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Critical Role of IL-17RA in Immunopathology of Influenza
Infection

Christopher R. Crowe,* Kong Chen,† Derek A. Pociask,* John F. Alcorn,* Cameron Krivich,*
Richard I. Enelow,‡ Ted M. Ross,§ Joseph L. Witztum,¶ and Jay K. Kolls1*

Acute lung injury due to influenza infection is associated with high mortality, an increase in neutrophils in the airspace, and
increases in tissue myeloperoxidase (MPO). Because IL-17A and IL-17F, ligands for IL-17 receptor antagonist (IL-17RA), have
been shown to mediate neutrophil migration into the lung in response to LPS or Gram-negative bacterial pneumonia, we hy-
pothesized that IL-17RA signaling was critical for acute lung injury in response to pulmonary influenza infection. IL-17RA was
critical for weight loss and both neutrophil migration and increases in tissue myeloperoxidase (MPO) after influenza infection.
However, IL-17RA was dispensable for the recruitment of CD8� T cells specific for influenza hemagglutinin or nucleocapsid
protein. Consistent with this, IL-17RA was not required for viral clearance. However, in the setting of influenza infection,
IL-17RA�/� mice showed significantly reduced levels of oxidized phospholipids, which have previously been shown to be an
important mediator in several models of acute lung injury, including influenza infection and gastric acid aspiration. Taken
together, these data support targeting IL-17 or IL-17RA in acute lung injury due to acute viral infection. The Journal of
Immunology, 2009, 183: 5301–5310.

A cute lung injury (ALI)2 is a severe clinical state, char-
acterized by noncardiogenic pulmonary edema, capillary
leak, and hypoxemia. It can be triggered by both infec-

tious and noninfectious stimuli. The most severe form of ALI is
acute respiratory distress syndrome (ARDS) (1). Most patients
who died in the severe acute respiratory syndrome virus outbreak
in 2003 developed ARDS (2). Likewise, the Spanish influenza
pandemic of 1918 and current outbreaks of H5N1 influenza have
both been documented to cause ARDS in mice and primates (3–6).
Neutrophils play an important part in the pathogenesis of ALI, in
that they rapidly infiltrate the lung and are an important source of
proinflammatory cytokines such as IL-1� and TNF-� as well as
reactive oxygen intermediates (ROI; Refs. 7–10).

The role of neutrophils in severe influenza infections has been
debated. Studies using the reconstructed 1918 virus show that
highly virulent strains of influenza result in an overwhelming neu-
trophilic infiltrate that is associated with worsening lung injury (5,
6, 11). However, neutrophils have also been shown to play a role
in control and clearance of influenza virus in experimental models

(12–16), and neutrophil depletion resulted in an uncontrolled and
ultimately lethal viremia in the reconstructed 1918 influenza model
(11). However, neutrophil depletion using the mAb RB6-8C5 is
complicated by the concurrent depletion of other monocytes, den-
dritic cells, and even some CD8� T cells (17–19).

Recent studies have shown that oxidized phospholipids have many
proinflammatory properties (20) and are an important signal in the
development of ALI. Upon oxidation, airway phospholipids are ca-
pable of signaling through TLR4. This signal is MyD88 independent
and involves the Toll/IL-1R domain-containing adapter-inducing
IFN-� (TRIF)-TNFR-associated factor-6 signaling pathway, and
blocking this signal can prevent ALI. This role for oxidized phospho-
lipids in the pathogenesis of ALI has been shown for both infectious
(influenza) and noninfectious (acid aspiration) models (21). Given the
ability of neutrophils to generate ROIs, it is possible that these cells
are responsible for the oxidation of airway phospholipids.

IL-17 is a potent regulator of the neutrophil response. Both IL-
17A and IL-17F are capable of signaling through IL-17RA to in-
duce granulopoietic factors such as G-CSF and stem cell factor
which leads to expansion of neutrophil progenitors in the bone
marrow and spleen, as well as expansion of mature neutrophils in
peripheral blood (22, 23). Further, IL-17RA signaling up-regulates
production of neutrophilic chemokines such as CXCL1 (KC),
CXCL2, CXCL5, CXCL6, and CXCL8, which in turn regulate
neutrophil emigration to mucosal sites (24–26). Due to this role in
neutrophil expansion and recruitment, IL-17RA signaling is an
important part of the host response to extracellular bacterial infec-
tions. It has previously been demonstrated that defects in the IL-17
axis result in a decreased neutrophil response associated with
higher bacterial burdens and decreased survival when mice are
challenged with the Gram-negative bacterium Klebsiella pneu-
moniae (24, 27).

Given the critical role of IL-17RA in neutrophil recruitment and
the ability of neutrophils to generate ROIs, along with the impor-
tant role oxidized phospholipids play in the pathogenesis of ALI,
we wanted to determine whether blocking IL-17RA signaling con-
ferred protection against ALI. Using an acute infection model,
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influenza A/PR/8/34 (H1N1)(PR/8), we sought to identify a path-
way by which the neutrophilic infiltrate is able to be regulated to
reduce lung injury.

Materials and Methods
Animal infections and HCl challenge

IL-17ra�/� on a BALB/CJ background (28) and C57BL/6 (B6) back-
ground (24), p55/p75�/� on a B6.129 background (29), and �/��/� mice
on the B6 background (30) have been previously described. Wild-type
controls included BALB/c, B6.129, and C57BL6 mice, respectively. Mice
were challenged intranasally with an LD90 of influenza A/PR/8/34 (H1N1).
Following infection, mice were monitored daily for weight loss and signs
of clinical illness. Mice were sacrificed at the indicated time points. For
HCl challenge, mice were given 100 �l of HCl (pH 1.5) intratracheally and
sacrificed at 24 h postchallenge. Control mice received equivalent volumes
of PBS.

Lung harvest and bronchoalveolar lavage

At indicated time points, mice were euthanized with an overdose of isoflu-
orane. The trachea was exposed and cannulated. One milliliter of sterile
PBS was injected into the airway and then collected. Animals were then
perfused with PBS via injection in the right ventricle to flush blood vessels
in the lung. Left lungs were collected in TRIzol reagent and homogenized
using an electric tissue grinder. RNA was purified according to the man-
ufacturer’s instructions. Right lungs were collected and homogenized in
PBS for use in plaque assays and ELISA. Lavage fluid was spun down at
500 � g for 5 min to pellet cells. Bronchoalveolar lavage (BAL) cells were
counted using a Coulter Counter (BD Biosciences), and 105 cells were spun
onto a glass slide, then fixed and stained for counting.

IL-6 neutralization studies

A mAb capable of neutralizing IL-6 (clone MP5-20F3; BD Pharmingen)
was administered to mice via iv injection at a concentration of 3 �g/g of
body weight at the time of influenza challenge. A second dose was admin-
istered at 3 days postinfection (dpi). Mice were monitored daily and sac-
rificed at 6 dpi. To ensure that sufficient neutralizing Ab was delivered,
lung homogenates were used in a direct ELISA. Briefly, 96-well ELISA
plates were coated with 100 ng of rIL-6 at room temperature for 4 h. Plates
were washed four times, blocked overnight with 1% BSA at 4°C, and then
washed four times again. Lung homogenates were added at 100 �l/well,
incubated for 2 h at room temperature, and then washed four times, fol-
lowed by detection with anti-IgG1-HRP. Plates were developed using tet-
ramethylbenzidine substrate reagents (BD Biosciences).

Real-time PCR

RNA collected from the left lung was used as template to generate cDNA
using iScript reagents and protocol (Bio-Rad). cDNA was then used in fast
real-time PCR using the Applied Biosystems 7900HT. Reaction conditions
were 95°C for 1 s and 60°C for 20 s, repeated for 40 cycles, with a 20-s hot
start at 95°C. Primer and probe sequences were as follows: IL-17A for-
ward, 5�-GCTCCAGAAGGCCCTCAG A-3�, IL-17A reverse, 5�-TCCC
TCCGCATTGACA-3�; IL-17A probe, 5�-TCAACCGTTCCACGTCAC
CCTG-3�, IL-17F forward, 5�-AGGGCATTTCTGTCCCACGTGAAT-3�,
IL-17F reverse, 5�-GCATTGATGCAGCCTGAGTGTCT-3�, IL-17R
probe, 5�-CATGGGATTACAACATCACTCGAGACCC-3�; influenza M
protein forward, 5�-GGACTGCAGCGTAGACGCTT-3�, influenza M pro-
tein reverse, 5�-CATCCTGTTGTATATGAGGCCCAT-3�, influenza M
protein probe, 5�-CTCAGTTATTCTGCTGGTGCACTTGCCA-3�. 18s
RNA was used as a housekeeping gene with the following primer/probe
sequences: forward, 5�-GATCCATTGGAGGGCAAGTCT-3�; reverse, 5�-
GCAGCAACTTTAATATACGCTATTGC-3�; probe, 5�-TGCCAGCAGC
CGCGGTAATTC-3�. Fold-change in mRNA was quantified using the
��Ct method.

Measurement of cytokines

IL-17A and IL-17F in lung homogenate were measured by ELISA (R&D
DuoSet) according to the manufacturer’s instructions. All other cytokines
were measured by multiplex analysis using Luminex (Millipore) on the
Bioplex reader (Bio-Rad).

IL-17A ELISpot

For ELISpot, lungs were collected in PBS and dissected into 1-mm
pieces under sterile conditions. They were then digested with collage-
nase and DNase for 45 min at 37°C. The digest was passed through a

40-�m pore size filter, RBC were lysed, and cells were washed three
times with PBS. Cells were plated at 1 � 105 cells/well on an IL-17A
ELISpot plate (eBioscience) in DMEM and stimulated with 50 ng/ml
PMA and 750 ng/ml ionomycin overnight. Plate was developed accord-
ing to the manufacturer’s instructions.

Assessment of lung injury

Total protein in the BAL fluid (BALF) was measured using the BCA Pro-
tein Assay Kit (Pierce Chemical). Lactate dehydrogenase (LDH) activity
was measured using the LDH assay (Sigma-Aldrich). Both assays were
performed in a 96-well plate for 30 min according to manufacturer’s in-
structions and analyzed using the Benchmark Plus plate reader (Bio-Rad).

Assessment of T cell response and intracellular cytokine staining

For intracellular cytokine staining, lungs were collected in PBS and dis-
sected into 1-mm pieces under sterile conditions. They were then digested
with collagenase and DNase for 45 min at 37°C. The digest was passed
through a 40-�m pore size filter, RBC were lysed, and cells were washed
three times with PBS. Cells were plated at a concentration of 1–2 � 106

cells/well in a sterile 96-well round-bottom plate and stimulated overnight
in DMEM with 50 ng/ml PMA and 750 ng/ml ionomycin at 37°C. Brefel-
din A was added during the last 6 h of incubation. Cells were then washed
and resuspended in PBS plus 2% FBS, and FcRs were blocked. Cells were
then stained with fluorochrome-conjugated mAbs for TCR �-chain, TCR
�-chain, CD4, and CD8, along with nucleocapsid protein (NP)-specific
(TYQRTRALV) and hemagglutinin (HA)-specific (IYSTVASSL) pen-
tamer in the dark, on ice, for 30 min. After staining, cells were washed
before fixation and permeabilization. Intracellular staining was performed
with fluorochrome-conjugated mAb directed toward IFN-� or IL-17A.

Lung fixation and histological examination

Animals were sacrificed at the indicated time points, and the trachea was
exposed and cannulated. Lungs were inflated with 10% neutral buffered
formalin (Sigma-Aldrich) for 10–15 min, removed from the animal, and
placed in fresh 10% neutral buffered formalin for at least 24 h at 4°C before
processing and embedding. Sections were cut (4 �m) and stained with
H&E for histopathological evaluation.

Slides were blinded and scored by Dr. D. A. Pociask in a semiquanti-
tative manner according to the relative degree of inflammatory infiltration.
Inflammation was scored as follows: 0, no inflammation; 1, perivascular
cuff of inflammatory cells; 2, mild inflammation, extending throughout
�25% of the lung; 3, moderate inflammation covering 25–50% of the lung;
4, severe inflammation involving over one-half of the lung.

Measurement of oxidized phospholipids

Oxidized phospholipids were detected by direct ELISA. Briefly, BALF
was adsorbed onto 96-well ELISA plates, normalized for 100 ng of total
protein per well, overnight at 4°C. Plates were washed four times with PBS
plus 0.5% Tween 20 before blocking with 1% BSA for 1 h at room tem-
perature. Plates were then washed four times again and probed with 100 �l
of the mAb EO6 (a gift from Dr. J. L. Witztum; see also Ref. 31), diluted
to 5 �g/ml in PBS. Plates were incubated for 2 h at room temperature and
then washed four times. Anti-IgM conjugated to HRP (Southern Biotech)
was used as a secondary Ab, diluted 1/2000, for 2 h at room temperature.
Plates were washed once more before being developed with tetramethyl-
benzidine substrate reagents (BD Biosciences). Optical density was read at
450 nm, with a wavelength correction at 540 nm subtracted out.

Plaque assay

Influenza titers were measured by traditional plaque assay. Briefly, lungs
were homogenized, and homogenates were diluted before being applied to
95% confluent Mardin-Darby canine kidney cells. Virus was adsorbed onto
the cells for 1 h at room temperature before being washed off four times
with serum-free DMEM. Cells were then covered with serum-free DMEM
containing trypsin and 0.8% agarose and incubated for 48 h at 37°C with
5% carbon dioxide. Agarose was then removed, and the monolayer was
stained with 1% gentian violet to allow for the visualization and counting
of plaques.

Statistics

All data are presented as the mean � SEM. Significance was tested using
unpaired t tests, ANOVA, or nonparametric tests where appropriate, or, in
the case of survival curves, Kaplan-Meier analysis. All statistics were an-
alyzed using GraphPad Prism 4 software.
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Results
IL-17 is induced during influenza expression

Among IL-17 family members, IL-17A and IL-17F share the
greatest homology, and both are capable of signaling through IL-
17RA, although IL-17F binds with a much lower affinity (32).
BALB/c mice were challenged with 100 PFU of influenza A/PR/
8/34 (H1N1), and following challenge we were able to detect an
increase in IL-17A (Fig. 1A) and IL-17F (Fig. 1B) mRNA in lung
tissue compared with baseline as early as 2 dpi. This increase in
mRNA remains detectable through 7 dpi. We sought to confirm
this increase in mRNA by measuring protein levels. IL-17A (Fig.
1C) and IL-17F (Fig. 1D) were detectable by ELISA from 2 dpi
through 7 dpi. Beyond 7 dpi, there was significant mortality among
BALB/c mice. Thus, to avoid survival bias in data analysis, we

chose to use an early time point (2 dpi) and a late time point (6 dpi)
for our studies. To gauge the number of cells producing IL-17, we
performed an ELISpot on lung digests at 2 and 6 dpi. We found
that the population of IL-17A-producing cells was relatively small
and that the size of this population was not statistically different
between the early and later time points (Fig. 1E).

Th17 cells, a subset of CD4� T cells, are a main producer of
IL-17A in many models (33–38). However, in the influenza model,
Ag-specific CD4� T cells do not appear in the lung until 4 dpi or
later (39). Because we observed IL-17A (and IL-17F) as early as
2 dpi, it is likely that there is another cellular source of these
cytokines in the early part of the infection. We hypothesized that
�� T cells might be the early source of IL-17A and IL-17F, be-
cause they have also been shown to be a major source of IL-17
(35). To test this hypothesis, we challenged mice with influenza
and performed intracellular cytokine staining for IL-17A 2 and 6
days postinfection. We found that following PMA-ionomycin re-
stimulation, �7% of �� T cells stained positive for IL-17 and that
this increased to 	15% of the �� gate by 2 dpi, and 	20% by 6
dpi (Fig. 2A). The size of the entire �� population increases from
�105 cells in a naive lung to 	106 cells by 6 dpi (Fig. 2B). In
contrast, very few �� T cells from naive lungs stained positive for
IL-17 (�0.6%), and this percentage did not change following in-
fluenza challenge (Fig. 2C). This leads us to conclude that during
the first week of influenza challenge, the primary producers of
IL-17 are �� T cells.

We next sought to confirm this by challenging �� knockout
mice (30), along with C57BL/6 control mice, and measured levels
of IL-17 mRNA at 2 and 6 days postinfection. The induction of
IL-17A and IL-17F mRNA was not as strong in the C57BL/6
strain as in the BALB/c strain at the earlier time point. However,
we observed significantly lower levels of both IL-17A and IL-17F
mRNA at 6 dpi (Fig. 2D), providing further evidence that �� T
cells are a critical source of IL-17 throughout the first 6 days on
influenza challenge. However, others have reported the presence of
IL-17�CD8� T cells later in the infection (40); therefore, it is
possible that as the adaptive immune response expands, other cell
types increasingly contribute to the production of IL-17, although
this falls beyond the timing of our lethal model.

Decreased morbidity and mortality among IL-17RA knockout
mice

To examine the effects of IL-17 signaling during influenza infec-
tion, we challenged IL-17RA knockout mice on a BALB/cJ back-
ground (28) and BALB/cJ controls with 100 PFU of PR/8. Fol-
lowing viral challenge, we noted that the IL-17RA-deficient mice

FIGURE 1. IL-17A and IL-17F are expressed in response to influenza.
Time course, in BALB/cJ mice, of IL-17A (A and C) and IL-17F (B and D)
following influenza challenge. mRNA was detected by quantitative real-
time PCR and is expressed relative to naive levels, with all time points
having a p value of �0.05 compared with naive controls. Protein levels
were detected by ELISA, and all time points had a p value of �0.05
compared with naive controls. E, The number of IL-17A-producing cells
was quantified by ELISpot. �, p 
 0.016; ��, p 
 0.003, n 
 4/time point.

FIGURE 2. Production of IL-17 by �� T
cells. Intracellular cytokine staining fol-
lowing influenza challenge demonstrates
an increasing percentage of IL-17� �� T
cells (A), even as the total population of ��
T cells expands (B) Percentage of IL-17�

�� T cells is unchanged compared with
naive mice (C) Challenge of �� knockout
mice results in lower levels of IL-17A and
IL-17F message, expressed as fold change
from naive, at 6 dpi (D). �, p 
 0.03; ��,
p 
 0.02, n 
 8/time point.
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experienced less weight loss throughout the course of infection
(Fig. 3A). This correlated well with higher survival rates among
the knockout mice (Fig. 3B), suggesting that IL-17RA signaling
may be detrimental in the response to influenza virus challenge. It
is important that the differences in weight loss were significant
from days 2 through 8, beyond which the data are subject to sur-
vival bias. To rule out the possibility that the morbidity and mor-
tality differences that we observed were due to differences in viral
clearance, we measured viral burden by real-time PCR, using
primers and probe for the influenza M1 gene. Somewhat surpris-
ingly, we found that despite their decrease in morbidity and mor-
tality, the IL-17RA knockout mice had a trend toward a higher
viral burden at 6 dpi (Fig. 3C). This data trend was also supported
by plaque assay (supplemental Fig. 1).3 Taken together, these data
show that despite a trend toward higher viral burdens, IL-17RA
knockout mice are able to better tolerate influenza challenge, be-
cause they ultimately clear the virus and recover from the chal-
lenge. This suggests that these mice may have decreased immu-
nopathology that would explain the observed phenotype.

IL-17RA knockout mice have lower levels of inflammation

Histological examination of lungs at 6 dpi showed substantial de-
creases in inflammation among the IL-17RA knockout mice (Fig.
4, A and B). Lungs were scored on the basis of the degree and
extent of inflammation (41). By day 2, both the wild-type and
knockout mice exhibit limited inflammation, mainly restricted to
the perivascular areas (Fig. 4C). However, by day 6, wild-type
mice showed heavy perivascular inflammatory infiltrates, with in-
flammation extending out into the parenchyma (Fig. 4, A and C).
In contrast, the IL-17RA knockout mice had only mild inflamma-
tion mainly limited to the perivascular bed, with the lung paren-
chyma relatively unaffected.

Given these histological findings, we sought to measure the lev-
els of inflammatory cytokines in lung homogenates. TNF-� (Fig.
5A) and IL-1� (Fig. 5B), both of which can be produced by neu-
trophils in ALI (9), trended lower in IL-17RA�/� mice. However,
IL-6 was greatly reduced in the IL-17RA knockout mice compared
with wild-type mice (Fig. 5C). Additionally, levels of the IL-17-
responsive chemokines and cytokines, including KC and G-CSF
(Fig. 5, D and E) were lower in the IL-17RA knockout mice.
Importantly, we also observed a significant decrease in IFN-� at 6
dpi among the IL-17RA knockout mice (Fig. 5F). These cytokine
data support the histological findings of less inflammation in the
IL-17RA-deficient mice.

We next sought to determine whether this decrease in inflam-
mation resulted in lower levels of lung injury. Measurement of
total protein in the BALF suggests decreased capillary leak in
the IL-17RA knockout mice (Fig. 6A). Moreover, consistent
with less lung injury, levels of LDH in the BALF was signifi-
cantly lower in IL-17RA knockout mice (Fig. 6B). In the con-
text of lower levels of inflammation, these data suggest that the
protection seen in the IL-17RA knockout mice may be due to
lower levels of immunopathology.

Protection is independent of TNF-� and IL-6

Previously published studies have identified a role for TNF-� in
pulmonary immunopathology using a transgenic model of influ-
enza infection, as mice lacking TNFR p55 had decreased mortality
and weight loss (42, 43). Because we observed a decrease in
TNF-� levels in our knockout mice, we sought to determine
whether reduced TNF production was responsible for the protec-
tive phenotype that we observed in IL-17RA�/� mice. To inves-
tigate this, TNFR p55/p75 double-knockout mice (29) were chal-
lenged with an LD90 of PR/8. These mice are commercially
available, but have only been backcrossed four times; therefore,
B6.129 mice were used as controls. Additionally, we infected IL-
17RA�/� mice on a C57BL/6 background (24) along with wild-
type controls to demonstrate that the phenotype described was not
strain specific. In contrast to the IL-17RA�/� mice, TNFR p55/
p75 double-knockout mice showed significant weight loss which
was similar to observations in wild-type mice (Fig. 7A). Moreover,
in contrast to IL-17RA�/� mice, TNFR p55/p75 double-knockout
mice had similar levels of total protein in the BALF (Fig. 7B),
compared with wild-type control mice. Additionally, levels of
LDH were unchanged (supplemental Fig. 2A). This suggests that
the phenotype observed in the IL-17RA knockout mice is inde-
pendent of TNFR signaling. It is also important that G-CSF was
unchanged and KC was elevated in the double knockouts (supple-
mental Fig. 2B), indicating that the reductions in these growth
factors and chemokines among IL-17RA�/� mice was not TNF
dependent.

Similarly, we chose to test whether the decrease in IL-6 levels
in the IL-17RA mice was responsible for this phenotype. Anti-IL-63 The online version of this article contains supplemental material.

FIGURE 3. Weight loss and mortality following challenge with influ-
enza A/PR/8. Weight loss (A) and mortality (B) were assessed daily fol-
lowing viral challenge (n 
 10/group). Viral burden (C) was determined by
quantitative PCR for the influenza M1 protein (n 
 4/group/time point). �,
p � 0.05; ��, p 
 0.0067; ���, p 
 0.0093.
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or control IgG was administered to BALB/c mice at the time of
influenza challenge and again at 3 dpi, at a dosage of 3 �g/g body
weight. This Ab has been characterized by the manufacturer as
capable of neutralizing recombinant murine IL-6 activity by
	95% at concentrations between 0.5 and 2.0 �g/ml, and has been
successfully used by other groups to neutralize IL-6 in other mod-
els (44, 45). In our model, the anti-IL-6 treated mice showed no
differences in weight loss compared with controls (Fig. 7C), nor
did they show any differences in total protein in the BALF at 6 dpi
(Fig. 7D). Likewise, levels of LDH were unchanged (supplemental
Fig. 3A). There were no differences in G-CSF or KC after IL-6
neutralization (supplemental Fig. 3, B and C), illustrating that these
proteins are also independent of IL-6. To rule out the possibility
that the dosage of neutralizing Ab was insufficient, IL-6 was mea-
sured in lung homogenate at 6 dpi and found to be drastically
reduced (supplemental Fig. 3D). Additionally, free anti-IL-6 was
measured in the lung homogenates, and it was found that free
concentrations of neutralizing Ab were present in excess of IL-6
(supplemental Fig. 3E). This, combined with previous reports us-
ing this Ab at comparable dosages, suggests that the dosage of Ab
used in our studies was sufficient. Taken together, these data in-
dicate that the decrease in IL-6 levels observed in the IL-17RA
knockout mice is not responsible for the reduced cachexia.

IL-17RA mice have reduced neutrophil emigration and lipid
oxidation

IL-17 is responsible for the induction of several granulopoietic
factors and chemokines that can result in an influx of neutrophils

(24, 26). Examination of the cells recovered in the BALF dem-
onstrated that the IL-17RA knockout mice had a drastic reduc-
tion in the number of neutrophils recruited to the airway (Fig.
8A). In contrast, BAL macrophages and lymphocytes were not
significantly reduced (Fig. 8A). Other groups have previously
reported that CCR2� monocyte recruitment to the lung is ca-
pable of inducing immunopathology (46 – 48), particularly
through TRAIL-mediated apoptosis of epithelial cells (49).
However, because we observed minimal differences in macro-
phage recruitment, coupled with no significant decrease in
CCR2 ligand MCP-1 (supplemental Fig. 4), it is unlikely that
this mechanism contributes significantly to the observed phe-
notype in the IL-17RA knockout mice.

Further, examination of the HA- and NP-specific CD8� T
cell population revealed no differences at 10 dpi, indicating that
the recruitment of these cells is unaffected in the IL-17RA
knockout animals (Fig. 8B). At 6 dpi, there were also no differ-
ences in the NP-specific CD8� T cells (BALB/c: 8.6 � 104 �
1.0 � 104, IL-17RA�/�: 6.9 � 104 � 1.5 � 104) and HA-specific
cells were not detected. Further, because we detected a difference
in the amount of IFN-� in the lung, we chose to explore whether
there might be a difference in production of IFN-� by CD8� or
CD4� T cells. By intracellular staining, we found statistically sig-
nificant decreases in the number of both CD8�IFN� and
CD4�IFN� cells (Fig. 8C). This suggests an inhibition of IFN-�
production and/or a biasing away from Th1/Tc1 polarization in the
IL-17RA�/� mice.

FIGURE 4. Differences in inflammation following influenza challenge. BALB/c (A) and IL-17RA�/� (B) lungs at 6 dpi, inflated with 10%
formalin, paraffin-embedded, and H&E stained. Calibration bar, 100 �m. Pathology scored (C) as in Lung fixation and histological examination. �,
p 
 0.01.

FIGURE 5. Cytokine response to
influenza challenge. Cytokines mea-
sured at 2 and 6 dpi. BALB/c (�) vs
IL-17RA�/� (f). �, p � 0.05 (n 

4/group/time point; A).
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Excessive neutrophil recruitment has been demonstrated in
models of severe influenza infections, including H5N1 and a re-
constructed 1918 virus, and is associated with more severe immu-
nopathology (5, 11). Because of this, we chose to study the dif-
ferences in neutrophils more closely. The activity of MPO, an
enzyme found most abundantly in neutrophils and responsible for
generating reactive oxygen species that can lead to oxidative dam-
age (50), was decreased in lung homogenates of the IL-17RA-
deficient mice when compared with BALB/c controls. Further,
MPO activity trended to be lower in the BALF cell pellets of these
animals as well (Fig. 8D). On the basis of these findings and the
established role of oxidized phospholipids in the pathogenesis of
acute lung injury (21), we hypothesized that the IL-17RA�/� mice
might be accumulating fewer oxidized phospholipids, which
would in turn explain the decrease in lung injury seen in these mice
during influenza infection.

To measure oxidized phospholipids, we adsorbed BALF onto
96-well ELISA plates, normalized for the amount of protein in the
sample. We then probed with EO6, a mAb that specifically rec-
ognizes the phosphocholine head of phospholipids that contain an

oxidized sn2 side chain but does not recognize nonoxidized phos-
pholipids (31). It has been previously demonstrated that oxidized
phospholipids that are recognized by EO6 are proinflammatory
(51). We found that the IL-17RA knockout mice had significantly
decreased levels of oxidized phospholipids (Fig. 8E) in BALF
compared with wild-type mice at 6 dpi. Because oxidized phos-
pholipids have previously been shown to play a critical role in
acute lung injury in both acute viral infections as well as in acid
aspiration, we investigated whether IL-17RA signaling was also
critical for the generation of oxidized phospholipids and lung in-
jury in acid aspiration.

To test this hypothesis, we chose to examine a model of aspi-
ration pneumonia wherein hydrochloric acid is instilled into the
airway. After HCl challenge in the airway, IL-17RA�/� mice had
a significant decrease in neutrophil influx at 24 h postchallenge
(supplemental Fig. 5A) as well as a decrease in the amount of
oxidized phospholipids (supplemental Fig. 5B) in BALF.

We next decided to specifically test the role of neutrophils in
lipid oxidation and lung injury by depleting neutrophils in the HCl
aspiration model using anti-Gr1. As stated above, anti-Gr1 has
been shown to also deplete a subpopulation of dendritic cells as
well as CD8� T cells (18, 19), making it difficult to interpret data
in the influenza model; however, due to the short time course of
HCl model, depletion of other subsets would less likely play a role
apart from depletion of neutrophils. Administration of anti-Gr1
24 h before HCl challenge resulted in a highly significant decrease
in neutrophils in the BALF at 24 h postchallenge similar to the
IL-17RA knockout mice (supplemental Fig. 4A). Importantly, anti-
Gr1 also resulted in a significant decrease in the level of oxidized
phospholipids in the BALF (supplemental Fig. 4B), indicating that
neutrophils are important in generating oxidized phospholipids,
and that the decrease in neutrophils in our model is sufficient to
explain the decrease in the accumulation of oxidized phospholipids
in the airways.

Discussion
The data presented in this report provide support for the concept
that IL-17RA signaling plays a key role in the process of lung
injury. We observed that IL-17RA knockout mice recruited fewer

FIGURE 6. Markers of lung injury. Total protein (A) and LDH activity
(B) in the BALF. �, BALB/c mice; f, IL-17RA�/� mice. �, p 
 0.01; ��,
p 
 0.01 (n 
 4/group/time point).

FIGURE 7. Protection is not dependent on TNF-�
or IL-6. A, Weight loss among B6.129 and p55/p75
(n 
 6/group) following influenza challenge. For
comparison, IL-17RA�/� on a C57BL/6 background
and wild-type controls (n 
 4/group) are also pro-
vided. B, Lung injury assessed by total protein in the
BALF on day 6. C, BALB/c mice were treated with
either anti-IL-6 (n 
 4) or control IgG (n 
 4) before
challenge and again on 3 dpi, weight loss monitored
for 6 days and lavaged on day 6 (D) to measure total
protein in the BALF. �, p � 0.05.
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neutrophils to the airway in response to challenge with either in-
fluenza A virus or hydrochloric acid and that this decrease in neu-
trophils results in lower amounts of oxidized phospholipids. Others
have previously shown that oxidized phospholipids play a key role
in acute lung injury by serving as an endogenous ligand for TLR4
and signaling through the TRIF-TNFR-associated factor-6 path-
way (21). Our data show that IL-17RA signaling regulates the
amount of oxidized phospholipids in the airway, likely by regu-
lating tissue burdens of neutrophils, which are critical sources of
reactive oxygen species.

IL-17RA-deficient mice are more susceptible to certain extra-
cellular bacterial infections of the lung (27, 52), in part due to
defective neutrophil migration into the lung. However, the role of
IL-17RA in primary pulmonary influenza host response has not
been evaluated. Because IL-17 has been shown to regulate ligands
for CXCR2 such as KC and LIX (critical for neutrophil recruit-
ment) as well as the ligands for CXCR3, IFN-�-induced mono-
kine, and IFN-�-inducible protein-10 (important for Th1 cell
recruitment; Ref. 53), it was important to determine whether IL-

17RA signaling was critical for viral clearance and virus-specific
CD8� T cell recruitment. Additionally, CD8� T cells are a con-
tributor to lung damage in response to influenza challenge (54, 55).
Although IL-17RA�/� mice showed a trend toward higher viral
burdens on day 6, these mice ultimately cleared the virus and re-
covered. Consistent with these findings, there was no significant
differences in recruitment of virus specific CD8� T cells either for
NP on day 6 or 10 or HA on day 10. For these latter experiments,
it was necessary to challenge mice with a sublethal dose (so as to
avoid survival bias) and examine the Ag-specific population at 10
dpi because CD8� T cells do not peak until 10 dpi. There is a
difference in IFN-��CD8� T cells, suggesting that there may be
an inhibition of CD8� T cells to produce IFN-�, or perhaps a
biasing toward other Tc subsets. It is tempting to say that this may
contribute to the slight delay in viral clearance, but other studies
have demonstrated little requirement for IFN-� in efficient clear-
ance of primary influenza challenge (56, 57).

The slightly higher viral titers in the IL-17RA�/� mice were
not unexpected, given that it has previously been shown that

FIGURE 8. Differences in neu-
trophils and oxidized phospholipids.
A, IL-17RA�/� mice (f) show de-
creases in the number of neutrophils
in the BAL compared with BALB/c
controls (�), but no differences in
macrophages or lymphocytes (n 

4/group/time point). B, Pentamer
staining at 10 dpi show that there is
no difference in the numbers of HA-
specific or NP-specific CD8� T cells
(n 
 8/group). C, The numbers of
IFN-� positive CD4� and CD8� T
cells are decreased in the IL-
17RA�/� mice at 10 dpi. n 

4/group; *, p 
 0.02; **, p 
 0.005.
D, MPO activity is decreased in the
lung homogenates, and trends lower
in the BALF, of the IL-17RA�/�

mice compared with wild-type (WT)
controls (n 
 5/group/time point). �,
p 
 0.03; ��, p 
 0.01. E, Levels of
oxidized phospholipids, measured by
ELISA, are lower in IL-17RA�/�

mice than in BALB/c controls. n 

5/group/time point. ���, p 
 0.02.
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neutrophil depletion has a deleterious effect on clearance of
influenza (11, 15, 16). However, this seemed to be in apparent
conflict with the fact that they had decreased morbidity and
mortality. This can be explained by studies that have demon-
strated that during highly virulent influenza infections, exces-
sive neutrophil infiltrates were associated with more immuno-
pathology (11). This led us to investigate differences in
inflammation and lung damage as a mechanism for the survival
phenotype we observed.

We observed that the IL-17RA knockout mice did indeed
have less lung injury, as indicated by less total protein and LDH
activity in the BALF. Upon histological examination, it was
apparent that the IL-17RA knockout mice had a substantial de-
crease in the amount of inflammation in the lung. This pathol-
ogy was less severe than pathology described in fatal human
influenza infections (58). One reason for this may be differences
in the PR/8 model, in which perivascular and peribronchial in-
flammation is common, whereas human influenza is marked by
alveolar infiltrates and bronchial desquamation. More impor-
tantly, we collected histopathology at 6 dpi to coincide with
morbidity as measured by weight loss, but also to avoid survival
bias, as mortality became an issue at 7 dpi and later. In contrast,
the human pathology that has been described come mainly from
autopsy material, and may often be complicated by secondary
bacterial infections (58).

The differences in inflammation between wild-type and IL-
17RA-deficient mice correlated well with differences in many in-
flammatory cytokines. Importantly, TNF-�, IL-1�, and IL-6, three
proinflammatory cytokines that are generally elevated in severe
influenza infection as part of a cytokine storm (5, 59), all either
trended lower or were significantly reduced in the IL-17RA�/�

animals. One potential explanation for the reduced levels of
TNF-� and IL-1� is that neutrophils are a source of both TNF-�
and IL-1� (8, 9, 60). Because the cytokine storm has been hypoth-
esized to play a role in the immunopathology of the more virulent
influenza infections and the fact that in certain models of arthritis,
IL-17 has a TNF-�- and IL-1�- independent role in tissue inflam-
mation (61, 62), we chose to examine whether TNF-� or IL-6
could account for the reduced lung injury and cachexia that we
observed in IL-17RA�/� mice.

Neutralization of IL-6 or genetic ablation of TNF p55/p75 re-
ceptor signaling failed to reduce acute lung injury or cachexia
associated with influenza infection, demonstrating that the reduced
lung injury in IL-17RA�/� mice is independent of the differences
observed in the levels of these cytokines. The lack of a role for
TNFR signaling is in apparent contrast to similar experiments that
have previously been reported using HA-transgenic models of in-
fluenza. In those studies, loss of p55 conferred a protective effect
when HA-specific CD8� T cells were transferred into HA-trans-
genic hosts (43). The differences between those experiments and
our data may be due to the cellular source and timing of TNF
production. In the transgenic experiments, adoptively transferred
CD8� T cells are the source of the TNF-�. In our infectious model,
CD8� T cells exist at low numbers throughout the first 6 days of
infection and thus are less likely to contribute to our phenotype.
Further, another report examining the role of TNF-� found no
phenotype in p55/p75 double knockouts following challenge with
H5N1 (59).

Having eliminated the possibility of a decreased cytokine
storm and decreased CD8� T cells as causes of the protection,
we next investigated the differences in neutrophil recruitment.
IL-17 plays a key role in neutrophil proliferation and migration,
primarily by induction of granulopoietic factors and chemo-
kines (22–26, 63). Further, it has been demonstrated that ge-

netic ablation of CXCR2 results in decreased neutrophil migra-
tion to the lung in response to influenza (64), and IL-17 is
responsible for the regulation of some CXCR2 ligands (24). We
found that differences in KC were most apparent at 2 dpi
whereas differences in G-CSF were detected at 6 dpi. This may
be due to the fact that IL-17 regulates chemokine gene expres-
sion, including KC, through stabilization of mRNA (65),
whereas its effects on G-CSF might be at the level of transcrip-
tion (66). Therefore, in the IL-17RA�/� model, it is reasonable
to expect that changes in chemokine levels due to deficiencies
in IL-17 would be observed sooner than changes in G-CSF.

Consistent with the role that IL-17 signaling plays in promoting
a neutrophil response, we observed reduced lung neutrophils fol-
lowing influenza infection in the IL-17RA knockout mice. Con-
sidering the mechanisms by which neutrophils are capable of caus-
ing tissue damage, one likely mechanism of lung injury is through
the generation of reactive oxygen species and, specifically, the
oxidation of phospholipids (21).

In support of that hypothesis, we found reduced MPO activity in
both the BAL cell pellet and lung homogenate in IL-17RA knock-
out mice as well as a significantly lower level of oxidized phos-
pholipids in the BALF. The combined decrease in neutrophil em-
igration and oxidized phospholipids is a likely explanation for the
decrease in lung injury in the setting of influenza infection.

To confirm the role of IL-17RA signaling and the role of neu-
trophils in the generation of oxidized phospholipids we used a
non-infectious model of acid aspiration, Again, in this model IL-
17RA was required for neutrophil recruitment, generation of oxi-
dized phospholipids, and ultimately, higher levels of lung injury.
The specific role of neutrophils in the generation of oxidized phos-
pholipids in this model was shown using anti-Gr1 depletion of
neutrophils. Taken together, these data strongly implicate IL-
17RA signaling in neutrophil recruitment and the generation
of oxidized phospholipids in both influenza and acid aspiration.
Moreover, in the setting of influenza infection, lung injury due
to IL-17RA signaling is independent of TNF-� or IL-6. These
data support the potential therapeutic manipulation of IL-17 or
IL-17RA in acute lung injury.

Somewhat related, it has also previously been shown that TLR3-
deficient mice have a similar phenotype with decreased inflamma-
tion, decreased weight loss, and decreased mortality despite
slightly higher viral titers (67). Similar to oxidized phospholipids
signaling through TLR4, TLR3 signals through TRIF and not
MyD88 (68). This provides further evidence that TRIF signaling
may play a key role in ALI.

IL-17 signaling has not been extensively studied in viral models,
despite the fact that the cytokine has been detected in the setting of
viral infection (69, 70). A recent report has described the genera-
tion of IL-17�CD8� T cells (termed Tc17 cells) in response to
influenza. These cells, when generated in vivo and transferred to
mice before influenza challenge, were protective, although these
cells lacked granzyme B and perforin. Additionally, in apparent
contrast to our study, Ab neutralization of IL-17 reduced protec-
tion from heterosubtypical challenge (40). This may be due to a
role for IL-17 in the memory response, something that we do not
examine in the present study.

Although our mouse model of influenza A/PR/8 infection is well
characterized, it is important that it may differ from infection with
other strains or from human influenza. However, our observations
are similar to those made by others in a corneal HSV-1 model (71),
in which it was shown that IL-17RA knockout mice have de-
creased neutrophil infiltration that correlated with a decrease in
corneal opacity, suggesting less tissue damage, at 24 h postchal-
lenge. In contrast to our model, this effect was transient, with the

5308 IL-17RA SIGNALING IN INFLUENZA
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/183/8/5301/1290508/zim
02009005301.pdf by guest on 19 April 2024



IL-17RA knockouts having similar levels of neutrophils and cor-
neal pathology by 4 dpi. These data seem to suggest that thera-
peutic modulation of IL-17 signaling may be beneficial not only in
ALI but also in treating immunopathology associated with viral
infections of other organs.
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