isotype control on days 2, 4, 6, 8, and 10 post infection. The efficacy
of eosinophil depletion and IL-5 neutralization in the BALF was
confirmed on day 9 post infection by flow cytometry and MILLIPLEX
MAP mouse cytokine multiplex assay, respectively. For IFN-g
neutralization, mice were intraperitoneally injected with 600mg a-
IFN-gmAb (clone XMG1.2; BioXcell) or IgG isotype control on days 2,
4, 6, 7, 8, 10, 11, and 12 post infection. The efficiency of IFN-g
neutralization in the BALF was determined 9 days after infection by
enzyme-linked immunosorbent assay. For CD4 depletion, mice were
intraperitoneally injected with 500 mg a-CD4 mAb (clone GK1.5;
BioXcell) or IgG isotype control on days 2, 4, 6, and 8 post infection.
The efficiency of CD4 depletion was confirmed by fluorescence-
activated cell sorting analysis.

Airway responsiveness. Airway responsiveness to increasing
doses of methacholine was measured on day 10 post infection, as
previously described.48 Infected mice were anesthetized,
tracheostomized, paralyzed with pancuronium bromide, and then
connected to a computer-controlled small-animal ventilator
(flexiVent; SCIREQ, Montreal, Canada).

Antibodies. Cells were analyzed using the following antibodies: a-
CD4 (clone GK1.5) (allophycocyanin; BD Pharmingen, San Jose, CA),
a-CD8 (clone 53-6.7) (phycoerythrin (PE); BD Pharmingen), a-CD19
(clone 6D5) (PerCP-Cy5.5; Biolegend, San Diego, CA), a-CD11b
(clone M1/70) (fluorescein isothiocyanate; eBioscience), a-Siglec
F (clone E50-2440) (PE; BD Pharmingen), a-Ly6G (clone 1A8)
(PE-Cy7; Biolegend), a-CD11c (clone HLC) (allophycocyanin; BD
Pharmingen), a-CD3e (clone 145-2C11) (Biotin; eBioscience),
a-TER-119 (clone TER-119) (Biotin; eBioscience), a-Gr1 (clone
RB6-8C5) (Biotin; eBioscience), a-CD45R (clone RA3-6B2) (Biotin;
eBioscience), a-CD11b (clone M1/70) (Biotin; eBioscience), a-CD11c
(clone N418) (Biotin; eBioscience), a-CD90.2 (clone 53-2.1) (PE-Cy7;
eBioscience), a-CD127 (clone A7R34) (allophycocyanin-eFluor 780;
eBioscience), a-ST2 (clone DJ8) (fluorescein isothiocyanate;
MDBioproducts, Zurich, Switzerland), a-IL-5 (clone TRFK5) (PE;
eBioscience), a-IL-13 (clone eBio13A) (eFluor 660; eBioscience),
anti-IL17 (clone ebio17B7) (fluorescein isothiocyanate; eBioscience),
anti-IL22 (clone IL22JOP) (allophycocyanin; eBioscience), and
Streptavidin (PerCP-Cy5.5; eBioscience).

Statistics. All statistical calculations were performed using GraphPad
Prism (La Jolla, CA). Tests between two groups used a two-tailed
Mann–Whitney U-test. Tests between multiple groups used two-way
analysis of variance with Bonferroni’s multiple comparisons. Survival
curves were evaluated by log-rank Mantel–Cox test and weight loss
data were analyzed by using a two-tailed Mann–Whitney U-test.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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