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IL-1 has been associated with acute lung injury (ALI) in both humans
and animal models, but further investigation of the precise mecha-
nisms involved is needed, and may identify novel therapeutic
targets. To discover the IL-1 mediators essential to the initiation
and resolution phases of acute lung inflammation, knockout mice
(with targeted deletions for either the IL-1 receptor-1, i.e., II- 11",
or the IL-1 receptor antagonist, i.e., Il-1rn~/~) were exposed to aero-
solized LPS, and indices of lung and systemic inflammation were
examined over the subsequent 48 hours. The resultant cell counts,
histology, protein, and RNA expression of key cytokines were mea-
sured. Il-1r1~/~ mice exhibited decreased neutrophil influx, particu-
larly at 4 and 48 hours after exposure to LPS, as well as reduced
bronchoalveolar lavage (BAL) expression of chemokines and granu-
locyte colony-stimulating factor (G-CSF). On the contrary, ll-1rn™/~
mice demonstrated increased BAL neutrophil counts, increased BAL
total protein, and greater evidence of histologic injury, all most no-
tably 2 days after LPS exposure. Il-Trn”/~ mice also exhibited higher
peripheral neutrophil counts and greater numbers of granulocyte
receptor-1 cells in their bone marrow, potentially reflecting their
elevated plasma G-CSF concentrations. Furthermore, IL-17A expres-
sion was increased in the BAL and lungs of Il-1rn™/~ mice after exposure
to LPS, likely because of increased numbers of v5 T cells in the II-1rn™/~
lungs. Blockade with IL-17A monoclonal antibody before LPS exposure
decreased the resultant BAL neutrophil counts and lung G-CSF
expression in /I- 1rn~’~ mice, 48 hours after exposure to LPS. In con-
clusion, Il-1rn~/~ mice exhibit delayed resolution in acute lung in-
flammation after exposure to LPS, a process that appears to be
mediated via the G-CSF/IL-17A axis.
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CLINICAL RELEVANCE

The precise mechanisms by which IL-1 is involved in the
development of acute lung injury remain poorly under-
stood. Moreover, the discovery of IL-1 pathway mediators
essential for lung inflammation may offer new therapeutic
targets. We found that whereas /I-1r] '~ mice (with tar-
geted deletions for IL-1 receptor—1) exhibited less lung
inflammation after exposure to LPS, Il-1rn™’~ mice (with
targeted deletions for the IL-1 receptor antagonist) dem-
onstrated delayed resolution of injury, which may be mediated
via the expression of IL-17A/granulocyte colony-stimulating
factor.

IL-1 is a potent proinflammatory molecule, and genetic polymor-
phisms in the IL-1 pathway have been associated with a diverse
group of conditions, including several lung diseases (1-4). Recent
data suggest an alteration in susceptibility to developing acute lung
injury (ALI), characterized by bilateral pulmonary infiltrates with
significantly impaired oxygenation, in several cohorts of patients
possessing a polymorphism in the /L-IRN gene (which encodes
the IL-1 receptor antagonist protein, IL-IRA) (5). Although the
specific functional ramifications of these polymorphisms remain
unclear, other human studies have also suggested a link between
ALI and the IL-1 pathway. One such study reported that IL-13
protein concentrations were higher in the bronchoalveolar lavage
(BAL) of subjects who developed adult respiratory distress syn-
drome (ARDS) than in control subjects, and those subjects with
ARDS with low concentrations of IL-1RA were more likely to
die (6). More is known, however, regarding the role of IL-1 path-
way components in other inflammatory diseases. Notably, a re-
combinant human (rh) form of IL-1IRA (commercially available
as anakinra) is approved for clinical use in the treatment of
adults with moderate to severe rheumatoid arthritis (7). Fur-
thermore, although a trial of rhIL-1RA infusion in sepsis did
not result in an overall decrease in mortality, that trial reported
provocative results, in which mortality was significantly reduced
in several subgroups that received rhIL-1R A, including subjects
with ARDS (8).

The key steps in activating the IL-1 cascade begin with the bind-
ing of the agonists IL-la or IL-1B to IL-1 receptor-I (which
encodes the IL-1R1 protein; the Il-1R1 gene). Although both
IL-1a and IL-1P activate IL-1R1, the expression patterns of these
agonists vary, and their relative contributions to pathogenesis dif-
fer among cell types (9, 10). The binding of either IL-1 agonist
allows the recruitment of the IL-1 receptor accessory protein,
followed by additional adaptor proteins. Subsequently, signal
transduction occurs via the NF-kB, mitogen-activated protein ki-
nase, c-Jun N-terminal kinase, and p38 pathways. The down-
stream consequences of IL-1 pathway activation include the
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up-regulation of a cascade of inflammatory mediators. This
includes the increased expression of cytokines and chemokines
that regulate many aspects of the immune response, particu-
larly CXC1, CXCL2, IL-6, granulocyte colony—stimulating fac-
tor (G-CSF), and IL-17A (10, 11). However, which of these
specific mediators play a critical role in the cascade initiated by
IL-1 in ALI in humans remains unclear.

A particularly promising family of proinflammatory cytokines
induced by IL-1 (which we hypothesize to be involved in the
pathogenesis of ALI) comprises the IL-17 family, previously im-
plicated in several immune-mediated diseases. IL-17A (encoded
by the [I-17a gene) is the most well studied member of this
pathway, and binds a widely expressed IL-17RA-RC receptor
(12). In the past few years, IL-17A was found to be produced
not only by Th17 cells, but also by innate immune cells, including
v8 T cells (13, 14). IL-17A can act indirectly on neutrophils, cells
that have been demonstrated as crucial for host defense and for the
development of ALI (13, 15, 16). IL-17A influences neutrophil
function by up-regulating CXCL1 and G-CSF, both of which help
recruit neutrophils to the site of injury. IL-17F is a structurally
related ligand that binds with less affinity to the same IL-17RA-
RC receptor, and has a similar functional profile, playing a role
in host defense against pathogens as well as in autoimmune
diseases (13, 17). Although most investigations of IL-17 family
members have focused on rheumatologic disease, IL-17A and
IL-17F were found to influence disease in several pulmonary
conditions, although primarily in murine models (18-20). Spe-
cifically, the up-regulation of IL-17A and IL-17F has been
demonstrated in mice with pneumonia attributable to Pseudomo-
nas aeruginosa, Klebseilla pneumoniae, and HIN1 influenza virus
(21-23).

In addition to IL-1 inducing the expression of several proin-
flammatory mediators, IL-1 is also thought to stimulate the pro-
duction of counterregulatory molecules including IL-1RA, the
inhibitor of its own pathway. IL-1RA competes for binding to
IL-1R1 with the IL-1 agonists. The IL-1R A protein exists in three
isoforms (produced by alternative splicing) in humans and mice,
that is, one secreted (sIL-1RA) and two intracellular (icIL-1RA)
forms. sIL-1RA is released extracellularly during inflammatory
events, whereas icIL-1RA exerts transcriptional control in the
nucleus, but may serve a role similar to that of sIL-1IRA when re-
leased from dying cells (9, 10). Human and murine forms of the
sIL-1RA protein share 77% homology (24).

To determine the mechanisms by which the IL-1 pathway might
influence the development of ALI, we examined the inflammatory
response to LPS in mice deficient in 7/-7r] (i.e., unable to activate
the IL-1 pathway) and mice with a targeted deletion in the II-Irn
gene that do not produce a secreted form of the IL-1 receptor
antagonist protein. We hypothesized that alterations in the extent
and timing of lung inflammation in the loss of function II-1rl '~
mice and gain of function Il-Irn~'~ mice would yield important
clues in regard to how the IL-1 pathway contributes to ALI. Some
of the results of this study were previously reported in the form of
abstracts at the American Thoracic Society (5, 25, 26).

MATERIALS AND METHODS

Detailed methods are available in the METHODS section of the online
supplement.

Animals

C57BL/6 (wild-type controls) and [l-1r1 ™'~ and Il-Irn™'~ mice (on a
C57BL/6 background) in breeding pairs were purchased from Jackson
Laboratories (Bar Harbor, ME). All animal experiments were performed
in accordance with protocols approved by the Institutional Animal Care
and Use Committee of the Children’s Hospital of Philadelphia.

437

LPS Exposure and In Vivo Sample Collection

Mice were exposed to aerosolized LPS, at a dose of approximately 3 g/
mouse (27). Blood, BAL, and lung tissue were harvested as previously
detailed (28). A subgroup of mice was pretreated with thIL-IRA (ana-
kinra, i.e., Kineret; Biovitrum, Stockholm, Sweden) or PBS control intra-
tracheally, 2 hours before LPS exposure. Another subgroup was pretreated
with IL-17A monoclonal antibody (mAb) (R&D Systems, Minneapolis,
MN) or isotype control antibody (Ab) intraperitoneally, 24 hours before
exposure to LPS (29).

Flow Cytometry

Bone marrow cells and lung cells were collected, stained, and analyzed
as described in the online supplement. Notably, > 95% of cells were
viable in all experiments.

Cytokine Measurement

Cytokine protein concentration was measured in BAL or plasma by
ELISA. Real-time PCR provided a relative quantification of mRNA cy-
tokine expression in the lung, as described in the METHODS section of
the online supplement.

Statistical Analysis

Cell counts, protein, and RNA expression were compared overall using
two-way ANOVA (represented by P values above graphs), and with
the Bonferroni post hoc test to assess the significance of individual time
points (P < 0.05, denoted by an asterisk within graphs). Note that in
Figures 2E, 4A, E3B, E7A, and E7C, the results may not have been
significant overall, according to two-way ANOVA, but individual time
points were significant according to the Bonferroni post hoc test. The
remaining data were analyzed according to unpaired Student ¢ test, as
outlined in the online supplement. All data expressed as means = SEM.

RESULTS

Increased Expression of IL-18 and IL-1RA in LPS-Induced
Acute Lung Inflammation

The potential involvement of the IL-1 pathway in LPS-induced
lung inflammation was examined by assessing the temporal re-
sponse of IL-1B, IL-1a, and IL-1RA in the BAL and lung tissue
of C57BL/6 mice. Both BAL protein and lung mRNA concen-
trations of IL-18 and IL-1RA increased after aerosolized LPS
exposure (Figures E1A and E1B in the online supplement).
Although IL-1RA protein expression in BAL paralleled its
mRNA time course, the IL-1B protein increase in BAL was
delayed compared with //-I8 mRNA in the lung (Figure E1),
likely reflecting additional controls on the release of IL-1B via
the inflammasome (10, 30). The observed increase in [l-la
mRNA soon after exposure to LPS, without an appreciable
elevation in IL-1a protein in the BAL, is consistent with a pre-
dominately intracellular role for IL-1a (9).

BAL Neutrophils Decreased in /l-7r1~/~ Mice and Increased
in Il-1rn”/~ Mice after Exposure to LPS

In response to inhaled LPS, as we and others previously reported,
neutrophils are recruited into the lungs, and acute lung inflamma-
tion ensues in a self-limited manner (27, 31, 32). To determine the
contribution of the IL-1 pathway to inflammatory cell accumula-
tion, we compared bronchoalveolar cell counts in wild-type mice
to those deficient in IL-1R1. Figures 1A and 1B illustrate that the
total leukocyte (WBC) and neutrophil counts in BAL were de-
creased at all time points after exposure to LPS in /I-1rI~'~ mice
compared with C57BL/6 control mice. This difference was most
pronounced at 4 and 48 hours after LPS inhalation. The delayed
accumulation of WBCs, particularly neutrophils, in //-r] '~ mice
suggests that the activation of this receptor may be important
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Figure 1. Bronchoalveolar lavage (BAL) cell
counts after LPS exposure. (A) Overall (analyzed
by two-way ANOVA, significance indicated by
P value at top of graph) total leukocytes (WBC),
at 4 hours (analyzed by Bonferroni post hoc test,
*P < 0.01) and at 48 hours (*P < 0.001), as well
as (B) neutrophil counts overall in /I-7r1~/~ mice

A p<0.0001 B
300, @ C57BL/6 % 3001
=/ I-1r1/- =
- &
< c
m =
£ o 2001 =
o8 23
m v(.) 8 v8
= e EQ
< = 1004 g
g 9
- 5
z
0 .
0 4 8 24 48
c p=0.0002 D
7007 @ I-1m++ * 7001
-
oo & M-1m-- % * < 6001
& oL s £ 5001
s 2 52 400
@ ] 1
g Vo 8 VU
= e 2
= Q
3 g
= 3
z

(with targeted deletions for IL-1 receptor-1), at
4 hours (*P < 0.05) and at 48 hours (*P < 0.01),
. compared with C57BL/6 control mice after ex-
posure to LPS (n = 10-12 mice per time point).
(C) Total WBC at 36 hours (*P < 0.0001) as well
as 48 hours (*P < 0.01) and (D) total neutrophil
4 counts in /l-17rn™’~ mice (with targeted deletions
for the IL-1 receptor antagonist), at 36 hours
(*P < 0.001) and at 48 hours (*P < 0.01), com-
pared with littermate controls (l-1rn*/* mice) af-
ter LPS exposure (n = 9-19 mice per time point).

Hours after LPS exposure

early in the course of pulmonary neutrophil influx. Moreover, the
more rapid resolution of neutrophil numbers also implies a role
for IL-1R1 during this phase.

In contrast to Il-1r1 '~ mice, mice with a targeted deletion
for the secreted form of the IL-1 receptor antagonist protein
(Il-Irn~'") demonstrated significantly greater overall BAL total
WBC and neutrophil counts, most notably at 36 and at 48 hours
after exposure to LPS (Figures 1C and 1D). These data suggest
that without expression of the natural antagonist, the increased
IL-1B expression observed at 24-48 hours (Figure E1A) remains
unopposed, prolonging the inflammatory cascade and delaying
the resolution of injury.

Histology and BAL Total Protein Mirror BAL Cell Count Trends
in I-1r1~/~ and Il-1rn”/~ Mice

To determine whether evidence of persistent BAL neutrophilia
is accompanied by histologic evidence of prolonged lung inflam-
mation in /l-Irn~~ mice, we compared histologic sections of fixed
murine lungs, 48 hours after LPS exposure. As seen in Figure 2A,
an almost complete resolution of alveolar or interstitial cellular
infiltrates was evident in C57BL/6 lungs. Likewise, cross sections
of II-1rI~"~ lungs (not shown) were indistinguishable from lungs
of C57BL/6 mice at 48 hours. In contrast, multiple patches of
neutrophil-predominant intra-alveolar infiltrates were present
in the lungs of II-Irn~’~ mice, 48 hours after exposure to LPS
(Figure 2B). A semiquantitative analysis of neutrophil numbers
(determined by counting neutrophils per alveolus) revealed that
neutrophils were significantly increased in the lung parenchyma
of II-1rn~"~ mice (Figure 2C).

The BAL total protein concentration (a gross measurement of
capillary permeability) was also found to be significantly lower in
I1-1r1~"~ mice than in wild-type control mice (Figure 2D). In con-
trast, we discovered a significant increase in BAL protein concen-
tration exclusively at 48 hours after exposure to LPS in Il-Irn~'~
mice (Figure 2E). Together, these data suggest a delayed resolution
of injury in mice lacking the secreted form of the IL-1RA protein.

Decreased Expression of BAL CXCL1 and CXCL2 in
ll-1r1~/~ Mice Early after Exposure to LPS

To determine whether proinflammatory cytokine concentrations
in BAL would be altered by the loss of the IL-1 pathway, we

measured their protein concentration via ELISA. As seen in
Figures 3A and 3B, Il-1r1 ~/~ mice exhibited a significantly re-
duced protein expression of the neutrophil chemoattractants
CXCLI1 (keratinocyte-derived chemokine) and CXCL2 (mac-
rophage inflammatory protein-2) overall, with the most pro-
nounced difference in expression levels between the two
genotypes measured at 4 hours. Moreover, the expression of
CXCLS (lipopolysaccharide-induced CXC chemokine; a neutro-
phil chemoattractant we previously showed to be critical in this
LPS model of lung inflammation) (31) was also decreased, par-
ticularly at 4 hours in 7I-1r] ™'~ mice (Figure 3C). The decreased
early expression of CXCL1, CXCL2, and CXCLS5 may contribute
to the lower numbers of BAL neutrophils observed in II-I1rl '~
mice soon after exposure to LPS. Similarly, the reduced protein
concentrations of IL-6 and TNF-a at 4 hours may influence the

early inflammatory response in I/-Irl ™/~ murine lungs (Figures
E2A and E2B).

Reduced BAL G-CSF and CXCL5 May Contribute to Decreased
Neutrophils in Il-17r1~/~ Mice 48 Hours after Exposure
to LPS

The more rapid resolution of neutrophilic inflammation at 48 hours
in the BAL of I/-Ir1~~ mice (Figure 1B) suggests the possibility
that the IL-1 pathway contributes to this later phase of in-
flammation, potentially related to the decreased BAL CXCLS5
expression at 24 hours (Figure 3C). A lower observed BAL
G-CSF protein concentration, particularly at 8 hours (Figure
3D), may also alter neutrophil numbers at later time points, par-
ticularly if this BAL G-CSF reflects plasma G-CSF expression,
which may influence granulopoiesis (33). Because neutrophils are
a significant source of IL-1RA protein, we speculate that the
decreased BAL IL-1RA, observed most significantly at 48 hours
in 7I-1r1~"~ mice (Figure E2C), reflects the lower number of neu-
trophils in the alveolar space at that time (19).

Higher BAL CXCL1 and G-CSF Concentrations May Contribute
to Increased Neutrophils in II-1rn™/~ Mice

As opposed to the decreased cytokines seen in II-1r] ~/~ mice, we
anticipated that the deletion of the key pathway antagonist would
result in a heightened cytokine expression of known downstream
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Figure 2. BAL total protein and lung histology after exposure to LPS. Hematoxylin and eosin—stained sections of lungs fixed 48 hours after LPS
exposure at X10 show (A) minimal inflammatory cells present in the alveolar space or interstitium of C57BL/6 murine lungs, but (B) substantial
cellular infiltrates in //-7rn/~ murine lungs. (C) Semiquantitative analysis of the number of neutrophils counted per alveolus in /l-7rn~'~ mice 48
hours after exposure to LPS, compared with C57BL/6 mice (five mice per genotype, 10 fields counted per mouse). (D) BAL total protein in /-1r17/~
mice (n = 10-12 mice per time point). (E) BAL total protein in /l-7Trn~/~ mice was increased exclusively at 48 hours (P < 0.05) after exposure to LPS

(n = 9-16 mice per time point).

products, particularly CXCL1 and IL-6 (11). Figure 4A illustrates
that a significant elevation of CXCL1 protein occurred in the
BAL 24 hours after exposure to LPS, whereas G-CSF was in-
creased at 24, 36, and 48 hours (Figure 4D). These data are
consistent with the concept that IL-1RA is a known inhibitor
of G-CSF expression (34). We hypothesize that the lack of sIL-
1RA in II-Irn™’~ mice results in elevated concentrations of
G-CSF and CXCL1 that contribute to the increased alveolar
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neutrophils seen at 36 and 48 hours after exposure to LPS in //-
Irn™" mice (Figures 1C and 1D).

Surprisingly, significantly decreased concentrations of the
neutrophil chemokines CXCL2 and CXCL5 were evident, and
were especially prominent at 4 hours (Figures 4C and 4D). A
decrease in TNF-a concentration was also evident in Il-1rn~'~
mice, exclusively 4 hours after exposure to LPS (Figure E3B).
The decreased expression of these cytokines may be related to
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Figure 3. Cytokine concentration in the BAL of
Il-1r17/~ mice after exposure to LPS, compared
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chronic inflammation in II-Irn~’~ mice, but warrants further
investigation. Contrary to our initial hypothesis, we observed
no significant difference in BAL IL-6 expression (Figure E3A).
Finally, as anticipated, we confirmed that negligible IL-1RA pro-
tein was present in the BAL of Il-Irn™’~ mice (Figure E3C).

Higher Peripheral Circulating WBCs and Plasma
G-CSFin ll-1rn™/~ Mice

The increased G-CSF expression in the BAL of II-Irn~'~ mice
motivated us to examine the peripheral cell counts for these
mice. Figures SA and 5B depict the significantly higher overall
peripheral total WBCs and neutrophils in /I-Irn~'~ mice, with
the neutrophils significantly higher at 36 hours. To determine
whether neutrophilia may reflect the systemic expression of
G-CSF, we measured the plasma protein concentration of
G-CSF and found a significantly elevated G-CSF concentration
in II-1rn~"" mice overall, compared with C57BL/6 control mice.
Moreover, whereas minimal G-CSF was apparent in wild-type
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Figure 4. BAL cytokine expression in [/l-1rn™/~
mice after exposure to LPS. (A) CXCL1 was ex-
clusively elevated at 24 hours (*P < 0.05) in
Il-1rn~/~ mice, as opposed to littermate control
mice (I-1rm*/*). (B) CXCL2 at 4 hours (*P <
0.001). (C) CXCLS5 at 4 hours (*P < 0.001). (D)
G-CSF expression at 24 hours (*P < 0.05), 36
hours (*P < 0.05), and 48 hours (*P < 0.01) after
exposure to LPS (n 10-19 mice per time
point).
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mice at 48 hours, II-Irn~'~ mice continued to demonstrate sub-
stantially increased concentrations of plasma G-CSF at this time
(Figure 5C).

In comparison, no difference was evident in peripheral WBCs
between Il-1r1 /" mice compared with C57BL/6 control mice
(data not shown). Likewise, the peripheral neutrophil counts
did not differ between Il-1r1 '~ and C57BL/6 mice at baseline
or at any time point after exposure to LPS.

Increased Cell Counts May Be Related to Altered Bone
Marrow Composition in the ll-1rn”/~Mice

To dissect the etiology further of the higher inflammatory cell
counts observed in Il-Irn~'~ mice, we examined the cellular com-
position of their unstimulated bone marrow according to flow
cytometry. Figures 5D and SE are representative dot plots illus-
trating the striking difference in bone marrow composition of
granulocyte receptor-1 (GR17) cells (a marker of neutrophil
lineage) between Il-Irn~’~ and C57BL/6 mice at baseline. In

Figure 5. Differences in periph-
eral and bone marrow cell
counts in /-1~ mice after
exposure to LPS. (A) Total pe-
ripheral WBC and (B) peripheral
neutrophil counts in l-1rn~/~
mice, compared with litter-
mate control mice (Il-1rn*/*).
Peripheral neutrophil counts
at 36 hours (*P < 0.05) in
l-1rn~'~ mice (n = 9-17 mice
per time point). (C) G-CSF pro-
tein expression in M-/~
mice 48 hours (*P < 0.05) after
exposure to LPS, compared
with C57BL/6 mice (n = 5-7
mice at each time point). (D)
Representative dot plots illus-
trate the relative percentage of
GR1™ cells in the unstimulated
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mice versus C57BL/6 mice, as well as GR1" cells in the bone marrow of /I-1r1~/~ versus C57BL/6 mice (n = 3—4 mice per genotype).
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addition to the increased percentage of GR1™ cells (Figure E4A),
a higher absolute GR1" cell count was found in II-Irn~"~ mice
(Figure 5F), even though these mice had uniformly lower body
masses (35). We speculate that the increased number of neu-
trophils and neutrophil progenitors in /l-Irn~'~ bone marrow at
baseline has the potential to render these animals more sensitive
to chemokine-induced neutrophil recruitment, as incited by inju-
rious stimuli. Although a greater percentage of macrophage
lineage cells (F4-80"CD11b™ cells) was observed in the bone
marrow of Il-Irn~'~ mice (Figure E4B), no difference in abso-
lute macrophage counts (Figure E4C) was evident.

Unlike the II-Irn~’~ mice, no alteration was evident in the
absolute count or percentage of GR1™ cells in the baseline bone
marrow of I[-1r1 '~ mice, compared with the bone marrow of
C57BL/6 mice (Figures SF and E4A). Similarly, no difference
was evident in the number or percentage of F4-80"CD11b*
cells in II-1r] ™'~ mice compared with C57BL/6 mice (Figures
E4B and E4C).

Pretreatment with Intratracheal rhIL-1RA Decreases G-CSF
48 Hours after LPS Exposure

In an attempt to reverse the phenotype of lung inflammation ob-
served in II-Irn~'~ mice, we repleted their alveolar space with
rhIL-1RA or PBS. Intratracheal pretreatment with rhIL-1RA
resulted in less BAL CXCL1 and plasma G-CSF protein expres-
sion 48 hours after exposure to LPS (Figures 6A and 6B). More-
over, a trend toward decreased BAL neutrophil numbers was
evident (Figure 6C), although it was not statistically significant.
No alterations in BAL total WBC or peripheral cell counts were
evident in rhIL-1RA-pretreated mice, nor was a difference in
bone marrow composition observed (data no shown). These
data further suggest, as observed in Figures 4A and 4D as well
as Figure 5C, that a deficiency of sIL-1RA protein contributes
to elevated G-CSF and CXCL1 concentrations after LPS expo-
sure in Il-Irn™"~ mice.

C57BL/6 mice pretreated with intratracheal rhIL-1R A before
exposure to LPS, in the same manner as already described, did
not significantly alter BAL neutrophils or BAL WBCs 48 hours
after exposure to LPS. Similarly, no significant reduction was ob-
served in G-csf or 1l-17a mRNA expression in the lungs of mice
pretreated with rhIL-1RA, compared with mice pretreated with
PBS (data not shown).

IL-17A Plays a Key Role in Neutrophil Accumulation
in I-1rn~/~ Mice

To explore the regulation further of G-CSF in the lungs of
Il-Irn~'~ mice, we examined the expression of IL-17A, a potent
inducer of G-CSF. Although we observed more IL-17A protein
in the BAL of /I-Irn~'~ mice, most prominently 48 hours after
LPS exposure, we viewed these results with caution, because the
values were at the lower limits of detection for the ELISA assay
(Figure E7A). Figure 7A demonstrates our subsequent confir-
mation that an increase in /l-/7a mRNA occurred in the lungs
of Il-Irn~'~ mice, most notably at 24 and 48 hours. This pattern
of expression is consistent with the role of IL-17A in the main-
tenance (rather than initiation) of an immune response (36).
In addition, we examined the expression of other IL-17 family
members, as well as the related cytokines IL-22 and IL-23, after
LPS exposure in the lungs of /I-Irn~'~ mice according to real-
time PCR. As seen in Figure E7B, significantly greater /I-17f
RNA expression was observed overall, particularly at 48 hours.
A mild decrease was evident in [i-17c expression in li-Irn™"~
mice, although this was only significant at 0 hours, as seen in
Figure E7C. Figures E7D and E7E illustrate that no differences
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Figure 6. Cytokine and cell count response in /l-1rn~/~ mice pretreated
with recombinant human (rh) IL-1RA before exposure to LPS. Forty-
eight hours after exposure to LPS, (A) the BAL expression of CXCL1 and
(B) plasma concentration of G-CSF in Il-1rn~/~ mice that had been
pretreated 2 hours before LPS exposure with 10 wg rhIL-1RA intratra-
cheally were compared with those in mice pretreated with PBS intra-
tracheally (C) Neutrophil numbers in BAL after pretreatment with
rhIL-TRA (n = 3-5 mice per treatment).

were observed in the expression of IL-23a or IL-22. Moreover,
no difference in relative lung RNA expression was detected in
the related, but much less well studied, IL-17 ligands, including
1I-17b, 1I-17d, or 1l-17e, or in the receptor for IL-17E, II-17rb,
between Il-Irn~~ and wild-type mice (data not shown).

Because IL-17A is predominately expressed by lymphoid cells,
we determined which lineage expressed intracellular IL-17A.
The primary cellular source of the intracellular IL-7A ligand in
both wild-type and Il-Irn~" lungs was vyd T cells. A significant
increase overall, and most notably at 48 hours after exposure to
LPS, was evident in the percentage of IL-17A"v3 T cells in the
lungs of /l-Irn~"~ compared with wild-type mice (representative
dot plots are shown in Figures 7B, 7C, and E8A). No differences,
however, were observed in the percentage of TCRBTIL-17A™
cells in the lungs of Il-Irn~"~ mice compared with C57BL/6 mice,
at baseline or 48 hours after LPS exposure (Figures E8G and
E8H). Notably, IL-17A was also not expressed intracellularly in
the lungs of either group of mice in F4-80™ cells (macrophages) or
GRI1™ cells (neutrophils) at 0 or 48 hours after exposure to LPS
(Figures ESC-ESF).

Since the greatest increase in II-Irn~’~ murine lung expres-
sion occurred in IL-17A, and IL-17A is known to regulate the
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Figure 7. IL-17A expression and IL-17A blockade in /-17rn™’~ mice. (A) Relative expression of /l-17a mRNA (measured by real-time PCR) in /l-1rn™/~
mice overall, and at 24 hours (*P < 0.05) and 48 hours (*P < 0.01) after exposure to LPS, compared with littermate control mice (-1m*’*). RQ,
relative quantity. (B) Representative dot plots illustrate the number of vd T cells positive for IL-17A in the lungs of Il-1rn™/~ mice, relative to (C)
C57BL/6 mice, 48 hours after LPS (n = 4-6 mice per time point). (D) BAL neutrophil counts in /l-1rn~/~ mice pretreated 24 hours before exposure to
LPS with 100 g intraperitoneal IL-17A monoclonal antibody (mAb). (E) Lung mRNA G-csf concentrations, 48 hours after exposure to LPS in /I-
1rn™'~ mice pretreated with 100 pg intraperitoneal isotype control antibody (Ab) (n = 6 mice per time point).

expression of the two cytokines (G-CSF and CXCL1) that our
data suggest play a role in inducing pulmonary inflammation
in Il-1rn™’~ mice, we anticipated that IL-17 blockade would
limit the ALI attributable to LPS (13). Pretreatment with
IL-17A mAb before exposure to LPS (versus isotype control
antibody) decreased the BAL neutrophil count and lung G-csf
mRNA expression 48 hours after exposure to LPS (Figures 7D
and 7E). A similar trend toward decreased concentrations of BAL
and plasma G-CSF was observed, although it was not statistically
significant (Figures E9A and E9B). IL-17A mAb administration
did not affect the total BAL WBCs (Figure E9C), peripheral cell
counts (data not shown), or bone marrow composition (Figures
E9D and E9E).

DISCUSSION

The precise mechanisms by which the IL-1 pathway influences
the development of ALI remain elusive, despite extensive study.
Here, we show that after exposure to aerosolized LPS, significant
differences are evident in BAL cell count, protein concentration,
and histology in mice lacking essential components of the IL-1
pathway. We also report that alterations in neutrophil influx are
associated with differing BAL cytokine concentrations, particu-
larly CXCLI1. Furthermore, our work suggests that the involve-
ment of IL-1 in hematopoiesis (likely via the IL-17A/G-CSF
axis) may affect levels of systemic inflammation, and delay
the resolution of lung injury.

In loss of function experiments, we hypothesized that the de-
letion of IL-1R1 would attenuate the intensity of the pulmonary
inflammatory response. Consistent with this supposition, we found

a significant reduction in BAL cell counts of I/-Irl '~ mice, par-
ticularly early (at 4 h) and later (at 48 h) after LPS exposure, as
well as an overall decrease in BAL protein, a gross estimation of
capillary permeability. Concentrations of the chemoattractants
CXCL1, CXCL2, and CXCLS5 were decreased at 4 hours in
II-Ir]”"~ murine BAL, and may contribute to this early, attenu-
ated BAL neutrophil accumulation. The early decreases in BAL
neutrophil numbers and chemokine protein concentrations at 4
hours occurred without evidence of concomitant increased IL-1
agonist protein concentrations in the BAL (Figure E1A). We
speculate this represents scavenging of small amounts of released
cytokine by cognate receptors (37). Furthermore, we hypothesize
that lower BAL neutrophil counts at 48 hours may be related to
decreased G-CSF expression (providing less stimulus for granulo-
poiesis), a consequence with potentially delayed effects on BAL
neutrophil numbers. To our knowledge, the role of IL-1R1 in both
the initiation and resolution phases of lung inflammation has not
been previously described. The detailed pattern of cellular and
cytokine accumulation that we describe may serve to unify con-
tradictory data regarding a role of IL-1R1 in rodent models of
acute and chronic lung diseases (38-41).

Although II-Ir]~'~ mice exhibited an attenuated inflamma-
tory response to LPS, Il-Irn~’~ mice demonstrated increased
BAL total WBCs and neutrophils, predominately at later time
points (i.e., 36 and 48 hours). Likewise, we found evidence of
increased alveolar permeability and unresolved histologic inflam-
mation in the lungs of II-Irn~’~ mice at 48 hours. We associate
some of these findings with the elevated BAL CXCLI1 protein
observed in Jl-Irn~’~ mice after exposure to LPS, which notably
decreased when these mice were pretreated with rhIL-1RA.
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In addition to increased BAL cell counts, we observed that
Il-Irn~'~ mice also demonstrated higher circulating peripheral
total WBCs and neutrophil counts later after exposure to LPS.
To gain further insights into the hematopoietic system of
Ii-1rn™'~ mice, we analyzed their baseline bone marrow com-
position and discovered a greater percentage and absolute
number of cells of neutrophil lineage. This novel observation
led us to speculate that the expanded neutrophil compartment
in II-1rn~’~ bone marrow may provide a larger reservoir of
cells readily available for recruitment during injury. The al-
tered bone marrow composition may also reflect a chronically
inflamed state, as suggested by the lower body weights and
increased incidence of inflammatory skin and joint lesions in
Il-1rn™"~ mice (35).

Our main findings of increased neutrophils in the BAL, pe-
ripheral blood, and bone marrow of II-Irn~'~ mice directed us
to focus further studies on cytokines regulating hematopoiesis.
Higher concentrations of G-CSF protein in both BAL and
plasma were found in I/-1rn~’~ mice, particularly 1-2 days after
exposure to LPS. We speculate that increased G-CSF contrib-
utes to higher neutrophil counts via several mechanisms. G-CSF
stimulates bone marrow progenitors to speed the development
of neutrophils, which supplies more cells to the peripheral cir-
culation and, we propose, renders more neutrophils accessible
for rapid recruitment to the lungs. In addition, the elevated
G-CSF in the BAL of Il-1rn~'~ mice may minimize the apopto-
sis of those neutrophils, effectively increasing the total number
by decreasing neutrophil death (33, 42). G-CSF also induces
granulopoiesis, an effect that may exert delayed consequences
and explain why increases in BAL neutrophil counts are most
prominent in J/-Irn~’~ mice at later time points (33, 43).

In addition to its proinflammatory properties, G-CSF has many
other functions, including activity as an anti-inflammatory mole-
cule by inducing the expression of IL-1RA (44, 45). This increase
in IL-1RA not only limits the activation of the IL-1 pathway, but
may prolong the maintenance of some granulocyte progenitors
during the G¢/G; phase (46). These arrested cells could then
serve as a reservoir to replenish the bone marrow after the acute
insult subsides, and provide a mechanism to restore homeostasis.
In addition to G-CSF inducing IL-1RA, IL-1RA was shown to
decrease G-CSF further (34). We confirmed this in our own
model, when we pretreated II-Irn~’~ mice with rhIL-IRA before
LPS exposure, and found a resultant reduction in the expression
of G-CSF.

Although both LPS and IL-1 may stimulate G-CSF produc-
tion, IL-17A appears to enhance G-CSF expression in the
lungs of II-Irn~’~ mice. Previously, IL-17A was shown to in-
crease in C57BL/6 murine BAL after LPS exposure. However,
IL-17A was not specifically associated with G-CSF regula-
tion (29). IL-17A may be produced by several families of
lymphocytes as well as myeloid cells, and may respond, in
part, to IL-1 (13, 14). We found the predominant source of
IL-17A to be a subset of T cells (i.e., yd T cells), and at the
time points we examined, no significant intracellular expression
of IL-17A was evident in myeloid cells present in the lungs.
When induced, IL-17A production may serve to sustain an al-
ready initiated inflammatory response (33, 36). This role in the
maintenance of inflammation seems especially plausible in the
lungs of 1I-1 rn~'~ mice, where we found evidence of delayed
resolution of inflammation, coincident with elevated concentra-
tions of IL-17A.

To study the potential role of IL-17A as an important inducer
of G-CSF and neutrophil recruitment in our //-Irn~'~ mice, we
administered IL-17A mAb before LPS exposure (21), and dis-
covered a resultant decrease in BAL neutrophil counts and
G-CSF mRNA expression in the lung. This is consistent with
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previous reports showing that IL-17A is important in the path-
ogenesis of joint inflammation in I/-Irn "~ mice (47). Our find-
ings are also consistent with data from other murine model
systems that cited the key role of IL-17A in related inflamma-
tory lung diseases (48, 49). Our data are, to the best of our
knowledge, novel because we demonstrate that mice deficient
in sIL-1RA exhibit an increased expression of IL-17A in the
lung, which is likely involved in the regulation of the pulmo-
nary (and to some degree, systemic) expression of G-CSF and
resultant inflammation.

As with any knockout mouse model, animals may not reflect
the subtle changes in gene expression that can occur in humans
possessing polymorphisms in the /L-1RN gene. During the past
few years, however, a complete deficiency state in humans has
been described in which humans lacking IL-1RA develop a
syndrome known as deficiency of the interleukin-1 receptor
antagonist (DIRA). DIRA is a rare condition characterized
by sterile osteomyelitis, periositis, and pustulosis, in the
absence of infection. These patients respond to treatment
with a recombinant human form of IL-1RA. Notably, patients
with DIRA demonstrated a markedly increased expression of
IL-17A in their cutaneous lesions as well as higher numbers of
circulating Th17 cells, further underscoring the potential inter-
actions between IL-1RA and IL-17A in human disease (50).

In conclusion, we show that mice lacking IL-1 receptor—1 develop
decreased lung inflammation after exposure to LPS in two phases,
likely mediated by differential cytokine expression. Moreover, our
data indicate that the increased lung inflammation observed in
II-Irn™'~ mice after LPS exposure may be largely attributable to
a delay in the resolution of injury, because of elevated concentra-
tions of CXCL1 and G-CSF. We propose that IL-1RA normally
acts to limit acute lung inflammation by suppressing IL-17A con-
centrations, thereby providing less subsequent stimulus for G-CSF.
Moreover, with relatively decreased G-CSF expression, we postu-
late a reduced induction of granulopoiesis during the acute insult,
and a more rapid resolution of lung injury. Further study is needed
to determine if similar mechanisms are incited during acute lung
injury in humans, but blockade of IL-17A (potentially via the alter-
ation of IL-1RA) offers an intriguing potential new therapeutic
strategy for ALIL

Author disclosures are available with the text of this article at www.atsjournals.org.
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