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HMGB1 released from intestinal epithelia
damaged by cholera toxin adjuvant
contributes to activation of mucosal
dendritic cells and induction of intestinal
cytotoxic T lymphocytes and IgA

Ayako Wakabayashi', Masumi Shimizu', Eiji Shinya' and Hidemi Takahashi'

Abstract

Cholera toxin (CT) is a potent mucosal adjuvant and oral administration of ovalbumin (OVA) antigens plus CT induces
OVA-specific CD8™ cytotoxic T lymphocytes (CTLs) and IgA production in intestinal mucosa. However, the mechanisms
of induction of these immune responses remain unknown. Intestinal OVA-specific CD8" CTLs were not induced by
oral administration of the CT active (CTA) or CT binding (CTB) subunit as an adjuvant and CD11ct DCs were involved
in cross-priming of intestinal CTLs. CD8"CD103"CD11c¢*CD11b~DCs and DCIR2*CD103CD11¢"CD11b* DCs were
distributed in the intestinal lamina propria and mesenteric lymph nodes, both DC subsets expressed DEC-205, and the
expression of co-stimulatory molecules such as CD80 and CD86 was enhanced in both DC subsets after oral
administration of intact CT but not the CTA or CTB subunit. Intestinal DCs activated by the oral administration of OVA
plus CT cross-presented OVA antigens and DCs that captured OVA antigen through DEC-205, but not DCIR2, could
cross-present antigen. We found that oral administration of intact CT, but not the CTA or CTB subunit, enhanced cell
death, cytoplasmic expression of high-mobility group box 1 protein (HMGB1) in epithelial cell adhesion molecule
(EpCAM)TCD45™ intestinal epithelial cells (IECs), and HMGB1 levels in fecal extracts. HMGB1 dose-dependently
enhanced the expression of CD80 and CD86 on DCs in vitro, and intravenous or oral administration of glycyrrhizin, an
HMGB1 inhibitor, significantly suppressed activation of mucosal DCs and induction of intestinal OVA-specific CTLs and
IgA by oral CT administration. These results showed that oral administration of intact CT triggers epithelial cell death in
the gut and the release of HMGB1 from damaged IECs, and that the released HMGB1 may mediate activation of
mucosal DCs and induction of CTLs and IgA in the intestine.

Introduction

Cholera toxin (CT) is a potent mucosal adjuvant and
oral administration of an antigen plus CT induces
antigen-specific mucosal IgA and plasma IgG produc-
tion'. We previously reported that oral administration of
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ovalbumin (OVA) plus CT adjuvant predominantly
induces OVA-specific cytotoxic T lymphocytes (CTLs) in
gastrointestinal intraepithelial lymphocytes (IELs) and
successfully suppresses growth of OVA-expressing tumor
implanted in C57BL/6 (B6) mice”.

In some situations, CTL epitopes within exogenous
protein antigens are presented on major histocompat-
ibility complex (MHC) class I professional antigen-
presenting cells, such as dendritic cells (DCs), to naive
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CD8" T cells®. This phenomenon is called “cross-pre-
sentation” and is exhibited by CD8" DCs® and CD103™
DCs’. Effective induction of exogenous antigen cross-
presentation by DCs and subsequent priming of CTLs is
important in vaccine development for tumors and
pathogens. CD103"CD8a " DCs that are CD11c"CD11b'°
subsets in the intestinal lamina propria (LP) have been
shown to induce CTL activity in vivo®, Moreover, DEC-
205" DC subset and DCIR2" DC subset have been shown
to be associated with cross-presentation via MHC class I
and presentation by MHC class II, respectively’. Both
DEC-205 and DCIR2 belong to the C-type lectin family,
which is involved in the capture, endocytosis, and pro-
cessing of glycoprotein antigen'®.

CT from Vibrio cholerae comprises one toxic A subunit
with ADP-ribosyltransferase activity and five nontoxic B-
subunits that are responsible for binding to mono-
sialoganglioside 1 on the cell surface'"'>. We previously
showed that unlike oral CT administration, oral admin-
istration of the CT binding (CTB) subunit cannot induce
antigen-specific CTLs and suppress tumor growth”
Therefore, we investigated how oral CT adjuvant induces
antigen-specific CTLs in intestinal tissues and why the CT
active (CTA) or CTB subunit cannot prime these CTLs.

Intact CT has been shown to accelerate cell death of
epithelial cells from rabbit ileum'® and trigger apoptosis
in human cell lines'* and a murine cell line'®. Dying,
damaged, or stressed cells extracellularly release damage-
associated molecular pattern (DAMP) molecules, such as
high-mobility group box 1 protein (HMGB1), which is a
non-histone nuclear protein, and the released DAMP
molecules cause inflammation'®'”. HMGBI acts as an
activator of DCs and upregulates the expression of co-
stimulatory molecules, including CD80 and CD86, on
human DCs"® and rat DCs"’.

In the present study, we assessed the expression of
DEC-205 on intestinal CD103"CD11b~ DCs and
CD103"CD11b" DCs*°. Moreover, we examined whether
co-stimulatory molecules that were enhanced on each DC
subset and these DCs could cross-present antigen by oral
administration of intact CT, the CTA subunit, or the CTB
subunit. Finally, we examined whether the intestinal epi-
thelial cell (IEC) damage and HMGBI1 release were
enhanced by oral CT, CTA, or CTB, and whether
HMGB1 mediated DC activation, cross-presentation of
antigen, and Ig production.

Results
Expression of DEC-205 on both CD8"CD103"CD11b~ DCs
and CD1037CD11b™ DCs in the intestinal LP and
mesenteric lymph nodes

Initially, we assessed the distribution of
CD8"CD103"CD11b~ DCs and CD103*CD11b" DCs*
in the intestinal LP, mesenteric lymph nodes (MLNs), and
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the spleen from mice, and analyzed the expression of
DEC-205 or DCIR2 on DCs. CD11c™/"CD11b~ DCs that
were positive for CD8, CD103, and MHC class II in the LP
and MLNs clearly expressed DEC-205 but not DCIR2
(Fig. 1a,b). CD11c™"CD11b" DCs that were positive for
CD103 and MHC class II in the LP and MLNs strongly
expressed both DEC-205 and DCIR2 (Fig. 1a,b). In the
spleen, DEC-205 was expressed only on CD11c"CD11b™
DCs that were positive for CD8, CD103, and MHC
class II, whereas DCIR2 was expressed only on
CD11c*CD11b*MHCII* DCs (Fig. 1c). We also con-
firmed that DEC-205"DCIR2" double-positive CD11c™/*
cells were distributed in the LP and MLNs (Fig. 1a,b) but
not in the spleen (Fig. 1c). CD11c¢™CD11b" cells in the
intestinal LP are eosinophils that express CD80?".

These results show that DEC-205 is expressed not
only on CD8"CD103"CD11b~ DCs but also on
DCIR2"CD103"CD11b" DCs in the intestinal LP and
MLN:Ss, in contrast to the splenic expression of DEC-205
confined to CD8*CD103"CD11b~ DCs.

Enhancement of CD80 and CD86 expression on both DEC-
205"CD8"CD11b~ DCs and DEC-205"DCIR2*CD11b™ DCs
in the intestinal LP and MLNs after oral CT administration

We analyzed whether expression of co-stimulatory
molecules, such as CD40%>%, CD80, and CD86>**°, was
enhanced on intestinal and splenic DCs after oral
administration of CT adjuvant. Enhancement of CD80 and
CD86 expression was strongest at 12—16h on LP CD11c"
DCs and at 16-24h on MLN CD11c" DCs after oral CT
administration (Fig. S1). The expression levels of CD8O0,
CD86, and MHC class II were substantially enhanced on
both CD11c™CD11b~ DCs and CD11c"CD11b* DCs in
the intestinal LP 16h after oral CT administration
(Fig. 2a). In MLNs at 24h, CD80 and CD86 levels
were enhanced on both CD11c"CD11b~ DCs and
CD11c"CD11b" DCs, but MHC class II expression on
CD11c" DCs was already high in a steady state®®, and
therefore clearly not enhanced further (Fig. 2b). CD40
expression was not increased on any cells in the LP,
MLN:S, or spleen (Fig. 2 and Fig. S1). We also confirmed
the strong enhancement of CD80 and CD86 on both DEC-
205"CD11c""" DCs and DCIRTCD11c™ " DCs in the LP
and MLNs after oral CT administration (Fig. S2). Oral
administration of OVA alone, the CTA subunit, or the
CTB subunit could not activate LP DCs (data not shown)
and MLN DCs (Fig. 2d,e). MHC class I (H-2K") expression
was upregulated on CD11c"CD11b~ and downregulated
on CD11c"CD11b" DCs in the MLNs by oral CT
administration, but the phenomenon was not observed in
the LP and spleen or by oral administration of OVA alone,
the CTA subunit, or the CTB subunit (Fig. 2f,g).

These results clearly demonstrate that oral administra-
tion of intact CT enhances CD80 and CD86 levels on
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Fig. 1 Expression of DEC-205 on both CD8"CD11b~ DCs and DCIR27CD11b ™" DCs in intestinal LP and MLNs. a Intestinal LP cells, b MLN cells,
and ¢ splenic cells were isolated from B6 mice, triple-stained with FITC-labeled anti-CD11b, APC-labeled anti-CD11¢, and PE—IabeIed anti-DEC-ZOi,
anti-DCIR2, anti-CD8, a_ntI—CDW 03, anti-MHC class Il Ab, or subtype control Ab (gray fill), and analyzed by flow cytometry. CD1 1cM+CD11b—, CD11c
+CD11b*, and CD11¢™ CD11b™ cells were gated, and the expression of DEC-205, DCIR2, CD8, CD103, or MHC class 11 (bold solid line) was analyzed.
The cells were also triple-stained with FITC-labeled anti-CD11¢, APC-labeled anti-DCIR2, and PE-labeled anti-DEC-205 Ab. CD1 1c"+ DCs were gated
and the expression of DEC-205 and DCIR2 was analyzed. Each value represents the percentage of cells expressing each molecule. Data are
representative of two independent experiments

both DEC-205"CD8"CD11b~ DCs and DEC-
205"DCIR2"CD11b" DCs in the intestinal LP and
MLNs, but the CTA or CTB subunit cannot activate
these DCs.

Requirement of CD11c* DCs for in vivo cross-priming of
antigen-specific CD8" CTLs in IELs

To determine whether CD11ct DCs were essential for
the cross-priming of CTLs, we used CD11c-DTR trans-
genic (Tg) mice”’. CDIllc" DCs expressing CDS,
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DEC-205, or DCIR2 were clearly depleted in both the
MLNs and spleen of CD11c-DTR Tg mice 1 day after
intraperitoneal (i.p.) injection of diphtheria toxin (DT)
and the DT-induced DC depletion persisted for 4 days
(Fig. 3a). H-2K® OVA tetramer-positive CD8B" T cells
and OVA-specific CTL activity were induced in IELs of
DT- or phosphate-buffered saline (PBS)-injected non-Tg
mice and PBS-injected CD11c-DTR Tg mice when the
mice were orally administered OVA plus CT twice
(Fig. 3b,c). However, in CD11c-DTR Tg mice depleted of
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Fig. 2 (See legend on next page.)
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Fig. 2 Enhancement of CD80 and CD86 expression on both DEC-205"CD8"CD11b~ DCs and DEC-205"DCIR2*CD11b ™" DCs in intestinal LP
and MLNs after oral administration of intact CT. a, b, ¢ B6 mice were orally administered 10 ug of CT (bold solid line) or PBS (gray fill). Intestinal LP
cells (@) were isolated from the mice at 16 h after oral administration, and MLN cells (b) and splenic cells (c) were isolated at 24 h. The cells were triple-
stained with FITC-labeled anti-CD11b, APC-labeled anti-CD11c, and PE-labeled anti-CD40, anti-CD80, anti-CD8, anti-CD86, anti-MHC class Il Ab, or
subtype control Ab, and analyzed by flow cytometry. CD11c™*CD11b~, CD11c "*CD11b™, and CD11c™~CD11b™ cells were gated, and the
expression of CD40, CD80, CD86, or MHC class Il was analyzed. d B6 mice were orally administered PBS, 100 mg of OVA alone, 10 ug of CT alone, or
OVA plus CT. MLN cells were isolated from the mice 24 h after oral administration and double-stained with FITC-labeled anti-CD11c and PE-labeled
anti-CD80, anti-CD86 (gray fill for PBS-treated mice and bold solid line for mice treated with OVA, CT, or OVA plus CT), or subtype control Ab (solid
line). CD11c™ cells were gated and the expression of CD80 or CD86 was analyzed. e B6 mice were orally administered 10 ug of CTA, CTB, or intact CT.
MLN cells were isolated and the expression of CD80 or CD86 on CD11c" cells was analyzed as described in (d). f B6 mice were orally administered
PBS, 100 mg of OVA alone, 10 ug of CT alone, or OVA plus CT. MLN cells were isolated from the mice 24 h after oral administration and triple-stained
with FITC-labeled anti-CD11b, APC-labeled anti-CD11¢, and PE-labeled anti-MHC class | (H-2K®) Abs (gray fill for PBS-treated mice and bold solid line
for mice treated with OVA, CT, or OVA plus CT) or subtype control Ab (solid line). CD11c*CD11b~, CD11cTCD11b™, and CD11c”CD11b™ cells were
gated, and the expression of MHC class | was analyzed. g B6 mice were orally administered 10 ug of CTA, CTB, or intact CT. MLN cells were isolated

representative of two independent experiments

and the expression of MHC class | on CD11ctCD11b™, CD11cCD11b™, and CD11¢CD11b™ cells was analyzed as described in (f. Data are

CD11c" DCs by ip. injection of DT, tetramer-positive
CD8" T cells and CTL activity were not observed in the
IELs, even when the same oral immunization was per-
formed (Fig. 3b,c). Oral administration of OVA alone or
with the CTA or CTB subunits did not induce tetramer-
positive CD8" T cells and CTL activity in any mice
(Fig. 3b,c).

These results showed that CD11c" DCs that express
CD8, DEC-205, or DCIR2 are involved in cross-priming of
intestinal antigen-specific CTLs by oral immunization
with antigen plus CT.

Intestinal DCs after the oral administration of OVA plus CT
cross-present OVA antigens captured by the DEC-205
receptor

We further analyzed the cross-presentation ability of
CD11c" DCs in the intestinal LP, MLNSs, or spleen of
mice orally administered OVA plus CT. CD11c" DCs
were purified from intestinal LP and MLNs 16 h after oral
administration of OVA alone, CT alone, or OVA plus CT
and co-cultured with carboxyfluorescein succinimidyl
ester-labeled OVA-specific OT-1 T cells®®. Four days later,
CD11c' DCs in the LP or MLNs from the mice that were
orally administered OVA plus CT showed strong induc-
tion of CD8" OT-I T-cell proliferation (Fig. 4a). Sub-
stantial OVA-specific cytotoxic activity and interferon
(IFN)-y release were also observed in OT-I T cells cul-
tured with LP DCs or MLN DCs from mice that were
orally administered OVA plus CT (Fig. 4b). CD11c" DCs
in the LP or MLNs from mice orally administered OVA
alone, CT alone, or OVA plus CTA or CTB subunit did
not induce proliferation and cytotoxic activity of OT-I
T cells (Fig. 4a—d). Splenic DCs at 24 h (Fig. 4e,f), 3 days,
or 5 days (data not shown) after oral immunization of
OVA plus CT also did not induce OT-I T-cell prolifera-
tion and CTL responses.
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Not only CD11c* pan-DCs and CD8"CD11c" DCs but
also CD8 CD11c" DCs purified from the MLNs of mice
that were orally administered OVA plus CT could induce
CD8" OT-I T-cell proliferation (Fig. 4g). As both MLN
CD8" DCs and CD8™ DCs expressed DEC-205 (Fig. 1b),
we examined whether the DEC-205 molecule on DCs was
critical for the cross-presentation ability. To assess this
possibility, we delivered OVA antigens to CD11c* DCs
from the LP, MLNSs, or spleen through the DEC-205 or
DCIR2 receptor. For effective antigen targeting, CD11c*t
DCs were first labeled using biotinylated anti-DEC-205
antibody (Ab), anti-DCIR2 Ab, or subtype control Ab, and
subsequently, the cells were loaded with anti-biotin Ab
conjugated to OVA antigens. Accordingly, OVA antigen
delivered through the DEC-205 receptor could be cross-
presented by not only LP DCs and MLN DCs but also
splenic DCs (Fig. 4h,i).

These results demonstrate that after oral administration
of OVA plus CT, intestinal DCs that capture OVA anti-
gen by the DEC-205 receptor may cross-present OVA
antigen but splenic DCs were unable to cross-present
OVA antigens in vivo, although DEC-205" DCs from any
tissues possess cross-presentation ability in vitro. This
in vivo cross-presentation ability is probably due to the
enhanced expression of CD80 and CD86 on DEC-205"
LP DCs or MLN DCs (Fig. 2, Fig. S2) but not on splenic
DCs (Fig. 2c).

Enhancement of epithelial cell death, cytoplasmic HMGB1
expression in IECs, and increased HMGB1 release by oral
CT administration

Oral administration of intact CT caused diarrhea and
macroscopic erosion in the gut 6-24 h after administra-
tion, whereas oral CTA or CTB did not cause these
morbid alterations macroscopically in the gut (Fig. 5a).
Therefore, we examined whether oral administration of
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Fig. 3 Intestinal OVA-specific CTLs cannot be induced in CD11c™ DC-depleted mice. a CD11¢-DTR Tg mice and non-Tg littermates were ip.
injected with 4 ng of DT/g of body weight. One day later, MLN cells and SP cells were isolated from the mice, double-stained with FITC-labeled anti-
CD11c Ab and PE-labeled anti-CD8, anti-DEC-205, or anti-DCIR2 Ab, and analyzed by flow cytometry. b, ¢ CD11c-DTR Tg mice and non-Tg littermates
were i.p. injected with PBS or DT on days 0 and 5, and orally administered 100 mg of OVA alone or plus 10 ug of CTA subunit, CTB subunit, or CT on
days 1 and 6. IELs were isolated from the mice 2 days after the second oral administration, double-stained with PE-labeled H-2K°/OVA tetramer-
SIINFEKL and APC-labeled anti-CD8{ Ab, and analyzed by flow cytometry (b). OVA-specific CTL responses of the IELs as described in (b) were
measured by the °'Cr-release assay using EL4 cells pulsed with 4 uM OVA-peptide SINFEKL and E.G7-OVA cells as target cells (c). The effector:target (E:
T) ratio was 50:1. Data are shown as the mean + SE in triplicate. The results are representative of two independent experiments

\

intact CT enhanced intestinal cell death and the release of reduced at 16 h after oral CT administration compared
HMGB]1, which is a DAMP molecule, from the damaged  with oral administration of PBS, the CTA subunit, or the
or dead cells. The number of viable IECs was significantly =~ CTB subunit (Fig. 5b). The purity of the epithelial cell
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Fig. 4 Intestinal DCs after oral administration of OVA plus CT cross-presenting OVA antigens captured by the DEC-205 receptor. a B6 mice
were orally administered PBS, 10 mg of OVA alone, 10 ug of CT alone, or OVA plus CT. After 16 h, CD11c™ DCs were purified from LP and MLNs of the
mice using the MACS system and co-cultured with CFSE-labeled OT-I T cells for 4 days. The cultured OT-I T cells were stained with APC-labeled anti-
CD8 Ab. The CFSE-dilution profiles of CD8" OT-I T cells were analyzed by flow cytometry. b The cultured OT-I T cells as described in (a) were re-
stimulated by plate-bound anti-CD3 Ab for 16 h. OVA-specific cytotoxic activity of the re-stimulated OT-l T cells was measured by the *'Cr-release
assay using EL4 cells pulsed with the OVA-peptide SIINFEKL and using E.G7-OVA cells as target cells. The ET ratio was 10:1. IFN-y release of the re-
stimulated OT-I T cells was also assessed. The results are shown as the mean + SE in duplicate. ¢, d B6 mice were orally administered 10 mg of OVA
alone or plus 10 ug of CTA subunit, CTB subunit or CT. After 24 h, CD11ct DCs were purified from MLNs and co-cultured with CFSE-labeled OT-|
T cells. The CFSE dilution profiles (c) and OVA-specific cytotoxic activity (d) were assessed as described in a and b, respectively. e, f B6 mice were
orally administered PBS or 10 mg of OVA plus 10 ug of CT. After 24 h, CD11c™ DCs were purified from spleens and MLNs and co-cultured with OT-|
T cells. After 4 days of culture, the CFSE dilution profiles (e) and OVA-specific cytotoxic activity (f) were assessed as described in a and b, respectively.
g B6 mice were orally administered 10 mg of OVA plus 10 ug of CT. After 16 h, CD11c* DCs, CD8"CD11ct DCs, or CD8 CD11ct DCs were purified
from MLN cells using the MACS system and co-cultured with CFSE-labeled OT-I T cells for 4 days. The CFSE-dilution profiles were assessed as
described in (a. h, i) CD11ct DCs were purified from LP, MLNs, or spleens of B6 mice using the MACS system and labeled using biotinylated anti-DEC-
205, anti-DCIR2, or subtype control Ab. Subsequently, the cells were loaded with anti-biotin Ab conjugated to OVA antigens and co-cultured with

experiments

CFSE-labeled OT-I T cells for 4 days. The CFSE-dilution profiles (h) and OVA-specific cytotoxic activity i were assessed as described in a and b,
respectively. The ET ratio is 4:1 and the results are shown as the mean + SE in duplicate. The results are representative of two independent

adhesion molecule (EpCAM)*CD45~ IEC population was
consistently above 90% (Fig. 5c). The rate of dying
Annexin V' 7-AAD™" cells was significantly increased in
EpCAM™ IECs at 16 h after oral administration of intact
CT compared with other treatments (Fig. 5d,e), and the
plots showed wide-ranging cell populations in forward
scatter (FSC) and side scatter (SSC) parameters (Fig. S3).
Next, we observed significant increases in the fecal
HMGBI1 levels at 6 and 16 h after oral CT administration
compared with PBS treatment, although plasma HMGB1
levels did not significantly increase after the same oral
administration (Fig. 5f). Cytoplasmic HMGB1™" IECs were
significantly increased by oral CT administration com-
pared with the other treatments, and these cells appeared
to be a specific cell population in the FSC and SSC
parameters (Fig. 5g,h). When we gated the cytoplasmic
HMGB1" cell population in the FSC/SSC of the total
IECs, we observed a significant decrease in the gated cells
and increase in the cytoplasmic HMGB1"EpCAM"C-
D457 IECs in response to oral CT administration (Fig. 5i,
).

Taken together, these results suggest that oral CT
administration may induce damage and death of
EpCAM™ IECs, cytoplasmic HMGB1 expression in the
IEC population, and HMGBI release in feces.

HMGB1 enhances CD80 and CD86 expression on CD11c™
DCs in vitro

Next, we examined whether HMGBI1 could upregulate
the expression of CD80 and CD86 on DCs in vitro.
HMGBI1 dose-dependently enhanced the expression of
CD80 and CD86 on CD11ct DCs from both MLNs and
the spleen, and addition of 10 pug/ml HMGBI1 significantly
enhanced this expression (Fig. 6a,b); however, the direct
addition of CT (10-50 pg/ml) did not activate DCs
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in vitro (Fig. S4). Glycyrrhizin (GL), an inhibitor of
HMGBI, directly binds to HMGB1 and inhibits its
activities®’. GL dose-dependently inhibited CD80 and
CD86 expression on MLN CDIllc" DCs that was
enhanced by HMGBI, and significant inhibition was
observed by addition of 1 mg/ml GL in vitro (Fig. 6c).
HMGBI significantly enhanced co-stimulatory molecule
expression on  both  DEC-205'CDllc”  and
DCIR2"CD11c" DCs, and GL markedly inhibited it
in vitro (Fig. 6d).

These data clearly show that HMGBI1 activates DCs,
including DEC-205" DCs and DCIR2" DCs, and the DC
activation was strongly inhibited by addition of GL, an
HMGBI1 inhibitor, in vitro.

HMGB1 released through oral CT administration
contributes to the activation of intestinal DCs and cross-
priming of CTLs

Finally, we examined whether HMGB1 released by the
oral administration of CT could mediate DC activation
and cross-priming of CD8" CTLs in vivo. The terminal
half-life of GL in plasma is 3-5h after intravenous (i.v.)
administration®’, However, after oral administration, GL
is not detected in the plasma and 1.1-2.5% of the dose is
found in urine, suggesting that GL is partly absorbed in
the intact form from the gastrointestinal tract®®. Two i.v.
or oral treatment of B6 mice with the HMGBI inhibitor
GL concurrently with, and 6 h after, oral CT administra-
tion significantly suppressed the increased HMGB1 levels
in fecal extracts, although only one iv. or oral treatment
by GL at the time of CT administration tended to sup-
press HMGBI levels (Fig. 7a). Therefore, we decided to
treat B6 mice twice with GL as the HMGBI1 inhibitor.
Intravenous or oral treatment with GL significantly sup-
pressed the enhancement of CD80 and CD86 expression
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on MLN CD11c* DCs (Fig. 7b,c), including both DEC-
205"CD11c" and DCIR2"CD11c* DCs (Fig. 7d), by oral
CT administration. Intravenous or oral treatment with GL
also suppressed MHC class I expression on MLN
CD11c*CD11b DEC205" DCs that had been enhanced
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by oral CT administration (Fig. S5). These results sug-
gested that HMGBI1 released after oral CT administration
mediated the activation of both DEC-205"CD11c* DCs
and DCIR2"CD11c" DCs in MLNs. We further assessed
whether the inhibition of HMGBI1 release also suppressed
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Fig. 5 Oral administration of CT induces enhancement of intestinal cell death, cytoplasmic HMGB1 expression in IECs, and increased
HMGB?1 release. B6 mice were orally administered 10 ug of CTA, CTB, or intact CT. a Representative photographs of the intestine 16 h after oral
administration. b IECs were isolated from the mice 16 h after oral administration and viable cells were counted using Trypan blue and microscopy. ¢
IECs were stained with APC-labeled anti-EpCAM Ab and FITC-labeled anti-CD45 Ab. d, e IECs were stained with PE-labeled anti-EpCAM Ab and the
APC Annexin V/7-AAD staining kit. d Annexin V™ 7-AAD™ cells were identified as dying cells and EpCAM expression was analyzed. e Data (%) for
Annexin V" 7-AAD" EpCAM™ cells as described in () are shown as the mean + SE in three mice. The asterisk (*) indicates a statistically significant
difference (P < 0.05) between the mice group treated with PBS (x), CTA (@), or CTB (A); Welch'’s t-test. f Feces and blood were collected 0, 6, 16, 24,
and 48 h after the oral administration, and HMGB?1 levels in fecal extracts and plasma were measured by ELISA assay. The results are shown as the
mean + SE in four to seven mice per group. The asterisk (*) indicates statistically significant differences (P < 0.05) between the mouse groups treated
with PBS (X ) at 6 and 16 h after oral administration; Welch's t-test. g—j IECs were isolated from mice 16 h after oral administration, stained with APC-
labeled anti-EpCAM Ab and FITC-labeled anti-CD45 Ab, and then subjected to cytoplasmic staining with PE-labeled anti-HMGB1 Ab. g Cytoplasmic
HMGB1™" cells were gated and their scatter properties (FSC/SSC) were analyzed. h Data (%) for cytoplasmic HMGB1™ cells among the total cells and
HMGB1™ cells gated with the HMGB1™ cell-rich scatter gate as described in (h) are shown as the mean + SE in four to five mice. The single asterisk (*)
and double asterisk (**) indicate statistically significant differences (P < 0.05 and P < 0.005, respectively) between the mouse groups treated with PBS
(x), CTA (@), or CTB (A); Welch's t-test. i The HMGB1* cell-rich population as described in (h) was gated and the expression of EpCAM and CD45
was analyzed. j Data (%) for the total cells gated with the HMGB1¥ cell-rich scatter gate and cytoplasmic HMGB1+ EpCAM™ CD45™ cells as described
in (j) are shown as the mean + SE in four to five mice. The asterisk (*) indicates a statistically significant difference (P < 0.05) between the mouse

groups treated with PBS (x), CTA (@), or CTB (A); Welch's t-test

in vivo antigen presentation of DCs. Accordingly, i.v. or
oral treatment with GL significantly suppressed the ability
of DCs to induce OVA-specific CD8" OT-1 or CD4" OT-
II T-cell proliferation and OVA-specific CTL activity of
OT-I T cells by oral administration of OVA plus CT
(Fig. 7e-g). Oral administration of OVA plus CT adjuvant
remarkably induced production of anti-OVA fecal IgA
and plasma IgGl as previously reported'; however, Ig
production was not observed by oral administration of
OVA alone or plus the CTA or CTB subunit (Fig. 7h).
Intravenous or oral treatment with the HMGB1 inhibitor,
GL, significantly suppressed the fecal anti-OVA IgA levels
that had been increased by oral administration of OVA
plus CT, although the GL treatment did not suppress
plasma anti-OVA IgGl1 levels (Fig. 7h).

These results demonstrate that HMGBL1 released from
intestinal mucosa through oral CT administration con-
tributes to the activation of mucosal DCs and induction of
intestinal antigen-specific CD8" CTLs and IgA.

Discussion

We observed that CT could not directly enhance CD80
and CD86 expression on CD11c* DCs in vitro (Fig. S4), in
contrast to reports showing that CT upregulates the
expression of MHC class II, B7.1 and B7.2 molecules, on
DCs*"*2, In our experimental system, we took care to
exclude lipopolysaccharide contamination in the cultures.
Thus, we hypothesized that the administered CT did not
directly act on the intestinal DCs but could trigger the
induction or release of DC activators from IECs.

In fact, we showed that intact CT strongly stimulated
cell death of EpCAM™ IECs (Fig. 5). Severe damage to
IECs induces the release of DAMP molecules, such as
intracellular proteins or fragmented nucleic acid®®.
HMGBI1 is normally located in the nucleus, but nuclear
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HMGBI translocates to the cytosol following exposure to
various stressors, such as starvation, rapamycin, or oxi-
dative stress, and cytoplasmic HMGB1 promotes autop-
hagy by binding to Beclin 1>**°, HMGBI can be passively
released from dead, dying, or damaged cells by necrosis®,
apoptosis®’, autophagy®”, or necroptosis>®, and is actively
secreted by activated immune cells, such as DCs* and
macrophages’. Intact CT may trigger damage or death of
IECs, the translocation of nuclear HMGBI to the cyto-
plasm in damaged IECs, and HMGBI release from these
cells. However, it is unclear whether specific IECs are
damaged and what type of cell death, e.g., necrosis,
apoptosis, or necroptosis, occurs in IECs in response to
CT administration.

Released extracellular HMGBL1 acts as a DAMP, which
is an alarmin signal, and the released DAMP molecules
cause inflammation'®!”. We showed that HMGBI1 acti-
vated murine DCs and upregulated the expression of co-
stimulatory molecules on DCs, such as DEC-205" DCs
(Fig. 6), as reported in human'® and rat DCs'’. However,
oral administration of either the CTA or CTB subunit did
not enhance cell death of IECs, expression of cytoplasmic
HMGBI1, and HMGBI1 release in the feces (Fig. 5).
Therefore, oral administration of the CTA or CTB sub-
unit could not activate MLN DCs in mice (Fig. 2). We
found that HMGB1 mediated DC activation and cross-
presentation of an antigen by oral CT administration
(Fig. 7). TLR2 and 4, and the receptor for advanced gly-
cation end products are receptors of extracellular
HMGB1*""® and we will determine which receptors are
involved in intestinal DC activation in future studies.
Other DAMPs, intracellular components such as S100
proteins or fragmented nucleic acids®’, may be released
from the damaged IECs and be involved in induction of
immune responses.
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Fig. 6 HMGB1 enhances CD80 and CD86 expression on DCs, including DEC-205" DCs, in vitro. a MLN cells and splenic cells were isolated from
B6 mice and treated with various concentration of HMGB1 (0, 1, 5, or 10 ug/ml) for 16 h. The cells were double-stained with FITC-labeled anti-CD11c
Ab and APC-labeled anti-CD80, anti-CD86 (gray fill for HMGB1 0 pg/ml and bold solid line for 1, 5, and 10 ug/ml), or control Ab (solid line). CD11c™
cells were gated and the expression of CD80 or CD86 was analyzed. Each value represents the mean fluorescence intensity (MFl). b MFI data as
described in (a) are shown as the mean + SE in four to five mice. *P < 0.05, **P < 0.0005; Welch's t-test. ¢ MLN cells were isolated from B6 mice and
treated with HMGB1 (10 ug/ml) in the presence of various concentration of GL (0, 0.2, 0.5, 1 mg/ml) for 16 h. The cells were double-stained and
analyzed by flow cytometry as described in (a). MFI data are shown as the mean + SE in three mice. *P < 0.05; Welch’s t-test. d MLN cells were
isolated from B6 mice and treated with HMGB1 (10 ug/ml) in the presence or absence of GL (1 mg/ml) for 16 h. The cells were triple-stained with
FITC-labeled anti-CD11c Ab, PE-labeled anti-DEC-205 or anti-DCIR2 Ab, and APC-labeled anti-CD80, anti-CD86, or subtype control Ab. DEC-
2057CD11c™ cells and DCIR2TCD11c™ cells were gated and the expression of CD80 or CD86 was analyzed. Data of MFI are shown as the mean + SE
in three mice. *P < 0.05; Welch's t-test

Consistent with a previous report showing cross-
presentation in DEC-205" DCs’, CD11c-DTR mice
depleted of CD11c" DCs, including DEC-205" DCs,
failed to induce intestinal CTLs (Fig. 3), and DCs that had
captured antigen through the DEC-205 receptor showed
strong cross-presentation of the antigen in vitro (Fig. 4h).
CD8" DCs were reported to be involved in the cross-
presentation of antigen®; however, we showed that not
only CD8" MLN DCs but also CD8~ MLN DCs could
cross-present OVA antigen when mice were orally
administered OVA plus CT (Fig. 4g). This phenomenon
may be due to the expression of DEC-205 on both CD8"
MLN DCs and CD8~ MLN DCs (Fig. 1). Thus, DEC-205
expression on DCs may be critical for the functional
cross-presentation of an antigen, but CD8 expression may
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not necessarily correspond to the cross-presentation
ability. However, the possible involvement of CD11c"
macrophages in cross-presentation is still unclear**.
Thus, CD11ct DCs isolated from the intestinal LP,
MLNS, or spleen could cross-present antigen when anti-
gen was delivered through the DEC-205 receptor in vitro
(Fig. 4h). However, when mice were orally administered
an antigen plus intact CT, activation and cross-
presentation were not observed in splenic DCs, although
LP DEC-205" DCs and MLN DEC-205" DCs were acti-
vated and contributed to antigen cross-presentation
(Figs. 2 and 4). LP DEC-205" DCs locally capture anti-
gen and are activated by HMGBI released from the IECs
damaged by oral CT. They may subsequently migrate to
the draining MLNs in a CCR7-dependent manner®?, but
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they did not migrate to the spleen sufficiently to cross-
present antigen after oral administration of an antigen
plus CT (Fig. 4). Notably, expression of MHC class I and
co-stimulatory molecules was upregulated on DEC-
2057CD11c"CDb ™~ DCs in the MLNS, but not in the LP
and spleen, by oral CT administration (Fig. 2, Fig. S5),
suggesting that the DC subset that migrates to the MLNs
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may effectively contribute to cross-presentation of an
antigen and cross-priming of CD8" CTLs.

Mucosal IgA production was induced in mice by using
intact CT adjuvant but not the CTA or CTB subunit and
was significantly suppressed by treatment with HMGB1
inhibitor (Fig. 7), indicating that HMGB1 contributes to
antigen presentation via MHC class 1I, CD4" T-cell
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Fig. 7 HMGB1 released through oral CT administration contributes to activation of intestinal DCs and cross-priming of CTLs in vivo. a B6
mice were orally administered PBS or 10 ug of CT and simultaneously treated with i.v. injection or oral administration of 500 pg of GL. Six hours later,
some mice were re-treated with GL in the same manner. Feces and blood were collected 16 h after oral administration of CT and GL treatment, and
HMGB1 levels in the fecal extracts and plasma were measured by ELISA assay. The results are shown as the mean + SE in four to five mice per group.
*P < 0.05; Welch's t-test. b B6 mice were orally administered PBS or 10 pg of CT and treated with i.v. injection or oral administration of 500 pg of GL at
the same time and 6 h after CT administration. MLN cells were isolated from the mice 24 h after CT administration and double-stained with FITC-
labeled anti-CD11c Ab and APC-labeled anti-CD80, anti-CD86 (gray fill for PBS-treated mice and bold solid line for mice treated with CT and GL), or
subtype control Ab (solid line). CD11c* cells were gated and the expression of CD80 or CD86 was analyzed. Fach value represents the MFI of CD80 or
CD86. ¢ MFI data as described in (b) are shown as the mean + SE in four to six mice. *P < 0.05, **P < 0.001; Welch's t-test. d MLN cells were isolated
from mice treated as described in (b) and triple-stained with FITC-labeled anti-CD11c Ab, PE-labeled anti-DEC-205 or anti-DCIR2 Ab, and APC-labeled
anti-CD80, anti-CD86, or subtype control Ab. DEC-2057CD11ct cells and DCIR2TCD11c™ cells were gated and the expression of CD80 or CD86 was
analyzed. The results are representative of two independent experiments. e B6 mice were orally administered 10 ug of CT alone or plus 10 mg of OVA
and treated with i.v. injection or oral administration of 500 ug of GL at the same time and 6 h after the CT administration. MLN cells were isolated
from mice 24 h after CT administration and CD11c™ DCs were purified from MLN cells using the MACS system and co-cultured with CFSE-labeled OT-
| or OT-II T cells for 4 days. The cultured OT-I or OT-lI T cells were stained with APC-labeled anti-CD8 Ab or anti-CD4 Ab, respectively. CD8" OT-l or
CD4* OT-II T cells were gated and the CFSE dilution profiles were analyzed by flow cytometry. f Data for the proliferation of CD8* OT-I T cells (%) as
described in (e) are shown as the mean + SE in three mice. *P < 0.05, **P < 0.005, ***P < 0.001; Welch's t-test. g The cultured OT-I T cells as described
in (e) were re-stimulated by plate-bound anti-CD3 Ab for 16 h and OVA-specific cytotoxic activity of the re-stimulated OT-I T cells was assessed. The E:
T ratio is 10:1 and the results are shown as the mean + SE in triplicate of pooled cells from two mice. *P < 0.01, **P < 0.005, ***P < 0.0005; Welch's t-
test. h B6 mice were orally administered 100 mg of OVA alone or plus 10 ug of CTA subunit, CTB subunit, or CT every week. Some of the mice
administered with OVA plus CT were treated by i.v. injection or oral administration of 500 pg of GL concurrently with, and 6 h after, the administration
of OVA plus CT every week. Feces and blood were collected 3 weeks after the first oral administration and levels of anti-OVA IgA in the fecal extracts
and anti-OVA IgG1 in the plasma were measured by ELISA assay. The results are shown as the mean + SE (four to five mice per group). *P < 0.05, **P

<0.001, not significant (ns); Welch's t-test

.

priming and plasma cell differentiation in the intestine.
Some plasma cells may migrate to systemic lymphoid
tissues and produce IgG. Systemic IgG production could
not be suppressed by local inhibition of HMGBI release
(Fig. 7).

Our study identified an important role of HMGB1
released from IECs damaged by oral CT administration in
the induction of antigen-specific CTLs and IgA in the
intestine. Unfortunately, it is difficult to use intact CT as a
vaccine adjuvant for clinical applications because of its
toxicity. However, elucidation of the mechanisms under-
lying activation of intestinal DCs and successful CTL
induction may contribute to the development of a novel
vaccine strategy for cancer or infectious diseases. After
binding of the CTB subunit to monosialoganglioside 1 on
the cell surface, the CTA subunit enters IECs, leading to
increased intracellular cAMP and diarrhea'""'?, whereas
the intracellular CTA subunit may trigger transfer of
nuclear HMGBI to the cytoplasm and its subsequent
extracellular release. It may be worthwhile to prepare a
novel CT adjuvant with the CTA subunit modified to
inactivate the ADP-ribosyltransferase activity and to
examine whether it can trigger release of HMGBI1 from
IECs without causing diarrhea.

Materials and methods
Mice

C57BL/6] (B6; H-2b) mice were obtained from CLEA
Japan, Inc. (Tokyo, Japan). B6.FVB-Tg(Itgax-DTR/EGEFP)
57Lan/] Tg (CD11c-DTR)*, C57BL/6-Tg(TcraTcrb)
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1100Mjb/] Tg (OT-1)*, and B6.Cg-Tg(TcraTcrb)425Chn/
] Tg (OT-II) mice™ were obtained from The Jackson
Laboratory (Bar Harbor, ME). The mice were maintained
in micro-isolator cages under pathogen-free conditions
and fed autoclaved laboratory chow and water. All animal
experiments were performed according to the guidelines
for the care and use of laboratory animals established by
the National Institutes of Health (Bethesda, MD) and
approved by the Review Board of Nippon Medical School
(Tokyo, Japan).

Isolation of DCs from LP, MLNs, and spleen

LP cells were also prepared using a previously described
method***®, The small intestine was removed from mice
and the Peyer’s patches were cut away. The intestine was
cut lengthwise, washed with PBS to remove fecal material,
and cut into 1cm segments. The gut segments were
stirred in 50 ml of Hanks’ balanced salt solution (HBSS,
Invitrogen, Carlsbad, CA) with 5 mM EDTA (Wako Pure
Chemical Industries, Osaka, Japan), 10 pg/ml polymixin B
(Sigma-Aldrich, St. Louis, MO), 100 U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen) at 37 °C for 20 min,
washed extensively with PBS, and minced with scissors.
The minced gut was then stirred in 20 ml of HBSS with
10% fetal calf serum (FCS), 2 mg/ml collagenase D (Roche,
Basel, Switzerland), and 200 pg/ml DNase I (Roche) at 37 °
C for 60 min, and the collected cells were passed through
a nylon mesh. The LP cells were suspended in 30% Percoll
solution (GE Healthcare, Uppsala, Sweden). The solution
was underlain with 60% Percoll and centrifuged at 950 x g
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for 20 min. The DC-rich fraction was collected from the
30/60% interface. The MLNSs and spleens were aseptically
removed from the mice and incubated in 1 mg/ml col-
lagenase D at 37 °C for 45 min. A single cell suspension
was underlain with 60% Percoll and centrifuged at 950 x g
for 20 min. The DC-rich fraction was collected from the
interface, washed, and counted. The DC-rich fraction
from LP, MLN, or splenic cells was used for flow cyto-
metry analysis or purification of CD11c* DCs by the
MACS (Miltenyi Biotec, Bergisch Gladbach, Germany)
system. Pan-DCs were obtained from the DC-rich fraction
by depletion of T, B, and natural killer cells, and
then CD8" DCs were purified from pan-DCs by CD8a
MicroBeads using the MACS system. DCs unlabeled
with CD8a MicroBeads were collected and used as
CD8™ DCs.

DC depletion in CD11¢-DTR Tg mice

CD11¢-DTR Tg and WT B6 mice were i.p. injected with
4 ng of DT (Wako Pure Chemical Industry) per gram of
body weight.

Oral immunization

OVA, chicken egg, grade V (Sigma-Aldrich) was dis-
solved in sterilized PBS. Mice were orally administered 10
or 100 mg of OVA alone or plus 10 ug of CTA subunit,
CTB subunit, or CT (List Biological Lab., Campbell, CA)
or 10 pg of CTA subunit, CTB subunit, or CT alone in 0.3
ml of PBS.

Isolation of IELs and IECs

IELs and IECs were prepared using a previously
described method™*”. The small intestine was obtained
from mice, fecal materials were flushed from the lumen
with HBSS, and connective tissues were carefully
removed. The guts were inverted, cut into several seg-
ments and shaken at 200 r.p.m. in 45 ml of HBSS with 5%
FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin at
37 °C for 45 min. For isolation of IELs, collected cells from
the intestinal epithelium were passed through a glass wool
column to remove tissue debris. Subsequently, the cells
were suspended in 30% Percoll and centrifuged at 600 g
for 20 min. The cells at the bottom were resuspended in
44% Percoll, underlain with 70% Percoll, and centrifuged
at 600 x g for 20 min. I[ELs were collected from the 44/70%
interface. For isolation of IECs, the cells released upon
shaking were resuspended in 25% Percoll, underlain with
40% Percoll, and centrifuged at 600 x g for 10 min. IECs
were collected from the 25/40% interface. The purity of
the IEC population was assessed by fluorescence-activated
cell sorting analysis for the EpCAM using phycoerythrin
(PE)- or allophycocyanin (APC)-labeled anti-mouse
EpCAM (CD326) Ab (BioLegend, San Diego, CA) and
was consistently above 90%.
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Flow cytometry analysis

Cells were pre-incubated with anti-CD16/32 Ab (24G2,
prepared from hybridoma supernatant) to block nonspecific
FcR-mediated Ab staining. To stain DCs, fluorescently
(fluorescein isothiocyanate (FITC), PE, or APC) labeled
anti-mouse CDl1lc (N418), CD11b (M1/70), CD8«a
(53-6.7), DEC-205 (NLDC-145), DCIR2 (33D1), CD40
(1C10 or 3/23), CD80 (16—10A1), CD86 (GL-1), MHC class
I (H-2K®, AF6-88.5), or MHC class 1I (I-A/I-E, M5/
114.15.2), and each subtype control Ab were obtained from
BioLegend, and PE-labeled anti-mouse CD103 (M290) Ab
was purchased from BD Biosciences (San Jose, CA). Cells
were double- or triple-stained with FITC, PE, or APC-
labeled Ab. For detection of OVA-specific CTLs, cells were
double-stained with PE-labeled H-2K°/OVA tetramer-
SIINFEKL (Medical & Biological Laboratories, Nagoya,
Japan) and APC-labeled anti-mouse CD8f (Ly-3) Ab (Bio-
Legend). IECs were stained with PE-labeled anti-mouse
EpCAM (CD326, G8.8) Ab and cell death in IECs was
evaluated using an APC Annexin V/7-AAD staining kit
(BioLegend). For detection of cytoplasmic HMGB1, IECs
were stained with APC-labeled anti-mouse EpCAM Ab and
FITC-labeled anti-mouse CD45 (30-F11) Ab, and then
intracellular staining with PE-labeled anti-HMGBI1 (3ES8)
Ab (BioLegend) was performed using the BD Cytofix/
Cytoperm Kit (BD Biosciences). All data were acquired
using a FACSCant II flow cytometer (BD Biosciences) and
analyzed using FlowJo software (Tree Star, Ashland, OR).

CTL assay

Cytolytic activity was measured using a standard **Cr-
release assay as previously described”*®, OVA-peptide
(257-264, SIINFEKL)-pulsed EL4 cells (H-2) and E.G7-
OVA cells, which are OVA gene-transfected EL4 cells***°
were used as target cells. EL4 and E.G7-OVA cells were
obtained from the American Type Culture Collection
(Manassas, VA). Effector cells were incubated with 3 x 10°
>ICr-labeled targets at 37 °C for 4h in 200 ul of RPMI
1640 medium containing 10% FCS in round-bottomed
96-well cell culture plates. After incubation, 100 ul of cell-
free supernatants was collected to measure radioactivity
with a Packard Auto-Gamma 5650 counter (Hewlett-
Packard, Tokyo, Japan). Maximum release was deter-
mined in the supernatant of cells that had been lysed by
addition of 5% Triton X-100 and spontaneous release was
determined from target cells incubated without added
effector cells. The percent specific lysis was calculated as
follows: 100 x (experimental  release — spontaneous
release)/(maximum release — spontaneous release).

Proliferation of CSFE-labeled OT-I or OT-II T cells by co-
culture with DCs

The spleens and MLNs were removed from OT-I or
OT-II mice. A single cell suspension was prepared from
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spleens and MLNSs, and red blood cells were depleted by
cell lysis. OT-I or OT-II T cells were isolated using a
nylon wool column and labeled with 2.5 uM CFSE (Invi-
trogen) for 10 min at room temperature in the dark. Two
to 3 x 10° CFSE-labeled OT-I T cells were co-cultured
with a 1-4 x 10> MACS-purified DC population in 0.5 ml
of complete T-cell medium (CTM)* composed of RPMI
1640 medium supplemented with 2 mM L-glutamine, 1
mM sodium pyruvate, 0.1 mM non-essential amino acids,
MEM vitamins, 1 mM HEPES, 100 U/ml penicillin, 100
pg/ml streptomycin, 50 uM 2-ME, and heat-inactivated
10% FCS in 48-well culture plates at 37 °C in 5% CO, for
4 days. The cultured OT-I or OT-II T cells were treated
with anti-CD16/32 Ab for blocking and stained with
APC-labeled anti-mouse CD8a (53—-6.7) or CD4 (RM4-5)
Ab (BioLegend), respectively. The CFSE dilution profiles
of CD8" OT-I or CD4" OT-II T cells were analyzed by
flow cytometry.

Targeting OVA to DCs via the DEC-205 uptake receptor

OVA targeting to CD11c" DCs via DEC-205 or DCIR2
receptor was performed using an OVA antigen delivery
module set (Miltenyi Biotec). CD11c" DCs were purified
by the MACS system and labeled using biotinylated anti-
DEC-205 Ab, anti-DCIR2 Ab, or subtype control Ab.
Subsequently, the cells were loaded with anti-biotin Ab
conjugated to OVA antigens.

Restimulation of OT-I T cells by anti-CD3 Ab

The cultured OT-I T cells were re-stimulated using a
previously described method®'. OT-I T cells were recov-
ered from co-cultures with DCs on day 4. The 10° T cells
were re-stimulated by plate-bound anti-CD3 Ab
(145.2C11, 10 pg/ml; Miltenyi Biotec) in 200 ul of CTM in
flat-bottomed 96-well plates at 37 °C in 5% CO, for 16 h.
The culture supernatant and T cells were collected for
IFN-y measurement and the CTL assay, respectively. IFN-
y release into the supernatant was measured using an
IFN-y enzyme-linked immunosorbent assay (ELISA) kit
(BD Biosciences).

Measurement of levels of HMGB1, anti-OVA IgA, and IgG1
by ELISA assay

Peripheral plasma and fecal samples were collected
from mice as previously described’. Peripheral blood was
collected from anaesthetized mice using heparinized
capillary tubes and centrifuged at 6000 r.p.m. and 4 °C for
10 min. Plasma was collected and stored frozen at — 80 °C
until use. Fresh feces were collected and weighed, fol-
lowed by addition of PBS (200 mg/ml). The feces in PBS
were homogenized by continuous shaking for 10 min with
a vortex and centrifugation at 10,000 r.p.m. at 4 °C for 10
min. Supernatants were collected and stored frozen at
—80°C until use. The concentrations of HMGB1 were
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measured in plasma and fecal samples using the HMGB1
ELISA kit II (Shino-Test Corporation, Tokyo, Japan).
Anti-OVA IgA and IgGl levels were determined by
ELISA as described previously'. Flat-bottomed 96-well
microtitre plates were coated with 100 uL of 1 mg/ml
OVA (Sigma-Aldrich) in carbonate buffer at 4 °C for 16 h.
After washing with PBS containing 0.05% Tween-20, the
wells were blocked with 1% bovine serum albumin in PBS
37°C for 1h. After washing, diluted plasma or fecal
extract samples were added to the wells in duplicate and
incubated at 37°C for 1h. After washing, biotinylated
anti-mouse IgA or IgGl (BD Biosciences) were added to
the wells and incubated at 37 °C for 1h. After washing,
horseradish peroxidase-conjugated streptavidin (Caltag
Laboratory, Burlingame, CA) was then added and incu-
bated at 37 °C for 30 min. Enzymatic detection was per-
formed with TMB (3,3',5,5'-tetramethylbenzidine) soluble
reagent (ScyTek Laboratories, Logan, UT) and terminated
by the addition of 2 N HCI followed by absorbance mea-
surement at 450 nm. For a standard curve, part of the
assay plate was coated with various quantities of purified
mouse IgA (ICN/Cappel, Aurora, OH) or IgGl (BD
Biosciences). After blocking, biotinylated anti-mouse IgA
or IgGl was added to the wells and the reaction was
performed in the same manner as the sample wells.

In vitro treatment of DCs with HMGB1 and its inhibitor GL

The DC-rich fraction was prepared from MLNs or
spleens using collagenase D and 60% Percoll as described
above. Six to 10 x 10° cells were cultured in the presence
of 1, 5, or 10 pg/ml bovine HMGB1 (Chondrex, Redmond,
WA) or CT with or without GL (Wako Pure Chemical
Industries) in 0.5 ml of CTM in 48-well culture plates at
37°C in 5% CO, for 16 h.

In vivo CT administration and GL treatment

Mice were orally administered 10 pug of CT alone or plus
100 mg of OVA and simultaneously treated with iv.
injection or oral administration of 500 ug of GL. Six hours
later, the mice were re-treated with GL in the same
manner.

Statistical analysis

All data are represented as the mean + SE. Statistical
analysis was carried out using the ¢-test assuming unequal
variances (Welch’s t-test). P-value < 0.05 was considered
significant.

Acknowledgements

We thank Professor Katsuaki Sato (University of Miyazaki, Japan), Dr. Yoshihiro
Kumagai, Dr. Eiji Watari, and MS. Michiyuki Yonekawa for critical discussion. This
work was partially supported by grants from the Japan Society for the
Promotion of Science (JSPS) Grant-in-Aid for Scientific Research (KAKENHI
Grant Number 15K00889).



Wakabayashi et al. Cell Death and Disease (2018)9:631

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/541419-018-0665-z.

Received: 5 January 2018 Revised: 4 May 2018 Accepted: 4 May 2018
Published online: 24 May 2018

References

1.

Wakabayashi, A. et al. Importance of gastrointestinal ingestion and macro-
molecular antigens in the vein for oral tolerance induction. Immunology 119,
167-177 (2006).

Wakabayashi, A. et al. Suppression of an already established tumor growing
through activated mucosal CTLs induced by oral administration of tumor
antigen with cholera toxin. J. Immunol. 180, 4000-4010 (2008).

Bevan, M. J. Cross-priming for a secondary cytotoxic response to minor H
antigens with H-2 congenic cells which do not cross-react in the cytotoxic
assay. J. Exp. Med. 143, 1283-1288 (1976).

Kurts, C, Cannarile, M, Klebba, I. & Brocker, T. Dendritic cells are sufficient to
cross-present self-antigens to CD8 T cells in vivo. J. Immunol. 166, 1439-1442
(2001).

Guermonprez, P. et al. ER-phagosome fusion defines an MHC class | cross-
presentation compartment in dendritic cells. Nature 425, 397-402 (2003).
den Haan, J. M, Lehar, S. M. & Bevan, M. J. CD8(+) but not CD8(-) dendritic
cells cross-prime cytotoxic T cells in vivo. J. Exp. Med. 192, 1685-1696 (2000).
Bedoui, S. et al. Cross-presentation of viral and self antigens by skin-derived
CD103+ dendritic cells. Nat. Immunol. 10, 488-495 (2009).

Fujimoto, K. et al. A new subset of CD103 + CD8alpha + dendritic cells in the
small intestine expresses TLR3, TLR7, and TLR9 and induces Th1 response and
CTL activity. J. Immunol. 186, 6287-6295 (2011).

Dudziak, D. et al. Differential antigen processing by dendritic cell subsets
in vivo. Science 315, 107-111 (2007).

Figdor, C. G, van Kooyk, Y. & Adema, G. J. C-type lectin receptors on dendritic
cells and Langerhans cells. Nat. Rev. Immunol. 2, 77-84 (2002).

Williams, N. A, Hirst, T. R. & Nashar, T. O. Immune modulation by the cholera-
like enterotoxins: from adjuvant to therapeutic. Immunol. Today 20, 95-101
(1999).

Lencer, W. |. & Tsai, B. The intracellular voyage of cholera toxin: going retro.
Trends Biochem. Sci. 28, 639-645 (2003).

McGhee, J. R. & Burrows, W. Accelerated cell death produced by a cholera
cytotoxin on isolated epithelial cells from rabbit ileum. Bull. World Health
Organ. 51, 27-33 (1974).

Allam, M, Bertrand, R, Zhang-Sun, G, Pappas, J. & Viallet, J. Cholera toxin
triggers apoptosis in human lung cancer cell lines. Cancer Res. 57, 2615-2618
(1997).

Pessina, A. et al. Bcl-2 down modulation in WEHI-3B/CTRES cells resistant to
Cholera Toxin (CT)-induced apoptosis. Cell Res. 16, 306-312 (2006).

Scaffidi, P, Misteli, T. & Bianchi, M. E. Release of chromatin protein HMGB1 by
necrotic cells triggers inflammation. Nature 418, 191-195 (2002).

Yu, Y, Tang, D. & Kang, R. Oxidative stress-mediated HMGB1 biology. Front.
Physiol. 6, 93 (2015).

Yang, D. et al. High mobility group box-1 protein induces the migration and
activation of human dendritic cells and acts as an alarmin. J. Leukoc. Biol. 81,
59-66 (2007).

Zhu, X. M. et al. The effect of high mobility group box-1 protein on splenic
dendritic cell maturation in rats. J. Interferon Cytokine Res. 29, 677-686 (2009).
Schlitzer, A. et al. Identification of cDC1- and cDC2-committed DC progenitors
reveals early lineage priming at the common DC progenitor stage in the bone
marrow. Nat. Immunol. 16, 718-728 (2015).

Uematsu, S. et al. Regulation of humoral and cellular gut immunity by lamina
propria dendritic cells expressing Toll-like receptor 5. Nat. Immunol. 9, 769-776
(2008).

Official journal of the Cell Death Differentiation Association

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

32.

33

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

Page 16 of 17

Bennett, S. R et al. Help for cytotoxic-T-cell responses is mediated by
CDA40 signalling. Nature 393, 478-480 (1998).

Hernandez, M. G, Shen, L. & Rock, K. L. CD40-CD40 ligand interaction between
dendritic cells and CD8+ T cells is needed to stimulate maximal T cell
responses in the absence of CD4+ T cell help. J. Immunol. 178, 2844-2852
(2007).

La Motte, R. N, Sharpe, A. H, Bluestone, J. A. & Mokyr, M. B. Host B7-1 and B7-2
costimulatory molecules contribute to the eradication of B7-1-transfected
P815 tumor cells via a CD8+ T cell-dependent mechanism. J. Immunol. 162,
4817-4823 (1999).

Hu, H. M. et al. CD28, TNF receptor, and IL-12 are critical for CD4-independent
cross-priming  of therapeutic antitumor CD8+ T cells. J. Immunol. 169,
4897-4904 (2002).

Hagerbrand, K, Westlund, J, Yrlid, U, Agace, W. & Johansson-Lindbom, B.
MyD88 signaling regulates steady-state migration of intestinal CD103+ den-
dritic cells independently of TNF-alpha and the gut microbiota. J. Immunol.
195, 2888-2899 (2015).

Jung, S. et al. In vivo depletion of CD11c+ dendritic cells abrogates priming of
CD8+ T cells by exogenous cell-associated antigens. Immunity 17, 211-220
(2002).

Hogquist, K A. et al. Pillars article: T cell receptor antagonist peptides induce
positive selection. Cell. 1994. 76: 17-27. J. Immunol. 188, 2046-2056 (2012).
Mollica, L. et al. Glycyrrhizin binds to high-mobility group box 1 protein and
inhibits its cytokine activities. Chem. Biol. 14, 431-441 (2007).

Yamamura, Y. et al. Pharmacokinetic profile of glycyrrhizin in healthy volun-
teers by a new high-performance liquid chromatographic method. J. Pharm.
Sci. 81, 1042-1046 (1992).

Kawamura, Y. I. et al. Cholera toxin activates dendritic cells through depen-
dence on GM1-ganglioside which is mediated by NF-kappaB translocation.
Eur. J. Immunol. 33, 3205-3212 (2003).

Gagliardi, M. C. et al. Cholera toxin induces maturation of human dendritic
cells and licences them for Th2 priming. Eur. J. Immunol. 30, 2394-2403 (2000).
Farkas, A. M, Kilgore, T. M. & Lotze, M. T. Detecting DNA: getting and begetting
cancer. Curr. Opin. Investig. Drugs 8, 981-986 (2007).

Kang, R, Livesey, K- M, Zeh, H. J, Loze, M. T. & Tang, D. HMGB1: a novel Beclin
1-binding protein active in autophagy. Autophagy 6, 1209-1211 (2010).
Tang, D. et al. Endogenous HMGB1 regulates autophagy. J. Cell. Biol. 190,
881-892 (2010).

Ditsworth, D, Zong, W. X. & Thompson, C. B. Activation of poly(ADP)-ribose
polymerase (PARP-1) induces release of the pro-inflammatory mediator
HMGB1 from the nucleus. J. Biol. Chem. 282, 17845-17854 (2007).

Kazama, H. et al. Induction of immunological tolerance by apoptotic cells
requires caspase-dependent oxidation of high-mobility group box-1 protein.
Immunity 29, 21-32 (2008).

Lau, A. et al. RIPK3-mediated necroptosis promotes donor kidney inflamma-
tory injury and reduces allograft survival. Am. J Transplant. 13, 2805-2818
(2013).

Dumitri, I. E, Bianchi, M. E, Bacci, M, Manfredi, A. A. & Rovere-Querini, P. The
secretion of HMGB1 is required for the migration of maturing dendritic cells. J.
Leukoc. Biol. 81, 84-91 (2007).

Yang, Z. et al. PARP-1 mediates LPS-induced HMGB1 release by macrophages
through regulation of HMGB1 acetylation. J. Immunol. 193, 6114-6123
(2014).

Park, J. S. et al. Involvement of toll-like receptors 2 and 4 in cellular activation
by high mobility group box 1 protein. J. Biol Chem. 279, 7370-7377
(2004).

Asano, K. et al. CD169-positive macrophages dominate antitumor immunity
by crosspresenting dead cell-associated antigens. Immunity 34, 85-95 (2011).
Jang, M. H. et al. CCR7 is critically important for migration of dendritic cells in
intestinal lamina propria to mesenteric lymph nodes. J Immunol 176,
803-810 (2006).

Hogquist, K. A. et al. T cell receptor antagonist peptides induce positive
selection. Cell 76, 17-27 (1994).

Barnden, M. J, Allison, J, Heath, W. R. & Carbone, F. R. Defective TCR expression
in transgenic mice constructed using cDNA-based alpha- and beta-chain
genes under the control of heterologous regulatory elements. Immunol. Cell
Biol. 76, 34-40 (1998).

Taguchi, T. et al. Analysis of Th1 and Th2 cells in murine gut-associated tissues.
Frequencies of CD4+ and CD8+ T cells that secrete IFN-gamma and IL-5. J.
Immunol. 145, 68-77 (1990).


https://doi.org/10.1038/s41419-018-0665-z
https://doi.org/10.1038/s41419-018-0665-z

Wakabayashi et al. Cell Death and Disease (2018)9:631

47.

48.

Roulis, M, Armaka, M, Manoloukos, M, Apostolaki, M. & Kollias, G. Intestinal
epithelial cells as producers but not targets of chronic TNF suffice to cause
murine Crohn-like pathology. Proc. Natl Acad. Sci. USA 108, 5396-5401
(2011).

Kuribayashi, H. et al. Resistance to viral infection by intraepithelial lymphocytes
in HIV-1 P18-110-specific T-cell receptor transgenic mice. Biochem. Biophys. Res.
Commun. 316, 356-363 (2004).

Official journal of the Cell Death Differentiation Association

49.

50.

51,

Page 17 of 17

Moore, M. W, Carbone, F. R. & Bevan, M. J. Introduction of soluble protein into
the class | pathway of antigen processing and presentation. Cell 54, 777-785
(1988).

Carbone, F. R. & Bevan, M. J. Induction of ovalbumin-specific cytotoxic T cells
by in vivo peptide immunization. J. Exp. Med. 169, 603-612 (1989).
Schurich, A. et al. Dynamic regulation of CD8 T cell tolerance induction by liver
sinusoidal endothelial cells. J. Immunol. 184, 4107-4114 (2010).



	HMGB1 released from intestinal epithelia damaged by cholera toxin adjuvant contributes to activation of mucosal dendritic cells and induction of intestinal cytotoxic T lymphocytes and IgA
	Introduction
	Results
	Expression of DEC-205 on both CD8+CD103+CD11b− DCs and CD103+CD11b+ DCs in the intestinal LP and mesenteric lymph nodes
	Enhancement of CD80 and CD86 expression on both DEC-205+CD8+CD11b− DCs and DEC-205+DCIR2+CD11b+ DCs in the intestinal LP and MLNs after oral CT administration
	Requirement of CD11c+ DCs for in�vivo cross-priming of antigen-specific CD8+ CTLs in IELs
	Intestinal DCs after the oral administration of OVA plus CT cross-present OVA antigens captured by the DEC-205 receptor
	Enhancement of epithelial cell death, cytoplasmic HMGB1 expression in IECs, and increased HMGB1 release by oral CT administration
	HMGB1 enhances CD80 and CD86 expression on CD11c+ DCs in�vitro
	HMGB1 released through oral CT administration contributes to the activation of intestinal DCs and cross-priming of CTLs

	Discussion
	Materials and methods
	Mice
	Isolation of DCs from LP, MLNs, and spleen
	DC depletion in CD11c-DTR Tg mice
	Oral immunization
	Isolation of IELs and IECs
	Flow cytometry analysis
	CTL assay
	Proliferation of CSFE-labeled OT-I or OT-II T�cells by co-culture with DCs
	Targeting OVA to DCs via the DEC-205 uptake receptor
	Restimulation of OT-I T�cells by anti-CD3 Ab
	Measurement of levels of HMGB1, anti-OVA IgA, and IgG1 by ELISA assay
	In vitro treatment of DCs with HMGB1 and its inhibitor GL
	In vivo CT administration and GL treatment
	Statistical analysis

	ACKNOWLEDGMENTS
	ACKNOWLEDGMENTS




