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ATP drives lamina propria T17 cell differentiation

Koji Atarashi'*, Junichi Nishimura'*, Tatsuichiro Shima®, Yoshinori Umesaki’, Masahiro Yamamoto'”,
Masaharu Onoue?, Hideo Yagita®, Naoto Ishii®, Richard Evans®, Kenya Honda'*® & Kiyoshi Takeda'"

Interleukin (IL)-17-producing cpatT lymphocytes (Ty17 cells)
constitute a subset of T-helper cells involved in host defence and
several immune disorders'”. An intriguing feature of Ty17 cells is
their selective and constitutive presence in the intestinal lamina
propria’. Here we show that adenosine 5'-triphosphate (ATP) that
can be derived from commensal bacteria activates a unique subset
of lamina propria cells, CD70"#"CD11c"™ cells, leading to the
differentiation of Ty17 cells. Germ-free mice exhibit much lower
concentrations of luminal ATP, accompanied by fewer lamina
propria Tyl7 cells, compared to specific-pathogen-free mice.
Systcmic or rectal administration of ATP into these germ-free
mice results in a marked i increase in the number of lamina propria
Tyl7 cells. A CD70"#'CD11°" subset of the lamina propria cells
expresses Ty 17-prone molecules, such as IL-6, IL-23p19 and trans-
forming-growth-factor-f-activating integrin-aV and -8, in res-
ponse to ATP stimulation, and preferentially induces Tyl7
differentiation of co-cultured naive CD4™ T cells, The critical role
of ATP is further underscored by the observation that administra-
tion of ATP exacerbates a T-cell-mediated colitis model with
enhanced Ty17 differentiation. These observations highlight the
importance of commensal bacteria and ATP for Ty 17 differenti-
ation in health and disease, and offer an explanation of why Ty17
cells specifically present in the intestinal lamina propria.

The intestinal mucosa has a unique and complicated immune
system composed of a variety of cell populations. Among these,
Tul7 cells, a subset of CD4™ T cells characterized by their STAT3-
dependent expression of RORyt (encoded by Rorc) and production
of 1L-17, IL-22 and IL-21, control a variety of bacterial and fungal
infections at mucosal surfaces'”. Importantly, aberrant Ty17 res-
ponses have been implicated in the pathogenesis of inflammatory
bowel diseases”. The development of Ty17 cells has been shown to
be controlled by the local cytokine milieu, including IL-6, transform-
ing growth factor-p (TGF-B) and IL-23 (refs 1, 2, 7, 9-12). However,
the mechanism of Ty17 development in the intestine is as yet not
fully understood.

IL-17-expressing cells constitute a considerable proportion of
CD4™ cells in the intestinal lamina propria, even in healthy mice kept
under specific-pathogen-free (SPF) conditions (Supplementary Fig.
la and ref. 3). The colonic lamina propria CD4 " cells also express
messenger RNAs for [L-17, IL-17F and RORt, representing the hall-
marks of Ty17 cells (Supplementary Fig. 1b). The number of these
‘naturally occurring’ Tyl7 cells in the colonic lamina propria
increases with age (Supplementary Fig. 1c). Although interferon
(IFN)-y-positive CD4™ cells are similarly observed in the lamina
propria and spleen, 1L-17-producing cells are rarely observed in
the spleen, mesenteric lymph node (MLN) or Peyer's patches
(Supplementary Fig. 1a and ref. 3). Furthermore, the lamina propria

IL-17-producing CD4™ cells were normally observed in Peyer's-
patch- and colonic-patch-null mice" (Supplementary Fig. 2).
These observations suggest that a specific environment in the lamina
propria supports the generation of Ty 17 cells in sirtw,

To investigate whether intestinal commensal bacteria are respon-
sible for the generation of lamina propria Ty 17 cells, we evaluated the
numbers of Ty 17 cells in germ-free mice. Although the numbers of
colonic lamina propria CD4™ cells were not significantly changed
(Supplementary Fig. 3a), the numbers of IL-17-positive CD4 " cells
were greatly reduced in the large intestines of germ-free mice com-
pared to those in SPF mice (Fig. la, b and Supplementary Fig, 3b).
Consistent with previous reports'!, the germ-free mice also exhibited
severe reductions in their faecal IgA levels (Supplementary Fig. 3c),
demonstrating that commensal bacteria contribute to the provision
of a particular environment for lamina propria Ty 17 cells as well as
IgA-producing cells. To examine the role of commensal bacteria
further, we treated SPF mice with a combination of vancomycin
and metronidazole by oral administration, and analysed lamina pro-
pria Ty17 cells. The vancomycin- and metronidazole-treated mice
showed marked reductions in both their faecal IgA levels and their
numbers of IL-17-producing CD4 ™" cells (Supplementary Fig. 4a—c).

To assess the molecular basis for the commensal-bacteria-driven
Ty17 differentiation, we examined the contribution of Toll-like
receptor (TLR} signalling using Myd88™'~ Trif '~ mice, which lack
all TLR signalling. There was no detectable difference in the numbers
of lamina propria IL-17-producing CD4" cells between control and
mutant animals (Fig. 1¢, d and Supplementary Fig. 3d), indicating
that the development of lamina propria Ty;17 cells is independent of
TLR signalling. It is worth noting that Myd88 ' Trif '~ mice
showed impaired secretion of IgA in their faecal pellets
(Supplementary Fig. 3¢), indicating that the development of intes-
tinal Ty17 cells and IgA-producing cells are both dependent on
microflora, but are regulated by different mechanisms.

ATP has recently been shown to modulate immune cell functions
by means of activation of the ATP sensors, P2X and P2Y recep-
tors'*"", In addition, bacteria have been shown to generate and
secrete large amounts of ATP". Indeed, ATP concentrations in faecal
samples without bacterial lysis were much higher in SPF mice than in
germ-free mice (Fig. 1¢). Consistent with this result, ATP concentra-
tions were reduced in faecal samples from SPF mice treated with
vancomycin and metronidazole (Supplementary Fig. 4d).
Furthermore, high ATP concentration was detected in the superna-
tant of in vitro cultured intestinal commensal bacteria derived from
faeces of SPF mice (Supplementary Fig, 5). Therefore, although there
might be other cellular sources of ATP such as dead epithelial cells,
commensal bacteria may be a major source of intestinal luminal ATP.
Interestingly, the faecal ATP concentrations were not reduced in

'Laboratary of immune Regulation, Graduate School of Medicine, Osaka University, 2-2 Yamadaoka, Suita, Osaka 565-0871, lapan ”\"akult_Cv;tml Institute for Microbiological
Research, Yaho 1796, Kunitachi, Tokyo 186-8650, Japan. ] immunology Frontier Research Center, Osaka Unwnrsny Dsai:a 565-0871, Japan. “Department of Immunology,

Juntendo University School of Medicine, 2-1-1 Hongo, Bunkye-ku, Tokyo 113-B421, Japan. “Department ol Mic

, Tahoku Umversity Graduate School of

Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai 980-8575, Japan. ‘Depanment of Cell Physiclogy and Pharmacology, HerTry Werlcome Buuld-ng 2/59b, University of Leicester, Leicester

LET GHN, LIK.
*These authors contributed equally to this work.

2008 Macmillan Publishers Limited. All rights reserved
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Myd88~™'~ Trif '~ mice (Fig. 11). These results prompted us to exam-
ine the contribution of ATP to the generation of intestinal Ty;17 cells.
To this end, we treated germ-free mice with a non-hydrolysable ATP
analogue, ATPyS (ref. 15), by intraperitoneal or rectal administra-
tion, and analysed the numbers of lamina propria IL-17-producing
cells. The numbers of IL-17-producing CD4™ cells were markedly
increased in the ATPyS-treated germ-free mice (Fig. 1g~i). In con-
trast, ATP injection affected neither the numbers of IFN-y-pro-
ducing CD4" cells (Fig. I1g. h) nor faecal IgA levels
(Supplementary Fig. 3f). To assess further the possible involvement
of ATP in Ty17 differentiation, we treated SPF mice with an ATP-
hydrolysing enzyme, apyrase, or with an antagonist of P2X receptors,
2',3'-0-(2,4,6-trinitrophenyl)-ATP (TNP-ATP)". In the apyrase- or
TNP-ATP-treated mice, the numbers of IL-17-producing lamina
propria CD4 ™" cells were significantly reduced (Fig. 1j, k), suggesting
the key role of ATP in the generation of intestinal Ty 17 cells.
Accumulating evidence suggests that lamina propria CD11¢” anti-
gen-presenting cells directly sample the luminal contents and activate
T cells™. Indeed, the induction of mRNAs for [L-6 (encoded by
IL8), 1L-23p19 (1123a) and integrin-aV (Itgav) and -P8 (Itgh8) was
observed in lamina propria CD11c¢” cells, but notin CD11¢ ™ cells or
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Figure 1| Administration of ATP leads to a marked increase in lamina
propria Ty17 cells in otherwise Ty17-lacking germ-free mice.

a-d, Representative FACS dot plots gated on colonic lamina propria CD4 "
cells in the indicated mice are shown in & and ¢, and the percentages of IL-17-
producing CD4 ”* cells of individual mice are shown in b and d. GF, germ free.
e, f, Faecal ATP levels (pmol per g faeces) in the indicated individual mice.
gk, Germ-free mice (ICR) were daily injected intraperitoneally (i.p.) or
rectally with medium or ATPYS (g-i). SPF mice were i.p. injected with PBS or
apyrase, or with TNP-ATP (j, k). All mice were processed for FACS as in
a-d. All experiments were performed more than twice with similar results.
Horizontal bars indicate the means. **P < 0,01, *P < 0.05; NS, not
significant.
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epithelial cells, harvested from ATPyS-treated germ-ifree mice
(Supplementary Fig. 6). Integrin-aV and -P8 are known to be
involved in the activation of latent complexes of TGF-f*.
Therefore, we assumed that ATP promotes Ty;17 differentiation by
means of stimulation of lamina propria CD11c” cells. Accordingly,
we next co-cultured lamina propria CD11c" cells with splenic naive
CD4°CD62L™ T cells in the presence of a culture supernatant of
intestinal commensal bacteria, which contained a high amount of
ATP (Supplementary Fig. 5). Addition of this supernatant markedly
enhanced differentiation of IL-17-expressing cells, but not of [FN-y-
expressing cells (Fig. 2a). This Ty17 differentiation was severely
inhibited by the presence of apyrase. In contrast, a culture supernat-
ant from Salmonella typhimurium showed a lower concentration of
ATP and weaker ability to induce Ty17 differentiation (Fig. 2a and
Supplementary Fig. 5). Notably, the culture supernatant from S.
typhimurium potently induced Tyl differentiation, but this was
not inhibited by apyrase (Fig. 2a).

To assess whether ATP was sufficient to induce Ty 17 differenti-
ation, we co-cultured lamina propria or splenic CD11c” cells with
splenic naive CD4 " cells in the presence of ATPyS. The expression
levels of H17a, 117F, 1121 and [122, but not Ifng, were markedly
increased in CD4™ cells cultured with lamina propria CD11c" cells
in the presence of ATPYS (Fig. 2b and Supplementary Fig. 7a). The
Tyul7 differentiation was also enhanced by another non-
hydrolysable form of ATP, o,f-methylene-ATP (af-ATP), and
weakly enhanced by 2,3-O-(4-benzoylbenzoyl)-ATP (Bz-ATP)"
(Supplementary Fig. 7b). Myd88™'"~Trif '~ CD11c¢” cells and con-
trol cells exerted a similar effect on CD4 " cells, ruling out the pos-
sibility of endotoxin contamination (Supplementary Fig. 7¢). The
effect by ATPYS or afi-ATP on Ty17 differentiation was inhibited
by pharmacological blockade of P2X and P2Y receptors using sura-
min, or a combination of TNP-ATP and brilliant blue G"
(Supplementary Fig. 8). Importantly, these inhibitors had no effect
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Figure 2 | ATP induces differentiation of naive CD4 " T calls into T 17 cells.
a, Splenic naive CD4 " T cells were co-cultured with colonic lamina propria
CD11c” with 20% conditioned medium from cultures of intestinal
commensal bacteria (ICB) or 5. typhimurium (S. typhi) in the presence or
absence of apyrase. After 4 days, T cells were collected, restimulated and
assayed for expression of [1/7 and Ifng by rRT-PCR. b, ¢, rRT-PCR analyses
for the indicated genes of splenic naive CD4 " T cells cultured with colonic
lamina propria (LP) or splenic CD11c" cells in the presence of ATPYS

(b) with or without anti-IL-6, anti-TGF-P or their combination

(€). d, rRT-PCR analyses for the indicated genes of splenic naive CD4™ T
cells from Stat3™™ Lek-Cre or 5tat3™" mice cultured with wild-type colonic
LP CD11c" cells in the presence of ATPYS or af:-ATP. Error bars, s.d.

*P < 0,05, **P < 0.01. Representative results are shown from one of two to
five independent experiments.
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on, or slightly enhanced, Tyl cell differentiation. Although there
might be other molecules affected by the ATP analogues and inhibi-
tors we used, our results support the notion that the specific effect of
ATP on Ty17 differentiation was mediated by P2X and P2Y recep-
tors. The ATP-mediated enhancement of Ty 17 differentiation was
inhibited by anti-IL-6 or anti-TGF-} antibodies, and more severely
inhibited by the combination of both antibodies (Fig. 2¢). Consistent
with this result, Il6""~ CD11c" cells failed to induce the differenti-
ation of IL-17-producing cells in response to ATP (Supplementary
Fig. 7d). In addition, no effects of ATP on the differentiation of cells
expressing I117aand Rorc were observed for CD4 " cells from Stat3” .
mice crossed onto Lek-Cre mice (Stat3*" Lek-Cre mice), in which
the Cre transgene is under the control of the Lk promoter® (Fig. 2d).
These results suggest that ATP stimulates lamina propria CD11c”
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Figure 3 | A unique subset of lamina propria CDTic* cells express P2X and
P2Y receptors. a, Flow cytometry of cells isolated from the colonic lamina
propria, spleen or MLN. Numbers indicate the percentages of
CD70"*CD11M" cells (R1) or CD70"#"CD11¢™™ cells (R2). b, rRT-PCR
analyses for P2X and P2Y receptors in R1, R2 or splenic CD11c” cells. ¢, The
sorted R1 and R2 cells were stimulated with «f-ATP for 3 h and assayed for
expression of the indicated genes. d, The sorted R1 and R2 cells were co-
cultured with splenic naive CD4 ™ T cells with ATPyS or af-ATP for 4 days.
The levels of indicated mRNAs in the co-cultured T cells were analysed by
rRT-PCR. Data are presented as means + s.d. of triplicate determinations.
All experiments were performed more than three times with similar results.
=*p <001,

cells to produce IL-6 and TGF-, thereby promoting the Ty17 dif-
ferentiation by activation of STAT3 in CD4 ™" cells.

The heterogeneity of lamina propria CDIlc” cells has been
addressed in a number of studies™. Therefore, we investigated which
subsets of lamina propria CD11c" cells mediate Ty;17 development.
Flow cytometry analyses led to the identification of two major
CD1l¢”  populations in the colonic lamina E,?pﬁa:
CD70"CD11c"® cells (termed R1) and CD70"'CD11¢™ cells
(termed R2; Fig. 3a). The R2 population comprised a unique subset
present in the lamina propria (Fig. 3a). This subset was positive for
myeloid lineage cell markers, such as F4/80 and CD11b, and exhib-
ited immune-activating properties, as was evident from their high
expression of CD70 and CDBO, but was negative for the immune-
suppressive marker CD103 (Supplementary Fig. 9a and refs 25 and
26). R2 cells also expressed CX3CR1; thus, this population seems to
be a part of the previously described CX3CR1*CD11b"#"CD11¢™
Tul7-inducing subset™ (Supplementary Fig. 9a—). R2 cells were
observed in the lamina propria of germ-free mice or Peyer's-patch-
and colonic-patch-null mice (Supplementary Fig. 11a, b), suggesting
that this subset of cells develop by means of microflora- and Peyer's-
patch-/colonic-patch-independent mechanisms. Because treatment
with a blocking antibody for CD70 or deficiency of CD27, a receptor
for CD70 (ref. 27), did not influence the number of lamina propria
Tyl7 cells (data not shown), CD70 itself is dispensable for Ty17
differentiation.

Next, we sorted R1 or R2 cells (Supplementary Fig. 10) and exam-
ined their expression of P2X and P2Y receptors by real-time poly-
merase chain reaction with reverse transcription (rRT-PCR). R2 cells
expressed higher levels of mRNA for P2X1, P2X2, P2X4, P2X7, P2Y1,
P2Y2, P2Y6 and P2Y12 receptors than R1 cells or splenic CD11c”
cells (Fig. 3b). Furthermore, R2 cells expressed [I6, 1123a Itgav and
Itgh8 in response to ATP (Fig. 3c). In addition, on ATP stimulation,
R2 cells expressed tumour necrosis factor-o (TNF-at), which has been
implicated in Ty;17 responses in humans™, R2 cells, but not R1 cells,
efficiently induced the differentiation of co-cultured naive
CD4°CD62L" T cells into IL-17-expressing cells, and this effect
was markedly enhanced by the presence of ATP (Fig. 3d).
Although the R2 population also induced T cells to differentiate into
IFN-y-positive cells, this effect was not enhanced by ATPYS (Fig. 3d).
In this experimental setting, [L-4-expressing cells were also induced,
but this effect was more remarkable in co-cultures with R1 cells,
suggesting that R1 and R2 cells carry out distinct missions with each
other. R2 cells present in germ-free mice expressed low levels of 116
and Itgh8, and showed lower ability to induce Ty 17 differentiation of
co-cultured naive CD4" T cells (Supplementary Fig. 1lc, d)
however, by the addition of ATPYS, R2 cells from germ-free mice
efficiently enhanced the Ty17 differentiation (Supplementary Fig.
11d). These results all support the hypothesis that commensal-
bacteria-derived ATP is responsible for the activation of R2 cells
and subsequent development of Ty17 cells.

To extend our understanding of the role of ATP in the differenti-
ation of Ty17 cells, we examined the effects of ATP on intestinal
inflammation. We adoptively transferred naive wild-type CD4™ T
cells into severe combined immunodeficient (SCID) mice™, treated
these mice with af-ATP or medium, and monitored the severity of
their colitis. Although both groups developed colitis, treatment with
af-ATP exacerbated the symptoms of the disease, including dia-
rrhoea and weight loss (Fig. 4a, Supplementary Fig. 12a and data
not shown). Extensive oedema was prominent in the colon of off-
ATP-treated SCID mice (Supplementary Fig. 12b). Histological ana-
lyses revealed that inflammatory cell infiltration, epithelial hyperpla-
sia and loss of goblet cells were more evident in the colon of aff-ATP-
treated SCID mice (Fig. 4b). Notably, in contrast to a lack of consid-
erable effect on [FN-y-positive cells, the number of IL-17-positive
CD4" cells was significantly increased in the af-ATP-treated SCID
mice (Fig. 4c, d and Supplementary Fig. 12¢). Thus, ATP-induced
deterioration of colitis was accompanied by an increase in the
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number of Ty 17 cells in this T-cell-mediated colitis model, indicating
the possible involvement of ATP in the generation of ‘pathogenic’
Tyl7 cells.

From our results, we propose the following scenario: commensal-
bacteria-derived ATP activates CD70"#"CD11¢"*™ cells in the lamina
propria to induce IL-6 and IL-23 production as well as TGF-f activa-
tion, thereby leading to local differentiation of Ty17 cells. Our find-
ings further suggest that this mechanism commonly operates during
the differentiation of both ‘naturally occurring’ and ‘pathogenic’
Tyl7 cells, although additional factors certainly contribute differe-
ntially to each case™, The physiological nature and role of these Ty;17
cells will be an interesting issue to be addressed in the context of the
maintenance of intestinal mucosal homeostasis'*". The actual
involvement of P2 receptors and subsequent intracellular signalling
mechanisms responsible for the generation of the local cytokine
milieu inducing Ty;17 cells are also interesting issues for future stud-
ies. Finally, elucidating the entire picture of the regulation of the

af-ATP or RPMI injection
mH“HHH

Figure 4 | Treatment with ATP tal colitis induced
by adoptive transfer of naive CD4* T cells. SCID mice were transferred
with naive CD4" T cells on day 0, and were intraperitoneally injected with
4fi-ATP (1.5 mg per mouse) or RPMI 1640 medium every 3 days for

1 month. a, The mean body weights of SCID mice injected with af-ATP or
RPMI (n = 6 per group) were monitored. Error bars, s.e.m. *P < 0,05 versus
RPMI-injected mice. b, H: ylin- and eosi ined colon sections of
SCID mice treated with 2B-ATP or RPML The numbers of IL-17- and IFN-y-
producing colonic lamina propria CD4 " cells (n = 3 per group) are shown in
¢, and rep ive flow cy try plots of CD4" T cells are shown in
d. Error bars, s.d. *P < 0.02. NS, not significant. Two independent
experiments were performed with similar results,

bates experl
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development of intestinal regulatory T cells, Ty17 cells and other
types of cells by ATP and its metabolites (ADP and adenosine) will
provide valuable information towards our understanding of the
complex system of intestinal mucosal immunity as well as the estab-
lishment of innovative ATP-targeted approaches for treating patients
with inflammatory bowel diseases.

METHODS SUMMARY

Mice, cell isolation and faccal ATP measurements. C57BL/6] mice, CB-17
SCID mice and ICR germ-free mice were purchased from CLEA Japan. Balb/c
germ-free mice were maintained at the Yakult Central Institute. Myd88™"",
Trif ~ and Star3™ Lek-Cre mice backcrossed eight or more generations onio
C57BLI6) were used. The details of the procedures for isolation of lamina propria
lymphocytes and CD11c” cells are described in Methods. Faeces from individual
mice were weighed and suspended in PBS. The levels of ATP in the supernatants
were determined with a luciferin-luciferase assay using an ATP assay kit (TOYO
Ink.).

Intracellular cytokine staining and in vitro T-cell differentiation, The details
of the procedures for intracellular cytokine staining and in vitrodifferentiation of
CD4* T cells are described in Methods.

rRT-PCR. The details of the procedures and primers used for rRT-PCR are
described in Methods. For all panels, bars represent the ratio of gene to Gapdh
expression as determined by the relative quantification method (AACT)
{mean + s.d. of triplicate determination).

T-cell-mediated colitis model. Naive CD4 * CD62L"® splenic T cells from Balb/c
mice were intraperitoneally transferred into SCID mice (3 % 10° cells per mouse).
The mice were then injected with #fi-ATP (1.5 mg per mouse) or medium alone
every 3 days for 4 weeks. After 6 or 8 weeks, colons were analysed.

Statistical analysis. Differences between control and experimental groups were
evaluated using Student’s r-test.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature
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METHODS
Reagents. ATPYS (A1388), af-ATP (M6517) and Bz-ATP (B6396) were pur-
chased from Sigma-Aldrich, and dissolved in phenol-red-free RPM11640 med-
ium. Apyrase from potato (ATPase activity: 40-200 units (U) per mg protein,
A7646), suramine ($2671), TNP-ATP (T4193) and BBG (B0770) were pur-
chased from Sigma-Aldrich, and dissolved in PBS. For in vivo experiments,
80 U apyrase or 250 pg of TNP-ATP was dissolved in 300 pl PBS and immediately
injected intraperitoneally into SPF mice every 3days for 15 days; or 1.25mg of
ATPYS mdlssuived in phmnl red-free RI’MIIW medium and injected daily
lly or i tally with 1ges or 1,000-pl pipette tips, respect-
mlr into germ-free mice for 6 days. For it vitro experiments, ATPYS, 2f-ATP
and Bz-ATP were used at 5-10 pM;: suramin at 30 uM; TNP-ATP at 10 uM; BBG
at 100 nM; and apyrase at 15U ml™', The anti-1L-6 and anti-TGF-p antibodies
were purchased from R&D Systems and used at 10pgml ' or 25pgm!~',
respectively.
Mice, CB-17 SCID mice and ICR germ-free mice were purchased from CLEA
Japan. Balble germ-free mice were maintained at the Yakult Central Institute,
Myd88™'", Trif '~ and Stat3""* Lek-Cre mice were generated as described previ-
ously™", and backcrossed eight or more generations onto C57BL/6). CD27-
deficient mice were used with permission from |. Borst*’. Unless otherwise
indicated, wild-type C57BL/6] mice purchased from CLEA Ilpun maintained
under SPF conditions were used. All experi were perfi d in accordance
with the Guidelines for Animal Experiments of Osaka Umvcmry
Faecal ATP measurements, Faeces from individual mice were collected,
weighed and gently suspended in PBS ¢ g 0.01% NaN;. After centrifu-
gation, the supernatants were collected and passed through 0.22-pm filters. The
levels of ATP were determined with a luciferin-luciferase assay using an ATP
assay kit (TOYO Ink) according to the manufacturer's instructions, except that
the cell lysis step was omitted.
Bacterial culture. Faeces were collected from SPF mice, gently dissolved in 10 ml
of serum-free RPMI medium, passed through a mesh and incubated under
aerobic condition at 37°C for 16h. A small aliquot of the faecal suspension
was transferred into 3 ml fresh medium and further incubated under acrobic
conditions at 37 °C, The 3mwth phm of lhue culturable intestinal acrobic
commensal bacteria were spectroph ically at 590 nm, and
ATP concentrations in super { as above. S. typhimurium

were
(obtained from the Research Institute for Microbial Diseases bacterial culture
collection, Osaka, Japan) was grown in the same medium, and ATP

tion was measured in the same way. The culture supernatants collected at the late
exponential phase of bacterial growth were passed through 0,22-pm filters and
used as conditioned media for co-culture of CD11¢" cells and naive CD4™ T
cells.

Isolation of lymphocytes, To prepare single-cell suspensions from spleens, mes-
enteric lymph nodes and Peyer's patches, the collected organs were ground
between glass slides, and the cells were passed through 40-pm nylon meshes
and suspended in HBSS. Splenocytes were treated with RBC lysis !mﬂ'et
(0.15M NH.Cl I mM KHCOy, 0.1 mM EDTA) for 5min before P

nagure

removal of epithelial cells and muscle layers, the tissues were then cut into small
pieces and incubated with RPM11640 containing 4% FBS, | mgml ™' collagenase
type I, | mgml ™" dispase and 40 pgml ™' DNase I for 1 h at 37 °C in a shaking
water bath. After filtration of the digested tissues through a 40-um cell strainer,
the isolated cells were washed with MACS buffer and CDI lc-positive cells were
purified twice to >95% purity using CD11c MicroBeads (Miltenyi Biotec). In
some i enriched CD1 1c-positive cells were further stained with spe-
cific antibodies and sorted by FACSVantageSE ( BD Biosciences), with a resulting
purity of around 95%.

Isolation of splenic CD11c” cells. Spleens were collected and incubated with
RPMI1640 containing 4% FBS, | mg ml™ ' collagenase type 11, 1 mg ml ™' dispase
and 40 pygml ™' DNase 1 for | h at 37 °Cin a shaking water bath. After treatment
with RBC lysis buffer, the isolated cells were washed with MACS buffer and
CD! Ic-positive cells purified twice to >95% purity using CDI1c MicroBeads
{Miltenyi Biotec),

Intracellular cytokine staining. The intracellular expression of IL-17 and IFN-y
inCD4" T cells was analysed using a Cytofix/Cytoperm Kit Plus (with Golgistop:
BD Biosciences) according to the manufacturer's iru:rumunm In brief, lympho-

cytes obtained from the intestinal lamina prop ic lymph
nodes or Peyer's patches were incubated with 50 ng ml~" phorbol myristate
acetate (PMA; Sigma), 5pM caloum ionophore A23187 (Sigma) and
Golgistop in oomphte media at 37 °C for 4 h. Surface staining was performed
with a ¢ P g cocktail of fl ently labelled antibodies for 20 min at
4°C;after this, the cells were permeabilized with Cytofix/Cytoperm solution for
20 min at 4 °C and intracellular cytokine staining was performed with fluores-
cently labelled cytokine antibodies for 20 min.

In vitro T-cell differentiation. Naive CD4 " T cells were collected for 4 days with
purified CD11c” cells and 0.5 ugml™' anti-CD3 antibody (BD Biosciences) in
the presence or absence of ATP. The cultured cells were harvested and rested for
2 h before being restimulated with PMA and calcium ionophore (Sigma) for 3h.
Flow cytometry. The following antibodies were used: anti-CD4-Cychrom, anti-
IFN-y-FITC, anti-IL-17-PE, anti-CD8-FITC, anti-CDI1b-PE, anti-CD11b-
FITC, anti-CD11c-PE, anti-CD11c-APC, anti-CD80-FITC, anti-CDI103-FITC
{all BD Biosciences), anti-CCR6-PE (R&D Systems Inc.), anti-F4/80-Alexa488
{Caltag Laboratories), anti-CD70-biotin (eBioscience), rabbit anti-CX3CR1
antibody (Torrey Pines Biolabs), streptavidin-Alexa488 and goat anti-rabbit
IgG-Alexa488 (Molecular Probes), Data were acquired using a FACSCalibur
or a FACSCanto (BD Biosciences) and analysed using Flowjo software (Tree
Star).

Real-time RT-PCR. Complementary DNAs were synthesized from RNA sam-
ples prepared with an RNeasy Mini Kit (Qiagen) using Rever Tra Ace (Toyobo).
Complementary DNAs were analysed by rRT-PCR using Power SYBR Green
PCR Master Mix (Applied Biosystems) in an ABl 7300 real time PCR system
(Applied Biosystems). Serial dilutions of a standard were included for each gene
to generate a standard curve and allow calculation of the input amount of cDNA
for each gene. Values were then normalized by the amount of GAPDH in each
sample. The primer sets were designed with Primer Express Version 3.0 (Applied

Naive CD4" T cells were purified from spleens using a CD4*CD62L" T ccll
isolation kit I1 (Miltenyi Biotec; purity 95%). For isolation of lamina prog
lymphocytes (see also ref. 3), intestines were opened longitudinally, washed 1o
remove faecal content, and shaken in HBSS containing 5 mM EDTA for 20 min
at 37 °C, After removal of epithelial cells and fat tissue, the intestines were cut
into small pieces and incubated with RPM11640 containing 4% fetal bovine
serum (FBS), 1 mgml ™" collagenase type 11 (Invitrogen), I mgml™' dispase
(Invitrogen) and 40 pg mi~' DNase I (Roche Diagnostics) for 1 h at 37°Cina
shaking water bath. The digested tissues were washed with HBSS containing
5mM EDTA, resuspended in 5 ml of 40% Percoll (GE Healthcare) and overlaid
on 2.5 ml of 80% Percoll in a 15-ml Falcon tube. Percoll gradient separation was
performed by centrifugation at 780g for 20 min at 25°C. The lamina propria
lymphocytes were collected at the interface of the Percoll gradient and washed
with MACS buffer (0.5% BSA and 2mM EDTA in PBS) or RPM11640. The cells
were used immediately for experiments.
tsolation of lamina propria CD11c* cells. Lamina propria CDI1c” cells were
isolated using a protocol modified from an EDTA perfusion method”. Mice
were anesthetized and their peritoneal and pleural cavities opened. Next, 10 mlof
20 mM EDTA in HBSS was perfused through the left ventricle of the heart. At the
end of the perfusion, the entire colon or small intestine excluding the caecumn was
d, opened longitudinally and washed to faecal content. Colons
were then cut into halves and placed in tubes filled with 2mM EDTA in HBSS.
The tubes were shaken at 4,800 oscillations per min for 50 s using a mini beater
{ Biospec Products). The tissues were washed with PBS and the epithelial cellsand
muscle layers d with x. In some experi the epithelial cell
sheets were collected and kept in ice-cold HBSS until RNA extraction. After

Biosy ) and initially tested to confirm comparable (>90%) efficiencies, The
following primer sets were used: I17a, 5'-GGACTCTCCACCGCAATGA-3" and
5'-GGCACTGAGCTTCCCAGATC-3"; M17f, 5'-CCCCATGGGATTACAACA-
TCAC-3' and 5"-CATTGATGCAGCCTGAGTGTCT-3; 121, 5'- GGCA-
ATGAAAGCCTGTGGAA-Y and 5'- GGCAATGAAAGCCTGTGGAA-3:
Rore, 5'-GGAGGACAGGGAGCCAAGTT-3' and 5-CCGTAGTGGATCC-
CAGATGACT-3"; Ifng, 5'-TCAAGTGGCATAGATGTGGAAGAA-Y and 5'-
TGGCTCTGCAGGATTTTCATG-3"; [, 5'-GGCATTTTGAACGAGGT-
CACA-¥ and 5'-GACGTTTGGCACATCCATCTC-3'; [l6, 5'-CTGCAA-
GAGACTTCCATCCAGTT-3 and 5'-AAGTAGGGAAGGCCGTGGTT-3";
Itgh8, 5'-ACAGCATCGCATGGACCAA-3' and 5'-AAGCAACCCGATCAA-
GAATGTG-Y;  Igav, 5-CGCCTATCTTCGGGATGAATC-Y  and  5'-
CCAACCGATACTCCATGAAAATG-3"; Gapdh, 5'-CCTCGTCCCGTAGA-
CAAAATG-3' and 5-TCTCCACTTTGCCACTGCAA-Y; P2rxl, 5-ACG-
AAACAAGAAGGTGGGAGT-3 and 3-AGGCCACTTGAGGTCTGGTAT-3";
P2rx2, 5'-GAGAGCTCCATCATCACCAAA-Y and 5'-CAGGGTCTGGGA-
AGGAGTAAC-Y; P23, 5'-COGAGAACTTCACCATTTTCA-Y and 5'-
TITTATGTCCTTGTCGGTGAGG-3;  P2rxd,  5'-TGGCTACAATTTCAGG-
TTTGC-3" and 5 -GATCATGGTTGGGATGATGTC-Y; P2rx5, 5'-AACCG-
TCTGGACAACAAACAC-Y and 5 -TTTCATCAGGTCACGGAACTC-3;
P2rx7, 5'-CCAGGAAGCAGGAGAGAACTT-3' and 5-ATCCGTGTTCTT-
GTCATCCAG-3; P2ryl, 5'-GGCAGGCTCAAGAAGAAGAAT-3' and 5'-
TCCCAGTGCCAGAGTAGAAGA-3'; P2nyd, 5'-CCGAGAGCTCTTTAGC-
CATTT-3" and 5'-GCCATAAGCACGTAACAGACC-3; P2ny6, 5'-CTCACCT-
GCATTAGCTTCCAG-3" and 5'-ACACGACTCCACACACTACCC-3; P2ryl2,
5-GTTCCTGGGGTTGATAAGEAT-3' and  5'-GCCCAGATGACAACAG-
AAAGA-3:  P2ryl3, 5 -CGTTCAGGAAAACCTTTGTCA-3  and 5

©2008 Macmillan Publishers Limited. All rights reserved
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ACACTTCTTCACGGATGATGG-3'. The Tnf, /122 and [123a primer and probe
(FAM MGB Probe) were purchased from Applied Biosystems.
ELISA for faecal IgA. Facces (50-100 mg) were collected from individual mice,
weighed and homogenized in 100 pl of PBS containing 0.01% NaN, per 10 mg of
faeces. After centrifugation at 9,000g for 5 min, the supernatants were collected
and diluted by 1:1,000. IgA levels were determined by ELISA using a mouse IgA
ELISA quantitation kit (Bethyl Lat ies) and TMB solution (eBioscience).
Optical densities were determined at a wavelength of 450 nm with a reference
wavelength of 570 nm.
T-cell-medinted colitis model. Naive CD4 * CD62L™® splenic T cells from Balb/c
mice were purified and intraperitoneally transferred into SCID mice (3 % 10° cells
per mouse). The mice were then injected with afi-ATP in RPMI (1.5mg per
mouse) or medium alone every 3 days for 4 weeks. After 8 weeks, the colons were
examined for the numbers of IL- 17- and IFN-y-producing CD4 " cells or analysed
histologically after haematoxylin and eosin staining.
3. Yamamoto, M. et of. Role of adaptor TRIF in the MyDBB-independent Toll-like
receptor signaling pathway. Science 301, 640-643 (2003).
32 Mizoguchi, E #f ol. Colonic epithelial functional pt ype varies with type and
phase of experimental colitis. G logy 125, 148-161 (2003).
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Potent Antimycobacterial Activity of Mouse Secretory

Leukocyte Protease Inhibitor’

Junichi Nishimura,*® Hiroyuki Saiga,** Shintaro Sato,”" Megumi Okuyama,' Hisako Kayama,**
Hirotaka Kuwata,* Sohkichi Matsumoto,' Toshirou Nishida,® Yoshiki Sawa,* Shizuo Akira,?
Yasunobu Yoshikai,” Masahiro Yamamoto,’ and Kiyoshi Takeda®**

Secretory leukocyte protease inhibitor (SLPI) has multiple functions, including inhibition of protease activity, microbial growth,
and inflammatory responses. In this study, we demonstrate that mouse SLPI is critically involved in innate host defense against
pulmonary mycobacterial infection. During the early phase of respiratory infection with Mycobacterium bovis bacillus Calmette-
Guérin, SLPI was produced by bronchial and alveolar epithelial cells, as well as alveolar macrophages, and secreted into the
alveolar space. Recombinant mouse SLPI effectively inhibited in vitro growth of bacillus Calmette-Guérin and Mycobacterium
tuberculosis through disruption of the mycobacterial cell wall structure. Each of the two whey acidic protein domains in SLPI was
sufficient for inhibiting mycobacterial growth. Cationic residues within the whey acidic protein domains of SLPI were essential for
disruption of mycobacterial cell walls. Mice lacking SLPI were highly susceptible to pulmonary infection with M. mberculosis.
Thus, mouse SLPI is an essential component of innate host defense against mycobacteria at the respiratory mucosal surface. The

Journal of Immunology, 2008, 180: 4032-4039.
yeobacterium tuberculosis is a top killer among bacte-
rial pathogens and is responsible for 2 million deaths

M annually. The emergence of AIDS and development of

multidrug-resistant M. tuberculosts have increased the incidence of
tuberculosis, and it has now become a serious problem. Therefore,
the host defense mechanisms against M, tuberculosis have been
intensively investigated and important roles of T cell-mediated
adaptive immunity are now well established (1, 2). In addition,
functional characterization of TLRs has recently indicated the im-
portance of innate immunity in infection with M. mberculosis (3,
4). Macrophages and dendritic cells are the major effectors of
TLR-mediated antimycobacterial immune responses, because they
produce a variety of proinflammatory cytokines and have the ca-
pacity of phagocytosis. However, during M. tuberculosis infection,
epithelial cells in the respiratory tract as well as alveolar macro-
phages are the first targets for invasion by M. tuberculosis. There-
fore, these epithelial cells are expected 1o play roles in preventing
mycobacterial infection by establishing physical barriers and pro-
ducing proinflammatory and antimicrobial mediators (5).
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Secretory leukocyte protease inhibitor (SLPI)" is a 12-kDa se-
creted protein composed of two cysteine-rich whey acidic protein
(WAP) domains (also called WAP four-disulfide core (WFDC)
domains) (6-8). It was originally identified in seminal fluid and is
produced by secretory cells in the genital, respiratory, and lacrimal
glands as well as dermal keratinocytes (9-13). SLPI is a potent
inhibitor of serine proteases, such as neutrophil elastase and ca-
thepsin G, and has therefore been proposed to protect tissues from
protease-mediated damage at sites of inflammation (14, 15), In-
deed, SLPI was subsequently shown to mediate wound healing
(16, 17). Further studies have revealed that SLPI has additional
functions. For example, it possesses an antimicrobial activities
against Gram-negative and Gram-positive bacteria, fungi, and vi-
ruses, including HIV (18-20). In addition to SLPI, several other
serine protease inhibitors containing a single WAP domain, such
as Eppin, Elafin, SWAMI, and SWAM2, also possess antimicro-
bial activities against Gram-negative and Gram-positive bacteria
(8, 21, 22). Thus, serine prolease inhibitors possessing WAP do-
mains exhibit antimicrobial activities. However, the precise mech-
anisms by which these serine protease inhibitors exert their anti-
microbial activities remain elusive. More recently, SLPI was found
to mediate anti-inflammatory responses. Briefly, SLPI is induced
in monocytes and macrophages in response to inflammatory stim-
uli mediated by TLRs (23) and subsequently suppresses TLR-de-
pendent production of inflammatory mediators in macrophages by
modulating NF-xB activity (23-25). Consistent with these find-
ings, SLPI-deficient mice are highly sensitive to TLR4 ligand
(LPS)-induced endotoxin shock with increased production of [L-6
(26), Thus, SLPI has diverse functions and its precise roles need to
be investigated more carefully.
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FIGURE 1. Expression of SLPI during mycobacterium infection. A, Wild-type mice were intratracheally infected with BCG (4 X 107 CFU), At the
indicated periods, total RNA was extracted from the lungs. SLPI mRNA expression was analyzed by quantitative real-time RT-PCR. Data are shown as
the relative mRNA levels normalized by the corresponding 185 rRNA level. B and C, At 2 days after intratracheal infection with BCG, lung tissue sections
were stained with an anti-SLP! Ab (red) and 4’ 6-diamidino-2-phenylindole (blue) and visualized by fluorescence microscopy. D, BALF was collected at
the indicated periods after BCG infection. Mouse SLPI protein expression was analyzed by Westem blotting with an anti-SLPI Ab, Data obtained from
two independent mice (0, 1, and 2 days) are indicated. E, AEC were incubated with the same number of BCG for the indicated periods. SLPI mRNA
expression was analyzed by quantitative real-time RT-PCR. Data are shown as the relative mRNA levels normalized by the corresponding 185 rRNA level.
F. AEC were incubated with the same number of BCG. Culture supematants were collected before (—) and after 24 h of infection (+) and subjected to
Western blot analysis using an anti-SLPI Ab. Data obtained from two independent cell clones are shown. G, Alveolar macrophages were collected from
uninfected wild-type mice, cultured with or without BCG for 48 h, and then analyzed for their SLPI mRNA expression by quantitative real-time RT-PCR

The results are presented as the mean = 5D

In this study, we investigated the roles of murine SLPL in the
context of host defenses against mycobacteria, since SLPI expres-
sion is greatly induced in macrophages and the lungs during my-
cobacterial infection (27). Recombinant SLPI inhibited mycobac-
terial growth at a lower concentration than that required to inhibit
bacterial growth. Inhibition of mycobacterial growth was mediated
by increased permeability of the mycobacterial membrane. Muta-
tion of cationic residues in the WAP domains of SLPI resulted in
loss of its antimycobacterial activity. Furthermore, SLPI-deficient
mice were highly susceptible 10 pulmonary infection with M. fu-
berculosis. These findings demonstrate that SLPT is a potent anti-
mycobacterial molecule,

Materials and Methods

Cells and bacteria

M. tuberculosis strains HY7TRa (ATCC 25177: Amencan Type Culture Col
lection) and M. tuberculosis strains HITRv (28) were grown in Middle
brook TH9-ADC medium for 2 wk and stored at —80°C until use. Myco
bacterium bovis bacillus Calmette-Guérin (BCG; Tokyo strain) was
purchased from Kyowa Pharmaceuticals. Salmonella enterica serovar ry
phimurium were provided by the Research Institute for Microbial Diseases
(Osakn University). For each experiment, the dose was confirmed by plat
ing an aliquot of the injected bacterial suspension. Isolation and immaor-
talization of type 1l alveolar epithelial cells from the lungs of transgenic
H-2K"-1sA58 mice were performed as previously described (29), with
some maodifications,

Immunohistochemistry

Lungs were washed with PBS and frozen in Tissue-Tex OCT compound
(Sakura, Tokyo, Japan). Cryostat sections (5-pm thick) were fixed with
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cold acetone for 10 min, dried, rehydrated with PBS, and blocked with PBS
containing 20 mM HEPES, 10% FBS, and | pg of Fc-blocking mAb
(2.4G2; BD Pharmingen). Next. the sections were sequentially incubated
with a biotinylated anti-mouse SLPI Ab (R&D Systems) and Alexa Fluor
594-conjugated streptavidin (Molecular Probes). The nuclei were stained
with 4'.6-diamidino-2-phenylindole (Molecular Probes). After washing
with PBS, the sections were analyzed by confocal microscopy (Zeiss),

Western blot analysis

Samples were boiled for § min in reducing SDS-PAGE sample buffer and
then subjected to SDS-PAGE. The separated proteins were transferred to a
0.45-um pore polyvinylidene fluoride membrane (Millipore). After block-
ing with 5% milk, the membrane was incubated with the above-described
biotinylated anti-mouse SLPI Ab (0.2 pg/ml) and a streptavidin-HRP com-
plex (1/10,000 dilution; R&D Systems), The bound Abs were detected by
the Super Signal reagent (Pierce),

Quanvitative real-time RT-PCR

After isolation of total RNA with the TRIzol reagent (Invitrogen Life Tech-
nologies), 4 ug of the RNA was treated with RQIDNase (Promega) and
then reverse-transcribed using Moloney murine leukemia virus reverse
transcriptase (Promega) and Random Primers (Toyobo). Gene expression
was quantified with an Applied Biosystems PRISM 7000 sequence detec-
tion system using TaqMan Universal PCR Master Mix (Applied Biosys
tems). To determine the relative expression level of each sample. the cor-
responding 188 rRNA expression level was measured as an intemal
control. The primer and probe sequences for SLP1 were follows: quanti-
tative PCR (qPCR) primer (forward), §'-d(GCTGTGAGGGTATATGTG
GGAAA)Y; qPCR primer (reverse), 5 dCGCCAATGTCAGGGAT
CAG)-3"; and gPCR probe, 5'-FAMd(TCTGCCTGCCCCCGATGTG
AGIBHQ-3'.
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Bronchoalveolar lavage fluid {BALF)

Mice were intratracheally administered 4 x 10° CFU of BCG suspended in
30 pl of PBS. BALF was collected at the indicated periods. To obtain
alveolar macrophages, BALF was centrifuged at 2000 X g for 2 min and
the pellet was resuspended in RPMI 1640 containing 4% FBS. The cell
count of alveolar macrophages was —1 % 10* cells/mouse. To eliminate
contamination by bacteria, alveolar macrophages were cultured with 50
Lifml penicillin and 50 pg/mi streptomycin for 16 h, washed five times, and
infected with 5 x 107 CFUjwell of BCG without penicillin and
streptomycin.

Preparation of recombinant SLPI protein and variants

PCR-amplified mouse SLP1 ¢cDNA fragments were inserted into pGEX-
6P-1 (Amersham Biosciences). pGEX-6P- 1 containing mouse SLPI cDNA
was transformed into Escherichia coli Rosetta-gami B (DE 3). Expression
of GST-SLPI fusion proteins was induced by the addition of | mM iso-
propyl- |-thio- B-p-galactoside, and the expressed fusion proteins were pu-
nified using glutathione-Sepharose 4B (Amersham Biosciences) according
to the manufacturer's instructions. The purified proteins were incubated
with PreScission Protease (Amersham Biosciences) at 4°C for 16 h o
cleave the GST tag and then purified with glutathione-Sepharose 4B.

Antibacterial activity

Scanning electron microscopy

After culture with or without | uM SLPI for the indicated times, BCG
cultures were fixed with 5% glutaraldehyde, postfixed with 1% osmium
tetroxide, dehydrated with ethyl alcohol, treated with isoamyl acetate to
replace the alcohol, dried with liquid CO, in a eritical-point apparatus
(HCP-2; Hitachi), and coated with P1-Pd by ion sputtering (Hitachi) in
ion-distilled water. The specimens were analyzed using S-4700 scanning
electron microscope (Hitachi), operaled al 10 kV.

Quter membrane permeabilization assay

The ability of proteins to permeabilize the outer membranes of BCG was
investigated using 1-N-phenylnaphthylamine (NPN; Wako Pure Chemical
Industries) as described previously (31). Briefly, BCG were suspended in
5 mM HEPES (pH 7.4) containing 10 uM NPN to an OD at 590 nm of
0.15. After incubation at 37°C for 30 min, proteins were added and the
Auorescence of NPN was monitored. The excitation wavelength used was
340 nm, and the emission wavelength was 425 nm. The experiment was
conducted at 37°C.

Generation of SIpi "~ mice

The Sipi gene was isolated from genomic DNA extracted from embryonic
stem cells (E14.1) by PCR using TaKaRa LA Tag. The targeting vector
was constructed by replacing a 1.2-kb fragment containing exons 2-4 with

Mid-log phase Salmonella typhimurium were diluted with PBS containing
1% Luria-Bertani (LB) to give -5 % 10" CFU/ml. A final volume of 250
ul was used to examine the antibacterial activities of proteins. Afier incu-

# neomyci e gene cassette (neo) driven by the PGK promoter and
inserting a HSV thymidine kinase into the genomic fragment for negative
selection. After transfection of the targeting vector into embryonic stem

bation for 2 h, S. typhimurium were plated onto LB agar plates. Col
were counted (CFU/ml) after overnight incubation at 37°C.

Antimycobacterial activity

M. tuberculosix and BCG were grown in Middlebrook TH9-ADC medi

at 37°C with vigorous agitation. After 7 days of incubation, rapidly grow-
ing mycobacteria were harvested by centrifugation and adjusted to 5 x 1’
CFU/ml in TH9-ADC medium. After incubation of the mycobactena with
the indicated concentrations of proteins for 24 h at 37°C, serial 20-fold
dilutions were conducted in PBS, Aliquots (50 ul) of the dilutions were
plated on Middlebrook TH10 agar plates and incubated at 37°C for 21-28
days. Colonies were counted (CFU/ml) at intervals until no new colonies
appeared

Protein-binding assay

SLPI and BSA were labeled with 5-(and 6-)carboxyfluorescein-N-hy-
droxysuccinimide ester (FLUOS; Roche Diagnostics) as described provi-
ously (30). Bricfly, 400 pg/ml SLPI or BSA was mixed with 0.096 mg of
FLUOS in 1 ml of PBS for 2 h at room temperature. Nonreacted FLUOS
was separated by gel filtration using a Sephadex G25 column (Amersham
Biosciences). The labeled SLPI or BSA was then incubated with BCG, and
the OD at 630 nm was adjusted to 0.2 After 30 min of incubation at 37°C,
BCG were washed three times with TH9 medium containing 0.05% Tween
80, Protein-BCG reactions were detected by confocal laser microscopy
(Zeiss)

cells, col to both G418 and ganciclovir were selected and

screzned by PCR and Southern blotting. Homologous recombinants were
microinjected into blastocysts of C57BL/6 female mice and heterozygous
F, progenies were intercrossed to obtain Sipi™' ™ mice.

FIGURE 3. SLPI associates with BCG. SLPI and BSA were labeled
with FLUOS (Roche). Labeled proteins were incubated with BCG for 30
min, and analyzed by fluorescence microscopy.
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FIGURE 4. SLPI disrupts the BCG
cell membrane. A, BCG was incubated
with or without SLP1 for the indicated
periods and observed with scanning
electron microscopy. B, The indicated
concentrations of SLPI were added 10
a BCG suspension containing NPN,
and the NPN fluorescence was moni-
tored for the indicated periods. Repre-
sentative data of three independent ex-
periments are shown

Slpi™"" mice were backcrossed to CSTBL/6 mice for five generations,
and Sipi " and their wild-type litermates {rom these intercrosses were
used for experiments at 6-8 wk of age. All animal experiments were con-
ducted in accordance with the guidelines of the Animal Care and Use
Committee of Kyushu University.

In vive infection

For intratracheal infection, 4 % 10° CFU of M. tuberculosis suspended in
30 pl of sterile PBS were administered intratracheally. For Lv. infection,
4 % 10° CFU of M. rberculosis suspended in 100 pul of sterile PBS were
administered i.v. At 3 wk afier infection, homogenates of the lungs and
spleen were plated on TH10 agar plates. For histological examination, 1 %
107 CFU of M. tuberculosis suspended in 30 pl of sterile PBS were ad-
ministered intratracheally. At 5 days after infection, the lungs were fixed in
4% formalin, embedded in paraffin, cut into sections, and stained
with H&E.

Results
SLPI expression in the lungs of BCG-infected mice

To assess the roles of SLPI in mycobacterial infection, we first
analyzed SLPI expression in the lungs of mice intratracheally n-
fected with M. bovis BCG. Total RNA was extracted from the
lungs after 2, 7, and 14 days of infection and analyzed for SLPI
mRNA expression by real-time qPCR (Fig. 1A). Expression of
SLPI mRNA was increased by ~9-fold after 2 days of infection,
but decreased thereafier, Next, we analyzed pulmonary cell types
expressing SLPI by immunohistochemical analysis (Fig. 1, B and
C). SLPI was detected in bronchial epithelial cells before BCG
infection (Fig. 1B, upper micrograph). After 2 days of BCG in-
fection, increased amounts of SLPI expression were observed, and
mainly localized at the apical side of bronchial epithelial cells (Fig.
1B, lower micrograph). This prompted us to investigate whether
SLPI was secreted into the alveolar space after BCG infection.
Accordingly, BALF was collected from BCG-infected mice and
analyzed for SLPI protein expression by Western blotting (Fig.
1D). SLPI was not detected in BALF from uninfected mice. After
2 days of BCG infection, SLPI was abundantly detected in BALF
from infected mice, indicating that SLPI was secreted into the
alveolar space during the early phase of mycobacterial infection. In
addition to bronchial epithelial cells, SLPI was expressed in cells
of the alveolar arca (Fig. 1C). Therefore, we isolated type II alve-
olar epithelial cells (AEC) and alveolar macrophages and analyzed
their SLPI expression levels after BCG infection. Since AEC are
difficult to culture in vitro, we took advantage of transgenic mice
harboring a temperature-sensitive mutation of the SV40 large tu-
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FIGURE 5. A single WAP domain in SLP1 is sufficient to inhibit BCG
growth. A, The deletion mutant constructs mSLPI-N and mSLFI-C lack the
C-terminal and N-terminal portions, respectively. White boxes denote
WAP domains. 8, BCG (5 % 107 CFU/ml) was incubated with increasing
conc ions of the del (mSLPI-N and mSLPI-C) or
WFDC2 for 24 h and then plated on TH10 agar plates. C, The indicated
concentrations of the deletion mutants (mSLPI-N and mSLPI-C) or
WFDC2 were added to BCG suspensions containing NPN. The peak of
NPN fluorescence within 150 s was plotied. Representative data of three
independent experiments are shown.
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FIGURE 6. Cationic amino acids are ible for the bacterial activity of SLPI. A, Comparison of the WAP domain of SLPI with the WAP
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acid sequences of the mSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants. C and E, BCG (5 % 107 CFU/ml) was incubated with increasing
concentrations of mSLPI-Nea (€) and mSLPI-Cca (E) for 24 h and then plated on TH10 agar plates. D und F, The indicated concentrations of mSLPI-Nca
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AEC were infected with BCG and analyzed for SLPI mRNA ex-
pression (Fig. 1E). SLPI mRNA expression was gradually induced
after BCG infection and peaked after 36 h of infection. AEC have the
ability to secrete several effector molecules into the alveolar space.
Therefore, we analyzed the SLPI protein levels in culture supernatants
from BCG-infected AEC by Western blotting (Fig. 1F). SLPI protein
was not detected in supemnatants from uninfected AEC, but was
clearly detected in supernatants after 24 h of BCG infection. Next,
isolated alveolar macrophages were infected with BCG and analyzed
for SLPI mRNA expression (Fig. 1G). BCG infection resulted in an
increase in SLP1 mRNA expression. Taken together, mycobacterial
infection induces the production and secretion of SLPI into the alve-
olar space by bronchial and type II alveolar epithelial cells as well as
alveolar macrophages in the lung.

SLPI-mediated inhibition of mycobacterial growth

Several previous reports have described antimicrobial activities of
SLPI against Gram-positive bacteria, Gram-ncgative bacteria,
HIV, and fungi (18-20). However, SLPI needs to be present at
high concentrations (> 10 pM) for effective inhibition of microbial
growth, particularly §. rvphimurium and E. coli (18, 34). Indeed,
addition of 2 pM recombinant mouse SLPI only moderately de-
creased the growth of S. ryphimurium (Fig. 2A). In sharp contrast
to the mild inhibition of S. typhimurium growth, addition of lower
concentrations of mouse SLPI to BCG cultures dramatically re-
duced the number of CFU (Fig. 2B). Growth of BCG was almost
completely inhibited by the addition of 1 uM SLPL A similar
inhibitory effect was observed on the growth of M. mberculosis
H37Ra and H37Rv (Fig. 2, C and D). These findings indicate that
SLPI has a more potent antimicrobial activity against mycobacte-
ria than against S. fyphimurium.
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Disruption of the BCG cell wall structure by SLPI

Next, we investigated the mechanism of the antimycobacterial ac-
tivity of SLPL First, fluorescence-labeled SLPI was incubated with
BCG and analyzed by confocal laser microscopy (Fig. 3). BCG
and labeled SLPI were colocalized, suggesting that SLPI becomes
associated with BCG. We then examined the morphological effects
of SLPI on BCG. BCG was incubated with or without SLPI and
analyzed by scanning electron microscopy (Fig. 44). BCG ex-
posed to SLPI for 3 h showed pronounced surface blebbing. After
12 h of incubation, many of BCG were collapsed and few live
BCG had rough and irregular membrane surfaces. Next, BCG was
subjected Lo an outer membrane permeabilization assay using a
fluorescent dye that is weakly fluorescent in aqueous environments
but becomes strongly fluorescent in the hydrophobic environment
within the cell membrane (Fig. 48). Addition of SLPI caused rapid
increases in fluorescence in a dose-dependent manner, These re-
sults suggest that SLPI directly associates with mycobacteria, and
disrupts the cell wall structure.

Critical role of cationic amino acids in SLPI in its
antimycobacterial activiry

We next investigated the critical domain involved in the antimy-
cobacterial activity of SLPL. SLPI has two WAP domains (Fig.
5A). Several serine protease inhibitors possessing a single WAP
domain, such as Eppin, Elafin, SWAMI, and SWAM2, have an-
timicrobial activities against bacteria such as E. coli and Staphy-
lococcus aureus (8, 21, 22). To investigate whether each of the
WAP domains of mouse SLPI is sufficient to exert antimycobac-
terial activity, two deletion mutants of SLPI. mSLPI-N and
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FIGURE 7. Sipi~'" mice are highly susceptible to M. mberculosis infection. A, M. tuberculosis (4 > 10° CFU) were intratracheally infected into
wild-type and Sipi~'" mice and their survival was monitored. B, M. tuberculosis (4 > 10° CFU) were intratracheally infected into wild-type and Sipi~'~
mice. At 3 wk after infection, homogenates of the lungs and spleen were plated on TH10 agar plates and the CFU titers were counted. Symbols represent
individual mice and bars represent the mean of CFU numbers, Statistical analyses were performed using Student's ¢ test: », p < 0.005 and ++, p < 0.0005,

significant difference between wild-type and Sipi '~ mice. €, H&E staining of representative lung tissues from wild-type and Sipi ™’
intratracheal infection with M. tuberculosis. D, M. tuberculosis (4 % 10% CFU) were i.v, infected into wild-type and Sipi~’

mice on day 5 after
mice. At 3 wk after infection,

homogenates of the lungs and spleen were plated on THI0 agar plates, and the CFU titers were counted. Symbols represent individual mice and bars
represent the mean of CFU numbers. Statistical analyses were performed using Student’s 1 test. n.s., Not significant

mSLPI-C, were generated (Fig. 5A4). mSLPI-N contained the N-
terminal WAP domain, while mSLPI-C contained the C-terminal
WAP domain. Both mSLPI-N and mSLPI-C inhibited BCG
growth, although their efficiencies were slightly decreased com-
pared with that of full-length SLPI (Fig. 58). Similarly, mSLPI-N
and mSLPI-C both induced permeabilization of the outer mem-
brane of BCG with slightly lower efficacies (Fig. 5C). These re-
sults imply that each WAP domain of mouse SLPI exhibits anti-
mycobacterial activity by disrupting the mycobacterial cell wall
structure. WFDC2 is a secreted protein possessing two WAP do-
mains (Fig. 5A) (35). However, recombinant mouse WFDC2 had
no effect on mycobacterial growth and did not induce permeabi-
lization of the BCG cell membrane, indicating that not all WAP
domain-containing proteins have antimicrobial activities (Fig. 5, B
and C). In addition, the N-terminal, but not the C-terminal, WAP
domain of human SLPI has been shown to mediate its antimicro-
bial activities against E. coli and S. aureus (18). Therefore, we
compared the amino acid sequences of the WAP domans of
mouse and human SLPI as well as mouse WFDC2 (Fig, 6A).
The C-terminal regions were conserved among all of the WAP
domains. However, the sequences between the first and third
cysteine residues were less conserved. In particular, when we
examined the sequences between the first and second cysteine
residues, we noted that the WAP domains possessing antimy-
cobacterial activities (mSLPI-N, mSLPI-C, and hSLPI-N) con-
tained two or more cationic amino acids, whereas the WAP
domains with no antimycobacterial activities (mWFDC2-N,
mWFDC2-C, and hSLPI-C) had one or zero cationic acids and
instead contained anionic amino acids. Therefore, we produced
mSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants, in
which the two cationic amino acids were changed to the anionic
amino acid aspartic acid (Fig. 6B8). Neither mSLPI-Nca nor
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mSLPI-Cca was able to inhibit BCG growth or permeabilize the
cell membrane (Fig. 6, C-F). These results suggest that the
cationic acids of mouse SLPI are responsible for its potent an-
timycobacterial activities.

High susceptibility of SLPI-deficient mice to M. tuberculosis
infection

In the next experiment, we assessed the physiological roles of
SLPI during mycobacterial infection by generating mice lacking
SLPI (Slpi™'~ mice) via gene targeting (data not shown). First,
wild-type and Slpi~'" mice were intratracheally infected with M.
tuberculosis H37TRa, and monitored for their survival (Fig. 74). All
Sipi~"" mice died within 8 wk of infection at a dose that aimost all
wild-type mice survived for >9 wk. Next, we counted CFU num-
bers in the lungs and spleen after 3 wk of infection (Fig. 7B). The
CFU titers of M. tuberculosis in both tissues were higher for
Slpi™"" mice than that for wild-type mice. The histopathological
changes in the lungs after 5 days of M. tuberculosis infection were
also analyzed (Fig. 7C). In wild-type mice, the formation of sev-
eral small granulomas was observed. In contrast, granulomatous
changes were induced to a lesser extent in Sipi~'~ mice and rather
diffuse cell infiltration was observed instead. Next, mice were i.v.
infected with M. uberculosis, and the CFU numbers in the lungs
and spleen were counted after 3 wk of infection (Fig. 70). The
CFU titers were not as dramatically increased in both tissues of
SIpi~'~ mice compared with the corresponding titers in the tissues
of wild-type mice, indicating that Sipi "~ mice are not highly sus-
ceptible to i.v, M. mberculosis infection. Taken together, these
findings indicate that Sipi~'~ mice are highly vulnerable o M.
tuberculosis infection via the respiratory route,
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Discussion

In the present study, we analyzed the roles of mouse SLPI in host
defense against mycobacteria. During the early phase of respira-
tory mycobacterial infection, SLPI was produced and secreted into
the alveolar space by bronchial and type Il alveolar epithelial cells
as well as alveolar macrophages. Recombinant mouse SLPY inhib-
ited the growth of mycobacteria more effectively than it inhibited
the growth of Gram-negative bacteria. The SLPI-mediated inhibi-
tion of mycobacterial growth was attributable to disruption of the
mycobacterial cell wall structure. Furthermore, Slpi '~ mice were
highly susceptible to pulmonary M. muberculosis infection, high-
lighting a mandatory role for mouse SLPI in the host defense
against M, tuberculosis infection. Thus, mouse SLPI is a critical
antimycobacterial molecule that acts during the early phase of my-
cobacterial infection at the respiratory mucosal surface.

Similar structural changes to those observed in SLPI-treated
mycobacterial cell walls were induced in several bacteria and M.
tuberculosis treated with the antimicrobial peptides defensins,
which permeabilize microbial membranes (36, 37). We further
identified the critical elements for the potent antimycobacterial ac-
tivity of mouse SLPL It has been proposed that defensins contain-
ing positively charged amino acid residues associate with micro-
organisms by targeting the surface-exposed negatively charged
phospholipid head groups in the microbial membrane (37). Indeed,
mutations that change arginine to aspartic acid can attenuate the
bactericidal activity of the a-defensin cryptdin-4 (38). Therefore,
we supposed that SLPI, which has similar effects on mycobacterial
membranes to defensins, also associates with negatively charged
mycobacterial membranes through its positively charged amino
acid residues. Consistent with this hypothesis, the sequences be-
tween the first and second conserved cysteine residues of the WAP
domains are not conserved. Moreover, there are several positively
charged amino acids (lysine and arginine) in these regions of the
WAP domains that possess antimicrobial activities, whereas the
regions without any antimicrobial activities contain one or zero
positively charged amino acids. Furthermore, structural studies
have revealed that the region between the first and second con-
served cysteine residues is exposed on the outside of the molecule,
thereby enabling this region to associate with microbial mem-
branes (39, 40). Indeed, mutations of the cationic amino acid res-
idues within this region resulted in elimination of the antimyco-
bacterial activity. Thus, mouse SLPI exhibits antimycobacterial
activity in quite a similar manner to that of defensins.

In comparison to SLPI, higher concentrations of other serine
protease inhibitors containing a WAP domain are required to in-
hibit microbial growth (8, 21, 22). Recombinant human SLPI is
less effective at inhibiting the growth of mycobacteria and S. ry-
phimurium (our unpublished data). These differential properties
may be attributable to structural differences in the WAP domains,
which mediate the antimicrobial activity. SLPI has two WAP do-
mains, whereas other serine protease inhibitors, such as Eppin,
Elafin, and SWAMSs, have only a single WAP domain. In the case
of human SLPI, only the N-terminal WAP domain exhibits anti-
microbial activity (18). In addition, only the N-terminal WAP do-
main of human SLPI contains critical cationic acid residues. The
presence of two WAP domains possessing antimicrobial activity
may be responsible for the high potency of mouse SLPI for my-
cobacterial growth inhibition,

Mouse SLPI inhibited mycobacterial growth at profoundly
lower concentrations than those required to inhibit the growth of §.
typhimurium or other microorganisms (18-20). It remains unclear
how SLPI becomes more specifically targeted toward mycobacte-
ria. Differential antimicrobial properties against distinct microor-
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ganisms have not been reported in the case of defensins. Therefore,
SLPI, which has multifunctional properties, may have an unknown
strategy for specifically recognizing mycobacteria.

The in vitro findings demonstrating that mouse SLPI inhibits
mycobacterial growth were further strengthened by in vivo studies
using Slpi '~ mice. Sipi~'~ mice were highly susceptible to pul-
monary M. tuberculosis infection, but not to i.v. infection. In ac-
cordance with this finding, SLPI protein was abundantly detected
in the alveolar space after pulmonary BCG infection, but was not
detected in sera from mice after i.v. BCG infection (our unpub-
lished data). Therefore, high concentrations of SLPI are supposed
to be secreted into the alveolar space during the early phase of
respiratory infection with M. tuberculosis, thereby promptly kill-
ing the mycobactena before they can invade the lung lissues
through the epithelial barrier. Given that mouse SLPI has potent
antimycobacterial activities, it would be a good candidate for treat-
ment during the acute phase of M. tuberculosis infection and may
even be able to he used for the treatment of patients with multi-
drug-resistant M. tuberculosis,
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