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FIGURE 6. Adipose tissue inflammation in WT and OSMRB"_ mice at 8 weeks on the HFD. The mice (8 weeks old) were fed an HFD for 8 weeks. A, total
number of F4/80-positive cells per weights of adipose tissue in WT, OSMRB ™/ ~, and OSMRB ™~ (PF) mice (n = 6). EWAT, epididymal white adipose tissue. 8 and
C, the percentages of CD11c-positive cells (B) and CD206-positive cells (C) among the F4/80-positive cells in WT, OSMRB™~, and OSMRB ™/~ (PF) mice. D, the
percentages of CD11¢/CD206-double-negative cells among the F4/80-positive cells in WT, OSMRB™/~, and OSMRB ™/~ (PF) mice. E and F, the mRNA expression
levels of inflammatory and anti-inflammatory markers (TNF-a, IL-18, IFN-y, CCR2, MCP-1, TLR4, IL-6, MGL1, MGL2, IL-10, IL-13, and adiponectin) in the adipose
tissue (E) and SVF (F) of WT, OSMRB ™", and OSMRB ™/~ (PF) mice (n = 6). ADPN, adiponectin. The data represent the mean * S.E.*, p < 0.05; **, p < 0.01 WT
versus OSMRB—/— mice; #, p < 0.05 WT versus OSMRB ™~ (PF) mice, Student’s t test.

ob/ob mice compared with those observed in 0b/ob mice with
vehicle injection (Fig. 8, A and B). Both the blood glucose and
serum insulin levels were also reduced by the treatment with
OSM in the fasted state (Fig. 8, C and D). Treatment of 0b/ob
mice with OSM improved their glucose intolerance in an ipGTT
(Fig. 8, Eand F). The OSM-treated 0b/ob mice were more sensitive
to insulin, as measured by the ITT (Fig. 8, G and H). Therefore,
OSM improves glucose intolerance and insulin resistance in 0b/ob
mice. In addition, the number of F4/80-positive macrophages per
weight of adipose tissue was decreased in the adipose tissue by the
treatment of OSM (Fig. 8]). The percentage of CD11c-positive
M1-type macrophages was reduced, whereas the percentage of
CD206-positive M2-type macrophages was increased in OSM-
treated ob/ob mice (Fig. 8, J and K). In addition, OSM increased
the expression of IL-10, IL-13, MGL1, and MGL2 in the adipose
tissue of ob/ob mice (Fig. 8L). Furthermore, the Oil Red O stain-
ing revealed that lipid accumulation was reduced by the treat-
ment of OSM in the liver of 0b/0ob mice (Fig. 8M). In contrast,
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the PAS staining showed that there were more glycogen gran-
ules in the hepatocytes of 0b/ob mice treated with OSM com-
pared with those observed in 0b/ob mice with vehicle injection
(Fig. 8M). In addition, the total cholesterol and triglyceride lev-
els in the liver of 0b/0b mice were decreased by the treatment of
OSM (Fig. 8, Nand O).

Direct Effects of OSM on the Liver of Genetically Obese ob/ob
Mice—Consistent with the data in Fig. 1, C and D, the expres-
sion of OSMR B was increased in the liver of the obese mice (Fig.
9, A and B). To investigate the direct effects of OSM on the liver
of obese mice, we injected 0b/ob mice with OSM intraportally.
The activation of STAT3 was observed in the liver at 15 min
after the intraportal injection of OSM (Fig. 9C). Furthermore,
the expressions of both ACSL3 and ACSL5 were increased at 60
and 120 min after the intraportal injection of OSM (Fig. 9D). In
addition, OSM decreased the expression of FAS in the liver of
ob/ob mice (Fig. 9D). These results suggest that OSM directly
acts on the liver in obese mice.
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DISCUSSION

OSM is a member of the IL-6 family of cytokines and plays a
role in a variety of physiological functions, including hemato-
poiesis, the development of neurons, and the modulation of
inflammatory responses (20, 30-32). Some members of this
family, such as IL-6, ciliary neurotrophic factor, and cardiotro-
phin-1, are known to be associated with the development of
obesity and insulin resistance (33—-35). Although we have dem-
onstrated the expression of OSMRS in ATMs and its associa-
tion with systemic insulin resistance in a previous report (21),
the role of OSM signaling in the development of obesity and
related metabolic disorders remains unclear. In the present
study we first examined the expression of OSMRS in the vari-
ous tissues of both DIO and genetically obese 0b/ob mice. The
expression of OSMR was increased in the adipose tissue and
liver of in these obese mice compared with their control mice.
In the adipose tissue, OSMR was increased in the SVF, espe-
cially in the F4/80-positive ATMs, in both models of obese
mice. These results suggest that OSM signaling is strongly asso-
ciated with the pathogenesis of obesity and related metabolic
disorders.

Next, we analyzed metabolic parametersin OSMRB ™/~ mice
fed the HFD. Strikingly, feeding an HFD for 8 weeks resulted in
more severe obesity in OSMRB ™/~ mice than in WT mice.
Hyperglycemia, hyperinsulinemia, insulin resistance, adipose
tissue inflammation, and hepatic steatosis were exacerbated in
OSMRB ™'~ mice under HFD conditions. In addition, OSM
improved adipose tissue inflammation, insulin resistance, and
hepatic steatosis of 0b/ob mice. These results suggest that OSM
signaling has suppressive effects on the deterioration of obesity
and related metabolic disorders.

Obesity is an important cause of the development of meta-
bolic disorders (2). In the past decade, it has been widely
accepted that HFD leads to obesity that causes chronic low-
grade inflammation followed by insulin resistance (2). Then,
insulin resistance leads to hyperinsulinemia and B cell failure
successively, resulting in various metabolic disorders, including
type 2 diabetes and hepatic steatosis. Therefore, there is the
possibility that the deterioration of metabolic disorders noted
in OSMRB ™/~ mice was due to the increase in fat mass. How-
ever, the pair-feeding study revealed that none of the metabolic
disorders observed in OSMRB ™~ mice fed the HFD, including
adipose tissue inflammation, insulin resistance, and hepatic
steatosis, was affected by the decrease in food intake and body
weight in OSMRB™’~ mice pair-fed with WT mice. These
results suggest that the effects of OSM signaling on the deteri-
oration of metabolic disorders associated with diet-induced
obesity are independent of changes in food intake and body
weight. In addition, the deterioration of adipose tissue inflam-
mation, hyperinsulinemia, insulin resistance, and glucose intol-
erance were already observed in OSMRB ™'~ mice at 2 weeks on

the HFD, when there was no difference in body weight between
WT and OSMRB™’'" mice. Recently, Mehran et al. (36) have
proposed a novel model of obesity and type 2 diabetes distinct
from the widely accepted model in which hyperinsulinemia is
upstream of obesity. Thus, the relationships between obesity,
insulin resistance, and hyperinsulinemia need to be revisited,
and we are considering OSMRB™'~ mice as a unique mouse
model of metabolic diseases.

Under conditions of obesity, inflammatory cytokines, such as
TNF-q, IL-18, and IFN-+, are primarily secreted from M1-type
ATMs, which induces insulin resistance (7—11, 37, 38). In con-
trast, an anti-inflammatory cytokine, IL-10, is produced by
M2-type ATMs, which suppresses insulin resistance (7, 12, 13).
In our previous study OSM signaling was found to have a sup-
pressive effect on adipose tissue inflammation due to the polar-
ization of the macrophage phenotype to the M2-type under
normal dietary conditions (21). In the present study feeding an
HED induced the expression of OSMRS in ATMs, suggesting
the important role of OSM in the development of adipose tissue
inflammation under conditions of obesity. As expected,
OSMRB ™/~ mice, in which OSM signaling is deleted, exhibited
increases in both the number of M1-type ATMs and expression
levels of inflammatory cytokines in the adipose tissue when fed
the HFD for 8 weeks. At this stage, insulin resistance was exac-
erbated in OSMRB™/™ mice compared with that observed in
WT mice, suggesting that adipose tissue inflammation
enhanced by M1-type ATMs may contribute to the exacerba-
tion of insulin resistance in OSMRB ™'~ mice. Recently, it has
been reported that these inflammatory and anti-inflammatory
cytokines are produced by other types of cells, such as regula-
tory T cells and CD8-positive T cells, and play important roles
in the development of obesity-related metabolic disorders (5,
39). We cannot exclude the possibility that the changes in cyto-
kine production profiles result from the other cells except for
ATMs in OSMRB ™'~ mice. However, it is possible that ATMs
are responsible for the inflammatory cytokine production pro-
files in OSMRB ™'~ mice directly because OSMRS was exclu-
sively expressed in F4/80-positive macrophages on adipose tis-
sues under obese conditions.

On the other hand, the number of M2-type macrophages and
the expression level of IL-10 were also increased in the adipose
tissue of OSMRB™'™ mice compared with those observed in
WT mice. As the inflammatory responses driven by M1-type
macrophages are often counteracted by protective mechanisms
operated by M2-type macrophages (40), we analyzed the degree
of adipose tissue inflammation and insulin resistance in
OSMRB™’~ mice at an early stage of HFD. At 4 weeks on the
HED, the number of M2-type macrophages and the expression
levels of anti-inflammatory cytokines were low in the adipose
tissue of OSMRB ™/~ mice compared with that observed in WT
mice, whereas OSMRB ™/~ mice exhibited an increased num-

FIGURE 7. Adipose tissue inflammation and glucose metabolism in WT and OSMRB ™/~ mice at 2 and 4 weeks on the HFD. A, total number of F4/80-
positive cells per weights of adipose tissue in WT and OSMRB ™™ mice (n = 6). Band C, the percentages of CD11c-positive cells (B) and CD206-positive cells (C)
among the F4/80-positive cells in WT and OSMRB ™~ mice. D, the percentages of CD11c/CD206-double-negative cells among the F4/80-positive cells in WT
and OSMRB ™/~ mice. E and F, the mRNA expression levels of inflammatory and anti-inflammatory markers (TNF-e, IL-18, IFN-vy, CCR2, MCP-1, TLR4, IL-6, MGL1,
MGL2, IL-10, IL-13, and adiponectin) in the adipose tissue (E) and SVF (F) of WT and OSMRB ™/~ mice (n = 6). G-N, the results of the ipGTTs (G and K) and ITTs (/
and M) in WT and OSMRB ™/~ mice at 2 weeks (G-J) and 4 weeks (K-N) on the HFD (n = 6). The AUC for blood glucose on the ipGTTs (Hand L) and ITTs (J and
N) was shown. ADPN, adiponectin. The data represent the mean = S.E. *, p < 0.05; **, p < 0.01 WT versus OSMRB ™'~ mice, Student's t test.

=ASBMB

MAY 16, 2014 -VOLUME 289-NUMBER 20

JOURNAL OF BIOLOGICAL CHEMISTRY 13833

— 683~



HFD-induced Metabolic Disorders in OSMR B-deficient Mice

[CIVehicle B [Jvehicte C [Jvehicte D [JVehicle
50 Wosm 40r W osM 180 Wosm 30 RWosM
* 3.5} _te0f T .
5 * o - 4
@ 40 @ 3.0} * * g 140 * %
e Z 25l E 120} E20} *
g% g, g 100} £
2 z 20f 8 215+
@ 2 8of c
g 20} 2 15} ) £
8 a g 60f £ 10}
F 10} g 2
10} a A1 & 5t
05} 20}
0 O™EWAT TSWAT _ Liver ° 0
E —O— Vehicle F []Vehicle G —O— Vehicle H []Vehicle
4001 —e— OSM or HOSM 14o0r —e— OSM 9r mosM
5 350 o8 & 120 o8
> €7
g 300 £ 7 ‘::e 100 57
< 250 26 o8 2
7] S5 o® 80 x5 *
g 200 =2 8& b
2 150 5 4 2o & g4
) £ 4 o2 o ?
8 100 8. 3 40 g,
2 x 2 <
@ 50 1 m 20 1
R T 60 120 0 0595 30 ) 90 120 0
Time after glucose injection (min) Time after insulin injection (min)
I [JVehicle J [JVehicle K [[Jvehicie L [JVehicie
Wosm mosm EosMm W osM
s.or 30r 14r * 20p
* *
e~ 12} » *
52 1, 2% 1 2 e 15} o
Lx 8 * Lg10 85
= 201 a © E
© = o+ o+ <8
g; o8 o g st EE
b k] § 15} s § Eg 10
o% Ec Ec S iz
gz S v 10} 8@ £Q
£ED &3 g3 ¢ 3 05
@ o o "
é 5 5F © 2t
0 0 o s MGL1  MaL2
M Vehicle OsMm N []Vehicle 0 [JVehicle
400r  ggosm 8[  mosm
o
S L B el
g 300 E, 6
£ 3
£ 200} %4 T
@ 2
o
£ 100} 5 2}
g -
2% Gttt :, e ; S 0 0

FIGURE 8. The effects of OSM on glucose metabolism, adipose tissue inflammation, and hepatic steatosis in ob/ob mice. ob/ob mice were injected
intraperitoneally with either vehicle or recombinant mouse OSM (12.5 ng/g of body weight) twice a day for 7 days. A, the body weights in vehicle- and
OSM-treated ob/ob mice (n = 6). B, the tissue weights in vehicle- and OSM-treated ob/ob mice (n = 6). EWAT, epididymal white adipose tissue; SWAT,
subcutaneous white adipose tissue. Cand D, blood glucose (C) and serum insulin (D) levels in vehicle- and OSM-treated ob/ob mice in the fasted states (n = 6).
In the fasted states, mice were fasted overnight before the experiments. E-H, the results of the ipGTTs (E) and ITTs (G) in vehicle- and OSM-treated ob/ob mice
(n = 6). The AUC for blood glucose on the ipGTTs (F) and [TTs (H) is shown. For ipGTTs, mice were fasted for 16 h and intraperitoneally injected with p-glucose
(0.5 g/kg of body weight). For ITTs, mice were fasted for 4 h and intraperitoneally injected with insulin (5 unit/kg of body weight). /, total number of
F4/80-positive cells per weights of adipose tissue in vehicle- and OSM-treated ob/ob mice (n = 6). J and K, the percentages of CD11c-positive cells (J) and
CD206-positive cells (K) among the F4/80-positive cells in vehicle- and OSM-treated ob/ob mice. L, the mRNA expression levels of anti-inflammatory markers
(IL-10, IL-13, MGL1, and MGL2) in the adipose tissue of vehicle- and OSM-treated ob/ob mice (n = 6). M, Oil Red O and PAS staining of the livers of vehicle- and
OSM-treated ob/ob mice. CV, central vein. Scale bar = 100 um. N and O, the content of triglycerides (N) and total cholesterol (O) in the livers of vehicle- and
OSM-treated ob/ob mice in the fed state (n = 6). In the fed state, mice were fasted for 4 h before the experiments to eliminate the feeding effects on lipid
metabolism. The data represent the mean = S.E.*, p < 0.05; **, p < 0.01 vehicle versus OSM, Student’s t test.

ber of M1-type ATMs, high expression levels of inflamma- counteract the excessive inflammation induced by the larger
tory cytokines, and severe insulin resistance. Therefore, the number of M1-type ATMs and the up-regulation of inflamma-
increased  anti-inflammatory responses observed in tory cytokines in the adipose tissue. In addition, an increased
OSMRB ™/~ mice at 8 weeks on the HFD may have occurredto  total number of ATMs, the polarization of ATMs to M1-type,
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FIGURE 9. The direct effects of OSM on liver lipid metabolism in ob/ob mice. ob/ob mice were injected intraportally with either vehicle or recombinant
mouse OSM (12.5 ng/g of body weight) and maintained for 60 and 120 min. A, Western biot analysis of OSMRB in the liver in the WT mice fed a normal diet (ND)
or an HFD and the lean and ob/ob mice (n = 6). The apparent molecular masses are indicated on the right. B, a quantitative analysis of the protein expression
of OSMRB in the liver (n = 6). C, activation of STAT3 in the liver by the intraportal injection of OSM in ob/ob mice. D, the mRNA expression levels of genes related
to lipolysis (ACSL3 and ACSL5) and lipogenesis (FAS) in the liver of vehicle- and OSM-injected ob/ob mice (n = 6). The data represent the mean = S.E.**, p < 0.01
normal diet (ND) versus HFD or lean versus ob/ob (B); *, p < 0.05 vehicle versus OSM 60 min; #, p < 0.05 vehicle versus OSM 120 min; Student'’s t test.

and inflammatory cytokine production profiles were already
observed in OSMRB ™/~ mice at 2 weeks on the HFD. At this
stage, hyperinsulinemia, glucose intolerance, and insulin resis-
tance in OSMRB ™/~ mice were more severe than those in WT
mice despite no differences in body weight between two geno-
types, suggesting that the deterioration of these metabolic dis-
turbances in OSMRB™'~ mice occurs independent of the
increase in body weight.

Obesity-induced insulin resistance causes serious metabolic
disorders, including cardiovascular disease and hepatic steato-
sis (1, 41). Hepatic steatosis, in particular, is a predisposing fac-
tor for non-alcoholic steatohepatitis, which often progresses to
liver cirrhosis and hepatocellular carcinoma (42). In the present
study, OSMRB™'~ mice fed an HFD for 8 weeks exhibited
severe hepatic steatosis compared with that observed in WT
mice. The expression levels of the transcription factor,
SREBF-1, and its target genes, FAS and SCD-1, were also
increased in the liver of OSMRB ™'~ mice. As FAS and SCD-1
promote fatty acid synthesis in the liver, increased de novo lipo-
genesis in the liver may result in the deterioration of hepatic
steatosis in OSMRB /™ mice. Furthermore, insulin stimulates
de novo lipogenesis by increasing the expression of SREBF-1
(43). We observed that the serum concentration of insulin was
high in OSMRB ™/~ mice compared with those observed in WT
mice, suggesting that the up-regulation of insulin induces an
increased expression of SREBF-1 in OSMRB™/~ mice. There-
fore, hepatic steatosis is likely exacerbated in HFD-fed
OSMRB ™/~ mice due to the promotion of hepatic lipogenesis.

It has been long accepted that insulin resistance and hepatic
steatosis are mutually related in a “vicious cycle” (41). On the
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other hand, some investigators have recently reported the dis-
sociation of hepatic steatosis from insulin resistance (44); insu-
lin resistance without hepatic steatosis (with hypotriglycemia)
has been observed in liver-specific insulin receptor knock-out
mice (45, 46) and the liver-specific deletion of phosphatase and
tensin homolog has been found to improve systemic insulin
resistance associated with enhanced hepatic steatosis (47).
Hence, hepatic steatosis is not always related to insulin resis-
tance. To address this issue, Brown and Goldstein (48) pro-
posed the concept of “selective insulin resistance.” When insu-
lin signaling is completely blunted in the liver, hepatic
gluconeogenesis is promoted, and hepatic lipogenesis is inhib-
ited. However, when some steps of insulin signaling only
required for the suppression of hepatic gluconeogenesis are
blunted in liver, the remaining intact mechanisms of insulin
signaling drive hepatic lipogenesis. In the present study, we
demonstrated that the activation of FOXO1 due to stimulation
with insulin, which suppresses the gluconeogenetic actions of
insulin, was inhibited in the liver of OSMRB ™/~ mice compared
with that observed in WT mice. On the other hand, the phos-
phorylation of S6K after stimulation with insulin, which pro-
motes de novo lipogenesis, remained intact in the liver of
OSMRB ™/~ mice. As the degree of hyperinsulinemia was much
more severe in OSMRB ™/~ mice than in WT mice, selective
insulin resistance may contribute to the progression of hepatic
steatosis in OSMRB ™/~ mice. Of course, we cannot rule out the
possibility that other pathways may induce de novo lipogenesis
in the liver, including glucose-induced carbohydrate response
element-binding protein activation (49) and/or cholesterol-in-
duced liver X receptor activation (50).
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Alternatively, the cause of severe hepatic steatosis in
OSMRB ™/~ mice is the lack of direct effects of OSM on the
liver. In the present study, we observed that OSMRf was up-
regulated in the liver of obese mice. To test the direct effects of
OSM on the liver, we injected OSM intraportally in 0b/ob mice.
A signal molecule for the downstream of OSMRS, STAT3, was
activated in the liver by the intraportal injection of OSM. Zhou
et al. (51) have reported that the expression of ACSL3 and
ACSL5, which promote lipolysis in the liver, is increased by
OSM in HepG2 cells. In the present study, the intraportal injec-
tion of OSM increased the expression of ACSL3 and ACSL5 in
the liver of obese mice. In addition, OSM decreased the expres-
sion of FAS in the liver. Thus, OSM may directly increase lipol-
ysis and suppresses lipogenesis in the liver of obese mice.

In conclusion, OSMRB ™/~ mice exhibited severe obesity,
adipose tissue inflammation, insulin resistance, and hepatic
steatosis under HFD conditions. In addition, OSM improved
adipose tissue inflammation, insulin resistance, and hepatic
steatosis in genetically obese 0b/ob mice. Our results strongly
suggest that OSMR is required to protect against the develop-
ment of obesity and related metabolic disorders. Therefore,
OSM signaling is a potential novel therapeutic target in patients
with metabolic syndrome, including obesity, insulin resistance,
and hepatic steatosis.
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The liver has a remarkable capacity to regenerate after injury. Although the regulatory mechanisms of
hepatocytic regeneration have been a subject of intense study, the dynamism of the sinusoids,
specialized blood vessels in the liver, remains largely unknown. Transient activation of hepatic stellate
cells and hepatic sinusoidal endothelial cells, which constitute the sinusoids, contributes to liver
regeneration during acute injury, whereas their sustained activation causes liver fibrosis during chronic
injury. We focused on understanding the association between damaged hepatocytes and sinusoidal
regeneration or liver fibrogenesis using a carbon tetrachloride—induced liver injury mouse model.
Damaged hepatocytes rapidly expressed semaphorin 3E (Sema3e), which induced contraction of sinu-
soidal endothelial cells and thereby contributed to activating hepatic stellate cells for wound healing.
In addition, ectopic and consecutive expression of Sema3e in hepatocytes by the hydrodynamic tail-
vein injection method resulted in disorganized regeneration of sinusoids and sustained activation of
hepatic stellate cells. In contrast, liver fibrosis ameliorated in Sema3e-knockout mice compared
with wild-type mice in a chronic liver injury model. Our results indicate that Sema3e, secreted by
damaged hepatocytes, affects sinusoidal regeneration in a paracrine manner during liver regeneration,
suggesting that Sema3e is a novel therapeutic target in liver fibrogenesis. (Am J Pathol 2014, 184:
2250~2259; http://dx.doi.org/10.1016/j.ajpath.2014.04.018)

The liver has a remarkable capacity to regenerate from sur-
gical resection and damage caused by various insults, such as
toxic chemicals and viral infection. Many injuries cause
death of hepatocytes, which are liver parenchymal cells,
followed by compensatory proliferation of the remaining
hepatocytes to regenerate." Therefore, the mechanisms of
liver regeneration are focused on hepatocytes,” whereas the
regenerative process of sinusoids, unique capillary vessels in
the liver, remains largely unknown. The hepatic sinusoid is
composed of fenestrated sinusoidal endothelial cells (SECs)
and hepatic stellate cells (HSCs). In general, the process of
liver regeneration after injury is accompanied by sinusoid
fibrogenesis. Although transient fibrogenesis is beneficial for
wound healing by providing mechanical stability and a
scaffold for hepatocytic regeneration,® prolonged fibro-
genesis during chronic hepatitis often leads to the accumu-
lation of extracellular matrix (ECM), resulting in nodule

Copyright © 2014 Published by Elsevier Inc. on behalf of the
American Society for Investigative Pathology.
hup:/fdx.doi.org/10.1016/.ajpath.2014.04.018

formation and alterations in hepatic function and blood flow.
Therefore, liver fibrosis is a pathologic sign that results in
severe hepatic diseases, such as cirrhosis and carcinogen-
esis.” Previous studies have revealed that HSCs, character-
istic pericytes that line the hepatic sinusoid, are a key cellular
source for the ECM and that activated HSCs acquire myo-
fibroblastic characteristics by secreting excess ECM protein,
such as collagen types I and IIL° In addition, SECs and HSCs
cooperate to maintain the sinusoidal environment. For
example, vascular endothelial growth factor (VEGF) secreted
by HSCs maintains SEC homeostasis by preventing their
capillarization.” Conversely, SECs revert activated HSCs to a
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quiescent status via nitric oxide synthesis.® These observa-
tions suggest that the reciprocal cell-to-cell communication
between SECs and HSCs is critical for sinusoidal regenera-
tion and liver fibrosis after liver injury and that SEC angio-
genic factors could be the regulators of liver fibrogenesis
through indirect activation of HSCs. Because liver injury is
accompanied by inflammation and hepatocytic insults, in-
flammatory cells are involved in sinusoidal fibrogenesis.” In
addition, molecules secreted from damaged hepatocytes
contribute to the compensatory proliferation of surrounding
hepatocytes.'”'" However, whether there is a direct associ-
ation between damaged hepatocytes and sinusoidal regen-
eration or liver fibrogenesis is currently unknown.

We found that semaphorin 3E (Sema3e) is up-regulated
by 3,5-diethoxycarbonyl-1,4-dihydrocollidine feeding in a
mouse model of chronic hepatitis.'>'? Sema3e is a secretory
protein that belongs to the class 3 semaphorin family'* and
plays a neurogenic and angiogenic repulsive role in devel-
opment.'”'® The receptors for semaphorins are plexins and
neuropilins, and Sema3e specifically binds to plexin DI
(Plxndl).'” Sakurai et al'® reported that Sema3e/Plxndl
signaling initiates the antiangiogenic response by regulating
Arf6 and R-Ras, inhibiting endothelial tip cell adhesion to
the ECM, and retracting filopodia. Moreover, the Sema3e/
Plxndl axis interferes with VEGF and VEGF receptor
(VEGFR)-2 signaling via a feedback mechanism.'® Indeed,
Sema3e/Plxnd1 signaling plays an essential role in devel-
opment because Sema3e-knockout (KO) mice display
aberrant vascularization of intersomitic blood vessels.'’
However, the involvement of Sema3e/Plxnd] signaling in
liver regeneration and pathogenesis remains largely un-
known. In this study, we focused on the mechanisms of
sinusoidal regeneration after liver injury and found that
Sema3e produced by damaged hepatocytes activates SECs
via Plxndl and thereby plays a critical role in sinusoidal
regeneration and liver fibrosis.

Materials and Methods
Mice

C57BL/6 mice were obtained from CLEA Japan (Tokyo,
Japan). Sema3e-KO mice were provided by Dr. Yutaka
Yoshida (Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH)."” The littermates were subjected to carbon
tetrachloride (CCl,)—induced liver fibrosis. All animal ex-
periments were performed in accordance with our institu-
tional guidelines.

Induction of CCl,-Induced Acute Liver Injury and Liver
Fibrosis

Acute liver injury was induced by single i.p. injection of
CCly. CCly (Wako Pure Chemical, Osaka, Japan) was
diluted in corn oil (Wako) to 20% and injected into mice at a
dose of 1 mL/kg of CCl,. Liver fibrosis was induced by

The American Journal of Pathology m ajp.amjpathol.org

repeated injection of CCly twice per week for 4 weeks.
Livers were harvested 3 days after the final CCly injection.

H&E and Sirius Red Staining

Liver cryosections (8 pm) were mounted on glass slides and
fixed with Zamboni fixative solution for 10 minutes for im-
munostaining. The fixed sections were incubated with 5%
skim milk (w/v) in phosphate-buffered saline and then incu-
bated with primary antibodies, followed by secondary anti-
bodies. The antibodies used in this study are listed in Table 1.
Images were captured using Observer Z1 with an AxioCam
HRc (Zeiss, Oberkochen, Germany). The hematoxylin and
eosin (H&E) staining was performed after immunostaining in
some specific experiments as stated later. The cover glass on
enclosed sections was eliminated carefully with adequate
phosphate-buffered saline (Wako) and then stained with H&E
(Muto Pure Chemicals, Tokyo, Japan). Sirius Red staining was
performed followed by Bouin’s solution (Sigma-Aldrich, St.
Louis, MO) fixation, as described previously. In brief, nuclei
were stained with Weigert’s iron hematoxylin (Wako) and
then stained with collagen and Direct Red 80 (Sigma-Aldrich).

RT-PCR and Real-time RT-PCR

Total RNA was isolated from mouse livers or hepatic cells
using TRIzol reagent (Invitrogen). Reverse transcription to
cDNA templates was performed using random primers and a
High-Capacity ¢cDNA Reverse-Transcription Kit (Applied
Biosystems, Foster City, CA). Real-time RT-PCR experiments
were conducted with a LightCycler 480 system and Universal
Probe Library (Roche Diagnostics, Indianapolis, IN). The
mouse ACTB gene assay in ProbeLibrary was used as the
normalization control. The sequence information for the primer
pairs used is listed in Table 2. Probes #63 and #27 were used for
Sema3e and Plxndl, respectively. Sema3e primers were used
for experiments by analyzing the Sema3e expression. Sema3e
vector primers were used to construct the expression vector.

Table 1  Antibodies Used in the Study

Protein Supplier

Semaphorin 3E (Sema3e) Abgent (San Diego, CA)
Stabilin-2 (Stab-2) Nonaka et al®®

(D45 BD Biosciences (San Diego, CA)

Nerve growth factor receptor R&D Systems (Minneapolis, MN)
(NGFR, p75NTR)

Actin, op, smooth muscle,
aorta (¢-SMA)

Abcam (Cambridge, MA)

CD16/CD32 BD Biosciences

(Fcy III/IT Receptor)
Ki-67 eBioscience (San Diego, CA)
Collagen I AbD Serotec (Kidlington, UK)
Phalloidin Invitrogen (Carlsbad, CA)
GAPDH Merck Millipore (Billerica, MA)

o-SMA, o-smooth muscle actin; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; p75NTR, p75 low-affinity neurotrophic growth factor receptor.
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Table 2  Primer Sequences Used for This Study

Gene Sense primer sequence Antisense primer sequence

Sema3e 5'~-GGGGCAGATGTCCTTTTGA-3’ 5'~-AGTCCAGCAAACAGCTCATTC-3’
Plxnd1 5 ~CTGGATGTCCATCTGCATGT -3/ 5'-CAGGAAGAACGGCTCACCTA-3’

Construction for Sema3e expression vector 5'~AGCTAGCCCCTGGAGGGAAGTACTAA-3' 5'-GTCGACTCCTAGGTTCCTCAGCCGCC-3’

Cell Isolation

A single-cell suspension was obtained from the liver by a
modified collagenase perfusion method, as described previ-
ously.”’ In brief, liver specimens were perfused with a basic
perfusion solution containing 0.5 g/L. of collagenase-Yakult
(Yakult Pharmaceutical Industry Co. Ltd., Tokyo, Japan) and
50 mg/L of DNase I (Sigma-Aldrich). The digested liver was
passed through a 70-pum cell strainer. After centrifugation at
60 x g for 1 minute, the precipitated cells were used as he-
patocytes after Percoll (GE Healthcare, Piscataway, NJ) density
centrifugation. The supernatant was transferred to a new tube
and centrifuged at 120 x g for 2 minutes repeatedly until no
pellet was visible. The final supernatant was centrifuged at
340 x g for 5 minutes, and the precipitated cells were used as
non-parenchymal cells for cell isolation. Aliquots of cells were
blocked with anti-FcyR antibody, co-stained with fluores-
cence- and/or biotin-conjugated antibodies, and then incubated
with allophycocyanin-conjugated streptavidin (BD Bio-
sciences, San Diego, CA) if needed. The samples were sorted
by Moflo XDP (Beckman-Coulter, Fullerton, CA) or auto-
MACS pro (Miltenyi Biotec, Bergisch Gladbach, Germany)
with anti-allophycocyanin microbeads. Dead cells were
excluded by propidium iodide staining.

Primary Culture of Hepatocytes and SECs

Primary hepatocytes separated by Percoll were seeded in type I
collagen—coated 6-well dishes (BD Biosciences) at 5 x 10°
per well with William’s Medium E (Life Technologies,
Carlsbad, CA) that contained 10% fetal bovine serum (JRH
Biosciences, Lenexa, KS). After 3 hours (0 hours), unattached
hepatocytes were washed out, and dimethyl sulfoxide
(vehicle) or CCly dissolved in dimethyl sulfoxide was added to
the culture medium at a final concentration of 2.0 mmol/L.
Then, total RNA was extracted from hepatocytes at 0, 3, 6, and
24 hours after CCl, administration. Isolated primary SECs
were seeded in dishes coated with collagen type I-C (Nitta
gelatin, Osaka, Japan) with Dulbecco’s modified Eagle’s
medium/Ham’s nutrient mixture F-12 (Sigma-Aldrich). After
12 hours, recombinant mouse Sema3e (R&D Systems) was
added to the culture medium for a final concentration of 500
ng/mlL. After incubation for 30 minutes, the morphologic
status of SECs was analyzed by immunocytochemistry using
fluorescein-conjugated phalloidin and Hoechst stain.

Forced Expression of Sema3e in Hepatocytes

We used the pLIVE vector and TransIT-EE Hydrodynamic
Delivery solution (Mirus Bio, Madison, WI) to introduce

2252

Sema3e cDNA into §-week-old mice by hydrodynamic
tail-vein injection (HTVi). The primer pairs used for the
expression vector are listed in Table 2.

Quantitative Analysis of Liver Sections Stained with
Immunohistochemistry and Sirius Red

The vascular density was determined by analyzing stabilin
(Stab)-2—positive area in the fields, including the central vein
(CV). Four independent images of liver sections at x200
magnification per animal were analyzed using the Imagel
software version 1.46r (NIH, Bethesda, MD). The parenchymal
area was evaluated by subtracting vascular luminal area from
the total field area and used for calculation. The fibrosis area was
assessed by analyzing the Sirtus Red—stained collagen areas in
the liver sections at x50 magnification. Ki-67—positive hepa-
tocytes were counted using In Cell Analyzer 2000 (GE
Healthcare), as described previously.*

Measurement of Serum ALT, Serum Albumin, and
Hydroxyproline Content

Serum alanine aminotransferase (ALT) and albumin were
measured at the Oriental Yeast Company (Tokyo, Japan) or
by the Transaminase Cll-test Wako (Wako). Hydroxypro-
line content was measured as described previously.™

Statistical Analysis

Statistical analysis was performed using the unpaired two-
tailed Student’s #-test. Gene expression in multiple liver cell
fractions was compared by one-way analysis of variance
and subsequent Tukey’s tests. P < 0.05 was considered
statistically significant.

Results

Sinusoidal Regeneration in CCl,-Induced Liver Injury in
Mice

The i.p. injection of CCly produces a conventional liver
injury model to study liver regeneration and subsequent
fibrosis. We treated mice with CCl, and monitored the status
of hepatocytes and SECs to investigate sinusoidal regener-
ation after liver injury. We have reported previously that
Stab-2, a scavenger receptor, and receptors II (CD32) and III
(CD16) for Fc fragment of IgG (FcyRs) are highly
expressed in SECs and make it possible to distinguish SECs
from other kinds of endothelial cells.**** Frozen liver sec-
tions were subjected to immunohistochemistry (IHC) using

“ajp.amjpathol.org m The American Journal of Pathology
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anti—Stab-2 or anti-FcyR antibodies, followed by H&E
staining to visualize SECs in CCly-treated liver. Sinusoids in
normal liver (0 hours) extended from the CV in a high-density
radial pattern (Figure 1, A and B, and Supplemental Figure S1,
A and B). Because CCly is metabolized by cytochrome P450
in hepatocytes surrounding the CV to produce toxic free rad-
icals as intermediate metabolites,” administering CCl, causes
massive hepatocytic death around the CV. H&E staining
revealed mild and obvious degeneration of hepatocytes at 24
and 48 hours after CCl, treatment, respectively (Figure 1, C
and E, and Supplemental Figure S1, C and E). The sinusoidal
structure was disorganized 24 hours after CCl, treatment, and
most SECs in the degenerated region (Figure 1) seemed to be
contracted, suggesting that some substantial alterations
occurred in the SECs (Figure 1, C and D, and Supplemental
Figure S1, C and D). The degenerated region became more
obvious, and the arrangement of SECs remained disorganized
48 hours after CCl, treatment (Figure I, E and F, and
Supplemental Figure S1, E and F). Degeneration of hepato-
cytes decreased and hepatocytes regenerated 72 and 96 hours
after CCl, treatment, but immune cells accumulated around the
CV (Figure 1, G and I, and Supplemental Figure ST, G and I).
In contrast, SECs returned to their original position and
morphologic status during these phases (Figure 1, H and J, and
Supplemental Figure S1, H and J). These data suggest that the
process of sinusoidal regeneration would be completed by 72
hours after CCl-induced injury in mice.

Sema3e Is Expressed by Degenerating Hepatocytes
during CCl;-Induced Liver Injury

Because a sign of contraction was observed in SECs at 24 hours
after CCly treatment, it was supposed that some angiogenesis-
related factors might be involved in this morphologic change.
We found in our previous research about liver regeneration
during chronic hepatitis that Sema3e is up-regulated in injured
liver. Therefore, we examined the Sema3e expression pattern
by quantitative RT-PCR (RT-qPCR) after CCl, treatment and
measured serum concentrations of ALT as a liver injury marker
(Figure 2, A and B). As a result, Sema3e expression was
negligible in normal liver but was up-regulated drastically at 24
hours after CCly treatment. Intriguingly, Sema3e expression
then decreased sharply at 48 hours and returned to the basal
level after 72 hours. These results suggest that up-regulation of
Sema3e might be related with degeneration of hepatocytes, as
evaluated by serum ALT (Figure 2, A and B), whereas rapid
Sema3e down-regulation may represent completion of hep-
atocytic death. Therefore, we hypothesized that damaged he-
patocytes could be a source for Sema3e. To address this
hypothesis, we examined Sema3e expression in injured liver
sections by IHC using an anti-Sema3e antibody. As expected,
strong Sema3e signals were detected within the degenerating
area around the CV 24 hours after CCl, treatment (Figure 2C).
To investigate whether the cells expressing Sema3e were he-
patocytes, we stimulated hepatocytes isolated from normal liver
with CCly in culture. Primary cultured hepatocytes became
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Figure 1  Morphologic transition of sinusoids after carbon tetrachloride
(CCl)—induced liver injury. Identical sections were subjected to immu-
nohistochemistry using anti-stabilin (Stab)-2 antibody and hematoxylin
and eosin (H&E) staining (after immunostaining). A and B: The sinusoids
extend from the central vein (CV) in a high-density radial pattern in normal
liver (0 hours) before injury. C and D: Sinusoidal structure is affected 24
hours after CCl, treatment, followed by hepatocyte degeneration around
the CV. E and F: Most sinusoidal endothelial cells (SECs) in the degenerated
region (surrounded by the broken line) are strongly contracted. The
arrangement of SECs remains disordered 48 hours after CCl, treatment.
Degeneration of hepatocytes diminishes 72 (G and H) and 96 hours (I and
J) after CCl, treatment, hepatocytes regenerate, and immune cells accu-
mulate around the CV. Most of the SECs were stationed at the proper
position during these phases. Scale bars: 50 um (A, C, E, G, and I).

gradually swollen after CCly treatment, and most of the hepa-
tocytes degenerated 24 hours after CCl, challenge (Figure 2D).
Real-time RT-PCR revealed that the expression level of
Sema3e of CCly-treated hepatocytes was significantly increased
compared with that of vehicle-treated or nontreated hepatocytes
and 3.7-fold higher than that of injured liver 24 hours after
in vivo administration of CCl, (whole liver), suggesting that
damaged hepatocyte by oxidative stress is a major source of
robust expression of Sema3e in CCl, injury model (Figure 2E).
Although Sema3e is expressed in immune cells,”® CD45"
blood cells isolated from CCly-treated liver hardly expressed
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Expression profiles of semaphorin 3E (Sema3e) and plexin D1 (Plxnd1) in liver. A: Sema3e expression level in liver after carbon tetrachloride

(CCl)—induced injury. B: Whole liver total RNA was assessed by quantitative RT-PCR. Evaluation of serum alanine aminotransferase level at indicated time
points. C: Livers were subjected to immunohistochemical staining with an anti-Sema3e antibody 24 hours after CCl, treatment. Sema3e expression is observed
in hepatocytes in the damaged region around the central vein. D: Morphologic alterations in primary cultured hepatocytes treated with CCL,. E: The expression
levels for Sema3e of primary cultured hepatocytes at 0, 3, 6, and 24 hours after nontreatment, vehicle treatment, or CCl, treatment, respectively. The whole
liver represents the mRNA of injured mouse liver 24 hours after CCl, administration. The fold expression of Sema3e mRNA of cultured hepatocytes relative to
the whole liver is shown. Data are expressed as means = SEM. n = 3 per group. *P < 0.05, **P < 0.01, and ***P < 0.001 versus 0 hours after CCl, treatment.

Scale bars: 50 pm (C); 100 pm (D).

Sema3e (Supplemental Figure S2A). Moreover, Sema3e
was not induced after a 70% partial hepatectomy, which was
not accompanied by hepatocyte damage (Supplemental
Figure S2B). These results strongly suggest that Sema3e is
induced in hepatocytes in vitro and in vivo in a damage-
dependent manner.

Sema3e Has an Effect on Retracting SEC Filopodia

We isolated each type of liver cell by fluorescence-activated
cell sorting and analyzed Sema3e receptor (Plxnd1) expres-
sion by RT-gPCR to identify the cell type that responded to
Sema3e in injured liver. Plxndl was predominantly
expressed in Stab-2" SECs (Figure 3A), suggesting that
Sema3e secreted from degenerating hepatocytes could affect
SECs in a paracrine fashion. Sema3e plays a role in repulsing
the endothelial tip and inhibiting cell migration. However,
the effect of Sema3e on SECs has not been examined.
Therefore, we investigated the effect of Sema3e on freshly
isolated SECs in culture. As a result, SEC filopodia retracted
significantly in the presence of Sema3e (Figure 3, B and C),
as reported previously in other endothelial cell lines.'™’
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Prolonged Expression of Sema3e Results in Disoriented
Sinusoidal Regeneration

Given that Sema3e also induced retraction of SEC filopodia
in vivo, transient expression of Sema3e from damaged he-
patocytes could be involved in the morphologic contraction
of SECs as observed 24 hours after CCl; treatment
(Figure 1D and Supplemental Figure S1D). This idea was
supported by the result that SECs returned to their original
morphologic status during reconstruction of sinusoids after
the drastic decrease in Sema3e expression. To further verify
Sema3e function in vivo, we examined the effect of pro-
longed Sema3e expression by HTVi, which is a method of
delivering an expression vector into hepatocytes. We
initially injected either Sema3e or a control expression
vector into wild-type mice by HTVi. Then, each mouse was
treated with either CCl, or vehicle 3 days after HTVi. We
first examined SEC by using H&E and IHC staining 1 day
after CCl; administration when endogenous Sema3e
expression is drastically induced. We observed no obvious
differences in the damaged area between control- and
Sema3e-HTVi liver (Supplemental Figure S3). These results
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Figure 3  Semaphorin 3E (Sema3e) induces contraction of sinusoidal endothelial cells (SECs). A: Real-time RT-PCR analysis of plexin D1 (Plxnd1) in
hepatocytes, SECs, blood cells, and other non-parenchymal cells (NPCs). Each fraction was isolated from normal or 24-hour post—carbon tetrachloride (CCL,)
liver, and Plxnd1 mRNA levels were compared with those of whole livers. Remarkable Plxnd1 expression was observed in SECs in normal and 24-hour post-CCl,
livers. B: Morphologic changes in SECs after addition of Sema3e. C: SECs were subjected to primary culture with or without Sema3e. SECs cultured with Sema3e
have significant retraction of filopodia observed in control SECs. D: Scheme of in vivo analysis using the hydrodynamic tail-vein injection (HTVi) method. E: The
Sema3e expression vector was introduced into hepatocytes using the HTVi method. The mice were subjected to CCl, injection after 3 days. Then, livers were
harvested after an additional 3 days. Immunostaining of liver sections with an anti—stabilin (Stab)-2 antibody 3 days after injury. F: Normal sinusoidal
regeneration is observed in the control liver, whereas disorganized regeneration of contracted SECs is observed in Sema3e-expressed livers. Vascular density of
control- and Sema3e-expressed liver sections before and after injury. The SEC area significantly decreases in Sema3e-expressed livers after liver injury. Vascular
area was measured as Stab-2—positive area visualized by immunohistochemistry. Empty areas, such as the lumen, were subtracted for calculation. Data are
expressed as means = SEM. n = 3 per group (A); n = 4 per group (C); n = 4 to 5 per group (F). **P < 0.01, ***P < 0.001 for analysis of variance with

Tukey's post hoc tests. Scale bars: 20 um (D); 50 um (F).

suggested that the additional overexpression of Sema3e was
not effective because the amount of endogenous Sema3e
was enough to affect sinusoidal contraction 1 day after liver
injury. Then, we analyzed the livers 3 days after CCly
administration when endogenous Sema3e expression is
decreased (Figure 3D). Sinusoidal regeneration and SEC
status were evaluated by IHC using an anti—Stab-2 antibody
and vascular density, as represented by the ratio of the Stab-
2—positive area to total parenchymal area (Figure 3, E and
F). We confirmed that exogenous Sema3e expression by
HTVi was maintained irrespective of CCl; treatment
(Supplemental Figure S4). Although the vascular system of
Sema3e-HT Vi livers tended to decrease compared with that
of control-HTVi livers, no significant difference was
observed in vehicle treatment (Figure 3F). The Sema3e-
HTVi liver treated with CCly had markedly disoriented
and contracted SECs, whereas radial arrays of SECs were
reconstructed around the CV in control-HTVi liver
(Figure 3E), which was similar to the image 24 hours after
CCly treatment (Figure 1D and Supplemental Figure S1D).
Consistent with this observation, the vascular system of the
Sema3e-HTVi liver decreased significantly compared with
that of the control-HTVi liver (Figure 3F). These results
suggest that Sema3e is able to affect the morphologic status
of SECs in regeneration process in vivo and in vitro.

The American Journal of Pathology m ajp.amjpathol.org

Disoriented Sinusoidal Regeneration by Sema3e
Potentiates HSC Activation in Vivo

We examined whether regeneration of hepatocytes was
affected after liver injury because inhibiting sinusoidal
reconstruction in Sema3e-HTVi liver may affect blood flow
in the liver. However, no significant differences were
observed between control- and Sema3e-HTVi livers after
H&E staining (Figure 4A) or by serum albumin concentra-
tion (Supplemental Figure S5). We next investigated the
status of HSCs, another key component of the liver sinusoid.
Because HSCs express p75 low-affinity neurotrophic growth
factor receptor (p7SNTR),**° SECs and HSCs in a regen-
erating sinusoid were visualized by IHC using anti—Stab-2
and anti-p75NTR antibodies. Normal sinusoids were recon-
structed in control-HT Vi liver 3 days after CCl, treatment (ie,
each HSC-lined SEC was rearranged correctly). In contrast,
many extended HSCs were observed accompanied by
disorganized revascularization in the Sema3e-HTVi liver
(Figure 4B). Moreover, most of these HSCs were not lined by
SECs. HSCs and SECs are reciprocally regulated, and tran-
sient activation of HSCs is beneficial for wound healing
during regeneration. Therefore, we supposed that the acti-
vation of HSCs was prolonged because of the lack of regu-
lation by SECs. Actually, an expression analysis of a-smooth
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Figure 4  Disoriented sinusoidal regeneration by semaphorin 3E (Sema3e)

potentiates hepatic stellate cell (HSC) activation in vivo. A: Hematoxylin and
eosin staining of liver sections 3 days after carbon tetrachloride (CCl;) treat-
ment. No apparent difference is observed between control—hydrodynamic
tail-vein injection (HTVi) and Sema3e-HTVi livers. B: Immunostaining of liver
sections with anti—stabilin-2 (Stab-2) and anti-p75 low-affinity neurotrophic
growth factor receptor (p75NTR) antibodies 3 days after CCl, treatment. Many
HSCs in Sema3e-HTVi liver are not lined by sinusoidal endothelial cells (SECs)
compared with that in control-HTVi liver. Broken line indicates central vein. C:
Western blot analysis of a-smooth muscle actin («-SMA) in liver 3 days after
treatment with vehicle or CCl;. «-SMA protein level in CCl-treated liver in-
creases markedly in Sema3e-HTVi liver compared with the control, whereas the
levels in vehicle-injected livers are not significantly different between Sema3e-
HTVi and control-HTVi liver. Scale bar = 50 pum. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

muscle actin, an HSC activation marker, by Western blot
analysis revealed activation of HSCs in Sema3e-HTVi liver
compared with that in control-HTVi liver (Figure 4C). In
contrast, the vehicle treatment did not activate the HSCs
irrespective of continuous Sema3e expression, suggesting
that Sema3e does not directly activate uninjured HSCs. Thus,
Sema3e is likely to activate HSCs through SECs only when
the sinusoid is undergoing reconstruction. These results
suggest that transient expression of Sema3e by degenerating
hepatocytes might contribute to the initial step of wound
healing by activating HSCs.

Consecutive Expression of Sema3e Is a Risk Factor for
Liver Fibrosis

Hepatocytes continue to be damaged in chronic hepatitis,
and sinusoids are regenerated repeatedly. Given that
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continuous Sema3e expression resulted in activating HSCs,
consecutive exposure of Sema3e under chronic hepatitis
might contribute to the risk of fibrosis through prolonged
HSC activation. We used Sema3e-KO mice to address this
hypothesis. First, we compared hepatocellular damage
induced by a single administration of CCl, between wild-
type and Sema3e-KO mice. We found no significant dif-
ference in serum ALT level between both genotypes after
CCl, administration (Supplemental Figure S6), suggesting
that Sema3e deficiency does not directly affect the CCl,-
mediated hepatocellular cytotoxicity. Second, we evaluated
the morphologic status of SECs and HSCs 24 hours after
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Figure 5  Lack of semaphorin 3E (Sema3e) affects sinusoidal regener-
ation and attenuates liver fibrosis. A: Immunostaining of liver sections with
anti—stabilin-2 (Stab-2) and anti-p75 low-affinity neurotrophic growth
factor receptor (p75NTR) antibodies 24 hours after carbon tetrachloride
(CCL,) treatment. B: Sinusoidal endothelial cell (SEC) morphologic status in
wild-type (WT) mice is markedly contracted, whereas that of Sema3e-
knockout (KO) mice is less affected. Broken line indicates central vein (CV).
Experimental scheme for liver fibrogenesis in wild-type and Sema3e-KO
mice. € and D: A total of 1.0 mL/kg of i.p. CCl, was injected into each
mouse twice per week for 4 weeks, and then the liver was harvested. Sirius
Red staining of liver sections after CCl, treatment. E: WT mouse liver ex-
hibits marked accumulation of fibers around the CV, whereas the Sema3e-
KO mouse liver appears less fibrotic. Relative hydroxyproline (Hp) content
in liver. Sema3e-KO livers contain less Hp than WT livers. Data are expressed
means =+ SEM. n = 5 per group. *P < 0.05, **P < 0.01. Scale bars: 50 um
(B); 200 pm (E).
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CCl, treatment in wild-type and Sema3e-KO mice. The
SECs were markedly contracted in wild-type mice, whereas
they were less affected in Sema3e-KO mice (Figure 5A).
These results indicate that not only the robust expression of
Sema3e but also the lack of Sema3e could affect sinusoidal
regeneration. Moreover, almost all HSCs were associated
with SECs in Sema3e-KO mice, but many HSCs were not
lined by SECs in wild-type mice (Figure 5A). Finally, the
morphologic features of both wild-type and Sema3e-KO
SECs reverted to the original shape 72 hours after CCly
treatment (Supplemental Figure S7).

To further investigate the involvement of Sema3e in liver
regeneration and fibrosis, chronic hepatitis was induced in
wild-type and Sema3e-KO mice by repeated administration
of CCly (Figure 5B). We investigated the proliferation of
hepatocytes 72 hours after the final CCly injection by IHC
using an anti—Ki-67 antibody. We found no significant dif-
ferences in the rate of Ki-67—positive hepatocytes around the
CV between wild-type and Sema3e-KO mice (Supplemental
Figure S8, A and B). However, Picro Sirius Red staining
revealed that the accumulation of collagen fibers was mark-
edly decreased in Sema3e-KO mice compared with wild-type
mice (Figure 5, C and D). Actually, the hydroxyproline
content in liver, which reflects the amount of collagen,
decreased significantly in Sema3e-KO mice compared with
wild-type mice (Figure SE), indicating that the lack of
Sema3e attenuates liver fibrosis. In addition, Sema3e-KO
SECs around the CV exhibited a more extended morphologic
status than wild-type SECs even after chronic injury
(Supplemental Figure S$9). These results indicate that
continuous exposure to Sema3e under a chronic hepatitis
condition contributes to the exacerbation of liver fibrosis.

Discussion

We found that Sema3e plays significant roles in sinusoidal
regeneration and the progression of liver fibrosis (Figure 6).
We found that damaged hepatocytes transiently expressed
Sema3e, which induced contraction of SECs in CCly-
mediated liver injury model. Because free radical derived
from CCl; metabolite damages the liver cells, we cannot
exclude the possibility that cytotoxicity or cellular alter-
ations due to proteolysis may partly contribute to the thinner
staining of SECs by IHC. However, the staining patterns by
two distinct SEC surface markers, Stab-2 and FcyR,
exhibited a similar contracted morphologic status. In addi-
tion, Sema3e-KO SECs were less contracted than wild-type
SECs after CCl, administration despite no significant dif-
ferences in hepatocellular cytotoxicity, strongly suggesting
that contraction of SEC was caused by Sema3e actively
rather than passive cellular alterations.

Various functions of semaphorins and their receptors have
been revealed recently. Among them, regulation of angio-
genesis as a repulsive cue is a well-known function of type 3
semaphorins. In particular, Sema3e inhibits extension of
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endothelial tip cells that play a significant role in angiogenic
guidance. In contrast, Sema3e and Plxnd1 are expressed in
macrophages of advanced atherosclerotic plaques and regu-
late their retention.”® However, the functional significance of
Sema3e in liver disease remains unknown. Because Sema3e
and Plxnd1 mRNA were not detected in CD45-positive blood
cells, including macrophages in either normal or CCly-treated
liver, it is unlikely that blood cells are related to a series of
SEC morphologic changes directly. Meanwhile, Sema3e
expression was induced in damaged hepatocytes. Although
the signaling pathway implicated in Sema3e expression is
largely unknown, Moriya et al’” found that p53 expression
up-regulated Sema3e expression in HUVEC and ischemic
limb. Considering that reactive oxygen species (ROS) relate
to the activation of p33 signaling,”' drastic expression of
Sema3e in CCly-injured liver may be promoted in a p53-
dependent manner. In addition, the modest induction of
Sema3e in primary cultured hepatocytes without ROS sug-
gests the possibility that a cellular stress by dissociation or
culture is involved in Sema3e expression. In fact, we have
observed that the other hepatitis models, such as
concanavalin-A injection or 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine feeding, also induce potent expression of
Sema3e (data not shown), suggesting the existence of another
pathway independent of ROS stimuli. Further studies are
needed to elucidate alternative signaling pathways.

Secreted type 3 semaphorins have been considered to
function in an autocrine manner during angiogenesis.
However, our findings indicate that Sema3e may play a
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Figure 6 A model of the regulatory mechanism of sinusoidal regener-
ation and liver fibrosis by semaphorin 3E (Sema3e) signaling. Damaged
hepatocytes express Sema3e transiently to promote contraction of sinu-
soidal endothelial cells (SECs), which diminishes the influence by hepatic
stellate cells (HSCs). Consequently, isolated HSCs are more easily activated
to promote liver regeneration during wound healing. However, consecutive
Sema3e expression during chronic liver injury causes sustained inhibition
of sinusoidal regeneration and HSC activation, resulting in collagen
accumulation.
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significant role not only in the regulation of sinusoidal
regeneration but also in fibrogenesis through HSCs in a
paracrine manner. The Sema3e/Plxndl axis counteracts
VEGF/VEGFR-2 signaling via a feedback mechanism.'”
Because selective activation of VEGFR-1 on SECs stimu-
lates hepatocyte proliferation in vivo and reduces liver
damage in mice exposed to CCly,** transient expression of
Sema3e may contribute to liver regeneration by skewing
VEGFR-2 signaling to VEGFR-1. Alternatively, consid-
ering that the activation of SECs and/or HSCs contributes to
the proliferation of hepatocytes by producing mitogenic
cytokines, the regeneration of hepatocytes may be aberrant
in Sema3e-KO mice. Although no significant difference was
found in hepatocyte proliferation between wild-type and
Sema3e-KO mice after chronic liver injury, further investi-
gation will be required to make a conclusion.

In terms of physiologic significance of transient Sema3e
expression by damaged hepatocytes, its possible role in
wound repair will be taken into account. The recruitment of
immune cells to a damaged site is a step for wound heal-
ing. Macrophages operate as voracious phagocytes,
clearing the wound of all matrix and cell debris. Therefore,
enhanced permeability and decreased density of sinusoids
by Sema3e could contribute to wound repair by facilitating
the migration of immune cells to damaged region.

Because a massive volume of blood flows into the liver
sinusoids, a fine balance between proangiogenic and anti-
angiogenic signaling is required for liver homeostasis. For
example, VEGF, the primary proangiogenic factor in sinu-
soidal regeneration, is transiently up-regulated after liver
injury.3 * However, constitutive expression of VEGF, which
is induced by chronic liver injury, results in aberrant
angiogenesis and the development of abnormal vascular
architecture that is strongly linked to progressive fibro-
genesis.”> Thus, disrupting the balance leads directly to
pathologic changes. Therefore, transient expression of
Sema3e by damaged hepatocytes may contribute to the fine-
tuning of sinusoidal regeneration and the inhibition of
aberrant angiogenesis. Taken together, our results suggest
that Sema3e contributes to the initial steps of liver regen-
eration by providing a scaffold for proliferating hepatocytes
through activating HSCs. In addition, progressive fibro-
genesis could be caused not only by consecutive expression
of a proangiogenic factor but also by an antiangiogenic
factor. In conclusion, our findings indicate that Sema3e is
the main antiangiogenic player of SECs during liver injury
and that consecutive Sema3e expression is a risk factor for
liver fibrosis. These results suggest that Sema3e or Plxndl
could be a therapeutic target in liver fibrosis and cirrhosis.
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Mature resting Ly6CM8h natural killer cells
can be reactivated by IL-15

Ai Omi, Yutaka Enomoto, Tsuyoshi Kiniwa, Naoko Miyata
and Atsushi Miyajima
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University of Tokyo, Tokyo, Japan

Mature NK cells are heterogeneous as to their expression levels of cell surface molecules.
However, the functional differences and physiological roles of each NK-cell subset are
not fully understood. In this study, we report that based on the Ly6C expression levels,
mature C57BL/6 murine NK cells can be subdivided into Ly6C°¥ and Ly6Cheh subsets.
Ly6Chieb NK cells are in an inert state as evidenced by the production of lower levels of
IFN-y and granzyme B, and they exhibit poorer proliferative potential than Ly6C°¥
NK cells. In addition, adoptive transfer experiments revealed that Ly6CP&" NK cells are
derived from Ly6C°" NK cells in the steady state. These results strongly suggest that
Ly6Chig® NK cells are resting cells in the steady state. However, in vitro, Ly6CPigh NK cells
become Ly6C¥ NK cells with strong effector functions upon stimulation with IL-15.
Moreover, Ly6Chigh NK cells also revert to Ly6Cl°¥ NK cells in vivo upon injection of the
IL-15 inducers polyl:C and CpG. Taken together, these results demonstrate the plasticity
of mature NK cells and suggest that Ly6Ch" NK cells are a reservoir of potential NK cells
that allow effective and strong response to infections.

Keywords: Innate immunity - Interleukin - Memory - NK cell - Viral infection

Additional supporting information may be found in the online version of this article at the
publisher’s web-site

Introduction

NK cells are the third most populous lymphocytes and contribute
to innate immune responses as effector cells [1, 2]. NK cells are dis-
tributed throughout the body, in both lymphoid and nonlymphoid
organs, for participation in immune surveillance of tumors or viral
infection [1, 3, 4]. Among their various functions, NK cells play
major roles in cytotoxicity and the production of inflammatory
cytokines such as IFN-y [1, 3, 4]. Unlike B and T lymphocytes,
NK cells do not express a rearranged Ag-specific receptor, but
express many types of activating and inhibitory receptors that rec-
ognize target cells [2-4]. Cross-linking of these receptors by their
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ligands regulates the functions of NK cells, and activated NK cells
secrete large amounts of IFN-y and cytotoxic granules containing
perforin and granzyme B [1, 3]. Given these features, NK cells
have been classified as group 1 innate lymphoid cells [5].

NK cells are differentiated from hematopoietic stem cells and
develop in mainly the BM [6]. In mice, NK-cell progenitors express
CD122, which is the common subunit of IL-2R and IL-15R [6].
NK cells in the early developmental stage express NK1.1 and
NKG2D, followed by the expression of inhibitory and activat-
ing receptors such as those in the CD94-NKG2 family or LY49
family [6]. Thereafter, NK cells in the late developmental stage
express CD11b at high levels and become mature NK cells [6].
Thus, NK cells show different expression patterns of these surface
markers during development and maturation.

Mature NK cells were originally described as a homogenous cell
population characterized by their ability to mediate spontaneous
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cytotoxicity against target cells [7-9]. However, in the early
1980s it was proposed that human mature NK cells in peripheral
blood can be subdivided into two functional subsets based on the
expression of CD56 [10]. CD56%™ and CD56"8" NK cells exhibit
clearly distinct effector functions; that is, CD56%™ NK cells posess
high cytotoxic capacity, while CD56P8" NK cells produce a large
amount of cytokines [11-13]. However, as CD56 is not expressed
in mice, it has been difficult to identify functionally distinct
NK-cell subsets in mice. Recently, efforts have been made to
find cell surface markers that can be used to characterize mature
murine NK cells and several candidate molecules such as CD27,
KLRG1, and CD94 have been found. These studies revealed that
mature murine NK cells can be also subdivided into subsets
[14-16]. However, their functional differences and physiological
roles of each subset remain elusive.

To address this question, we searched for a better marker that
can be used to characterize mature NK cells. In the present study,
we report that mature murine NK cells (NK1.1*CD11b*CD3e™)
can be subdivided according to their Ly6C expression levels into
Ly6C" and Ly6Cheh subsets. Ly6C is a member of the Ly6
superfamily and is a glycosylphosphatidylinositol-anchored cell
surface molecule [17]. Ly6C is expressed mainly in lymphocytes,
monocytes/macrophages, granulocytes, and endothelial cells, and
is a useful marker to distinguish the various developmental stages
of these cells [18-20]. Moreover, it is well known that memory
CD8* T cells as well as activated CD8* T cells express higher
levels of Ly6C than naive cells [2, 20, 21]. Therefore, Ly6C is
often used as a maker of activation and memory in T cells. Both
NK cells and CD8* T cells are derived from a common lymphoid
progenitor, and have many common features [2, 22]. However,
the characteristics of Ly6C'" and Ly6Ch&h NK-cell subsets are
not fully understood [23]. We found that there are two states in
mature murine NK cells; that is, Ly6Co% NK cells are active state
and Ly6CM&" NK cells are resting, respectively. Furthermore, we
herein describe the plasticity of mature NK cells.

Results

Surface expression of Ly6C defines two subsets of
mature murine NK cells

We found that mature murine NK cells (NK1.1*CD11b*CD3e™)
in the spleen can be subdivided into two populations based on
the expression levels of Ly6C (Fig. 1A and B). Immature NK cells
(NK1.1*CD11b~CD3e~CD27%) [24] were also subdivided by the
expression of Ly6C, though the population of Ly6C-expressing cells
was very small (Supporting Information Fig. 1).

To reveal the tissue distribution of the Ly6C'% and Ly6Chish
subsets in mature NK cells in vivo, we examined the abundance of
each NK-cell subset in lymphoid and nonlymphoid organs, such as
the spleen, BM, liver, lung, and peripheral blood by flow cytometry
(Fig. 1B). Although both Ly6C!®" and Ly6Che" NK-cell subsets
were found in various peripheral tissues, a majority of NK cells
in the BM, in which NK cells develop [6], expressed Ly6C at low
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Figure 1. Ly6C expression on mature murine NK cells. (A) Cells were
isolated from the spleen of C57BL/6 mice and Ly6C expression was
assessed by flow cytometry. The dot plots of the right panel were gated
on NK1.1*CD11b+CD3e" cells. (B) Cells were isolated from the spleen,
BM, liver, lung, and peripheral blood of C57BL/6 mice and Ly6C expres-
sion was determined by flow cytometry, gating on NK1.1*CD11b*CD3e~
cells. (C) The percentages of Ly6C"8" NK cells, as determined in (B), in
each tissue are shown. Each symbol represents an individual mouse
and bars represent the means within the groups (n = 3). p-value was
calculated with one-way ANOVA method followed by Tukey’s studen-
tized range test to elucidate the group differences. BM versus spleen,
liver, lung, peripheral blood: p < 0.01. (A and B) Data shown are from
a single experiment representative of three independent experiments
performed.

levels (Fig. 1B and C). These results indicate that the Ly6Chish
NK-cell subset is present mainly in peripheral tissues.

Distinct expression patterns of surface markers in
NK-cell subsets

NK cells express various activating and inhibitory receptors, and
their expression patterns are closely coupled to NK-cell functions
[2-4]. Thus, we examined the surface expression of NK-cell recep-
tors on Ly6C"°¥ and Ly6CM" NK cells by flow cytometry (Fig. 2A
and B). The expression levels of activating receptors were similar
between Ly6C°" and Ly6C"8" NK-cell subsets with the exception
of Ly49H (Fig. 2A). In contrast, Ly6C"&h NK cells displayed higher
proportions of cells expressing the inhibitory receptors KLRG1 and
Ly49C/1 than did Ly6C'®¥ NK cells (Fig. 2B). Conversely, the Ly49A
expression levels of Ly6Cl°® NK cells were slightly higher than
those of Ly6Chigh NK cells (Fig. 2B). Furthermore, we investigated
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Figure 2. Characterization of surface markers on Ly6C'®% and Ly6Chigh
NK-cell subsets. (A-D) Cells isolated from the spleens of C57BL/6
mice were stained for the indicated cell surface markers. Ly6C°% and
Ly6Chigh NK-cell subsets were gated on NK1.1*CD11b*CD3e™ cells.
Shaded histograms indicate isotype control. The numbers under each
histogram show the mean (+SEM) percentages of positive cells for
surface marker expression calculated from three mice and the his-
tograms are representative of three independent experiments per-
formed. "p < 0.05, *p < 0.01, *p < 0.001 (Student’s two-tailed t-test).

activation markers known to be upregulated in activated NK cells
[25-28] and found that the expression levels of Ly108 were signifi-
cantly lower in Ly6CPe" NK cells than in Ly6Clo% NK cells (Fig. 2C).
Taken together, these results suggest that the activity of Ly6Cheh
NK cells is lower than that of Ly6C'®" NK cells. We next exam-
ined the expression of maturation markers in NK cells, namely
CD49b and CD27 [6, 14, 24]. CD49b was highly expressed in both
Ly6C!*" and Ly6CM&h NK cells (Fig. 2D), whereas Ly6Chieh NK cells
displayed lower proportions of cells expressing CD27 than did
Ly6Co" NK cells (Fig. 2D). This result implies that the maturation
stage of Ly6C"and that of Ly6CM&h NK cells are different. While
it has been known that CD27 subdivides mature murine NK cells
into two populations, our results suggest that the expression of
Ly6C did not match the expression of CD27 completely.

Ly6C"ie" cells are inert NK cells

NK cells have various functions in the immune system. Among
them, IFN-y production and cytotoxicity play major roles for
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Figure 3. IFN-y production and granzyme B secretion of Ly6Clow
NK cells and Ly6CPgh NK cells. (A and B) CD49b*CD11b*CD3e"Ly6C!o¥
NK cells and CD49b*CD11b* CD3e" Ly6Chigh NK cells were sorted from
the spleens of C57BL/6 mice. Sorted NK-cell subsets (5 x 10* cells/well)
were stimulated with IL-12 (100 ng/mL) or IL-18 (100 ng/mL) in the
presence of IL-2 (100 ng/ml). After 24 h of incubation, the levels of
(A) IFN-y and (B) granzyme B in the culture supernatants were mea-
sured by ELISA. Data are shown as means + SEM of three samples.
(C) CD49b* NK cells were cultured with IL-18 (100 ng/ml) in the pres-
ence of IL-2 (100 ng/mL). After 16 h of incubation, NK cells were cocul-
tured with YAC-1 cells by an E:T ratio of 1:1. The dot plot represents the
percentage of CD107a" cells gated on CD49b*CD11b*CD3e~ Ly6C'°¥ or
Ly6Chigh NK cells. The bar graphs represent the means (+SEM) percent-
ages of CD107a* cells (n = 3). All data shown are from a single exper-
iment representative of three independent experiments performed.
*p < 0.01, "™*p < 0.001. N.D., not detected (Student’s two-tailed t-test).

CD107a

o

CD4gb

the clearance of infectious pathogens and tumor cells [1, 3, 4].
Therefore, we next examined IFN-y production by each NK-cell
subset. NK cells are known to produce IFN-y in response to
IL-12 or IL-18, which are secreted by APCs such as DCs [1, 29].
As shown in Figure 3A, both NK-cell subsets secreted IFN-y in
response to IL-12 or IL-18. However, IEN-y secretion by Ly6Che?
NK cells was approximately half that of Ly6C'®" NK cells (Fig. 3A).
In order to exclude the possibility that viability of NK-cell subsets
were different during the assay, IL-2 was added to maintain the
survival of NK cells [30, 31]. Subsequently, there was no differ-
ence in cell viability between Ly6C!*% and ly6Chigh NK cells (data
not shown). Activated NK cells release cytotoxic granules contain-
ing perforin and granzyme B to kill target cells [1, 3]. Granzyme
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