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Table 3.Safety Through Week 54
Golimumab® Dose adjustment®
Placebo/ 50 mg/ 100 mg/ All
Placebo®™ 50 mg 100 mg 100mg  100mg 200 mg”  golimumab®
(N = 156) (N = 154) (N = 154) (N = 76) (N = 25) N =14) (N = 384)
Mean duration of follow-up period, wk 32.7 443 46.3 321 25.9 27.5 45.4
Mean exposure, no. of injections 8.2 114 11.3 7.6 5.5 6.9 11.1
>1 Adverse event, n (%) 103 (66.0) 112 (72.7) 113 (73.4) 54 (71.1) 16 (64.0) 9 (64.3) 285 (74.2)
Frequent adverse events,” n (%)
uc 29 (18.6) 27 (17.5) 24 (15.6) 13 (17.1) 4 (16.0) 1.1 69 (18.0)
Nasopharyngitis 11 (7.1) 14 (9.1) 21 (13.6) 79.2) 4 (16.0) 3(21.4) 46 (12.0)
Headache 14 (9.0) 12 (7.8) 12 (7.8) 8(10.5) 2 (8.0) 1(7.1) 35 (9.1)
Arthralgia 12 (7.7) 11 (7.1) 8(5.2) 7©.2) 0 (0.0) 1(7.1) 27 (7.0)
Abdominal pain 4(2.6) 11 (7.1) 11 (7.1) 3(3.9) 2 (8.0) 0(0.0) 26 (6.8)
Upper respiratory tract infection 4 (2.6) 8(5.2) 9 (5.8) 6(7.9) 3(12.0) 1(7.1) 26 (6.8)
Rash 3(1.9) 9 (5.8) 7 (4.5) 1(1.3) 0 (0.0) 1(7.1) 18 (4.7)
Pharyngitis 4(2.6) 8(5.2) 5(3.2) 2 (2.6) 0(0.0) 1(7.1) 16 (4.2)
Cough 5(3.2) 5(3.2) 9 (5.8) 1(1.3) 0 (0.0) 0(0.0) 15 (3.9)
>1 Infection,? n (%) 44 (28.2) 60 (39.0) 60 (39.0) 26 (34.2) 10 (40.0) 4 (28.6) 153 (39.8)
Required antimicrobial therapy 24 (15.4) 39 (25.3) 44 (28.6) 14 (18.4) 4 (16.0) 1(7.1) 101 (26.3)
Discontinued study agent as a result of 10 (6.4) 8(5.2) 14 (9.1) 8 (10.5) 4 (16.0) 0(0.0) 34 (8.9)
>1 adverse event,” n (%)
>1 Serious adverse event, n (%) 12 (7.7) 13 (8.4) 22 (14.3) 8 (10.5) 5 (20.0) 1(7.1) 48 (12.5)
Infection? 3(1.9) 5(3.2) 5(3.2) 1(1.3) 1 (4.0) 0(0.0) 12 3.1)
Neoplasm benign, malignant, 1(0.6 4 (2.6) 4 (2.6) 0 (0.0 0 (0.0 0 (0.0 8 (2.1)
and unspecified
(including cysts and polyps), n (%)
Total number of study agent injections 3333 4392 4440 1467 352 276 10,927
Injections with injection-site reactions 18 (0.5) 18 (0.4) 28 (0.6) 10 (0.7) 0 (0.0) 15 (5.4) 71 (0.6)
>1 Injection-site reactions, n (%) 3(19) 3(1.9) 11 (7.1) 3(3.9) 0 (0.0) 3 (21.4) 18 (4.7)

NOTE. Data are summarized for all randomized patients who were treated. Patients can be counted in more than 1 treatment
group in this adverse event summary table; a patient with an adverse event was counted in a treatment group based on the
study agent the patient was receiving at the time of onset of the event.

?Includes data up to the time of dose adjustment for those who increased dose.

PIncludes data from the time of dose adjustment onward.

Patients who were in clinical response to golimumab induction dosing and were randomized to placebo on entry into this
maintenance trial.

“Includes data from the time of dose decrease for patients who were dose-adjusted to golimumab 200 mg from golimumab
100 mg and later on had their dose decreased from 200 mg to 100 mg.

°Includes data from the time of the first golimumab dose onward.

fFrequent adverse events are those that occurred at a rate of >5% in any treatment group.

9Infection as assessed by the investigator.

mUC flares were the most frequently reported adverse event that led to discontinuation of study agent in 1.9%, 3.9%, and 4.5%
of patients in the placebo, golimumab 50-mg, and golimumab 100-mg groups, respectively.

Dose-proportional serum golimumab concentrations
were observed after golimumab 50 mg or golimumab
100 mg SC, and golimumab maintenance therapy resulted in
sustained systemic golimumab exposure. Comparable
steady-state golimumab levels were achieved at approxi-
mately week 8 of this study, regardless of whether patients
had received IV or SC induction treatment. Therefore, the
different induction doses and routes of administration
would not be expected to have a significant impact on the
efficacy assessments of maintenance therapy at weeks 30
and 54. Consistent with an overall clinical efficacy benefit
that was observed more consistently for the 100-mg dose
relative to the 50-mg dose compared with placebo, higher
serum golimumab concentrations at week 54 were associ-
ated with greater proportions of patients who maintained
clinical response through week 54 or who were in clinical
remission at both weeks 30 and 54, further supporting the

efficacy of golimumab in the maintenance of clinical benefit
in patients with UC. These findings may be explored further
in future clinical trials in which golimumab concentrations
are measured and golimumab is variably dosed to achieve a
target exposure, compared with the fixed dosing regimens
that were used in PURSUIT-M.**

The proportions of patients who experienced at least
one serious adverse event or discontinued because of an
adverse event were greater for golimumab 100 mg
compared with placebo or golimumab 50 mg. The dura-
tion of follow-up evaluation in the placebo group was
notably shorter than either of the golimumab groups, and
when adjusted for follow-up time, differences in the
incidences of serious adverse events per 100-patient
years were less remarkable across treatment groups
and adverse events leading to discontinuation were
comparable.
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The incidence of antibodies to golimumab was low
through week 54; the majority of antibodies to golimumab
were neutralizing. Antibodies to golimumab were detected
in patients both receiving and not receiving concomitant
immunomodulator therapy; however, the incidence was
lower in the former group.

Among all treated patients, overall safety was consistent
with that observed in the randomized population, and
adverse events of special interest were consistent with the
known safety profile of golimumab in other indications,
including the incidence of serious infections, tuberculosis,
malignancies, and antibodies to golimumab.zz

Four cases of active tuberculosis occurred in endemic
regions (ie, India, Poland, and South Africa) despite
required screening procedures involving both purified
protein derivative and Quantiferon Gold (Cellestis, Valencia,
CA) testing and chest radiographs. Patients with active
tuberculosis and a history of latent tuberculosis were
excluded; those with newly identified latent tuberculosis
were required to initiate appropriate treatment before
beginning treatment. This underscores the need for
appropriate screening procedures and heightened clinical
vigilance when treating high-risk patients with TNF«
antagonists.

Several study limitations warrant mention. The study
was not powered to detect a statistical difference between
the golimumab and placebo groups for the end point of
maintenance of clinical remission. Further, post hoc ana-
lyses were used to assess maintenance of clinical remission
over time and to assess several secondary end points
related to corticosteroid use in the study. Although 2
golimumab maintenance doses were evaluated, fixed
dosing was used. Assessment of dosing flexibility was
limited to dose adjustment to a higher dose with the same
dosing interval every 4 weeks upon disease worsening;
however, this sample size was too limited to draw defini-
tive conclusions regarding this dosing strategy to regain
clinical response. The evaluation of safety was confounded
by the imbalance in the total number of all-treated patients
exposed to each dose regimen and the diversity resulting
from the disproportionate presence of nonresponders in
the 100-mg group compared with the 50-mg golimumab
and placebo groups.

In summary, PURSUIT-M findings showed that both
golimumab doses administered as an every-4-weeks SC
maintenance regimen in patients with moderate-to-severe
active UC who were induced into clinical response with
golimumab were effective in maintaining clinical response
through 1 year. Further, patients receiving the 100-mg
golimumab dose achieved long-term clinical remission and
mucosal healing at both weeks 30 and 54, in addition to
showing positive trends for maintenance of clinical remis-
sion through 1 year. There was a positive relationship be-
tween the maintenance of clinical response and serum
golimumab concentration. Maintenance treatment with
golimumab resulted in an overall safety profile in this UC
population that was consistent with those reported for
other TNFa-antagonists and with golimumab in other
approved indications.
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Placebo induction

Gelimumab Induction

Golimumab Golimumab 3 )
Placebo SC gdw 50 mg SC qdw 100 mg SC g4w Responders: Nonresponders: Nonresponders:
N=156 — - acebo SC qdw olimuma m q4w| |Golimuma mg SC gdw
[{ ) (N=154) (N=154) Placebo SC q4 Gol b 100 mg SC q4w| |Goli b100 SC g4
(N=129) (N=230) \_ (N=405)
4 DIC study agent\ DIC study agent D/C study agent D/C study agent D/C study agent Iib)/(;ostudy aiesr;t
before week 52 before week 52 before week 52 before week 52 before week 52 © riz\’\;%e_
(n=43): (n=43): (n=45): (n=a1): (n=103): 50AE, 124 UTE
17 AE, 19 UTE, 12AE, 17 UTE, 12AE, 22 UTE, 12AE, 18 UTE, 30AE, 56 UTE, D12
1LTF, 6 other 2LTF, 12 other 1LTF, 10 other 11 other 3LTF, 14 other » 1 aeatn,
J 34 other
I | I
(" DICstudy agent D/C study agent D/C study agent D/C study agent D/C study agent D/C study agent
before week 52 and before week 52 and before week 52 and before week 52 and before week 52 and

completed 16 week
safety follow-up

completed 16 week
safety follow-up

completed 16 week
safety follow-up

{n=18):5 consent
W/D, 3 LTF, 10 othe|

\_ (n=23) (n=18) (n=17)
D/C study, D/C study, DI/C study,
before week 54 before week 54 before week 54

(n=18): 10 consent

WD, 2 LTF, 6 other,

{n=21): 11 consent |—
W/D, 2 LTF, 8 other

safety follow-up
(n=15)

D/C study,
before week 54
(n=19):7 consent

WID, 1 LTF, 11 othe|

completed 16 week
safety follow-up
(n=52)

completed 16 week
safety follow-up
(n=116)

D/C study,
before week 54
(n=47):19 consent
W/D, 6 LTF, 22 othe

/C study before wee
54 (n=88): 34 consent|
W/D, 9 LTF, 2 death,

43 other

N=285

N4
115 Completed 120 Completed 116 Completed 95 Completed 131 Completed 201 Completed
through week 54 through week 54 through week 54 through week 54 through week 54 through week 54
Primary efficacy
Iysi .
analysis population N=154 ] [ Ne151 J [ N=1512 ]
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T 1
b I" SCq4 50 "ISC 100 b"l SC g4 200 fISC 4
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o

One patient was prospectively and seven patients were retrospectively excluded from the primary analysis population because of site noncompliance with good clinical practice.
Includes data up to the time of dose adjustment forthose who increased dose from the indicated dose.

c. Includes 1) patients who were in clinical response to golimumab induction dosing and were randomized to placebo onentry into this maintenance study; and 2) patients who were in clinical

response to placebo induction dosing and received placebo on entry into this maintenance study.
d. Includes 1) patients whowere in clinical response to golimumab induction dosing and were randomized to golimumab 100 mg on entry into this maintenance study; 2) patients whowere notin

clinicalresponse to either placebo orgolimumab induction dosing and received golimumab 100 mg on entry into this maintenance study; and 3) patients who were dose adjusted to golimumab
100 mg from placebo (randomized or nonrandomized ) or from golimumab 50 mg.
e. Includesdatafromthetime of dose adjustment onward for those who increased to the indicated dose.

-

AE, adverse event; D/C, discontinued; LTF, lost o follow-up; g4w, every 4 weeks; SC, subcutaneous; UTE, unsatisfactory therapeutic effect; W/D, withdrawn

Supplemental Consort Diagram for Evaluable Patients.
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ARTICLE INFO ABSTRACT

The fenestrations of liver sinusoidal endothelial cells (LSECs) play important roles in the exchange of
macromolecules, solutes, and fluid between blood and surrounding liver tissues in response to hepatotoxic
drugs, toxins, and oxidative stress. As excess iron is a hepatotoxin, LSECs may be affected by excess iron. In
this study, we found a novel link between LSEC defenestration and hepatic nerve growth factor (NGF) in
iron-overloaded mice. By Western blotting, NGF was highly expressed, whereas VEGF and HGF were not,
and hepatic NGF mRNA levels were increased according to digital PCR. Immunohistochemically, NGF staining was
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Keywords:
NGyF localized in hepatocytes, while TrkA, an NGF receptor, was localized in LSECs. Scanning electron microscopy revealed
Iron LSEC defenestration in mice overloaded with iron as well as mice treated with recombinant NGF. Treatment with

conditioned medium from iron-overloaded primary hepatocytes reduced primary LSEC fenestrations, while
treatment with an anti-NGF neutralizing antibody or TrkA inhibitor, K252a, reversed this effect. However,
iron-loaded medium itself did not reduce fenestration. In conclusion, iron accumulation induces NGF expression
in hepatocytes, which in turn leads to LSEC defenestration via TrkA. This novel link between iron and NGF may

Liver sinusoidal endothelial cells
Defenestration

aid our understanding of the development of chronic liver disease.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Liver sinusoidal endothelial cells (LSECs) are unique endothelial cells
both morphologically and functionally. These cells line hepatic sinusoids
and thus play important roles in regulating hepatic microcirculation.
They also lack a basement membrane and are characterized by fenestrae,
which occupy 6-8% of the endothelial surface [1-4] and act as
dynamic filters that play an active role in regulating the exchange of
macromolecules, solutes, and fluid between the blood and the surround-
ing tissues [5-7]. However, in disease states, the diameter and number of
LSEC fenestrae undergo changes, such as loss of fenestrae (defenestra-
tion), in both animals and humans [8-17]. These changes can be induced
by several factors, including drugs and toxins [18-22}, and are believed to
have adverse effects on liver function in general [4]. However, the precise
mechanism by which these hepatotoxins induce defenestration remains
to be elucidated. Iron, a vital requirement for normal cellular function, is

* Corresponding author at: Department of Gastrointestinal Immunology and Regenerative
Medicine, Asahikawa Medical University, 2-1-1-1 Midorigaoka-Higashi, Asahikawa,
Hokkaido 078-8510, Japan.
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0925-4439/0© 2014 Elsevier B.V. All rights reserved.

also an important hepatotoxin when present in excess, which may affect
endothelial cell function and induce defenestration.

It is well known that growth factors, such as hepatocyte growth factor
(HGF), tumor necrosis factor (TNF), and interleukin-6 (IL-6), are involved
in hepatic regeneration [24]. Furthermore, neurotrophins (NTs) may play
a role in hepatic regeneration [25-27]. Nerve growth factor (NGF), a
member of the NT family, is the most expressed NT in the adult mouse
liver [28]. NGF is also proapoptotic in the liver [27] and is thought to
protect the liver against oxidative stress and xenobiotic injury [29]. NGF
was also shown to be highly expressed in hepatocytes and hepatoma
cells in liver cirrhosis and hepatocellular carcinoma in both clinical [30,
31] and animal models [26,27], which suggests that NGF may contribute
to the pathophysiology of liver disease. Thus, in the present study, we
focused on the link between hepatic iron overload and NGF expression
using mouse models of iron overload.

2. Materials and methods
2.1. Animals

Male C57Bl/6 mice (Clea Japan, Tokyo, Japan) were randomly
assigned to three treatment groups: control, dietary iron (slight
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Fig. 1. Serum and histologic evidence of iron overload. (A) Serum iron was slightly increased in the iron diet group but significantly increased in the iron dextran group. However, UIBC was
significantly reduced. (B) Slight iron accumulation was observed in the portal area of iron diet mice, with severe iron accumulation observed throughout the liver tissues of iron dextran
mice (*P < 0.05). H&E staining shown in the upper row, Berlin Blue staining shown in the lower row.

iron overload), and iron dextran (severe iron overload). Each group
comprised five mice. The control group was fed a regular mouse chow
diet for 8 weeks, while the dietary iron overload group was fed a 2.5%
(w/w) carbonyl iron diet for 8 weeks. The iron dextran group received
intraperitoneal injections of iron dextran solution (10 mg iron/head/
day) (Sigma-Aldrich, St. Louis, MO, USA) for 5 days. Another group of
five mice received intraperitoneal injections of mouse recombinant
NGF (1 pg/head/day) (Promega, Madison, W1, USA) for 3 days. The mice
were sacrificed at the end of each treatment period, and serum and
liver tissues were collected. The liver tissues were processed for
formalin-fixed paraffin-embedded tissue blocks and then subjected
to H&E and Berlin Blue staining. All animal experiments were
approved by the animal experiments committee of the Asahikawa
Medical University (Hokkaido, Japan) based on guidelines for the
protection of animals.

2.2. Serum analysis

Serum iron and unsaturated iron binding capacity (UIBC) were
measured with the automatic serum analyzer LABOSPECT 008 (Hitachi,
Tokyo, Japan). Assay reagents were obtained from Shino-Test (Tokyo,
Japan).

2.3. Western blotting

Liver tissues were lysed in RIPA buffer, separated in polyacrylamide
gels and electro-transferred to nitrocellulose membranes. After blocking
with 5% nonfat dry milk in PBST buffer (PBS containing 0.05% Tween-20),
the membranes were probed with rabbit anti-NGF (Abcam, Cambridge,
UK), rabbit anti-HGF (Abcam), mouse anti-VEGF (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), rabbit anti-TrkA (Novus Biologicals, Littleton,
CO, USA), or mouse anti-Actin antibody (BD Bioscience, Franklin Lakes,
NJ, USA). The membranes were then incubated with the respective
HRP-conjugated anti-mouse or anti-rabbit IgG secondary antibodies
(R&D Systems, Minneapolis, MN, USA). Antibody binding was visualized
using the SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, Waltham, MA, USA).

24. Digital PCR analysis

Absolute copy numbers of mouse Ngf mRNA were analyzed using
the digital PCR system with the TagMan probe for mouse Ngf (Life
Technologies, Carlsbad, CA, USA). RNA was extracted from the livers
using the Purelink RNA mini kit (Life Technologies), and the RNA
concentrations were measured by fluorometric quantification using
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the Qubit 2.0 (Life Technologies). Reverse transcription using a high-
capacity complementary DNA reverse transcription kit (Life Tech-
nologies) was then performed. PCR results were analyzed using the
QuantStudio 3D Digital PCR system (Life Technologies).

2.5. Cell isolation and culture

Primary hepatocytes and LSECs were isolated from healthy, untreated
C57BI/6 mice using the in situ collagenase perfusion method [32]. Primary
hepatocytes were cultured in William's E medium (supplemented with
10% FBS, 0.1 pmol/L EGF and 0.1 pmol/L insulin) (Sigma-Aldrich}, while
primary LSECs were cultured in DMEM (supplemented with 10%
FBS and penicillin streptomycin) (Wako, Tokyo, Japan) overnight.
The primary hepatocytes were then treated with holo-transferrin
(3 mg/mL and 6 mg/mL) conjugated with Alexa Fluor 594 (Invitrogen,

A

Carlsbad, CA, USA) and ferric ammonium citrate (FAC) (1 uM and
5 puM) (Sigma-Aldrich) for 24 h. For electron microscopy, LSECs were
treated with mouse recombinant NGF (5 ng/mL) (Promega), mouse
anti-NGF neutralizing antibody (1 pg/mL) (Millipore, Temecula, CA,
USA), and K252a, the TrkA inhibitor (5 ng/mL) (LC Laboratories,
Woburn, MA, USA). For the MTT assay (Promega), primary LSECs were
cultured with 0, 1, 5, and 10 ng/mL mouse recombinant NGF (Promega)
for 24 and 48 h, and the cell growth activity was measured according to
the manufacturer's protocol.

2.6. Immunohistochemistry and Immunofluorescence
After deparaffinization, rehydration, and antigen retrieval, the tissue

sections were first incubated with anti-NGF rabbit polyclonal antibody
(Abcam, Cambridge, UK) and anti-TrkA rabbit polyclonal antibody
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Fig. 2. NGF is highly expressed in the liver following iron overload. (A} Western blot analysis for NGF, HGF, and VEGF. (B) Ngf mRNA analysis (*P < 0.05). (C) Immunohistochemistry for

NGF in mouse liver tissues.
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Fig. 3. Primary hepatocytes express NGF following iron overload. (A) NGF expression in primary hepatocytes cultured in pre-conditioned iron overload medium (Alexa Fluor 594-conju-
gated holo-transferrin and FAC) (> 400 original magnification) for 24 h. Western blotting in (B) holo-transferrin (3 mg/mL and 6 mg/mL)- and (C) FAC (1 uM and 5 pM)-treated samples.

(Novus Biological, Littleton, CO, USA). Antibody binding was visualized
with the HRP-conjugated secondary antibody system ImmPRESS
reagent (Vector Labs, Burlingame, CA, USA). Primary hepatocytes and
LSECs were fixed in 4% paraformaldehyde and then incubated with
anti-NGF (Abcam) and anti-VE-cadherin (Abcam) antibodies, respective-
ly. The samples were then incubated with Alexa Fluor 488-conjugated
anti-rabbit IgG antibody (Invitrogen), followed by nuclear staining with
4/ 6-diamidino-2-phenylindole (DAPI). Fluorescent microscopy was
performed with a BZ-9000 microscope (Keyence, Osaka, Japan).

2.7. Scanning electron microscopy

After the mice were sacrificed, the livers were cannulated via the
portal vein and fixed in 2.5% glutaraldehyde. The livers were then
collected and cut into small blocks, which were then fixed in 4% osmium
for 1 h. The livers were then processed for sequential alcohol dehydration
and infiltrated with t-butyl alcohol. After freezing, the tissues were
* vacuum-dried and then coated with ion sputter Hitachi E-1030 (Hitachi,
Tokyo, Japan) for analysis with the scanning electron microscope SEM
S-4100 (Hitachi). For isolated primary LSECs, the cells were plated on

collagen-coated cell culture inserts (BD Biosciences, Bedford, MA),
cultured overnight, and treated for 24 h as described in the Cell Isolation
and Culture section. Membranes of the cell culture inserts containing cells
were then processed using the same procedures described above. For
quantification of fenestrae in liver sinusoids or primary LSECs, the number
of fenestrae (per um?) was analyzed with Image ] (NIH, Bethesda,
Maryland, USA).

2.8. Statistics

The Student's paired t-test was used. P < 0.05 was considered
statistically significant.

3. Results

3.1. Serum and histologic evidence of slight and severe iron overload in
experimental animals

The serum iron concentration in the iron diet group (slight iron
overload) was slight but statistically significant. However, in the iron
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Fig. 4. LSECs express TrkA. (A) TrkA (brown staining) expression in LSECs. (B) Western blotting for TrkA expression in hepatocytes (HC) and LSECs. (C) Positive staining for VE-cadherin
(green) in isolated LSECs. (D) Growth assay in primary isolated LSECs cultured with mouse recombinant NGF.

dextran group (severe iron overload), the serum iron level was
significantly increased, while UIBC was significantly decreased (Fig. 1A).
Histologic evidence of hepatocellular iron in the iron diet group was
mild and subtle with only slight iron accumulation in hepatocytes in
the portal area, while hepatocellular iron in the iron dextran group was
severe, with clear evidence of iron accumulation in the entire liver tissue
(Fig. 1B). '

3.2. Hepatocytes express NGF during iron overload
By Western blotting, mouse NGF expression was up-regulated in the

livers of both iron overload models, while the expression of HGF and
VEGF, two important hepatic growth factors, did not show any significant

change (Fig. 2A). Digital PCR analysis of absolute mRNA copy numbers
showed that Ngf mRNA expression was significantly up-regulated in
both iron overload models (Fig. 2B). Of note, Ngf expression was
significantly up-regulated even in the slight iron overload liver, which
showed no histological evidence of inflammation or cellular damage.
This observation indicates that Ngf expression may serve as an early
event during iron accumulation. Immunohistochemistry further showed
that NGF protein was localized in hepatocytes (Fig. 2C).

3.3. Primary hepatocytes express NGF in iron overload conditioned medium

To confirm the cellular source of NGF expression in the liver, immuno-
fluorescence staining of primary hepatocytes cultured in pre-conditioned
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Fig. 5. SEM in mouse liver tissue. (A) LSEC fenestrae (insert) were clearly visible in control tissues (SEM x 10,000 magnification). LSEC fenestration was absent in iron diet and iron dextran
livers. Defenestration was also observed in LSECs after NGF treatment. The pictures shown for each treatment group represent one picture selected from a total of five representative im-

ages. (B) Graph showing the number of fenestrae per pm?

iron overload medium, as described in the Materials and Methods section,
was performed. NGF expression was up-regulated in primary hepatocytes
in both the holo-transferrin (6 mg/mL) and FAC-treated samples (5 pM)
(Fig. 3A), and this finding was further confirmed with Western blotting
(Fig. 3B and C).

3.4. LSECs express TrkA

As NGF mainly signals through the high-affinity tyrosine kinase-
coupled receptor TrkA, we characterized the expression of this receptor.
By immunohistochemical staining, TrkA was positively expressed in
LSECs following iron overload (Fig. 4A). Western blotting for the
mouse TrkA antibody in primary isolated LSECs, and hepatocytes
confirmed the expression of TrkA in LSECs but not in hepatocytes
(Fig. 4B). Immunofluorescence staining showed intense staining for

VE-cadherin, an endothelial cell marker, in isolated LSEC membranes
(Fig. 4C). Because isolated primary LSEC growth is reported to be
stimulated by growth-promoting substances secreted from cultured
hepatocytes [33], we also investigated whether recombinant NGF had
any growth effect on LSECs. However, we found that mouse recombinant
NGF did not affect the growth of LSECs in vitro (Fig. 4D).

3.5. LSEC fenestration is lost during iron overload

Using high-performance scanning electron microscopy (SEM), we
investigated whether iron overload induced any morphological changes
in the liver. While sieve plate structures (fenestrae) were present in the
liver sinusoids of control mice, fenestration was not present in both iron
overload models (Fig. 5A, B). Interestingly, this same phenomenon

- 297 -



L. Addo et al. / Biochimica et Biophysica Acta 1852 (2015) 175-183

181

o Ed
§_ 40~ *
©
£ 304 @
8 .
£ 204 so>
3 . T .
S [-3 ]
g 10+ & a.%“
[ o
=1 @
P4 0 [
S oK \*G& ,Lc;,"'l»"’
00(\ K x‘(‘
& K
% WP

©

Fig. 6. SEM in isolated LSECs. (A) Mouse recombinant NGF (5 ng/mL) reduced LSEC fenestration, whereas treatment with an anti-NGF neutralizing antibody or the TrkA inhibitor, K252a,
reversed this effect (SEM x 50,000 magnification). The white dotted line in the control image represents a 1 um? area. (B) Graph showing the number of fenestrae per jm?. The pictures
shown for each treatment group represent one picture selected from a total of five representative images. Anti-NGF: NGF neutralizing antibody. K252a: TrkA inhibitor.

(defenestration) was observed when mice were intraperitoneally
injected with mouse recombinant NGF (Fig. 54, B).

3.6. NGF reduces fenestration in LSECs

To investigate the hypothesis that NGF may be responsible for the
defenestration observed, mouse - primary LSECs were isolated and
cultured with mouse recombinant NGF, after which SEM was performed.
The results showed evidence of defenestration (Fig. 6A, B), although
subsequent incubation with an anti-NGF neutralizing antibody or TrkA
inhibitor (K252a) reversed this defenestration effect (Fig. 6A, B).

3.7. Iron does not directly influence LSEC fenestration

To assess whether or not iron was responsible for the defenestration
observed, primary LSECs were cultured in fresh iron overload medium

(6 mg/mL holo-transferrin and 5 uM FAC) for 24 h. Defenestration was
not observed in this experiment (Fig. 7A, C). Mouse hepatocytes were
then cultured in iron overload medium (6 mg/mL holo-transferrin) for
24 h, and the supernatant was collected. When this pre-conditioned
supernatant medium was cultured with mouse primary LSECs, LSEC
fenestration was reduced, and treatment with an anti-NGF neutralizing
antibody or TrkA inhibitor (K252a) reversed this effect (Fig. 7B, C).
These observations clearly indicate that iron stimulated NGF secretion
from hepatocytes, which then induced LSEC defenestration.

4. Discussion

Our study demonstrates that NGF is highly expressed under
conditions of both severe and slight iron overload in mice, suggesting
a possible role for NGF in hepatic iron loading. We also observed intense
staining for NGF in hepatocytes, which indicates that hepatocytes are
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Fig. 7. SEM in isolated LSECs. (A) LSEC fenestration was unaffected after treatment with fresh iron-overloaded medium (holo-transferrin 6 mg/ml and 5 uM FAC). The white dotted line in
the control image represents a 1 um? area. (B) LSEC fenestration was reduced after culture in supernatant iron overload medium (holo-transferrin 6 mg/ml) obtained from pre-culture with
mouse primary hepatocytes. Treatment with an anti-NGF neutralizing antibody or TrkA inhibitor, K252a, reversed this effect (SEM x50,000 magnification). The white dotted line in the
control image represents a 1 um? area. (C) Graph showing the number of fenestrae per pm?. The pictures shown for each treatment group represent one picture selected from a total
of five representative images. CM.: conditioned medium from iron-overloaded primary hepatocytes.

the major site of NGF expression under hepatic stress conditions [27].
Several growth factors regulate liver regeneration after exposure to
hepatotoxins; however, the expression of two such important growth
factors, HGF and VEGF, in the iron-loaded liver showed no significant
change in expression, compared to that of NGF. This indicates that NGF
is one of the growth factors that is secreted early in the development of
liver iron loading. Furthermore, the high-affinity NGF receptor, TrkA,
was found to be expressed in LSECs of both control and iron-overloaded
mice. While different cellular populations including hepatocytes, biliary
epithelial cells, Kupffer cells, and stellate cells make up the intact liver,
this finding suggests that LSECs are the main target for NGF and suggests
a possible paracrine mode of action for NGF in the liver. Thus, our
study demonstrates the localization of TrkA in LSECs of control and
iron-overloaded mice in vivo.

Most importantly, endothelial cell defenestration was observed in
both the severe as well as slight iron overload models, a clear indication
that defenestration occurs early in the development of iron overload.
One critical step to understanding the potential relevance of this
observation was determining the factor responsible for this occurrence.

As iron in excess represents a potential hepatotoxin capable of influencing
endothelial cell function and defenestration, the possibility that iron itself
may have induced the defenestration was considered. We also considered
the fact that the deleterious effects of oxidative damage due to reactive
oxygen species could also, at least in part, have been responsible for the
defenestration of LSECs [23]. Surprisingly, however, we found that iron
itself did not directly affect LSEC defenestration. To further investigate
the relevance of this finding, we also considered NGF as the factor
responsible because it was highly expressed, and we found that when
mouse primary endothelial cells were cultured with mouse recombinant
NGF, defenestration was increased as compared to the controls. To
further confirm this finding, we observed that subsequent incubation
with an anti-NGF neutralizing antibody or the TrkA inhibitor (K252a)
reversed this defenestration effect. Taken together, these data provide
clear evidence that under conditions of iron overload, NGF is expressed
and released from hepatocytes, which then induces a defenestration
response in LSECs via TrkA signaling. The data also demonstrate that
the expression of NGF and subsequent defenestration occur early in
the development of iron overload, which is possibly aimed at reducing
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the exposure of cells in the space of Disse to the accumulating iron,
similar to the response of endothelial cells to other agents [14-22].
This phenomenon may therefore contribute to the defensive machinery
employed by the liver to counter iron accumulation during periods of
overload and may represent an early part of the sequence of events
that precede eventual liver disease. It is not yet clear how iron induces
NGF expression in hepatocytes, but epigenetic regulation may be
responsible. A recent study implicated epigenesis in the control of NGF
during alcohol withdrawal [34], whereas another reported frequent
hypermethylation of six genes (RASSF1A, cyclinD2, p16™*42 GSTn1,
SOCS-1, and APC) in patients with hereditary hemochromatosis, with
an elevated risk of developing HCC [35]. Taken together, the epigenetic
regulation of NGF by iron is likely to occur, although further studies are
needed to clarify this issue.

In this report, we have provided evidence indicating that NGF medi-
ates the regulation of LSEC fenestration during the development of iron
overload, a phenomenon that may contribute to the defense of the liver
to protect against iron excess, even in the early stages of the development
of iron overload. This newly demonstrated link between iron and NGF on
endothelial cell defenestration may contribute to further broaden our
scope of understanding regarding the likely role of NGF in the interplay
between iron loading and endothelial cell function. Future studies will
be required to further elucidate the mechanism by which iron increases
the expression of NGF in iron overload.
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Summary

Living organisms take in essential molecules and get
rid of wastes effectively through the selective trans-
port of materials. Especially in the digestive tract,
advanced transport systems are indispensable for the
absorption of nutrients and elimination of waste prod-
ucts. These transport pathways control physiological
functions by modulating the ionic environment inside
and ouiside the cells. Moreover, recent studies
have shown the importance of the expression of
trafficking-related molecules and the population of
gut microbiota. We found that the molecules secreted
from microorganisms are imported into the cells via
transporters or endocytosis and that they activate cell
survival pathways of intestinal epithelial cells. These
findings indicate that the interactions between the gut
microbiota and host cells are mediated, at least parily,
by the membrane transport systems. In addition, it is
well known that the breakdown of transport systems
induces various diseases. This review highlights the
significance of the transport systems as the patho-
genic molecules and therapetutic targets in gastroin-
testinal disorders. For example, abnormal expression
of the genes encoding membrane transpori-related
molecules is frequently involved in digestive dis-
eases, such as colorectal cancer and inflammatory
bowel disease. We herein review the significance of
these molecules as pathogenic and therapeutic
targets for digestive diseases.
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Introduction

Membrane transport, which exists in all tissues of living
organisms, is an indispensable step for importing essen-
tial molecules into cells and exporting waste from the
cells. The digestive tract is a unique tissue that is exposed
to nutrients, xenobiotic agents and bacteria. The transport
systems of the digestive tract, inciuding transporter- and
endocytosis-mediated systems, are thus needed to be
strictly controlled in order to import the essential mol-
ecules, such as nutrients, and export the bodily waste, as
well as electrolytes, thus modulating the pH, ionic envi-
ronment and signal transduction in the intestinal epithelia
(Luzio et al., 2007; Morgan et al., 2011; Larmonier et al.,
2013). In addition to these roles of the transport systems,
recent studies have identified that some ftransport
systems are associated with host-microbe interactions
(Fujiva et al., 2007; Uemura et al., 2010; Larmonier et al.,
2013).

This review highlights the mechanisms underlying the
transport system-mediated interactions between the host
and bacteria, and the significance of alterations of these
interactions in intestinal disorders.

Host-bacterial interactions in the digestive tract

The recognition of baeterial-pathogenic bacterial
components without the mediation of
transporter systems

Pattern recognition receptors (PRRs), such as toll-like
receptors (TLRs), nucleotide-binding and oligomerization
domains (NODs), are considered to be sensing sys-
tems for bacterial products. Lipopolysaccharide and
lipoteichoic acid secreted from pathogens are recognized
by TLRs, including TLR-4 and -5, and induce host immune
reactions via the activation of nuclear factor-kappa B
(NFkB) and/or the induction of inflammatory cytokines,
including interleukin (IL)-1 and tumour necrosis factor
(TNF) (Poltorak et al., 1998; Bambou et al., 2004). TLRs
can also recognize the single- and double-strand viral
RNA as well as bacterial componenis and activate
immune responses through the induction of interferon
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(IFN) and NFkB activation (Alexopoulou et al., 2001; Heil
et al., 2004). NODs also recognize bacterial products,
such as muramyl dipeptide, and induce the activation of
NFKkB and inflammatory responses (Girardin et al., 2003;
Clarke et al., 2010). These sensing systems thereby help
to protect intestinal tissue from being damaged by patho-
gens and maintain host gastrointestinal homeostasis
(Meylan et al., 2006). PRRs had thus been believed to be
the only sensing systems for either bacteria or their prod-
ucts, although the precise reasons as to why beneficial
bacteria were able to symbiotically live in the host mam-
malian intestine without causing inflammation if these

bacteria are also recognized by PRRs still remain difficult -

to elucidate.

The influence of the ionic environment on
commensal bacteria

The ionic environment, especially the pH, is a major factor
for maintaining a healthy gastrointestinal tract, as well as
for maintaining the status of commensal bacteria (Scarff
et al, 1999; Wallace ef al., 2011; Larmonier et al., 2013).
It is well known that a low pH condition, modulated by
proton pumps, contributes to the protection against bac-
terial infection in the stomach. In contrast, the pH of the
small intestine is controlled to be much higher than that in
the stomach, and many bacteria can survive and form
characteristic clusters in the small intestine. It has been
reported that proton pump inhibitors reduce the numbers
of commensal bacteria such as Actinobacteria and
Bifidobacteria spp. in the small intestine of rats and exac-
erbates intestinal injury in non-steroidal anti-inflammatory
drug-induced enteritis model rats (Wallace ef al., 2011),
thus suggesting that the proton pumps play an important
role in maintaining the status of commensal bacteria in the
small intestine. Na*, H" exchangers (NHEs) are other pH
modulators, which are also known to affect the commen-
sal bacteria. NHES null mice were reported to exhibit
significant reductions in Clostridia classes IV and XlVa,
which are beneficial bacteria, and to develop spontane-
ous distal chronic colitis (Larmonier et al., 2013). These
reports suggest that some transport systems involving
proton pumps and NHES play an important role in main-
taining the correct commensal bacterial colonization by
regulating the pH gradient in the small intestine.

Transport systems for bacteria-derived molecules
mediate host—microbial interactions

We hypothesized that bacteria interact with host mamma-
lians and thus induce beneficial effects that are mediated
by the transport of bacteria-derived molecules. We inves-
tigated many probiotic or non-probiotic bacteria and found
that the conditioned media of Bacillus subtilis induced

18 minuies

8 minutes

FITC-CEF

FITC-CSF
+ Le-garnitin

Fig. 1. CSF transported via OCTN2. FITC-labelled CSF was
accumulated and transported into Caco2/bbe cells. The uptake of
CSF was diminished by treatment of L-carnitine, an OCTN2
inhibitor (Fujiva ef al., 2007).

cytoprotective heat shock proteins. Thereafter, the condi-
tioned media were separated using several types of
columns and an effective molecule, competence and
sporulation factor (CSF) was then successfully identified,
which activated p38 MARK, induced heat shock proteins
and protected the intestinal epithelia from oxidant stress
without causing an inflammatory reaction. CSF is a
quorum-sensing molecule, which s secreted and
absorbed by the bacteria themselves in order to commu-
nicate with each other. Interestingly, CSF is not only a
communication tool among the bacteria, but also for host—
bacterial interaction. Subsequently, we demonstrated that
radio-labelled or FITC-labelled CSF was transported into
the intestinal epithelia through an epithelial membrane
transporter, novel organic cation transporter 2 (OCTN2)
(Fig. 1). Moreover, the gene silencing of OCTN2 caused a
reduction of the upregulation of the barrier function by
adding CSF. This was a novel system for sensing bacterial
products through membrane transporters without causing
host inflammation. Furthermore, CSF improved the sur-
vival rate of the mice with lethal colitis (Fig. 2A), suggest-
ing that beneficial bacteria cooperate with the host
intestine through the epithelial transport system of
bacteria-derived molecules, which is distinct from the
PPRs-sensing systems (Fujiva et al., 2007) (Table 1).

Endocytosis-mediated host—-microbial interactions

Endocytosis is one of the phenomena involved in the
uptake of food particles, nutrients and whole or fragments
of bacterial bodies, particularly pathogenic bacteria. For
example, macrophages uptake and digest bacterial
pathogens through receptor-mediated endocytic path-
ways and present their antigens to generate immune
responses, which mediate a cytosolic Ca?* concentration-

© 2014 Society for Applied Microbiclogy and John Wiley & Sons Lid, Environmental Microbiology
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Fig. 2. CSF and poly P treatment prolonged the survival in mice
with DSS-induced colitis. The C57BL/6 mice were treated with 4%
DSS, then they were anally administrated either 10 nM of CSF (A)
10 ug/100 i of poly P (B) or PBS once a day throughout the
experimental period (Okamoto et al.,~/rt-J-Colorectal-Pis: 2012)
(Segawa et al., 2011).

Host-microbe interactions via transport systems 3

dependent manner in the digestive tract (Downey et al.,
1999). Toxin A (TcdA) and toxin B (TcdB), Clostridium
difficile toxins, are incorporated into the cells through
clathrin-mediated endocytosis, where they increase the
expression of inflammatory cytokines, such as IL-1 and
TNF, and induce antibiotic-associated diarrhoea and
pseudomembranous colitis (Sun- et al, 2009; Ng et al.,
2010; Papatheodorou et al, 2010). This suggests that
whole or fragments of pathogenic bacteria are endo-
cytosed and cause intestinal inflammation and induce
antigen presentations.

In contrast, the polyamine produced by beneficial
bacteria, such as Bifidobacterium, is imported into the
intestinal epithelia through both caveolin-1-dependent
endocytic and solute carrier transporter, SLG3AZ2-
mediated mechanisms (Uemura et al., 2010). Gut bacte-
rial polyamine production prevents chronic inflammation
and also prolongs the survival rate (Matsumoto etfal,
2011), and abnormal metabolism of polyamine results in
colon inflammation and tumorigenesis (Obayashi efal,
1992; Weiss et al., 2002; 2004; Goodwin et al,, 2011).
Recently, we identified another potentially therapeutic
molecule, inorganic polyphosphate (poly P), from the
conditioned media of Lactobacillus brevis SB88, using
several types of separation columns. We also revealed
that poly P induced both the production of cytoprotective
heat shock proteins and the activation of p38 MAPK
mediated by direct binding with epithelial integrin B1 and
thereby exerted a protective effect on the intestinal epi-
thelia from oxidant stress, which improved the injury and
inflammation in a dextran sulfate sodium {DSS)-induced
acute colitis model and the survival rate of the mice with
lethal colitis (Fig. 2B) (Segawa et al., 2011). Furthermore,

Table 1. A list of bacteria-derived molecules and their functions, and the type of host recognition system employed.

Host recognition

Effective molecules Microorganism system Function Reference(s)
fMLP, MDP, Tri-DAP Gram-negative bacteria PEPTH Activation of NFkB and induction of Vavricka et al., 2004
inflammatory cytokines
IniB Listeria monocytogenes Clathrin Invasion of host mammal’s cells Veiga-E-Nature-Celt
Biek-2008
Competence and Bacillus subtilis OCTN2 Activation of cell survival p38 MAPK and Fujiya et al., 2007
sporulation factor Akt pathways Okamete-Ks-ntd
Prevention of intestinal barrier disruption colorectal-Bisr2042
Suppression of inflammatory responses
TcdA, TedB Clostridium difficile Clathrin Induction of inflammatory cytokines and Ng et al., 2010
intestinal injury Papatheodorou et al.,
2010
Polyamine Bifidobacteria Caveolin-1, Prevention of intestinal barrier disruption Uemura et al., 2010
SLC3A2 Reduction of the invasion of inflammatory Matsumoto et al., 2011
factors derived from food and bacteria
Polyphosphate Lactobacillus brevis Integrin B1, Activation of p38MAPK pathway Segawa et al., 2011
Caveolin-1 Prevention of intestinal barrier disruption Kashima et al., in

submission
Konishi et al., 2013

Suppression of inflammatory responses

MDP, muramy! dipeptide; p38 MAPK, ee; Tri-DAP, e,

© 2014 Socisty for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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the endocytosed poly P exerted its effects by up-
regulating the intestinal barrier function and improving the
intestinal inflammation and fibrosis in a DSS-induced
mouse model of chronic colitis (Konishi et al., 2013).
Immunofluorescent staining showed that poly P was cap-
tured by the plasma membrane via integrin B1 and was
incorporated inside the cell via a caveolin-dependent
endocytic pathway in an in vitro model. An ex vivo intes-
tinal loop study showed that the physiological function of
poly P was diminished by the inhibition of caveolin-
dependent endocytosis. In a chronic colitis model, the
poly P-treated mice showed significant improvements
in their colon length, histological score and Masson
Trichrome and Collagen type IV staining compared with
the untreated mice (Kashima et al., in submission). These
findings indicate that both pathogenic and commensal
bacteria change the host’'s physiological functions via
trafficking pathways, which are indispensable systems for
the host-microbe interactions (Table 1).

The role of the abnormality of transport systems for
bacteria-derived molecules in intestinal disorders

It has been reported that the dysfunction, including abnor-
mal expression levels and polymorphisms, of transport-
associated genes has been identified in several intestinal
disorders.

Peptide transporter 1 (PEPTT)

The expression of PEPT1, a member of the proton—
oligopeptide cotransporter family SEG45, is increased via
NOD2 signalling, which is activated by bacteria-derived
peptidoglycans in DSS-induced colitis mice (Dalmasso
etal., 2011). PEPT1 mediates the transport of di/
tripeptides such as formylated bacterial peptide (fMLP),
muramy! dipeptide and FH-BAR from the intestinal lumen
into epithelial cells, and thus leads to inflammatory
responses that include NFkB activation and the induction
of IL-8 (Vavricka et al., 2004; Nguyen et al., 2009). This
suggests that the expression levels of some peptide
transporters were changed and thereby the signalling
pathways associated with inflammatory reactions were
enhanced. '

Multidrug resistance 1 (MDR-1)

MDR-1 exports xenobiotics as well as bacterial toxins
to the lumen of the gastrointestinal tract. Intestinal inflam-
mation developed spontaneously in MBR-4 null mice
(Panwala et al;, 1998), and the sensitivity to pathogenic
bacteria and the grade of inflammation were exacerbated
in a Helicobacter bilis-induced colitis model (Maggio-Price
et al., 2005). Single nucleotide polymorphisms (SNPs) of

MDR-1 are frequently identified in inflammatory bowel
disease (IBD) and/or colorectal cancer patients and are
suspected to be involved in the pathogenesis of these
diseases (Ho et al., 2005; Andersen et al., 2013). It was
reported that soluble factors derived from Lactobacillus
acidophilus and Lactobacillus rhamnosus increase the
expression of MDR-1 and activate the phosphoinositide
3-kinase and ERK1/2 MAPK pathways, resulting in the
resolution of the intestinal inflammation in mice with
DSS-induced colitis (Saksena et al., 2011). These results
suggest that MDR-1 plays an important role in the host-
microbial interaction through the export of bacteria-
derived molecules, regardless of the characteristics of the
bacteria.

OCTN2

OCTNZ null mice show abnormalities in their gut devel-
opment and differentiation and exhibit increased inflam-
mation and gut injury (Sonne et al., 2012). The expression
of OCTN2 is enhanced by the treatment of inflammatory
cytokines including TNF and IFN in mice. The expression
of OCTN2 has also been reported to increase in actively
inflamed region of ulcerative colitis and Crohn’s disease
patients (Fig. 3) (Fujiya et al., 2011). SNPs of ©&FN1, and
2 were previously identified in patients with Crohn’s
disease (Peltekova et al., 2004; Noble et al., 2005). Fur-
thermore, we revealed that the inhibition of OCTN2
repressed the cytoprotective and anti-inflammatory
effects of CSF, which is secreted by a probiotic, B. subtilis.
These results suggest that alterations of OCTN2 are
associated with intestinal inflammation.

Caveolins

Caveolins act as structural components of the membrane.
Caveolin-1 expression is enhanced in a DSS-induced
colitis mice model and Caveolin-1 null mice show lower
grade colitis histopathology scores and inflammation than
wild-type mice (Chidlow Jr. et al., 2009). Caveolin-2, but
not caveolin-1, is enhanced in the inflamed mucosa of
patients with uicerative colitis (Andoh et al., 2001). Our
findings showed that poly P increases the barrier function
of epithelial cells through the caveolin-dependent
endocytic pathway. These findings therefore suggest that
the expression of caveolins is associated with intestinal
inflammation and it may therefore be a target of IBD.

Future perspective

The dysregulation of trafficking molecules has been
reported in many digestive diseases, including IBD. As
highlighted in this review, probiotic bacteria produce
beneficial molecules, which have cytoprotective and

© 2014 Society for Applied Microbiology and John Wiley & Sons Lid, Environmental Microbiology
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Crohn's Disease Ulcerative Colitis

Fig. 3. Colonic OCTN2 expression is
increased in Crohn’s disease (CD) and %

OCTN2

BACTIN

human ulcerative colitis (UC). Colonic
biopsies were obtained from six healthy
volunteers, six CD.and five UC patients.
Western blots (upper images) and
immunohistochemistry (lower images) showed
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anti-inflammatory effects via trafficking pathways. To date,
three molecules, namely polyamine, CSF and poly P,
have been identified to be such molecules (Fujiya et al.,
2007; Matsumoto etal, 2011; Segawa etal, 2011;
Konishi etal, 2013). In vitro and animal studies of
transport-related gene inhibition revealed that each
molecule exhibits protective and anti-inflammatory
effects through a unique transport system (Fig. 4).
Polymorphisms of genes associated with these unique
systems, such as those involving OCTN2 and -the
integrins, have been identified to increase the susceptibil-
ity to IBDs. The probiotic function of CSF and poly P are
mediated by OCTN2 and integrin 31 respectively. There-
fore, the genetic background of transport-related genes
may be an indicator of the treatment effect of CSF and

B. subtifis

L. brevis

barrier

inflammatory :
cytokines

that the expression of OCTN2 is increased in
A actively inflamed region of UC and CD
patients (Fujiya et al., 2011).

Ulcerative
Colitis

poly P. Therefore, the regulation of the trafficking systems
and drug development using these beneficial molecules
might lead 1o the development of unique therapies for
digestive diseases.

As discussed in this review, the membrane transport of
bacterial molecules can thus be a potentially attractive
therapeutic target for intestinal disease; however, it is
assumed that many still unknown host—bacterial interac-
tion systems that are mediated by transport systems likely
exist.

Further studies are expected to identify many other
candidate transport systems and bacteria-derived mol-
ecules involved in the host—microbial interactions, which
thus may contribute to the development of novel treat-
ments for intestinal inflammation and neoplasms.

Fig. 4. A schematic diagram of the
mechanisms responsible for the probiotic
effects of CSF and poly P. Bacillus subtilis
secretes CSF, which is transported by the
epithelia cell membrane transporter, OCTN2
(left). Lactobacillus brevis secretes poly P,
which is captured by integrin 1 and is
absorbed by caveolin-dependent endocytosis
(right). These trafficking systems mediate the
augmentation of the intestinal barrier function
and exhibit anti-inflammatory effects.

i

¢
\ ¢

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology

- 305 -

]

Coloyr

{Coloar



EMI12632

6 H. Konishi, M. Fujiya and Y. Kohgo
Acknowledgements

This paper was 'supported by Grants-in-Aid for Scientific
Research, Nos. 23590931 (M. Fujiva) and 22390148 (Y.
Kohgo), Intractable Disease Health and Labour Sciences
Research Grants from the Ministry of Health, Labour and
Welfare, and Ishidsu Shun Memorial Scholarship Japan.

References

Alexopoulou, L., Holt, A.C., Medzhitov, R., etaf (2001) Rec-
ognition of double-stranded RNA and activation of
NF-kappaB by Toll-like receptor 3. Nature 413: 732-738.

Andersen, V., Vogel, U., Godiksen, S., etak (2013) Low
ABCB1 gene expression is an early event in colorectal
carcinogenesis. PLoS ONE 8: e72119.

Andoh, A., Saotome, T., Sato, H., etal (2001) Epithelial
expression of caveolin-2, but not caveolin-1, is enhanced in
the inflamed mucosa of patients with ulcerative colitis.
Inflamm Bowel Dis 7: 210-214.

Bambou, J.C., Giraud, A., Menard,. S., et al. (2004) In vitro
and ex vivo activation of the TLR5 signaling pathway in

intestinal epithelial cells by a commensal Escherichia coli

strain. J Biol Chem 279: 42984-42992.

Chidlow, J.H., Jr, Greer, J.J., Anthoni, C., etal. (2009)
Endothelial caveolin-1 regulates pathologic angiogenesis
in a mouse model of colitis. Gastroenterology 136: 575~
584, e2.

Clarke, T.B., Davis, K.M., and Lysenko, E.S. (2010) Recog-
nition of peptidoglycan from the microbiota by Nod1
enhances systemic innate immunity.. Nat Med 16: 228—
231.

Dalmasso, G., Nguyen, HT Ingersoll S.A. etal (2011) The
PepTi- NOD2 signaling pathway aggravates induced colitis
in mice. Gastroenterology 141: 1334-1345.

Downey, G.P., Botelho, R.J., Butler, J.R.—etak (1999)
Phagosomal maturation, acidification, and inhibition of bac-
terial growth in nonphagocytic cells fransfected with
FcgammaRIIA receptors. J Biol Chem: 274: 28436-
28444.

Fujiya, M., Musch, M.W., Nakagawa, Y., Let al (2007) The
Bacillus subtilis quorum-sensing molecule CSF contributes
to intestinal homeostasis via OCTN2, a host cell mem-
brane transporter. Cell Host Microbe 1: 299-308.

Fujiya, M., Inaba, Y., Musch, M.W., etal (2011) Cytokine
regulation of OCTN2 expression and activity in small and
large intestine. Inflamm Bowel Dis 17: 907-916.

Girardin, S.E., Boneca, |.G. Vlala J. —et—a#(2003) Nod2 is a
general sensor of peptxdoglycan through  muramyl
dipeptide (MDP) detection. J Biol Chem 278: 8869-8872.

Goodwin, A.C., Destefano . Shields; C.E., etal. (2011)
Polyamine catabolism® ‘contributes to enterotoxigenic
Bacteroides fragilisinduced colon tumorigenesis. Proc
Natl Acad Sci USA 108: 15354-15359.

Heil, F., Hemmi, H., Hochrein, H., etal. (2004) Species-
specific recognition of single-stranded RNA via toll-like
receptor 7 and 8. Science 303: 1526—1529.

Ho, G.T., Nimmo, E.R., Tenesa, A.,-et-al (2005) Allelic vari-
ations of the multidrug resistance gene determine suscep-
tibility and disease behavior in ulcerative colitis.
Gastroenterology 128: 288-296.

Konishi, H., Fujiya, M., Segawa, S., efal. (2013) Probiotic-
derived polyphosphate improves chronic fibrosis via
caveolin dependent endocytic pa’thway 1588401 2013
Digestive Disease Week.

Larmonier, C.B., Laubitz, D., Hill, F.M., et al. (2013) Reduced
colonic microbial diversity is associated with colitis in
NHE3-deficient mice. Am J. Physiol Gastrointest Liver
Physiol 305: G667-G677.

Luzio, J.P.,, Bright, N.A., and Pryor, P.R. (2007) The role of
calcium and other ions in sorting and delivery in the late
endocytic pathway. Biochem Soc Trans 35 (Part 5): 1088-
1091.

Maggio-Price, L., Bielefeldt-Ohmann, H., Treuting, P, et al.
(2005) Dual infection with Helicobacter bilis and
Helicobacter hepaticus in p-glycoprotein-deficient mdria-/-
mice results in colitis that progresses to dysplasia. Am J
Pathol 166: 1793-1806.

Matsumoto, M., Kurihara, S., Kibe, R., et-al (2011) Longevity
in mice is promoted by probiotic-induced suppression of
colonic senescence dependent on upregulation of gut bac-
terial polyamine production. PLoS ONE 6: e23652.

Meylan, E., Tschopp, J., and Karin, M. (2006) Intracellular
pattern recognition receptors in the host response. Nature
442: 39-44.

Morgan, AJ., Platt, F.M., Lloyd-Evans, E., etal (2011)
Molecular mechanisms of endolysosomal Ca2+ signalling
in health ahd disease. Biochem J 439: 349-374.

Ng, J., Hirota, S.A., Gross, O., etal. (2010) Clostridium
difficile toxin-induced inflammation and intestinal injury are
mediated by the inflammasome. Gastroenterology 139:
542-552, 552.e1-3.

Nguyen, H.T., Dalmasso, G., Powell, K.R., etat—(2009)
Pathogenic bacteria induce colonic PepT1 expression: an
implication in host defense response. Gastroenterology
137: 1435-1447, e1-2.

Noble, C.L., Nimmo, E.R., Drummond, H., et al. (2005) The
contribution of OCTN1/2 variants within the IBD5 locus to
disease susceptibility and severity in Crohn’s disease.
Gastroenterology 129: 1854—-1864.

Obayashi, M., Matsui-Yuasa, ., Matsumoto, T., et-ak (1992)
Polyamine metabolism in colonic mucosa from patients
with ulcerative colitis. Am J Gastroenterol 87: 736—
740.

Panwala, C.M., Jones, J.C., and Viney, J.L. (1998) A novel

model of inflammatory bowel disease: mice deficient for the
multiple drug resistance gene, mdrla, spontaneously
develop colitis. J Immunol 161: 5733-5744.

Papatheodorou, P., Zamboglou, C., Genisyuerek, S., gtal.
(2010) Clostridial glucosylating toxins enter cells via
clathrin-mediated endocytosis. PLoS ONE 5: e10673.

Peltekova, V.D., Wintle, R.F., Rubin, L.A., et al. (2004) Func-
tional variants of OCTN cation transporter genes are asso-
ciated with Crohn disease. Nat Genet 36: 471-475.

Poltorak, A., He, X., Smirnova, 1., et al. (1998) Defective LPS
signaling in C3H/HedJ and C57BL/10ScCr mice: mutations
in Tlr4 gene. Science 282: 2085-2088.

Saksena, 8., Goyal, S., Raheja, G., et al. (2011) Upregulation
of P-glycoprotein by probiotics in intestinal epithelial cells
and in the dextran sulfate sodium model of colitis in mice.
Am J Physiol Gastrointest Liver Physiol 300: G1115—~
G1123.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology

— 306 —



EMI12632

Scarff, K.L., Judd, L.M., Toh, B.H., etakt (1999) Gastric
H(+),K(+)-adenosine triphosphatase beta subunit is
required for normal function, development, and membrane
structure of mouse parietal cells. Gastroenterology 117:
605-618.

Segawa, S., Fujiya, M., Konishi, H., etak (2011) Probiotic-
derived polyphosphate enhances the epithelial barrier
function and maintains intestinal homeostasis through
integrin-p38 MAPK pathway. PLoS ONE 6: e23278.

Sonne, S., Shekhawat, P.S., Matern, D., gtat (2012)
Carnitine deficiency in OCTN2-/- newborn mice leads to a
severe gut and immune phenotype with widespread
atrophy, apoptosis and a pro-inflammatory response. PLoS
ONE 7: e47729.

Sun, X., He, X., Tzipori, S. etak (2009) Essential role of the
glucosyltransferase activity in Clostridium difficile toxin-
induced secretion of TNF-alpha by macrophages. Microb
Pathog 46: 298-305.

Uemura, T., Stringer, D.E., Blohm-Mangone, K.A.—etal
(2010) Polyamine transport is mediated by both endocytic

Host-microbe interactions via transport systems 7

and solute carrier transport mechanisms in the gastrointes-
tinal tract. Am J Physiol Gastrointest Liver Physiol 289:
G517-G522.

Vavricka, S.R., Musch, MW. Chang, JE., etak
(2004) hPepT1 transports muramyl dipeptide, activating
NF-kappaB and stimulating IL-8 secretion in human
colonic Caco2/bbe cells. Gastroenterology 127: 1401-
1409.

Wallace, J.L., Syer, 8., Denou, E. retak (2011) Proton pump
inhibitors exacerbate NSAID-induced small intestinal injury
by inducing dysbiosis. Gastroenterology 141: 1314-1322,
1322.e1-5.

Weiss, T.S., Bernhardt, G., Buschauer, A., etal (2002)
Polyamine levels of human colorectal adenocarcinomas
are correlated with tumor stage and grade. Int J Colorectal
Dis 17: 381-387.

Weiss, T.S., Herfarth, H., Obermeier, F., etak (2004) Intrac-
ellular polyamine levels of intestinal epithelial cells in
inflammatory bowel disease. Inflamm Bowel Dis 10: 529
535. .

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology

- 307 -



