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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

(CCly)—induced injury. B: Whole liver total RNA was assessed by quantitative RT-PCR. Evaluation of serum atanine 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 pum (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 CCly or vehicle 3 days after HTVi. We
first examined SEC by using H&E and IHC staining | 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 pum (D); 50 pm (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-HTVi 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 (p75NTR),”** 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 (2-SMA) in liver 3 days after
treatment with vehicle or CCly. o-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 pm. 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 CCly 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 56), suggesting
that Sema3e deficiency does not directly affect the CCly-
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 pm
(B); 200 pm (E).
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CCly 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 SA). 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 CCl, (Figure 5B). We investigated the proliferation of
hepatocytes 72 hours after the final CCl, injection by THC
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 5E), 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 S9). 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 CCl,-
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 Plxndl 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 1s 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 p53 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

Transient inhibition :
of revascularization Activated HSCs

Acute liver injury

Aggravation
of liver fibrosis
Consecutive inhibition
of revascularization
/

Hepatocytes

Down-regulation
of Sema3e expression

Regeneration of
hepatocytes and sinusoids

Chronic liver injury

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 CCl,,*” 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.™ 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

Al Omi, Yutaka Enomoto, Tsuyoshi Kiniwa, Naoko Miyata
and Atsushi Miyajima

Laboratory of Cell Growth and Differentiation, Institute of Molecular and Cellular Biosciences,
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 Ly6CM8" subsets.
Ly6Ch8h 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 Ly6Clow
NK cells. In addition, adoptive transfer experiments revealed that Ly6CPe? NK cells are
derived from Ly6C®% NK cells in the steady state. These results strongly suggest that
Ly6Cheh NK cells are resting cells in the steady state. However, in vitro, Ly6Ch&h NK cells
become Ly6C°¥ NK cells with strong effector functions upon stimulation with IL-15.
Moreover, Ly6Ch8h NK cells also revert to Ly6C°% 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 Ly6Chgh 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]. CD569™ and CD56igh NK cells exhibit
clearly distinct effector functions; that is, CD564™ NK cells posess
high cytotoxic capacity, while CD56™8" 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 Ly6CPM&" 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 Ly6Chish NK-cell subsets are
not fully understood [23]. We found that there are two states in
mature murine NK cells; that is, Ly6C!®" NK cells are active state
and Ly6CMs" 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 Ly6Chigh
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 Ly6Ch&" 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 Ly6CPeb 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 Ly6Chieh
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 Ly6Chsh NK cells by flow cytometry (Fig. 2A
and B). The expression levels of activating receptors were similar
between Ly6C°% and Ly6CMe" NK-cell subsets with the exception
of Ly49H (Fig. 2A). In contrast, Ly6CMe" 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 Ly6C°" NK cells were slightly higher than
those of Ly6Ch&" NK cells (Fig. 2B). Furthermore, we investigated
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Figure 2. Characterization of surface markers on Ly6C'*% and Ly6Chig?
NK-cell subsets. (A-D) Cells isolated from the spleens of CS57BL/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 Ly6C"8" NK cells than in Ly6C'o% NK cells (Fig. 2C).
Taken together, these results suggest that the activity of Ly6Chish
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 Ly6CMe" NK cells (Fig. 2D), whereas Ly6C"8" NK cells
displayed lower proportions of cells expressing CD27 than did
Ly6C'®" NK cells (Fig. 2D). This result implies that the maturation
stage of Ly6C!°and that of Ly6C"8h 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.

Ly6Chigh 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 Ly6Cl°¥
NK cells and Ly6Chgh NK cells. (A and B) CD49b* CD11b* CD3e " Ly6Clow
NK cells and CD49b*CD11b* CD3e~Ly6ChE? 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).

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, IFN-y secretion by Ly6Chish
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 ly6C"&" 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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B directly cleaves caspases and activates the apoptotic-signaling
pathway in target cells [32, 33]. To evaluate the cytotoxic capabil-
ity of each NK-cell subset, we examined the secretion of granzyme
B in response to IL-12 or IL-18. Production of granzyme B by
Ly6Chish NK cells was lower than that by Ly6C" NK cells when
stimulated with IL-12 or IL-18 (Fig. 3B). In addition, we exam-
ined CD107a expression in each NK-cell subset when cocultured
with YAC-1 cells. CD107a is a glycoprotein present in the mem-
brane of cytotoxic granules and exposed on the surface of activated
NK cells [34]. Consistent with granzyme B productions, the per-
centage of CD107a* cells in Ly6C"" NK cells was lower than that
in Ly6Cl°" NK cells when stimulated with IL-18 (Fig. 3C). These
data collectively indicate that Ly6C'% NK cells exhibit stronger
NK functions than do Ly6C"e" NK cells in response to cytokine
stimulation. These results correlated with our finding that Ly6Chieh
NK cells express higher levels of KLRG1, Ly49C/1, and lower levels
of Ly108 (Fig. 2B). Therefore, Ly6Chig? NK cells are thought to be
refractory to cytokine stimulation.

Ly6Cl°¥ NK cells become Ly6Cheh NK cells in the
steady state

We next investigated the interrelationship of Ly6C!°" and Ly6Chigh
NK cells. To determine whether these NK-cell subsets are inter-
convertible, we performed an in vivo transplantation assay.
NK-cell subsets were sorted from the spleens of CD45.2 C57BL/6J
(C57BL/6) mice and adoptively transferred into nonirradiated
CD45.1 congenic mice by iv. injection. Two weeks after the
transplantation, we isolated the transferred CD45.2* NK cells
from the spleen and examined their expression levels of Ly6C.
Approximately 30% of CD45.2% NK cells in mice that received
Ly6C°" NK cells were Ly6CMe", indicating that a significant
portion of the transferred Ly6C" NK cells were converted to
Ly6CPish NK cells (Fig. 4A and B). In contrast, almost all trans-
ferred Ly6CM8" NK cells did not change their high expression lev-
els of Ly6C (Fig. 4A and B). These results suggest that Ly6Clo™
NK cells become Ly6CP8" NK cells, but not vice versa in the steady
state.

IL-15 converts Ly6Chie? NK cells to Ly6Cl*” NK cells

IL-15 is a major cytokine required for the development and prolif-
eration of NK cells [31, 35, 36]. To determine whether IL-15 affects
the Ly6C expression levels of NK cells, both Ly6C'®% and Ly6Chish
NK cells were sorted and cultured with IL-15. First, we deter-
mined the absolute cell number of Ly6C!*" and Ly6C"&" NK cells.
After 6-day culture, both subsets survived and Ly6C!®% NK cells
showed significantly higher proliferative potential than Ly6Cheh
NK cells (Fig. 5A). Next, we examined the expression levels of Ly6C
at indicated time points. The Ly6C expression levels in Ly6C"
NK cells remained unchanged (Fig. 5B, left panel). Interestingly,
however, the Ly6C expression levels of Ly6Ch&h NK cells gradu-
ally decreased, and about a half of the NK cells expressed Ly6C at
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Figure 4. Ly6CMsh NK cells are derived from Ly6C% NK cells.
(A and B) CD49b*CD11b*CD3e~Ly6Co¥ NK cells and CD49b+CD11b*
CD3e~Ly6CMeh NK cells were sorted from the spleen of CD45.2 C57BL/6
mice and transferred into nonirradiated CD45.1 congenic mice. Two
weeks later, cells were harvested from the spleens of the recipient mice,
stained for CD49b, CD11b, CD3e, CD45.2, and Ly6C and analyzed by flow
cytometry. (A) The histogram plots show Ly6C expression profiles gated
on CD49b*CD11b*CD3e~CD45.2* cells. Numbers indicate percentage
of Ly6C-positive cells. Data shown are from a single experiment repre-
sentative of three independent experiments performed. (B) The graph
indicates change rate of each subset (i.e., the percentage of Ly6Chigh
NK cells derived from Ly6C°¥ NK cells or Ly6C% NK cells derived
from Ly6CMeP NK cells). Data shown are the means + SEM of three
independent experiments performed. These data were compared using
Student’s two-tailed t-test. **p < 0.001.

middle levels (Ly6C™idthigh) NK cells) when cultured with IL-15 for
4 days, and finally many NK cells became Ly6C'" NK cells after
6 days in culture with IL-15 (Fig. 5B, right panel). Furthermore,
we examined the effect of IL-2 on the expression levels of Ly6C, as
IL-2 and IL-15 share the common cytokine-receptor gamma chain
and IL-2 is also a major cytokine required for the development and
proliferation of NK cells. After 6-day culture with IL-2, both subsets
survived and Ly6C'®" NK cells showed significantly higher prolif-
erative capacity than Ly6CMeh NK cells (Supporting Information
Fig. 2A). Ly6C expression levels of Ly6Chigh NK cells decreased and
approximately half of the NK cells expressed Ly6C at intermedi-
ate levels (Supporting Information Fig. 2B). These results suggest
that IL-2 also has the effect to convert Ly6CM&h NK cells to Ly6Clow
NK cells. However, the effect of IL-2 was not so strong as that of
IL-15. Because the functions of the Ly6C'®" NK cells were higher
than those of the Ly6C"#" NK cells (Fig. 3), we analyzed the effec-
tor functions of Ly6C®™ NK cells derived from Ly6C" NK cells
(Ly6Clowlow) NK cells) and of Ly6C™idthish) NK cells or Ly6Ce”
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NK cells derived from Ly6Chigd NK cells (Ly6Clow(hish) NK cells)
4 days or 1 week in culture with IL-15, respectively. We found that
the ability of Ly6Cmid®igh) NK cells to secrete IFN-y was lower than
that of Ly6Clo"(o%) NK cells in response to IL-12 or IL-18 (Fig. 5C).
Notably, approximately half of the Ly6Cheh NK cells retained
high expression levels of Ly6C (Ly6Chighthigh) NK cells) 4 days in
culture with IL-15, and the production of IFN-y of Ly6Cmid(high)
NK cells was higher than Ly6Ch&h®igh) NK cells (Fig. 5C). The
ability of Ly6Clow(gh) NK cells to secrete IFN-y and granzyme B
was increased to levels comparable to that of Ly6Clow(oW) NK cells
for 1 week in the presence of IL-15 (Fig. 5D and E). As stated
above, Ly6Chsh NK cells displayed lower proportions of cells
expressing CD27 than did Ly6Cl®" NK cells before culture with
IL-15 (Fig. 2D). We therefore examined CD27 expression lev-
els of both Ly6C'" and Ly6CM&h NK cells in culture with IL-15
for 4 days, and found no differences in the expression levels of
CD27 among the three populations of Ly6Clow(ow)  1y6Cmidthigh)
and Ly6CPiehtigh) NK cells (Fig. 5F). Furthermore, after 6 days
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in culture, there was also no difference in the expression levels
of CD27 among the three populations, Ly6ClowUow) [ yeClowthigh)
and Ly6CMehthizh) NK cells. These results indicate that the expres-
sion levels of CD27 are not well correlated with activity of mature
NK cells.

Conversion of Ly6Cheh NK cells to Ly6C°Y NK cells
in vivo

We next examined whether Ly6CMg® NK cells could become
Ly6Co" NK cells in vivo. Because IL-15 was shown to convert
Ly6Chigh NK cells into Ly6C% NK cells in vitro (Fig. 5B), we
first performed an in vivo transplantation assay by overexpressing
IL-15 in mice. To express IL-15 in vivo, we utilized the hydrody-
namic tail vein injection method [37-39]. NK-cell subsets were
sorted from the spleens of CD45.2 C57BL/6 mice and adoptively
transferred into CD45.1 congenic mice injected with control vector
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1 L1

NKcellsiv. PBSip. analysis NK celis i.v.
PBSi.p. poly(l:C) i.p.

m

PBSip. poly hC/CpG ip.
152.2

PBSip. poly I:C/CpG i.p.

20.3 4.8 6.3

number of cells

or pLIVE-IL-15 vector. Four days posttransplantation, we isolated
the transferred CD45.2 NK cells from the spleen and examined
their expression levels of Ly6C. Flow cytometric analysis showed
that approximately 30% of the transferred Ly6C"e" NK cells in
the mouse injected with pLIVE-IL-15 were converted to Ly6Clw
NK cells (Fig. 6A and B). In contrast, the transferred Ly6Chigh
NK cells in the mouse injected with control vector and the trans-
ferred Ly6C!°™ NK cells remained unchanged (Fig. 6A and B). We
next examined the conversion during immune responses. Because
DCs are known to trans-present IL-15 to NK cells when activated
by viral infection or TLR ligands such as polyl:C and CpG [40-42],
we evaluated the expression of IL-15 in splenocytes harvested from
mice i.p. injected with polyI:C or CpG. Real-time RT-PCR analysis
demonstrated that IL-15 was significantly increased in splenocytes
when stimulated with polyl:C or CpG (Fig. 6C). Next, we trans-
ferred NK-cell subsets sorted from the spleens of CD45.2 C57BL/6
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CpG i.p.

change rate (%)

mice and transferred into nonirradiated
T CD45.1 congenic mice. These mice were

then injected i.p. with polyl:C (day 0) and
CpG (day 2) or PBS (day O and day 2) (n =
3). Splenocytes were harvested from the
recipient mice transferred with Ly6Clow
NK cells and Ly6Chigh NK cells. Cells were
stained for CD49b, CD11b, CD3e, CD45.2,
and Ly6C and assessed by flow cytometry.
(E) Histograms show Ly6C expression pro-
files gated on CD49b*CD11b*CD3e~CD45.2*
cells. Numbers indicate percentages. (F) The
graph indicates change rate of each subset
in the mouse treated with both poly I:C and
CpG as described in (E). Data are shown
as means + SEM of three independent
experiments performed. *p < 0.05, *p <
0 0.01, ™p < 0.001 (Student’s two-tailed
t-test). ip., intraperitoneal injection, iv.,
intravenous injection.

analysis

[+2]
(=]

8

n
(=]

LyBCiow ~tgh | yGChich ~ low

mice into nonirradiated CD45.1 congenic mice that had been
injected i.p. with polyl:C or both polyl:C and CpG (Fig. 6D and
Supporting Information Fig. 3A). Administration of both polyl:C
and CpG mimics severe viral infection, and these two different TLR
ligands are assumed to activate DCs synergistically [43, 44]. We
then analyzed transferred NK cells in the spleen of the recipient
mouse after i.p. injection of polyl:C or both polyl:C and CpG. Flow
cytometric analysis indicated that approximately 30% or half of
the transferred Ly6C"&h NK cells in the mouse treated with polyl:C
or both polyl:C and CpG, respectively, were converted to Ly6Clow
NK cells (Supporting Information Fig. 3B and C and Fig. 6E and
F). In contrast, the transferred Ly6C"e" NK cells in the mouse
treated with PBS and the transferred Ly6C'®" NK cells remained
unchanged (Fig. 6E and F). Collectively, these results indicate
that mature NK cells can change their phenotype in response to
the environment.
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Discussion

In the human, mature NK cells are subdivided into two pop-
ulations based on the expression levels of CDS6. These two
subsets, CD564"™ and CD56™8h NK cells, play clearly distinct roles
in terms of their effector functions; that is, CD56%™ NK cells pro-
duce low levels of IFN-y but exhibit a high cytotoxic capacity, while
CDS56MM NK cells produce a large amount of IFN-y but exhibit a
weak cytotoxic capacity [11-13, 45]. In mice, it has been shown
that mature NK cells are divided in two populations based on
the CD27 expression levels and that CD27'°% NK cells are derived
from CD27Meh NK cells, and exhibit lower activity than CD27hish
NK cells [14, 24]. However, the two subsets of mature NK cells
in human and mouse are not the same and physiological roles of
those NK subsets remain unknown. In this study, we found that
mature murine NK cells are subdivided into two subsets, Ly6C'o
and Ly6C"#" NK cells, based on the expression levels of Ly6C and
characterized their functions and relationship.

NK cells play major roles for host protection against infectious
pathogens and tumor cells at an early stage by IFN-y production
and cytotoxicity [1, 3, 4]. We demonstrated that Ly6Ch&" NK cells
produced lower levels of both IFN-y and cytotoxic granules than
did Ly6C'" NK cells, correlating with the surface phenotype of
Ly6Chish NK cells that express higher levels of inhibitory recep-
tors. Moreover, the proliferative potential of Ly6C#h NK cells was
lower than that of Ly6C'® NK cells when cultured with IL-15.
Lower effector functions and proliferation potential suggest that
Ly6Chieh NK cells are in an inert state compared with Ly6Clo™
NK cells. While the frequency of Ly6C!s" NK cells in the spleen,
liver, lung, and peripheral blood was almost the same, it was sig-
nificantly low in the BM where NK cells derive. Moreover, adoptive
transfer of each subset showed that Ly6C"#h NK cells are derived
from Ly6C!% NK cells. These results imply that Ly6CPigh NK cells
in peripheral tissues are resting cells. These results are similar
to the previous study showing that CD27'°" NK cells are derived
from CD27M&" NK cells, and exhibit lower activity than CD27hish
NK cells [14]. However, a major finding in our study is that inert
Ly6Chigh NK cells can be reactivated.

We found that Ly6CM&" NK cells can be converted to Ly6Clo™
NK cells (Ly6Clowhigh) NK cells) when cultured with IL-15. The
expression levels of Ly6C also decreased when cultured with
IL-2, but the effect of IL-2 was not as strong as IL-15. Moreover, the
ability of Ly6Clowhish) NK cells to secrete IFN-y and granzyme B
was increased to the level comparable to that of Ly6Co" NK cells
cultured with IL-15 (Ly6C¥(o") NK cells). This conversion of
Ly6Chieh NK cells to Ly6C'® NK cells was also shown in vivo by
overexpression of IL-15 or by the administration of polyl:C and
CpG, potent inducers of IL-15. These results suggest that under
the steady-state conditions, Ly6C™" NK cells with strong activity
develop in the BM and become resting Ly6CMeh NK cells. How-
ever, those resting NK cells are reactivated when IL-15 expres-
sion level is increased, for example, by virus infection. Thus, the
present study suggests that Ly6Chigh NK cells are a reservoir of
potential NK cells that allow effective and strong response to
infections.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2014. 44: 2638-2647

Ly6C is known to be expressed in lymphocytes, mono-
cytes/macrophages, granulocytes, and endothelial cells [18-20].
Although its function is not completely understood, Ly6C shows
distinct expression patterns in the different developmental stages
of these cells. Interestingly, naive CD8* T cells express Ly6C at
low levels, but CD8* memory T cells express Ly6C at high levels
[2, 20, 21]. There are many common features between NK cells
and CD8" T cells [2, 22]. Both NK cells and CD8" T cells are
derived from a common lymphoid progenitor, and their develop-
ment and/or maintenance is regulated by IL-15. In addition, they
release perforin and granzyme B in cytotoxic granules and produce
a large amount of IFN-y during viral infection or in response to
proinflammatory cytokines such as IL-12. In general, CD8" mem-
ory T cells become long-lived resting cells after the first immune
response and can be reactivated by encountering the same Ag
[46, 47]. Considering that the functions of Ly6GMeh NK cells are
suppressed in the steady state but can be reactivated by immuno-
logical stimuli, Ly6C"i#" NK cells might be similar to CD8* memory
T cells expressing Ly6C.

NK cells have traditionally been classified as effector cells in
the innate immune system. However, a recent report showed
that NK cells also possess memory function and contribute to the
adaptive immune system [48, 49]. After mouse cytomegalovirus
(MCMV) infection, NK cells bearing the virus-specific Ly49H
receptor resided in lymphoid and nonlymphoid organs for sev-
eral months [49]. These memory NK cells were reactivated,
rapidly degranulated, and produced cytokines by secondary viral
challenge. Interestingly, these memory NK cells showed higher
expression of Ly6C. Moreover, the same group indicated that adop-
tive transfer of mature NK cells into lymphopenic mice resulted
in the generation of long-lived NK cells [50]. These NK cells
resided in both lymphoid and nonlymphoid organs for more
than 6 months, retained their functionality many months after
initial transfer, and responded robustly to viral infection. How-
ever, the expression levels of Ly6C of long-lived NK cells were not
shown. Further studies are necessary to uncover the mechanism
of differentiation of Ly6C'®" NK cells into Ly6CM8" NK cells and
address whether Ly6C"8" NK cells are long-lived NK cells, memory
NK cells, or their progenitors. While our results showed that differ-
ent stages of NK cells are distinguishable by the Ly6C expression
levels, the role of Ly6C in NK-cell function remains unknown.

In conclusion, we showed that resting Ly6C"8" NK cells are
present in WT mice in the steady state, and that these Ly6Chigh
NK cells can be reactivated by IL-15.

Mice

WT C57BL/6J (C57BL/6) mice were purchased from CLEA Japan,
Inc. CD45.1 congenic C57BL/6 mice (RBRC 00144) were pro-
vided by RIKEN BRC through the National Bio-Resource Project
of the MEXT, Japan. All mice were maintained under standard
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specific pathogen free (SPF) conditions and used between 10 and
14 weeks of age. The animal studies were performed according
to the guidelines set by the Institutional Animal Care and Use
Committee of the University of Tokyo.

Flow cytometric analysis

RBC-depleted cells were stained for the following antibod-
ies: brilliant violet 421-conjugated anti-CD3e; FITC-conjugated
anti-CD11b; PE-conjugated anti-KLRG1, Ly49H, Ly49D, Ly49A,
NKG2A, NK1.1, CD45.1, and CD45.2; PE/Cy7-conjugated anti-
Ly6C; biotin-conjugated anti-CD49b, CD27, NKp46, Ly108, and
NKG2D; APC-conjugated streptavidin (BioLegend); PE-conjugated
anti-CD3e, Ly49C/1, and Ly49F; and biotin-conjugated anti-NK1.1
(BD Pharmingen). The stained cells were analyzed using a FACS
Canto IT (BD Biosciences) and the FlowJo 8.8.7 software (TreeStar,
Ashland, OR).

Cell culture and proliferation assay in vitro

NK cells (CD49b*CD11b*CD3e™) were isolated from the spleens
of C57BL/6 mice and further fractionated into Ly6CP" and
Ly6Chigh NK cells using a MoFlo cell sorter (Beckman Coulter).
Purified Ly6C" and Ly6Chie® NK cells were cultured in RPMI-1640
medium containing 10% FBS, 2-ME (50 uM), HEPES (20 mM),
nonessential AA, sodium pyruvate, L-Gln, and gentamycin in the
presence of recombinant mouse IL-15 (100 ng/mL, eBioscience)
or IL-2 (100 ng/mL, PROSPEC). Cell survival was measured in
triplicate using the Trypan blue exclusion test.

ELISA

Purified murine splenic NK cells were stimulated with I1L-12
(100 ng/mL, PeproTech) or IL-18 (100 ng/mL, MBL) in the pres-
ence of IL-2 (100 ng/mL, PROSPEC). After 24 h of incubation,
cell-free supernatants were analyzed using an ELISA kit for IFN-y
(BD Biosciences) or granzyme B (R&D). ELISAs were performed
in triplicate.

CD107a expression

NK cells (CD49b™) were isolated from the spleens of C57BL/6
mice by using MACS (Miltenyi Biotec). Purified NK cells were
cultured in the presence of recombinant mouse IL-2 (100 ng/mL)
and 1L-18 (100 ng/mL). After 16 h incubation, NK cells were
stained for CD3e, CD11b, Ly6C, and CD49b. For stimulation steps,
NK cells were stained for CD107a and incubated with YAC-1 cells
(RCB1165 provided by RIKEN BRC through the National Bio-
Resource Project of the MEXT, Japan) by an E:T ratio of 1:1 in
the presence of IL-2 (100 ng/mL) and IL-18 (100 ng/mL) for 5 h
at 37°C. And then, monensin solution (10 uM, BioLegend) was
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added during the last 4 h of the culture. Following 5 h incubation,
cells were analyzed by FACS Canto II.

Adoptive cell transfer

Sorted NK cells (5 x 10° to 1 x 10° cells) from the spleens of
C57BL/6 mice were injected i.v. into nonirradiated CD45.1 con-
genic mice. In some experiments, the mice that received NK cells
were injected i.p. with polyl:C (100 pg, InvivoGen) and CpG ODN
(20 nmol, Hycult Biotech) or PBS.

Overexpression by hydrodynamic tail vein injection
method

Mouse IL-15 ¢cDNA was amplified by PCR: 5'-gcgctagccacca
tgaaaattttgaaaccatatatgag-3’ and 5'-cgctcgagtcaggacgtgttgatg
aaca-3/, and was inserted into the Nhel and Xhol sites of a
pLIVE vector (Mirus, Madison, WI). pLIVE-IL-15 (20 pg) was
diluted with TransIT-EE Hydrodynamic Delivery Solution (Mirus,
Madison, WI) and injected i.v. into CD45.1 congenic mice.
PLIVE-SEAP (secreted alkaline phosphatase) (20 g) was used as
a control {39].

Real-time RT-PCR

C57BL/6 mice were i.p. injected with PBS, polyl:C (100 .g), or
CpG ODN (20 nmol). After 3 h, splenocytes from these C57BL/6
mice were harvested and total RNA was prepared using an
RNeasy Mini Kit (Qiagen). The total RNA was reverse-transcribed
with PrimeScript RT Master Mix (Takara Bio Ink). Quantitative
real-time RT-PCR was performed on a LightCycler 480 (Roche
Applied Science) using SYBR premix Ex Taq reagent (Takara
Bio Ink). HPRT was used as an internal control. The sequence
of primers was as follows: 5'-tctcgtgctacttgtgtitectte-3' and
5'-catctatecagttggeetetgtt-3' for IL-15 and 5'-tgacactggtaaaacaat
gc-3’ and 5'-tatccaacacttcgagaggt-3’ for HPRT.

Statistical analysis

Unless otherwise stated, data are shown as means + SEM and were
compared using Student’s two-tailed t-test. A value of p < 0.05 was
taken to indicate statistical significance. Statistical analyses were
performed using GraphPad Prism (GraphPad Software, San Diego,
CA).
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Abstract

The bone marrow (BM) is an essential organ for hematopoiesis in adult, in which
proliferation and differentiation of hematopoietic stem/progenitor cells (HSPC) is
orchestrated by various stromal cells. Alterations of BM hematopoietic environment
lead to various hematopoietic disorders as exemplified by the linking of fatty marrow
with increased adipogenesis to anemia or pancytopenia. Therefore, the
composition of mesenchymal stromal cell (MSC)-derived cells in the BM couid be
crucial for proper hematopoiesis, but the mechanisms underlying the MSC
differentiation for hematopoiesis remain poorly understood. In this study, we show
that Oncostatin M (OSM) knock out mice exhibited pancytopenia advancing fatty
marrow with age. OSM strongly inhibited adipogenesis from BM MSC in vitro,
whereas it enhanced their osteogenesis but suppressed the terminal differentiation.
Intriguingly, OSM allowed the MSC-derived cells to support the ex vivo expansion
of HSPC effectively as feeder cells. Furthermore, the administration of OSM in
lethally irradiated wild-type mice blocked fatty marrow and enhanced the recovery
of HSPC number in the BM and peripheral blood cells after engraftment of HSPC.
Collectively, OSM plays multiple critical roles in the maintenance and development
of the hematopoietic microenvironment in the BM at a steady state as well as after
injury.
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Introduction

The bone marrow (BM) is a major tissue that supplies blood throughout life.
Hematopoietic stem cells (HSC) are surrounded by various types of stromal cells
and the proliferation and differentiation of HSC is tightly regulated in the BM
microenvironment [1]. Two types of functional niches for supporting HSC in the
BM have been studied; i.e., the osteoblastic niche [2-4] and perivascular niche [5—
7], which are composed of osteoblasts and endothelial cells/perivascular
mesenchymal cells, respectively. Mesenchymal stromal cells (MSC) in the BM can
give rise to multiple cell lineages in vitro, including adipocytes, osteocytes, and
chondrocytes [8,9]. Recently, it has been reported that a subset of MSC
(PDGFo+Sca-1+CD45-TER119-; PaS cell) in the BM could differentiate into
hematopoietic niche cells, osteoblasts, and adipocytes after in vivo transplantation
[10], although it remains to be elucidated whether the PaS-derived cells function
as HSPC niche in the BM and what factors regulate the differentiation of PaS cell
in vivo.

On the other hand, Naveiras et al. reported the BM adipocytes as negative
regulators of the hematopoietic microenvironment using lipoatrophic A-ZIP/F1
‘fatless’ mice [11]. In the study, transplantation of normal BM cells in lethally
irradiated A-ZIP/F1 mice lacking adipogenesis showed enhanced hematopoietic
recovery compared with wild-type recipient mice, indicating that adipocytes in
fatty marrow hinder hematopoietic progenitor expansion. In humans, it is also
known that fatty marrow gradually predominates with age [12]. It should be
noted that some myeloid diseases such as aplastic anemia (AA) displaying anemia,
and/or pancytopenia are accompanied by severe fatty marrow [13]. These reports
strongly suggest that the cellularity of adipocytes, osteoblasts and other
mesenchymal stromal cells in the BM is critical for an adequate hematopoietic
microenvironment. As these cells could be derived from MSC in the BM, the
factor(s) that regulate their balance would be a novel therapeutic target for
impaired hematopoiesis in fatty marrow and for enhancing hematopoietic
engraftment after BM transplantation.

OSM is a member of the interleukin (IL)-6 family of cytokines and has various
unique biological activities e.g. hematopoiesis, hepatogenesis and adipogenesis,
which are not shared by the other family members [14]. Murine OSM is expressed
in the aorta-gonad-mesonephros (AGM) region, where long-term repopulating
HSC (LT-HSC) arise, and OSM stimulates the expansion of multipotential
hematopoietic progenitors in the primary culture of AGM [15]. While OSM also
expanded hematopoietic stem/progenitor cells (HSPC) in co-cultures of AGM
and fetal liver cells [16], it induced the differentiation of fetal hepatocytes in vitro
[17]. Despite its strong and unique activities in vitro, the genetic ablation of either
OSM or its receptor (OSMR) in mice unexpectedly showed no severe defects
during development [18,19]. In contrast, these adult knockout (KO) mice
displayed anemic and thrombocytopenic phenotype although the symptoms were
relatively mild. Colony-forming unit (CFU) assays showed that the number of
hematopoietic progenitors in BM was significantly reduced in KO mice compared
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to wild-type (WT) mice, whereas that in spleen was increased. Additionally, the
number of hematopoietic progenitors in peripheral blood was increased in OSM
KO mice, indicating the mobilization of HSPC from the BM into the circulation.
These reports suggest the possibility that the BM niche harboring HSPC is
impaired in OSM KO mice.

OSM was shown to inhibit the adipocytic differentiation of 3T3L1 cells, a
preadipocyte cell line, mouse embryonic fibroblasts (MEFs), adipose tissue-
derived MSC and BM MSC [20-22]. Considering the BM adipocytes as a negative
regulator of the hematopoietic microenvironment [11], the lack of inhibitory
effect of OSM on adipogenesis from MSC may account for the reduced
hematopoietic activity in OSM KO BM. However, the causal linkage between
these two original findings has remained uninvestigated. Although Walker et al.
reported that marrow adipocyte volume was increased in 12-week-old OSMR KO
mice [22], the role of OSM in the BM microenvironment for hematopoiesis has
not been elucidated. By contrast, several reports have demonstrated that OSM
induces osteogenic differentiation of human MSC and a murine stromal cell line
[21-23], suggesting a role for OSM in the hematopoietic microenvironment.

In this report, we aimed to unravel the roles of OSM in the BM hematopoietic
microenvironment under various conditions, BM injuries by chemicals or
irradiation and aging. In addition, we prepared PaS MSC from WT and OSMR
KO BM to examine the biological activities of OSM in their adipogenic and
osteogenic differentiation and evaluated the hematopoietic capacity by developing
a co-culture system with HSPC. We further present the possibility to use OSM as
a promising therapeutic agent to enhance the recovery of hematopoiesis after BM
lesion. Our results demonstrate that OSM contributes to the maintenance of the
hematopoietic microenvironment by balancing multiple steps of differentiation of
BM MSC in both steady and injured states.

Materials and Methods

Mice

C57BL/6] mice were purchased from Clea Japan, Inc. (Tokyo, Japan). CD45.1
(C57BL/6) congenic mice were also purchased from the RIKEN Research Center.
OSM KO mice and OSMR KO mice were generated as described previously
(18,19]. All animals were maintained in a standard Specific-Pathogen Free (SPF)
room at our animal facility. All animal experiments were performed according to
the guidelines approved by the Institutional Animal Care and Use Committee of
the University of Tokyo.

Surgical and chemical treatment

For splenectomy, the spleen was removed surgically from anesthetized 10-week-
old mice after the splenic artery was ligated by 4-0" suture (Vicryl; Ethicon, Inc.,
Somerville, NJ, USA). For myeloablation, 10 mg of busulfan (Sigma-Aldrich, St.
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Louis, MO, USA) were dissolved in 1 mL of acetone (Wako Chemical Co., Kyoto,
Japan), and then 4 mL of sterilized distilled water were added to yield a final
concentration of 2 mg/mL. Next, 20 mg/kg of busulfan was administered
intraperitoneally three times over a 1-week period. Mice were sacrificed 1 week
after the final administration.

Measurement of hematocrit values and plasma Erythropoietin
(EPO) levels

Peripheral blood was placed into heparinized Micro-Hematocrit Capillary tubes
(Thermo Fisher Scientific, Waltham, MA, USA) and centrifuged at 3000 rpm for
20 min at room temperature. After determining the hematocrit value, the plasma
was collected for measurement of the plasma EPO concentration. The plasma
EPO concentration was measured using a mouse EPO ELISA kit as described in
the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA).

Preparation of BM sections

The femurs were excited and immersion-fixed in 10% neutral-buffered formalin,
pH 7.0-7.5 (Wako) at 4°C for 24 h. After washing under gently running water, the
femurs were demineralized at 4°C for 12 days in decalcifying Solution B (0.5 M
EDTA, pH 7.4) (Wako). For Oil Red O staining, demineralized femurs were
immersed sequentially in 5, 10, 15, and 20% sucrose-phosphate-buffered saline
(PBS) for 6 h each. Finally, the femurs were embedded in OCT compound
(Sakura Finetek Inc., Torrance, CA, USA) and sliced into 14-pm sections using a
cryostat (MICROM HM 525; Thermo Fisher Scientific).

Isolation of PaS cells from adult mouse BM

PasS cells, which co-expressed PDGFRa and Sca-1, but not CD45 and TER119,
were isolated from the bone of WT or OSMR KO mice as described by Morikawa
et al. [10]. Briefly, bone marrow was flushed out from femurs and tibias of 8-12
mice using 22- and 23-G needles (Terumo) and the remaining bone was ground
with a pestle. Then, the crushed bone fragments were treated with 0.2%
collagenase (Sigma) for 30 min at 37°C. Next, after depletion of mature red blood
cells using hypotonic lysis buffer (0.38% NH,CIl) for 7 min on ice, the cells were
incubated with anti-FcR for 15 min on ice. The cells were then incubated with
allophycocyanin (APC)-conjugated rat anti-mouse PDGFRa (APA5; eBioscience,
San Diego, CA, USA), fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse Sca-1 (E13-161.7; BD Biosciences, Franklin Lakes, NJ, USA), phycoery-
thrin (PE)-conjugated rat anti-mouse CD45 (30-F11; BD Biosciences), and PE-
conjugated rat anti-mouse TER119 (TER-119; eBioscience). After dead cells were
excluded by propidium iodide staining, the CD45  TER119” PDGFRo" Sca-17 cells
were sorted using a Moflo XDP cell sorter (Beckman-Coulter, Fullerton, CA,
USA). MSC were sub-cultured in «-MEM (Invitrogen, Carlsbad, CA, USA)

PLOS ONE | DOI:10.1371/journal.pone.0116209 December 31, 2014 4/24

— 139 —



