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Abstract

Lipopolysaccharide (LPS)-induced acute lung injury (ALI) is known as a mouse model of acute
respiratory distress syndrome; however, the function of T-cell-derived cytokines in ALI has not yet
been established. We found that LPS challenge in one lung resulted in a rapid induction of innate-
type pro-inflammatory cytokines such as IL-6 and TNF-a, followed by the expression of T-cell-type
cytokines, including IL-17, IL-22 and IFN-y. We discovered that IL-23 is important for ALI, since
blockage of IL-23 by gene disruption or anti-IL-12/23p40 antibody treatment reduced neutrophil
infiltration and inflammatory cytokine secretion into the bronchoalveolar lavage fluid (BALF).

IL-23 was mostly produced from F4/80*CD11c* alveolar macrophages, and IL-23 expression was
markedly reduced by the pre-treatment of mice with antibiotics, suggesting that the development
of IL-23-producing macrophages required commensal bacteria. Unexpectedly, among T-cell-derived
cytokines, IL-22 rather than IL-17 or IFN-y played a major role in LPS-induced ALI. IL-22 protein levels
were higher than IL-17 in the BALF after LPS instillation, and the major source of IL-22 was memory
T, 17 cells. Lung memory CD4* T cells had a potential to produce IL-22 at higher levels than IL-17 in
response to IL-1f plus IL-23 without TCR stimulation. Our study revealed an innate-like function of
the lung memory T, 17 cells that produce IL-22 in response to IL-23 and are involved in exaggeration

of ALL
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Introduction

Acute respiratory distress syndrome (ARDS) is a complicated
syndrome that presents with progressive hypoxemia and
dyspnea. Several disorders, including sepsis, pneumonia,
pancreatitis and major trauma, are associated with the devel-
opment of ARDS (1). In spite of advances in respiratory care,
the mortality rate remains over 40% (2). Acute lung injury
(ALI) is defined as mild ARDS (3). Endotoxin, also known as
lipopolysaccharide (LPS), is located in the outer membrane
of gram-negative bacteria and has been shown to induce ALI
and ARDS-like symptoms (4). LPS activates innate immune
responses and stimulates the production of pro-inflammatory
cytokines such as TNF-a, IL-1 and IL-6, and chemokines from
macrophages, which have been known to induce neutrophil
accumulation, leakage of proteins into the bronchoalveolar

lavage fluid (BALF), edema, and blood vessel and lung tissue
damage. The role of T-cell-derived cytokines such as IFN-y
and IL-17 has not been well characterized in ALI. Several clin-
ical studies have demonstrated a relationship between ARDS
and T, 17 cells. One study suggested that the IL-17-secreting
CD4+ T cells in ALI/ARDS are associated with a high level of
T-cell activation and proliferation (5, 6). However, the involve-
ment of T, 17 cells in ALI using gene-disrupted mice has not
yet been demonstrated.

T,17 cells produce IL-17F and IL-22 in addition to IL-17A,
and function primarily in host defense against fungal and bac-
terial pathogens. T, 17 cells have emerged as crucial media-
tors of various inflammatory diseases, such as inflammatory
bowel disease, multiple sclerosis, psoriasis and rheumatoid
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arthritis (RA). The differentiation of T, 17 cells from naive T
cells requires TGF-f and IL-6, both in vitro and in vivo, which
induces the nuclear orphan receptors RORyt and RORa.

IL-22 is @ member of the IL-10 family of cytokines (7). IL-22
exerts a biological effect via a heterodimeric receptor consisting
of IL-22R1 and IL-10R2 (8, 9). IL-22 plays an important role in
host defense against extracellular pathogens through enhancing
the epithelial barrier function in the lung (10, 11). Although IL-22
is produced from pathogenic T, 17 cells, the significance of IL-22
in inflammation remains controversial. In many cases, IL-22 func-
tions against tissue damage associated with inflammation. We
have shown that IL-22 from type 3 innate lymphoid cells (ILC3s)
is protective against ConA-induced hepatitis (12). In the lung,
IL-22 has been reported to reduce inflammation during influ-
enza A virus infection (13) and to be protective against second-
ary bacterial infection (14). In addition, IL-22 has been shown to
be essential for lung repair after influenza A infection (15). Lung
fibrosis correlates with outcome in ARDS (16). IL-22 is protective
against Bacillus subtillis-exposure-induced lung fibrosis (17). In
contrast, IL-22 has been shown to play a pro-inflammatory role
and to worsen bleomycin-induced airway inflammation (18).

IL-22 has been shown to be produced from various types of
cells in acute and chronic inflammation in mice. T, 17 cells are
an important source of IL-22 and are involved in mucosal host
defense, chronic inflammation and autoimmunity (19). In the
lung, T, 17 cells have been reported to produce IL-22 in gram-
negative bacterial pneumonia (11) and bleomycin-induced air-
way inflammation (18). In humans, IL-22 was produced from a
subset of CD4+ T cells referred to as T, 22 cells, which produce
IL-22 in the absence of IL-17 (20). A role for T,22 cells has also
been proposed in a murine infection model against Citrobacter
rodentium (21). However, the allegiance of IL-22 to a specific
CD4+ T-cell subset is currently under debate (22). NK cells pro-
duce IL-22 and promote host defense in Klebsiella pneumoniae
pneumonia (23) and influenza A infection (13). Alveolar mac-
rophages produce IL-22 after LPS intranasal administration (24).
voT cells, which are key innate immune cells, also produce IL-22
(17). IL-22-producing ILCs play an important role in mucosal
immunity, especially in the gut (25). Although ILCs in the lung
also produce IL-22 in Streptococcus pneumoniae infection (26),
the role and cellular source of IL-22 in the LPS-induced ALl
model remains to be clarified.

In this study, we clarified the role of T, 17-type cytokines
in the LPS-induced ALI model. We found that LPS-induced
ALl was dependent on IL-23 and that IL-22 rather than
IL-17 played an important role in the acute phase of AL
Furthermore, we demonstrated that the major source of I1L-22
in the lung was CD4+ T cells. We also found that lung memory
CD4~* T cells had a potential to produce IL-22 at higher levels
than IL-17 in response to IL-1f plus IL-23 without TCR stimu-
lation, and ALI and IL-22 expression in the lung required com-
mensal bacteria. Our results suggest that the I1L-23-memory
T,17-1L-22 axis could be a novel mechanism of ALl in ARDS.

Methods

Animals

C57BL/6 [wild type (WT)] mice, 8-12 weeks of age, were
purchased from CLEA (Tokyo, Japan). IL-22- mice were
described previously (10) and were kindly provided by Dr

Yoshimoto (Tokyo Medical School). IL-23p19--, CD3g™-, IFN-
v~~and IL-17-- mice were described previously (27). All mice
were on a C57BL/6 background. Mice were kept in specific
pathogen-free facilities at Keio University. All experiments
using mice were carried out in accordance with the guide-
lines for animal care and use approved by Keio University.

Acute lung injury model

Mice were anesthetized using halothane and N,O. LPS from
Escherichia coli serotype 0111: B4 (Sigma-Aldrich, St Louis,
MO, USA) or PBS was intratracheally instilled into one of the
lung lobes as described previously (28). The trachea was
exposed, and a 24-gauge angiocatheter was inserted into it.
After insertion, the catheter was advanced into the left lung,
and 0.3mg kg of LPS or PBS was instilled through the cath-
eter. LPS was challenged into one lobe because challenge
into two lobes was highly lethal.

BALF was collected 12, 24 and 72h after intratracheal
instillation. After euthanasia by injection of a lethal dose of
pentobarbital, the trachea was exposed and a 22-gauge
angiocatheter was inserted into the trachea. The whole lungs
were washed by two aliquots of 0.7 ml PBS. Cells in the BALF
were counted using trypan blue dye exclusion. Neutrophils in
the BALF were distinguished by cell size and expression of
CD11b, Gr-1, F4/80 and Siglec-F. Supernatant of BALF was
collected following centrifugation at 400 x g for 10min at 4°C
and stored at —80°C.

mRNA preparation and quantitative real-time polymerase
chain reaction

RNA was extracted from sorted cells using the ReliaPrep™
RNA cell Miniprep System (Promega) and subjected
to reverse transcription using a High Capacity cDNA
Synthesis Kit (Applied Biosystems). Quantitative real-time
polymerase chain reaction (RT-PCR) was performed using
SsoFAst EvaGreen Supermix (Bio-Rad) with a CFX384
real-time PCR detection system (Bio-Rad). The results
were normalized to HPRT levels. The primers used were
as follows: 5-TGAAGAGCTACTGTAATGATCAGTC-3" and
5-AGCAAGCTTGCAACCTTAACCA for HPRT, 5-AGCGG
GACATATGAATCTACTAAGAGA-3” and 5-GTCCTAGTAGGG
AGGTGTGAAGTTG-3" for IL-23p19; 5-TCCGAGGAGTCA
GTGCTAAA-3" and 5-AGAACGTCTTCCAGGGTGAA-3 for
IL-22; 5-GCTCCAGAAGGCCCTCAG-3" and 5-CTTTCCC
TCGCATTGACA-3” for IL-17A; and 5-CCTCCACTGCC
AGCTGTGTGCTGTC-3 for RORyt.

Histologic analysis

Lung tissue was fixed by inflation with 4% paraformaldehyde
in PBS at a pressure of 25cm H,O. The isolated lungs were
immersed in 4% paraformaldehyde for 24h. Fixed tissues
were embedded in paraffin and then cut into 5 pm sections
and stained with hematoxylin and eosin (HE).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed
with an ELISA kit (eBioscience, San Diego, CA, USA) in
accordance with the manufacturer’s instructions.



Cell isolation

The mice were perfused with PBS transcardially. The left lungs
were removed and excised. Excised lungs were digested
with collagenase D (1mg ml~', Sigma-Aldrich) and DNase
| (1mg ml~', Roche) at 37°C for 40min. After filtration with a
cell strainer, the extract was centrifugated at 1300rpm for
5min at 4°C and re-suspended in magnetic cell sorting buffer
(PBS, 0.5% bovine serum albumin, and 2mM EDTA) buffer.

Flow cytometry and cell sorting

For intracellular cytokine staining, cells were stimulated for
4h in complete medium with PMA (50ng ml-") and ionomy-
cin (5600ng ml-'; both from Sigma-Aldrich) in the presence of
brefeldin A (eBioscience). Surface staining was performed
in the presence of Fc-blocking antibody (2.4G2), followed
by intracellular staining for anti-IL-17 with a fixation and
permeabilization kit (eBioscience) according to the manu-
facturer’s instructions. A single suspension was stained
with CD3-FITC, CD4-PE, CD44-APC, CD62L-PerCP, NK1.1-
APC, Scail-PE, Thy1.2-APC-Cy7, Gr-1-FITC, F4/80-APC,
Siglec-F-PE, CD11b-PerCP, CD11c-PE and IL-17-APC. All
antibodies were obtained from eBioscience. Data were
acquired using BD FACSCanto Il (BD Biosciences) and ana-
lyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Isolated cells from lung tissue were sorted using SH800
(SONY, Tokyo, Japan). Memory T cells derived from the lung
were sorted as CD3+*CD4+CD44"" cells.

Antibody treatment

Mice were intraperitoneally injected with 1L-12/23p40 anti-
body (200 ng) or PBS immediately before LPS or PBS intratra-
cheal instillation, as previously described (29).

Antibiotics treatment

Mice that received antibiotics treatment were fed water with
ampicillin (0.5mg ml'), gentamicin (0.5mg ml'), metronida-
zole (0.5mg ml"), neomycin (0.5mg ml~') and vancomycin
(0.25mg ml") via their water bottle for 10 days (30, 31).

Statistical analysis

Statistical analysis was performed by an unpaired Student’s
ttest. A P value <0.05 was judged as significant. All error
bars represent the standard deviation (SD).

Results

LPS instillation in one lung induced both innate and T-cell
cytokines

First, we established a model of ALI. Mice were anesthe-
tized, and then LPS or PBS was intratracheally instilled in
one lung. The LPS-administered lung became reddish due to
bleeding after 24h, and the infiltration of inflammatory cells,
which were mostly neutrophils and macrophages, was evi-
dent 24-72h after instillation (Fig. 1A). Innate inflammatory
cytokines (IL-6, TNF-a and IL-23) were detected in the BALF
12-24h after instillation, which was preceded by the infiltra-
tion of immune cells. T-cell cytokines, IL-22, IL-17 and IFN-
v were highly expressed 24h after LPS instillation and were
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slightly delayed compared to innate inflammatory cytokine
expression (Fig. 1B). IL-22 protein levels were 70-100 pg ml-!
in the BALF at 24h, which were always higher than those of
IL-17 (10-40 pg mI") (Fig. 1B).

IL-23 is critical for the LPS-induced ALl model

Since it has been shown that IL-23 is essential for the secretion
of IL-17 and IL-22 from T,17, yoT cells and ILC3 cells, we first
investigated the role of IL-23 in the LPS-induced ALI model.
As shown in Fig. 2A, the infiltration of inflammatory cells into
the BALF was strongly reduced in IL-23p19-/- mice compared
with WT mice. IL-17 and IL-22 levels in the BALF were severely
reduced in IL-23p19-/- mice (Fig. 2B). The expression of
inflammatory cytokines, IL-6 and TNF-a, was also inhibited in
IL-23p 19~ mice (Fig. 2B). Histological examination confirmed
the much weaker inflammation in the LPS-induced ALI model
in IL-23p 19~ mice compared with WT mice (Fig. 2C).

IL-23 is a heterodimeric cytokine composed of IL-12/23p40
and IL-23p19 subunits (32). The pre-administration of
IL-12p40-neutralizing antibody reduced the infiltration of
inflammatory cells in the lung (Fig. 2D). The expression
of IL-6, IL-22 and IL-23 was also inhibited in the group
pre-administered with IL-12/23p40-neutralizing antibody
(Fig. 2E). Histological examination also confirmed suppres-
sion of inflammation by the anti-p40 antibody (Fig. 2F). These
data suggest that IL-23 is essential for IL-22 expression and
is pro-inflammatory in the LPS-induced ALI model.

Commensal bacteria-dependent residential memory T,17
cells express IL-22 in response to IL-23

A previous report showed that T, 17 differentiation in the lamina
propria in the small intestine is dependent on commensal bac-
teria and reduced by treatment with selective antibiotics (33).
Therefore, we suspected that commensal bacteria are also
involved in T, 17 cell development in the lung and LPS-induced
ALI. As expected, the lung inflammation was suppressed in
mice pre-treated with antibiotics (Fig. 3A). The expression
of IL-22, IL-17 and IL-23 was severely reduced in mice pre-
treated with antibiotics (Fig. 3B). Although we failed to stain T
cells with anti-IL-22 antibody, flow cytometric analysis of cells
isolated from the lungs revealed that the IL-17+CD4+ (T,17)
cell population was reduced in mice pre-treated with antibiot-
ics (Fig. 3C). Alveolar and infiltrated macrophages have been
shown to be distinguished by CD11b and CD11c expression
(34). In the F4/80* cells, about 70% were CD11b°*CD11c*
alveolar macrophages and 30% were CD11b"" infiltrated
macrophages 24 h after LPS challenge (data not shown). The
F4/80- fraction was mostly Gr-1* neutrophils. IL-23 has been
shown to be produced from F4/80*CD11c* alveolar mac-
rophages in the lung (34). We confirmed that IL-23 expression
in F4/80*CD11c* alveolar macrophage fraction was markedly
reduced by the pre-treatment of mice with antibiotics (Fig. 3D).
These results indicate that the commensal bacteria in the lung
are required for the production of IL-23, which is necessary for
T,17 cell development and lung inflammation.

IL-22 rather than IL-17 was critical for LPS-induced ALl

Next, we investigated the influence of IL-22, IL-17 and IFN-
v in LPS-induced ALI. The inflammatory cell infiltration and
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Fig. 1. Time course of total cells, protein concentration and cytokines in BAL fluid after LPS challenge. The number of total cells, neutrophils
and macrophages (A) and cytokine concentration (B) in BAL fluid 12, 24 and 72h after PBS or LPS instillation in WT mice. Neutrophils and
macrophages were determined to be CD11b*Gr-1* and F4/80+ using flow cytometry, respectively. Cytokine concentration was determined by
ELISA. *P < 0.05 versus the value at 24h. n = 4 mice per group. Values represent the mean + SD.

expression of inflammatory cytokines in the BALF were com-
pared among WT, IL-22-"~, IL-17-"- and IFN-y~- mice. As shown
in Fig. 4A, among these mice, the infiltration of inflammatory
cells in the lung was significantly reduced in IL-22-/- mice, but
not in other knockout (KO) mice. The expression of IL-6, but
not TNF-a, was also reduced in IL-22-- mice (Fig. 4B). In con-
trast, the expression of IL-6 in IL-17-- and IFN-y~- mice was
comparable to that in WT mice. Histological examination con-
firmed the much weaker inflammation in IL-22-- mice com-
pared with WT mice (Fig. 4C). Taken together, these results
suggest that, among the T-cell-type cytokines we examined,
IL-22 plays the most important role in promoting lung inflam-
mation in the acute phase of LPS-induced ALI.

Memory CD4* T cells were a major source of IL-22

To investigate the major cellular source of IL-22, we utilized the
ALl model with Rag2-'- and CD3g~- mice. Rag2-'- mice lack B
cells and T cells, but possess ILCs. In contrast, CD3g~~ mice

lack only T cells. The infiltration of inflammatory cells in the
LPS-treated lung was reduced in both Rag2-- and CD3g~
mice (Fig. 5A). As shown in Fig. 5B, the expression of IL-22
was markedly reduced in Rag2-- and CD3e '~ mice, whereas
the expression of TNF-a was comparable among WT, Rag2-/-
and CD3e~ mice. These data indicate that T cells play an
important role in the augmentation of inflammation and IL-22
production in the acute phase of LPS-induced ALI. As shown
in Fig. 5C, LPS challenge resulted in an increase of total CD4*
T cells, as well as CD4+*CD44M"CD62L"" T cells in the lung
(Fig. 5C), suggesting that helper T cells infiltrated and were
activated after LPS challenge.

Next, we investigated IL-22 expression in T cells and other
lymphoid cells after sorting. We could not detect IL-22 mRNA
in the CD3- cell fraction or NK cell fraction in the LPS-treated
lung (Fig. 5B and Fig. 6A). Since IL-22 levels were extremely
low in Rag2~"- and CD3¢”~ mice (Fig. 5B), IL-22 was mostly
produced from T cells. IL-22 mRNA expression was detected
in sorted CD3* T cells isolated from lungs instilled with LPS
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Fig. 2. IL-23-dependent inflammation in the lung after LPS instillation. (A—C) The number of cells (A) and cytokine concentration (B) in the BAL
fluid 24 h after PBS or LPS instillation in WT or IL-23p19-- (KO) mice. n = 4 per group. *P < 0.05. (C) Representative lung tissue sections stained
with HE 24 h after PBS or LPS instillation. Magnification: x400. (D—F) The number of cells (D) and cytokine concentration (E) in the BAL fluid 24 h
after LPS instillation in mice treated with or without IL-12/23p40-neutralizing antibody. n = 5 per group. *P < 0.05. Values represent the mean +

SD. (F) Representative lung tissue sections stained with HE 24 h after PBS or LPS instillation. Magnification: x400.

(Fig. BA). Then we separated T cells with CD4 expression
(Fig. 6B). The CD3*CD4- cell fraction contained mostly
CD8* T cells and low levels of ydT cells (data not shown).

Although IL-17 mRNA and RORyt mRNA levels were com-
parable between CD4+* cells and CD4- cells, IL-22 mRNA
expression was significantly higher in CD4* cells compared
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Fig. 3. IL-23 expression and T,17 development were dependent on commensal bacteria. (A) LPS instillation was performed in mice treated
with or without antibiotics (Abx) for 10 days. The number of cells in the BAL fluid 24 h after PBS or LPS instillation in mice treated with antibi-
otics. n = 4-5 per group. *P < 0.05. (B) IL-22, IL-17 and IL-23 protein levels in the BAL fluid 24 h after PBS or LPS instillation in mice treated
with antibiotics. n = 4-5 per group. *P < 0.05. (C) IL-17 was detected by the intracellular staining of cells from the lungs 24 h after instillation.
Quantitative data of absolute number of T, 17 cells are shown in the right. n = 4 per group. *P < 0.05. (D) F4/80*CD11c* fraction in the BAL fluid
were separated by FACS and the IL-23 mRNA levels were measured with quantitative RT-PCR. n = 4 per group. *P < 0.05.
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Fig. 4. Role of cytokines in LPS-induced lung inflammation using cytokine knockout mice. (A and B) The number of cells (A) and cytokine
concentration (B) in the BAL fluid from cytokine KO mice 24 h after LPS instillation. n = 4 per group. *P < 0.05. (C) Representative HE staining
of the lungs derived from WT or IL-22-"- mice 24 h after PBS or LPS instillation. *P < 0.05. Values represent the mean + SD. Magnification: x400.

with CD4- cells (Fig. 6C). In CD4* T cells, IL-22 mRNA lev-
els normalized to HPRT were about five times higher than
those of IL-17 (Fig. 6C). These results indicate that mem-
ory CD4* T cells were the main cellular source of IL-22 in
LPS-induced ALI.

Since IL-22 was detected within 24 h after LPS stimulation, we
speculated that memory-type helper T cells are involved in the
acute response without TCR recognition. It has been shown that
memory T,17 cells can produce IL-17 in response to IL-23 with-
out TCR stimulation (35). It has also been shown that IL-13 aug-
ments IL-17 expression in IL-23-stimulated yoT cells (36). Thus,

we examined whether IL-22 can be produced from lung mem-
ory helper T cells in response to IL-1p and IL-23 without TCR
stimulation. As shown in Fig. 6D, both IL-17 and IL-22 mRNA
levels were markedly elevated by IL-23 plus IL-1f treatment in
CD4+CD44nahCDe2L"" T cells freshly isolated from the lung.
Again, we found that IL-22 mRNA levels determined by quan-
titative RT-PCR were much higher than those of IL-17 (Fig. 6D).
Similarly, splenic memory T cells produced IL-22 in response to
IL-23 plus IL-1p (data not shown). Since IL-22 production from
T.22 cells has been reported to be independent of IL-23 (21),
we categorize |L-22-producing helper T cells as T, 17 cells.
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Fig. 5. LPS-induced ALI was dependent on T cells. The number of total cells (A) and cytokine concentration (B) in the BAL fluid from WT,
Rag2--, or CD3e~- mice 24 h after LPS instillation. n = 3 per group. *P < 0.05. Values represent the mean + SD. (C) The number of CD4*T cells
and CD4+CD44"ehCD62L" memory or effector T cells in the lung after LPS challenge. n = 4 for each point.

Discussion

In this study, we utilized a lung model for ALI and explored
the underlying pathogenesis. The obtained data suggest the
importance of the IL-23-memory T, 17-IL-22 axis in the pathol-
ogy of AL

Unlike many other immune-mediated diseases, our data
suggest that IL-22, but not IL-17, is the major effector cytokine
in ALI. IL-22 has been implicated in both pro- and anti-inflam-
matory properties in vivo. In a skin inflammation model, IL-22
was shown to be produced from memory T cells in response
to IL-23 and to promote inflammation (37). Similarly, in our
LPS-induced ALlI, IL-22 acted mainly as a pro-inflammatory
factor. One report using a bleomycin-induced airway inflam-
mation model suggested that IL-22 was pathological only in
the presence of IL-17A (18). In that study, IL-22 was shown to
be protective against inflammation in the absence of IL-17A.
In contrast to their model, the symptoms of LPS-induced ALI

in the IL-22-/-, but not IL-17--, mice were ameliorated com-
pared with WT mice. The exact mechanism of how IL-22
works as a pro-inflammatory cytokine in an LPS-induced ALI
model remains to be determined. Interestingly, a previous
report suggested that the systemic injection of IL-22 alone
can cause most of the acute phase responses (38). In a pso-
riasis model, IL-22 KO mice showed less neutrophil accumu-
lation (37). In these models, IL-22 has been shown to induce
chemokines (CXCL1 and CXCL5), as well as inflammatory
gene expression, from target tissue (i.e. lung or skin) (17, 38,
39). It was also proposed that serum amyloid A, induced by
IL-22, may promote the downstream pathway of inflammation
(38). These IL-22-mediated chemokines and inflammatory
factors may be involved in LPS-induced ALL.

The production of effector cytokines after LPS instillation
was rapid and happened only in T-cell-replete animals. This
is suggestive of the memory T, response rather than the de
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Fig. 6. Detection of IL-22 in CD4+ T cells after LPS instillation in the lung and IL-22 production form memory CD4* T cells in vitro. (A) Mononuclear
cells isolated from the lungs 24 h after PBS or LPS instillation were labeled with anti-CD3, anti-NK1.1 and anti-CD4 antibodies. /22 mRNA
expression in CD3* T cells and NK cells (CD3'NK1.1*) FACS sorted from the lungs 24 h after PBS or LPS instillation. n = 3 per group. *P < 0.05.
(B) Representative data of flow cytometric analysis of cells isolated from the lungs 24 h after PBS or LPS instillation. n > 5. (C) IL17, IL22 and
RORytmRNA expression in CD3* CD4+ cells (T, cells) and CD3* CD4- cells sorted from the lungs 24 h after PBS or LPS instillation. mRNA levels
were determined by quantitative RT-PCR. n = 3 per group. *P < 0.05. Values represent the mean + SD. (D) Lung residential memory CD4+ T

cells (CD4+*CD44renCD62L°") were purified by cell sorter and stimulated with IL-23 and/or IL-1 for 6h. mRNA levels of IL-22 and IL-17 were
determined by quantitative RT-PCR.
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novo priming of naive T cells against LPS. A pre-treatment of
mice by a cocktail of antibiotics, which is known to reduce
the commensal bacterium load (22), strongly inhibited the
development of ALl and IL-22 expression. Pre-treatment
with antibiotics has been shown to inhibit the differentiation
of T,17 cells in the intestine (33, 40). Similarly, we observed
severe reduction of T,17 cells in the lung by the antibiotic
treatment (Fig. 3C). Since IL-23 expression was also reduced
in antibiotic-treated mice, there is a possibility of the reduc-
tion of IL-23-expressing macrophages and dendritic cells. In
any case, it is likely that IL-22-producing T, 17 cells are also
involved in the pathogenesis of lung disease. In support of
this, the neutralization/genetic ablation of IL-23 dramatically
ameliorated the ALl in our model. Although IL-23 was initially
thought to mediate the T, 17 response, it was later found that
it regulated the terminal differentiation of committed T 17
cells and their expansion, migration, survival and mainte-
nance (41). Also, IL-23 was required for the recruitment of
T,17 cells and mediated lung inflammation, as shown in an
experimental silicosis (42). Therefore, it is likely that both the
neutralization and deficiency of IL-23 ameliorate the disease
by affecting the T, 17 memory/effector response.

Since LPS challenge increased the number of memory
CD4+ T cells in the BALF (Fig. 5C), it is not clear whether IL-22
was produced from residential memory T 17 cells or infiltrated
activated T 17 cells. However, we have shown that residential
memory T, 17 cells have a potential to produce IL-17 and IL-22
in response to inflammatory cytokines (Fig. 6D). Thus, residen-
tial memory T,17 cells could be involved in IL-22 production
at least in part. We found that the levels of IL-22 were much
higher than IL-17 in the lung memory CD4* T cells, as well as
splenic memory CD4* T cells (Fig. 6D and data not shown).
We have shown that IL-17 levels were higher than IL-22in T 17
cells induced from naive T cells in vitro (A. Yoshimura, unpub-
lished data). Thus, higher expression of IL-22 than IL-17 could
be characteristic of memory T, 17 cells. The molecular basis
for this phenomenon remains to be clarified. IL-22-producing
lung CD4* T cells could be T, 22, a population of T cells that pri-
marily produce IL-22 rather than T,17. The technical difficulty
of detecting IL-22 by intracellular cytokine staining precluded
us from the simultaneous intracellular detection of IL-22 and
IL-17 at the protein level. Thus, we have not succeeded in
determining whether memory CD4* T cells produced both
IL-17 and IL-22 simultaneously or a mixture of T, 17 and T, 22.
In humans, T, 22 cells are negative for the IL-23 receptor (43).
In mice, the T, 22 function has been proposed to be much less
dependent on IL-23 compared with ILC3 or T, 17 cells (21).
Since our ALI model was strictly dependent on IL-23, these
reports suggest that the LPS-induced ALl is largely depend-
enton T,17 rather than T 22.

Even though we showed that IL-17 and IL-22 were pro-
duced from lung memory CD4* T cells in response to IL-23
plus IL-1B in the absence of TCR stimulation, it remains
unclear whether IL-22 was produced from memory T 17
cells without antigen stimulation in vivo. It has also not been
determined that T,17 cells were residential in the lung or
infiltrated from other organs. Since antibiotics reduced the
IL-22 secretion, it is possible that the rapid T, 17 response
was caused by the re-stimulation of memory T,17, specific
for bacterial lipids derived from commensals. Alternatively,

chronically stimulated memory T 17 by commensals may
acquire the innate-like properties that are seen in y6 T
cells and ILC3s (44, 45) and produce IL-22 in response to
cytokines without TCR signaling. There is another possibility
that the commensal bacteria are necessary for the develop-
ment of myeloid cells that produce IL-23. Further study is
necessary to clarify how IL-22-producing memory T,17 cells
develop in the lung.

In conclusion, we showed for the first time that IL-22 and
IL-23 play crucial roles in the development of ALI. The mem-
ory T,17 cell response is likely to mediate the ALI by causing
inflammation. The IL-23 pathway may be a future target for the
treatment of ALI. Further study is needed to clarify the mecha-
nism of T 17 differentiation in ALI.
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