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Figure 2. Time courses of spleen infarction rate and platelet count after PSE. {a) The median spleen embolization rate for 20 cases
was 72.1% (IQR, 38.2%-93.8%) when evaluated immediately after the completion of PSE. After 2 months (M) or more, the ratio
significantly reduced to 25.2% (IQR, 7.2-66.9%), although it did not significantly change within the first 2 weeks (W) after PSE {(median,
76.6%, IQR, 38.4%-93.8%) in 17 cases. The gray circles indicate three cases that did not undergo CT within 2 weeks of the procedure.
{b) The platelet counts significantly increased from 5.8 X 10%/uL (IQR, 3.9-13.5 X 10%mL) before PSE to 10.4 X 10%mL (IQR, 4.9-22.4 X
10%/ul) at the stable post-PSE period. Asterisks indicate significant differences at P < .0001.
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Figure 3. Relationships between Vsp and platelet count and between Vh and functional liver reserve. (a) The platelet count did not
correlate with the Vsp after PSE in 20 cases with hypersplenism (P = .15, p = —0.34). In 51 patients with cirrhosis, the Vh revealed a
significant positive correlation with (b) the serum albumin concentration (P = .013, p = 0.35) and with (c) the rate of disappearance
of ICG from the circulation {ICG-K; P = .042, p = 0.32). {d) Vh was significantly smaller in patients with cirrhosis with a lower hepatic
reserve (Child-Pugh class B disease, n = 15) than in patients with cirrhosis with a higher hepatic reserve {Child-Pugh class A disease,
n = 31). The asterisk indicates a P value of .012,

with the serum albumin concentration (P = .013, p = 0.35;
Fig 3b) or the rate of disappearance of ICG from the bloodstream
(P = 042, p = 0.32; Fig 3¢) in 51 consecutive cases of various
types of liver cirthosis, significant positive correlations were ob-
served. In addition, as shown in Figure 3d, Vh was significantly
larger in the 31 cases of Child-Pugh class A disease than in the 15
cases of Child-Pugh class B discase (P = .012).

Significant Correlations between Platelet
Count and CT Volume Data

Multiple linear regressions were performed by using the six
variables of pre-PSE platelet count, pre-PSE Vsp, pre-PSE
Vh, eVsp, eVsp%, and pre-PSE Vh/Vsp ratio to predict the
platelet count increase ratio (dP1t%) in a stepwise method
(Table 2). eVsp% and pre-PSE Vh/Vsp ratio were selected
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Model Predictor Standardized Coefficient
1 eVsp 0.579
2 eVsp 0.503
eVsp% 0.446
3 eVsp 0.267
eVsp% 0.573
Vh/Nsp before PSE —0.367
4 eVsp% 0.660
Vh/N/sp before PSE —0.544

P Value of Predictor

Excluded Factor P Value of Factor

.001 Platelets before PSE .295
Vsp before PSE .003
Vh before PSE .160
eVsp% .002
VhN/sp before PSE .698
.001 Platelets before PSE .104
Vsp before PSE 727
.002 Vh before PSE .064
Vh/Vsp before PSE .036
113 Platelets before PSE 217
.000 Vsp before PSE 433
.035 Vh before PSE 724
.000 Platelets before PSE .233
Vsp before PSE .169
.000 Vh before PSE .269
eVsp L1138

Note.— eVsp = spleen embolization volume, eVsp% = spleen embolization ratio, PSE = partial splenic arterial embolization, Vh =

hepatic volume, Vsp = splenic volume.
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Figure 4. Correlations among variables after PSE. (a) An increase in the percentage of platelet counts after PSE significantly
correlated with an alteration in Vh/Vsp ratio (as a percentage) after PSE (P = .019, p = 0.52). {b) The difference in Vh/Vsp ratio before
and after PSE significantly correlated with eVsp (as a percentage of the total before PSE; P = .0003, p = 0.72).

as significant variables, with a probability of less than 0.001
for each. Consistently, dP1t% showed a significant positive
correlation with d(Vi/Vsp)% (P = .019, p = 0.52; Fig 4a).
The linear regression line was as follows:

dP1t% = 9.37 X d(Vh/Vsp)% + 53.13

In addition, d(Vh/Vsp) and e¢Vsp% showed a significant
positive correlation (P = .0003, r = 0.72; Fig 4b) as follows:

d(Vh/Vsp) = 0.199 X eVsp% — 8.58

Prediction of Platelet Count after PSE
Based on Liver and Spleen CT Volume
Data
By substituting d(Vh/Vsp) with a function of eVsp%, dP1t%
can be expressed by using only factors that are obtained
from the PSE procedure as follows:

dP1t% = (1.86 X eVsp% — 80.39)/pre-PSE Vh/Vs-
pratio + 53.13

When the actual dPIt% was compared with the dPlt%

estimated from the aforementioned formula, the two factors
were significantly correlated (P = .0003, r = 0.72; Fig 5a).
The correlation between the actual and estimated dPl1t%
was further evaluated in 14 other consecutive cases treated
with PSE, revealing a strict positive correlation (P < .0001,
p = 0.92; Fig 5b). By adjusting the percentage to an
absolute value, the estimated platelet count after PSE was
predicted by using a new formula:

Estimated platelets = pre-PSE platelets + pre-PSE
platelets X [(4.393 X eVsp% — 189.32)/pre-PSE Vh/Vs-
pratio + 39.93)/100

DISCUSSION

PSE was originally performed as a “medical splenectomy” in
an attempt to control variceal bleeding in conditions of hyper-
splenism (8), and its application has since been extended to
the treatment of thrombocytopenia. In HCV-positive cases,
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Figure 5. A significant correlation was seen between the estimated and actual platelet count increases after PSE. An increase in the
percentage of platelet counts after PSE was estimated by using the formula (1.86 X eVsp% - 80.39)/pre-PSE Vh/Vsp ratio + 53.13.
(a) The estimated platelet increase significantly correlated with the actual platelet increase in the initial cohort, from which the formula
was deduced (P = .0003, p = 0.72). (b} The estimated platelet increase significantly correlated with the actual platelet increase in the
subsequent independent test cohort (P < .0001, p = 0.92). Open circles indicate the initial formula-deducing cohort; closed circles
indicate the testing cohort. The dotted and solid lines are correlation lines for the initial cohort and the testing cohort, respectively.

thrombocytopenia frequently undermines attempts to eradicate
HCV by using interferon (1). Hepatocellular carcinoma pre-
dominantly develops in cirrhotic livers in individuals with
low platelet counts and subsequently hinders the applica-
tion of several treatment options. Although PSE is prefer-
able to splenectomy because it is less invasive (17-19), it is
still an invasive procedure and can be accompanied by
severe or fatal complications (14). A poor functional liver
reserve and larger infarction volume are risk factors for
complications (13). As effect and risk represent trade-offs
(10), it is ideal to embolize only enough volume to achieve
the required gain in platelet numbers. To achieve this goal,
it is necessary to be able to make a practical prediction of
the platelet count after PSE; however, to our knowledge, a
method for making such a prediction has not been devel-
oped until now. In the present report, we developed a
formula to predict the platelet count after PSE based on CT
volumetry. The strength of the prediction was confirmed in
14 test cases. For example, the formula indicates that ap-
proximately half of the spleen should be embolized to
achieve a 50% gain in platelet count if the Vsp is half the
Vh before PSE. A calculator for the formula is available
online (http://www.med.niigata-u.ac.jp/in3/resident/
PSE.html). The only required input parameters are Vh and
Vsp before PSE. Tf the anticipated infarction rate of the
spleen is used as an input, the calculator retuwrns percent
platelet gain after PSE, or vice versa. A feasible prediction
would help an operator decide the necessary volume and
intensity of embolization. In addition, the prediction would
aid in planning sequential PSE to avoid risk by minimizing
each embolization and achieving the final goal. The lack of
different responses in platelet count among etiologies of
liver cirrhosis suggests that the formula can be used in a
wide variety of backgrounds.

Several lines of evidence suggest that thrombocytope-
nia develops as a multifactorial condition in individuals
with cirthosis (6). The sequestration of platelets by the
spleen likely plays a key role. In terms of impaired throm-

bopoiesis, the circulating thrombopoietin level is solely
controlled by binding to its receptor, c-mpl, on circulating
platelets (20,21), instead of the thrombopoietin gene being
subject to transcriptional control (22-24). McMillan et al
(25) demonstrated that anti-GPIIb/Illa autoantibodies de-
rived from patients with idiopathic thrombocytopenic pur-
pura suppressed the production and maturation of mega-
karyocytes in vitro (25). Patients with cirrhosis frequently
produce anti-GPIIb/Il]a autoantibodies (26), suggesting that
a similar pathway is active in cirrhosis. In addition, platelet
turnover is accelerated in patients with cirrhosis (27). Al-
though the mechanism is still under debate, the fact that
cirthotic thrombocytopenia increases in incidence and in-
tensity as the severity of various liver diseases increases
(1,2,15) indicates that a primary pathogenic process is
shared between cirthosis and thrombocytopenia, Based on
this hypothesis, we sought to incorporate a surrogate func-
tional liver reserve factor into our formula.

It has been reported that Vh is correlated with the
values for quantitative tests for hepatic reserve, such as
technetium-99m galactosyl human serum albumin scintig-
raphy (28) or the formation rate of lidocaine metabolite
(29). An improvement in protein synthesis has also been
reported to correlate with an increasing Vh after splenec-
tomy (30). In addition, in our cohort, the Vh was signifi-
cantly larger in cases of Child—Pugh class A disease than in”
cases of Child~Pugh class B discase, and was significantly
correlated with serum albumin concentration and with the
disappearance rate of ICG (31). Multivariate analysis sup-
ports the notion that the platelet count is defined by the
balance between the destruction and the production of
platelets. eVsp% and pre-PSE Vh/Vsp ratio were selected
as factors from which to predict dPlt%; therefore, we ex-
plored the correlation between dPlt% and d(Vh/Vsp)%.
Although post-PSE Vh/Vsp ratio cannot be directly calcu-
lated during the procedure, a correlation analysis revealed
that d(Vh/Vsp) was significantly associated with eVsp%.
We recommend defining eVsp% from CT images obtained
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within 2 weeks of PSE because eVsp% was stable for these
2 weeks, whereas the Vsp substantially changed after this
time, leading to a gradual decrease in eVsp% over time.

One limitation of the present study is the relatively
small number of cases, which may have resulted in an
inadequate assessment of biologic variability. Given that
PSE was repeated in only three cases, the prediction after
the second round of sequential PSE may be inaccurate.
Watanabe ct al (32) reported that thrombocytosis induced a
reduction in liver fibrosis in mice. Although Vh did not
significantly change after PSE in our cohort, whether Vh
changes after PSE is controversial. Murata et al (30) re-
ported that Vh increased after PSE, whereas Vh did not
significantly change according to a report by Tomikawa et
al (33). If the relationship between the functional liver
reserve and thrombopoiesis is altered after PSE, this change
would affect the performance of our formula. In addition,
although the CT scan and platelet counts were performed
on the same day in most cases, there was an interval of as
long as 26 days in nine cases, and Vh/Vsp may have
changed during this interval. To confirm the accuracy of the
formula, a prospective study in a larger cohort is necessary.

In conclusion, we have developed a formula to predict
the platelet count after PSE. The formula is based on liver
and spleen CT volumetry, and the embolization rate is
converted into a feasible prediction of the platelet count.
Use of the formula will contribute to physical fitness and
quality of life in patients with hypersplenism by enhancing
the safety and efficacy of PSE. When the efficacy of our
formula has been confirmed in a prospective study with a
larger cohort, it will be an important way to calculate eVsp
without a CT scan.
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Genetic changes in T-ALL are classified into type A abnormalities leading to arrest at a specific stage of T-
cell differentiation and type B abnormalities that target cellular processes including cell cycle regulation.
Mutations and deletion of a BCL11B haploinsuffiecient tumor suppressor allele have been found in 10-~16%
of T-ALL subgroups. Analysis of Bcl11b%°/* mice revealed impaired T-cell differentiation at two different
stages and attenuation of y-ray induced cell-cycle arrest at S/G2/M phase in immature CD8 single positive
cells. Hence, those phenotypes provided by loss of a Bcl11b allele favor that Bcl17b mutation belongs to

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a common pedi-
atric leukemia and an aggressive malignancy of thymocytes that
accounts for about 15% of ALL cases [1,2]. Leukemic transforma-
tion of immature thymocytes is caused by a multistep pathogenesis
involving numerous genetic abnormalities that drive normal T-
cells into uncontrolled cell growth and clonal expansion. Despite
the diversity in genetic alterations, the biological processes that
are targeted seem conserved throughout all T-ALL cases and affect
T-cell differentiation, T-cell receptor signaling that affects cell sur-
vival, and cell cycle. The current knowledge of oncogenic and
tumor suppressive mutations in T-ALL suggests a classification of
these genetic defects into type A and type B abnormalities [3].
Type A abnormalities such as TAL/LMO alterations are a class that
delineates distinct molecular-cytogenetic T-ALL subgroups and are
thought to cause arrest at a specific stage of normal T-cell differen-
tiation. The other class is type B abnormalities including CDKN2A/2B
and NOTCH1 mutations that are shared by several different T-ALL
subgroups, and they target cellular processes including cell cycle

* Corresponding author at: Department of Molecular Genetics, Graduate School
of Medical and Dental Sciences, Niigata University, Asahimachi 1-757, Niigata 951-
8510, Japan. Tel.: +81 25 227 2077; fax: +81 25 227 0757.

E-mail address: rykomina@med.niigata-u.ac.jp (R. Kominami).

0145-2126/3 ~ see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.leukres.2012.04.028

regulation and synergize with the type A mutations during T-cell
pathogenesis.

Bcl11b(B-cell CLL/lymphoma 11b)belongs to Kruppel-like C;H,
type zinc finger transcription proteins, the largest family of tran-
scription factors in eukaryotes [4-7]. Although Bcl11b knockout
(KO) mice die shortly after birth, loss of Bcl11b function is known to
lead to arrest of thymocyte differentiation at different stages, indi-
cating many roles in T-cell development [8-13]. The Bcl11b gene
was first identified as a tumor suppressor gene by analysis of y-ray
induced mouse thymic lymphomas {4,14], a model of T-ALL [15],
and genetic changes were found in more than a half of the lym-
phomas [4,16,17]. Recently, mutations and deletions of the human
orthologue BCL11B have been found in 10-16% of T-ALL [18-20],
and of interest, these mutations are detected irrespective of T-ALL
subgroups. Accordingly, Bcl11b mutation may be classified into a
type B abnormality, though consequences of the mutation were
not investigated.

One characteristic of Bcl11b is haploinsufficient in its tumor sup-
pressive capability, one wild-type allele being insufficient for tumor
suppression. This is based on that most of the thymic lymphomas
developed in Bcl11bX0M* mice retained the wild-type allele although
thymic lymphomas developed in wild-type mice showed loss of
one Bcl11b allele at a high frequency [16,17]. The retention of the
wild-type allele was observed in spontaneously developed thymic
lymphomas in Bcl11bX0/*p53K0/* mice [16], and importantly, also
in T-ALLs having mutations on the BCL11B gene [19,20]. These indi-
cate that only loss of one Bcl11b allele can affect lymphomagenesis
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Fig. 1. Effect of Bcl11bX0F genotype on differentiation of thymocytes. (A) Flow cytometric analysis of thymocytes from Bcl11b** and Bel17b¥°/ mice using CD4, CD8, TCRB,
CD25 and (D44 markers. The markers used are indicated above in each panel. As for TCRB expression on thymocytes, total thymocytes (left) and cells in the CD4-CD8*
quadrant (right) were analyzed. (B, D, E) The percentage of cells and the absolute number in thymocyte subsets: B, DP cells; D, TCRBMg" thymocytes; E, ISP cells. (C) The ratio
of SP cells/DP celis. The absolute number in average is shown below each number of the percentage. Comparison was performed between Bel11b** (n=9) and Bcl11b¥0k
(n=11) mice. P value for difference in the percentage between Bcl11b*/* and Bcl11b%%F mice is less than 5% in each of B, C, D and E.

in mice and humans. Haploinsufficient capability of Bcl11b is also
reported in tissue development [21,22]. Despite the importance
of Bcl11b heterozygosity in lymphomagenesis, its effect on T-cell
development was not studied in detail. Hence, we have examined
differentiation, apoptosis, and cell cycle of thymocytes at different
developmental stages in Bcl17b%0/* mice. In this paper we show
that loss of a Bcl11b allele leads to differentiation arrest at certain
immature stages and deregulation of the response to y-radiation
in cell cycle, a phenotype that may be explained by the type
B alteration.

2. Materials and methods
2.1. Mice

Bcl11b¥0!* mice were generated as described [5]. Bcl11b** and Bcl11b%M mice of
the
BALB/c background were subjected to vy-irradiation of 1Gy or 3Gy at 8 weeks
of age as described [23]. Thymus or left and right thymic lobes were isolated at
indicated times after irradiation and subjected to analysis. Mice used in this study
were maintained under specific pathogen-free conditions in the animal colony
of Niigata University. All animal experiments comply with the guidelines by the
animal ethics committee for animal experimentation of the university.

2.2. Flow cytometry

Flow cytometric analysis was performed as previously described [5]. In brief,
single cell suspensions of thymocytes were prepared from thymus and, 1-2 x 108
cells were incubated with antibodies in phosphate-buffered saline containing 2%
fetal calf serum and 0.2% NaNj for 15min at 4°C. The monoclonal antibodies
(mAbs) used were anti-CD4-APC or -PerCP-Cy5.5 (RM4-5 BioLegend), anti-CD8-
APC or -PE (53-6.7 eBioscience), anti-CD25-FITC (PC61 Biolegend), anti-CD44-PE
(IM7 Biolegend), and anti-TCRB-FITC or ~APC (H57-597 BioLegend). To prevent non-
specific binding of mAbs, we added CD16/32 (93 eBioscience) before staining with
labeled mAbs. Dead cells and debris were excluded from the analysis by appropriate
gating of FSC and SSC. Cells were analyzed by a FACScan or a FACSCalibur (Becton-
Dickinson) flow cytometer, and data were analyzed using the Flow-Jo software
(Tree-Star, Inc.).

Apoptosis was measured by Annexin V assay following the manufacturer’s
instructions {BD Bioscience). Briefly, thymocytes were washed in cold PBS and resus-
pended in binding buffer (HEPES buffer supplemented with 2.5 mM CaCl,). These
were incubated with FITC-labeled Annexin V (BD Bioscience) for 15min at room
temperature. Flow cytometry was performed on thymocytes gated on the basis of
their forward and side light scatter with any cell debris excluded from analysis.
Apoptotic cells were defined as FITC* cells.

For BrdU incorporation experiments, we injected mice intra-peritoneally with
100 ! of BrdU solution (10 mg/ml). In indicated cases, irradiation was performed
at 1h after BrdU injection. Thymuses were isolated 1h or 5h after BrdU admin-
istration and thymocytes were fixed with cytofix/Cytoperm (BD Bioscience) and
analyzed with the use of the BD Bioscience BrdU Flow Kit according to Manufac-
turer's instruction. In brief, cells were suspended at a concentration of 1-2 x 108
cells/ml, fixed, permeabilized and incubated with DNasel (300 pg/m!) for 60 min at

37°C. After washing, cells were incubated with FITC conjugated anti-BrdU antibod-
ies for 20 min at room temperature. Cells were resuspended in staining buffer and
analyzed by FACSCalibur flow cytometer.

Statistical analysis was done using t-test.

3. Results
3.1. Differentiation of thymocytes

Development of af8 T cells in the thymus proceeds through
three major stages defined according to their expression pattern
of CD4 and CD8 molecules on cell surface, i.e. in order of maturity,
CD4~-CD8~ double negative (DN), CD4*CD8* double positive (DP),
and CD4*CD8~ or CD4~CD8" single positive cells (CD4SP or CD8SP
cells, respectively) [7,24]. DP thymocytes undergo rearrangement
at the TCRa locus and hence a small fraction (TCRBMER-DP cells)
expresses the af3 T-cell receptor (TCRaf3) complex on cell surface
before progressing to TCRBMEN-SP stage. Immature CD8* single
positive (ISP) cells exist between DN and DP stages, and they
express CD8 but lack a3 TCR. DN thymocytes can be further divided
into four subpopulations based on the surface expression of CD44
and CD25, with the developmental progression being CD44*CD25~
(DN1) to CD44*CD25* (DN2) to CD44~CD25* (DN3) and then to
CD44~-CD25~ (DN4) cells.

Fig. 1A shows flow cytometric analysis of thymocytes using
differentiation markers that were obtained from Bcl11b** wild-
type and Bcl11bXO/* heterozygous mice. Fig. 1B, D and E show
the percentage of DP, TCRBMS" and ISP cells, respectively, and
Supplementary Fig. 1A-D shows the absolute cell number of the
thymocyte subsets. Analysis with CD4 and CD8 markers showed
a higher percentage of DP cells (Fig. 1B) and a lower ratio of SP
cells/DP cells (Fig. 1C) in Bcl11bX0/* thymus than in Bcl11b*/* thy-
mus. The absolute number of DP cells was increased in Bcl11bK0/*
thymus (Supplementary Fig. 1B). These results suggest develop-
mental arrest of a certain fraction of thymocytes at DP stage in
Bcl11b¥0/* mice. Expression of TCRB marker in total thymocytes
showed a significantly decreased percentage of TCRBMSM cells in
Bcl11bX¥0/* mice (Fig. 1D). This suggests arrest at TCRBW DP stage
possibly before rearrangement at the TCRa locus.

Cells in the CD8* fraction consist of mature CD8SP cells highly
expressing TCRPB and immature ISP cells with much lower expres-
sion. The percentage and the absolute number of ISP cells were
higher in Bcl11b¥0/* thymus than Bcl11b** thymus (Fig. 1E and
Supplementary Fig. 1A), suggesting arrest also at the ISP stage.
The CD8* fraction may include y8 T cells [10]. However, their
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Fig. 2. Comparison of apoptosis in thymocytes from Bcl11b** and Bcl11b%9* mice. (A) Flow cytometric analysis of Annexin V-positive cells in the thymocyte subsets indicated
above. The vertical axis shows cell numbers and the horizontal axis shows Annexin V-expression levels. (B) The percentage of Annexin V-positive cells in thymocyte subsets.
Comparison was performed between Bcl11b*/* (n=6) and Bcl11b%9" (n=8) mice. P values for difference in ISP and CD8SP subsets are less than 1%.

percentage was very low in Bcl11b** and Bcl11bKO/+ CD8* frac-
tions and no marked difference was observed between them
(Supplementary Fig. 2), indicating that the higher percentage of ISP
cellsis due to anaccumulation of precursors to DP cells. On the other
hand, analysis of DN cell subtypes using CD44 and CD25 markers
did not show significant differences in the percentage or the cell
number between Bcl11b** and Bcl11b¥0/* mice (Supplementary
Fig. 3). This suggests no impairment during development of imma-
ture DN thymocytes. Together, these results suggest developmental
arrest at the two different ISP and DP stages in Bcl1 1bX0/* heterozy-
gous mice.

3.2. Apoptosis and proliferation of thymocytes

T-cell development is tightly related to apoptosis. Accord-
ingly, we examined the percentage of Annexin V-positive cells,
an indicator of apoptosis (Fig. 2A). Annexin V* cells were
observed in CD8SP cells at a significant level but very low
in ISP, DP and CDA4SP cells. Comparison between Bcl11b**
and Bcl11b¥0/* CD8SP thymocytes revealed a 3-fold increase in
Bcl11bX0F mice (Fig. 2B). This suggests that loss of a Bcli1b
allele provides increased susceptibility to apoptosis in CD8SP
cells.
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Fig. 3. Effect of y-irradiation on the cell number in thymocytes. (A) Flow cytometric analysis of CD4, CD8 and TCRB expression on thymocytes from 1 Gy and 3 Gy irradiated
Bcl11b*!* and Bcl11b¥°F mice. Analysis was performed 4 h after irradiation. (B) The cell number of ISP and DP cells in thymic lobe after irradiation or without irradiation. The

sample number is 4 in 1 Gy Bcl11b** mice and 6 in 1 Gy Bcl11bX°/* mice, and 6 in 3 Gy irradiated mice.
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and Bcl11b%°F mice after 1 Gy and 3 Gy irradiation are less than 0.5%. The sample number is 4 in 1 Gy Bcl11b*/* mice and 6 in 1 Gy Bcl11b¥°* mice, and 6 in 3 Gy irradiated

mice.

Deregulation of cell cycle is a hallmark of leukemic trans-
formation. We examined BrdU incorporation of thymocytes, an
indicator of cell cycle progression, in mice 1h after BrdU admin-
istration (Supplementary Fig. 4). About 40% of ISP cells and 8% of
DP cells showed BrdU incorporation whereas very low percentages
of CD4SP and CD8SP cells showed BrdU incorporation, consistent
with a previous report [25]. Comparison between Bcl11b** and
Bcl11bX0* mice did not show significant differences in ISP and DP
cells.

3.3. Effect of y-irradiation on cellularity of thymocytes

Bcl11bKOF mice developed thymic lymphomas when -
irradiated, but not spontaneously [17]. Accordingly, of importance
may be the effect of Bcl11bX0M heterozygosity on radiation-induced
cell damages. Thus, we examined cell number of thymocytes from
mice 4h after 1 Gy or 3 Gy of «y-irradiation. Fig. 3A shows expres-
sion of CD4/CD8 and TCRB in thymocytes. Fig. 3B summarizes the
cell number of ISP and DP cells in Bcl11b*'* and Bcl11b¥0/ mice.
One Gy irradiation led to a two-fold decrease in ISP cells and a
minimal decrease in DP cells. The decreases did not differ between
Bcl11b*!* and Bcl11b%0F mice. On the other hand, 3 Gy irradiation
reduced the cell number to approximately one tenth in ISP cells and
to about one half in DP cells probably by inducing apoptosis differ-
ently. Comparison between Bcl11b** and Bcl1 150/ mice also did
not show marked difference in the decreases.

3.4. Effect of y-irradiation on cell cycle

We next examined radiation effect on cell cycle of thymocytes.
To monitor cell cycle, we administrated BrdU at 1h before y-
irradiation. Accordingly, analysis of thymocytes was performed in
mice 5 h after BrdU administration and 4 h after irradiation, and for
comparison in mice 1h and 5 h after BrdU administration without
irradiation. Fig. 4A show the percentage of cells in four different
areas in DN, ISP and TCRB!W-DP cells in unirradiated mice. Control
panels without BrdU administration are included. The four areas
were determined by BrdU incorporation (vertical axis) and FSC
value (horizontal axis), an indicative of cell size. BrdU* FSC-large
(FSCL) represents cells in S or G2/M phases of cell cycle whereas
BrdU* FSC-small (FSCS) represents G1 cells that have passed S phase
after BrdU administration. BrdU~FSC: and BrdU~FSCS cells are thy-
mocytes present in S/G2/M and G1 phase, respectively, that have
not passed S phase for 5h after BrdU administration.

In unirradiated mice 1h after BrdU administration, the per-
centage of BrdU*FSCS cells was much less than that of BrdU*FSCt
cells in DN, ISP, and TCRB!W-DP cells irrespective of Bcl11b*/* and
Bcl11bXO!* genotypes, indicating that BrdU-incorporated S-phase
cells did not yet progress into G1 phase. However, in mice 5 h after,
both BrdU*FSCE cells and BrdU*FSC® cells were observed at sig-
nificant levels in DN, ISP, and TCRB!W-DP cells. The percentage of
BrdU*FSCS cells was more than that of BrdU*FSCT cells in each sub-
set. No differences were observed between Bel11b** and Bcl11b¥0H
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mice. These results indicated that certain fractions of thymocytes in
S phase progressed to G1 phase for 4 h in those thymocyte subsets.

vy-Irradiation affected the cell cycle progression and the con-
sequence was different depending on subsets. Fig. 4B shows the
percentage of cells in four different areas in DN, ISP and TCRB!oW-
DP cells in mice 5h after BrdU administration and 4h after 1Gy
or 3 Gy irradiation. TCRBW-DP cells in both irradiated mice little
contained BrdU*FSC® cells irrespective of Bcl11b** or Bcl11bKO/*
genotypes, indicating radiation-induced arrest at S or G2/M phase.
In contrast, ISP cells comprised BrdU*FSCS cells at significant per-
centages even after irradiation, indicating the progression from S
to G1 phase. One Gy irradiated mice contained more BrdU*FSCt
cells than BrdU*FSCS cells whereas 3 Gy irradiated mice exhibited
less BrdU*FSCL cells than BrdU*FSCS cells. Comparison between
Bcl11b** and Bcl11b¥0/* mice revealed a significant increase in the
percentage of BrdU*FSCS cells in Bcl11bX0/* ISP cells in both 1Gy
and 3 Gy irradiated mice (Fig. 4C). Differences in radiation effect
between Bcl11b** and Bcl11bX°* mice were also observed in DN
cells, though the DN cell fraction comprised a mixture of imma-
ture thymocytes consisting of different subsets. Together, those
findings indicated that BrdU*FSCL ISP cells, but not BrdU*FSC- DP
cells, progressed to BrdU*FSCS cells more in Bcl11b¥%/* mice than
Bcl11b*!* mice. This suggests that Bel1 160/ heterozygosity atten-
uates radiation-induced cell-cycle arrest at S or G2/M phase in ISP
cells.

4. Discussion

This study has investigated changes in differentiation, cell sur-
vival and cell cycle during T-cell development in mice of the
Bcl11bX0/* heterozygous genotype, which provides susceptibility
to thymic lymphomas [4,23], a mouse model of T-ALL [15,26]. In
Bcl11bXO* mice, increases were observed in the percentage and cell
number of ISP and DP cells, indicating differentiation arrest at ISP
and DP stages. No impairment was observed in immature thymo-
cytes at DN stages. Previous studies using Bcl11bX¥%/X0 mice revealed
the requirement of Bcl11b function for thymocyte differentiation
at DN2 and DN3 stages [5,11-13]. These data indicate difference in
the effect on differentiation between loss of one Bcl11b allele and
loss of both alleles. The difference may be important in light of the
contribution of loss of one Bcl11b allele alone to lymphomagenesis.

Difference in cell survival was observed between Bcl11b¥0/*
and Bcl11b** mice. The percentage of apoptotic cells in CD8SP
cells was increased in Bcl17b¥0/* mice. The increased apoptosis
may be related to impairment in TCR (T-cell receptor) signaling
that provides signaling for cell survival. This is because CD4-Cre;
Bcl11bflox/flox mice lacking Bcl11b activity after DP stage fail to
express a TCR comiplex on cell surface [8,10]. The result suggests
that impairment in the TCR signaling is also present in Bcl11bX0/*
mice.

TCR or preTCR signaling leads to the activation of a cascade of
signaling molecules and eventually to the downstream activation
of RAS-MAPK pathway, PI3K-AKT pathway and others [3,27]. Mul-
tiple components in the signaling pathway are targeted by either
mutations or chromosomal translocations in T-ALL, and the genetic
changes result in the activation of TCR or preTCR signaling. Accord-
ingly the activating mutation of TCR or preTCR signaling is classified
as a type B abnormality [3]. However, loss of Bcl11b results in an
adverse effect, inactivation of the signaling, and hence it may not
be a factor contributing to lymphomagenesis.

Difference in cell cycle was observed in radiation-induced injury
conditions though not in basal conditions. In both Bcl11b** and
Bcl11bXO* mice, irradiation led to arrest at S and G2/M phase in
DP cells but not much in ISP cells. Most ISP cells progressed from
S to G1 phase after irradiation, indicating a reduced capability in

radiation-induced arrest at ISP stage. Of importance is that the
reduced capability of arrest was more marked in Bcl17bX0 mice.
This suggests that loss of a Bcl11b allele attenuates the cellular
response to irradiation that results in arrest at S or G2/M phase.
The attenuated cellular response leads to rapid cell cycle progres-
sion at S phase, which may decrease the time to repair and hence
raise the chance for accumulation of mutations. It was reported
that thymocytes at a stage after pre-TCR signaling and before com-
pletion of TCRa rearrangement, which includes ISP cells, undergo
the malignant transformation in Notch1-activated conditions [28].
Therefore, ISP cells might be cells of origin in thymic lymphomas
in Bcl11b¥0H mice.

Regulatory role for Bcl11b in cell cycle was studied using Bcl11b
knock-down (KD) Jurkat cells, a T-cell culture line [29,30]. Bci11b-
KD cell lines showed cell death with decreased expression of
the anti-apoptotic protein Bcl-xL and also a decrease in the CDK
inhibitor p27. The decrease of p27 may promote cell cycle pro-
gression during S phase. Furthermore, activation of the cell-cycle
checkpoint kinase Chk1 was deregulated in Bcl11b-KD cells. The
activated Chk1 through phosphorylation leads to arrest of cell cycle
at S phase [29]. Therefore, this deregulation may abrogate S phase
checkpoint, consistent with the attenuated arrest of ISP cells in
irradiated Bcl11bX0M mice.

T-ALL is a heterogeneous disease comprising different genetic
abnormalities of oncogenic and tumor suppressive genes that are
associated with specific patterns of gene expressions, as deter-
mined by microarray analysis [31-33]. Type A abnormalities in
T-ALL may delineate distinct molecular-cytogenetic T-ALL sub-
groups and are thought to cause arrest at a specific stage of normal
T-cell differentiation. Results in this study demonstrated that loss
of a Bcl11b allele in thymocytes affects T-cell differentiation lead-
ing to developmental arrest. The arrest may contribute to thymic
lymphoma development. However, the consequence was not at a
specific stage but at different ISP and DP stages, which may not
support that Bcl11b mutation belongs to a group of type A abnor-
malities. Type B abnormalities target cellular processes such as cell
cycle regulation. Our results showed that loss of a Bcl11b allele
impairs cell cycle regulation of ISP cells in radiation-induced injury
conditions. This favors that the loss of a Bcl11b allele belongs to the
group of type B abnormalities, consistent with that BCL11B muta-
tions were detected across the major molecular subtypes of T-ALL
[22].
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Abstract

Background The chemokine SDF-1 and its receptor
CXCR4 are essential for the proper functioning of multiple
organs. In the liver, cholangiocytes and hepatic progenitor
cells (HPCs) are the main cells that produce SDF-1, and
SDEF-1 is thought to be essential for HPC-stimulated liver
regeneration.

Aims In this study, CXCR4 conditionally targeted mice
were used to analyze the role of SDF-1 in chronically
damaged liver.

Methods Chronic liver damage was induced in MxCre
CXCR4"™" mice and the control MxCre CXCR4™™" mice
by CCly. Serum markers were analyzed to assess liver
function and damage, the number of cytokeratin-positive
cells as a measure of HPCs, and the extent of liver fibrosis.
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Additional parameters relating to liver damage, such as
markers of HPCs, liver function, MMPs, and TIMPs were
measured by real-time PCR.

Results Serum ALT was significantly higher in MxCre
CXCR4™ mice than MxCre CXCR4™' mice. The
number of cytokeratin-positive cells and the area of fibrosis
were also increased in the MxCre CXCR4”™" mice. The
expression of mRNAs for several markers related to
hepatic damage and regeneration was also increased in the
liver of MxCre CXCR4"™" mice, including primitive HPC
marker prominin-1, MMP9, TNF-¢, and o¢-SMA.
Conclusions MxCre CXCR4™! mice were susceptible
to severe chronic liver damage, suggesting that SDF-1-
CXCR4 signals are important for liver regeneration and
preventing the progression of liver disease. Modulation of
SDF-1 may therefore be a promising treatment strategy for
patients with chronic liver disease.

Keywords SDF-1 - CXCR4 - Chronic liver damage -
MMP9 - Liver fibrosis - Hepatic progenitor cells

Abbreviations

SDF-1 Stromal cell-derived factor-1
CXCR4 C-X-C chemokine receptor type 4
HGF Hepatocyte growth factor

bFGF Basic fibroblast growth factor
EGF Epidermal growth factor

OSM Oncostatin M

HIV Human immunodeficiency virus
pIpC Poly(I)-poly(C)

PBS Phosphate-buffered saline

FACS Fluorescence-activated cell sorter
FITC Fluorescein isothiocyanate

PCR Polymerase chain reaction

ALB Albumin
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ALP Alkaline phosphatase

ALT Alanine aminotransferase

VEGF Vascular endothelial growth factor
AFP a-Fetoprotein

NCAM  Neural cell adhesion molecule
DLK-1  Delta-like 1 homolog

G-6-p Glucose-6-phosphate

CPS1 Carbamoyl phosphate synthetase 1

cyp Cytochrome P450

a-SMA  « Smooth muscle actin

TNF-«0 ~ Tumor necrosis factor-o

TGF-f  Transforming growth factor-f

MMP Matrix metalloproteinase

TIMP Tissue inhibitors of metalloproteinases
GAPDH  Glyceraldehydes-3-phosphate dehydrogenase
TGF Transforming growth factor

Introduction

The liver has a high regenerative capacity but some
severely or chronically damaged livers regenerate poorly
despite the presence of numerous hepatic stem/progenitor
cells [1, 2]. Liver regeneration from hepatic progenitor
cells (HPCs) is stimulated by external factors such as HGF,
bFGF, EGF [3, 4], and OSM [5], but also produce their
own factors that enhance regeneration, such as stromal cell-
derived factor-1 (SDF-1).

SDF-1 is a member of a large family of structurally related
chemoattractive cytokines and was first characterized as a
growth-stimulating factor for B lymphocyte precursors
[6, 7]. The primary physiologic receptor for SDF-1 is
CXCR4, a seven-transmembrane receptor coupled to het-
erotrimeric guanosine triphosphate (GTP)-binding proteins
[8, 9]. Mice with a heterozygous SDE-1 or CXCR4 mutation
are healthy and fertile. Nagasawa et al. reported that homo-
zygous mutant (SDF-1"1ml o CXCR4™™Y embryos
were present at the expected ratios until day 15.5 of
embryogenesis (E15.5); however, about half the SDF-1™"
mll or CXCR4™Y™ ! embryos were dead at E18.5 and all
neonates died within an hour of birth [8, 9]. Subsequent
studies using targeted gene disruption of SDF-1-CXCR4
signals have indicated that this pathway is essential for B
lymphocyte development [8], maintenance of the hemato-
poietic stem cell pool in the bone marrow stromal cell niche
[10, 111, cardiac vascular formation [12, 13], vascularization
of the gastrointestinal tract [9, 14], branching morphology in
the pancreas [15], and cerebellar formation [16~18].

Within the liver, SDF-1 is mainly produced by cholan-
giocytes and HPCs and is upregulated in response to injury
[19, 20]. Thus, SDF-1 is thought to contribute to HPC-
mediated liver regeneration. The reported roles of SDF-1 in
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liver regeneration are oval cell activation through auto-
crine/paracrine pathways [19, 20], collagen production
through activation and expansion of hepatic stellate cells
[21], and angiogenesis through the mobilization of hema-
topoietic cells [22]. As described above, SDF-1 affects a
variety of CXCR4-positive target cells and has multiple
functions. Thus, comprehensive analysis of whether SDF-1
act on positively or negatively during the liver damage is
very important in assessing its potential for medical treat-
ment to promote liver regeneration.

In this study, we employed MxCre CXCR4™™ mice to
comprehensively analyze the role of SDF-1-CXCR4 sig-
nals in damaged livers. Using this mouse, we can condi-
tionally delete CXCR4 in damaged livers after the
administration of poly(I)-poly(C) (pIpC), using MxCre
CXCR4™™ mice as controls. Using this system, we ana-
lyzed the role of the SDF-1-CXCR4 pathway in chronic
liver damage resulting from treatment with CCly.

Materials and Methods
Mice

To get MxCre-CXCR4™" mice and MxCre-CXCR4™™
mice, CXCR4" M mice were crossed with MxCre mice
[23]. MxCre mice and CXCR4™" mice were kind gifts
from Professor Rajewsky (Harvard Medical School) and
Professor Lichtenberg (University of Cologne), and Pro-
fessor Nagasawa (University of Kyoto), respectively. The
strain of these mice was C57BL/6. In MxCre mice, Cre is
expressed after the induction of interferon by administra-
tion of pIpC. CXCR4 floxed mice have a LoxP-CXCR4
conditional targeting allele. Twelve MxCre-CXCR4™™
mice and ten MxCre-CXCR4™™" mice were employed in
this experiment. Eight-week-old mice were injected pIpC
(400 pg per mouse, eight times at 2-day intervals; Amer-
sham Biosciences, Piscataway, NJ) intraperitoneally to
induce cre expression. After pIpC treatment, 6 weeks was
allowed for recovery from the bone marrow suppression
induced by pIpC injection. Then, 1 pl/gram per body
weight of CCl, (Wako, Osaka, Japan) dissolved in olive oil
(Wako) (1:4) was injected intraperitoneally twice a week
for 8 weeks to induce chronic liver damage. Eight weeks
after the first injection of CCly, the mice were analyzed
(Fig. 1). For analysis, approximately 500 pl of blood was
collected from each mouse, liver weight (LW) and body
weight (BW) were calculated, and the livers were removed
for flow cytometric analysis, immunohistochemistry, or
RNA extraction. Deletion of the floxed CXCR4 gene in the
liver was detected by flow cytometry and real-time PCR.
All animal experiments were conducted in accordance with
the guidelines of Niigata University.
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Fig. 1 Summary of experimental approach. MxCre-CXCR4"™"
mice and MxCre-CXCR4™" mice were employed in this experiment.
To delete CXCR4, each mouse was injected with pIpC. After the
interval, chronic liver damage was induced by administration of CCly.

Flow Cytometric Analysis

For flow cytometric analysis, Liver Perfusion Medium
(Invitrogen, Carlsbad, CA) and Liver Digest Medium (Invit-
rogen) were directly injected into the liver. The livers were
then minced in 10 ml of Liver Digest Medium and dissociated
by gentle MACS® (Miltenyi Biotec, Inc., Auburn, CA). Fol-
lowing dissociation, an equivalent amount of PBS was added
and the resulting cell suspension was strained through 70- and
45-pm Cell Strainers (Becton-Dickinson, San Jose, CA), fol-
lowed by centrifugation at 500 rpm for I min to remove
centrifuged hepatocytes. The supernatant was centrifuged at
1,000 rpm for 3 min and the centrifuged cells were collected
and analyzed using a FACScan (Becton—Dickinson). The
antibodies used were FITC conjugated anti-CD45, FITC
conjugated anti-CD3, FITC conjugated anti-CD11b, and FITC
conjugated anti-CD19 (Becton—Dickinson).

Immunohistochemistry

SDF-1 immunohistochemistry was performed on CCly-
damaged liver from MxCre-CXCR4™" mice and chronic-
damaged human liver. For cytokeratin immunohistochemistry,
CCl, damaged livers of MxCre-CXCR4™™™ mice and MxCre-
CXCR4™" mice were employed. Liver tissue was fixed in
10 % formalin and embedded in paraffin blocks. Four-
micrometer sections were cut and mounted on silane-coated
slides. For immunohistochemical analysis, paraffin was
removed and antigen retrieval was performed using antigen
retrieval solution for anti~SDF-1 (BioGenex Laboratories, San
Ramon, CA) for 15 min in a microwave oven or using pro-
teinase K for anti-cytokeratin. Endogenous peroxidase activity
was blocked with 3 % hydrogen peroxide in methanol (Wako)

CCl4 1l / g twice a week
Dissolved in olive oil {(1:4)

Flow cytometry

Analysis of LW/BW

Analysis of serum levels of ALB, ALT, ALP
Immunohistochemistry

Analysis of fibrosis

Real-time PCR

Flow cytometry, analysis of LW/BW, analysis of serum levels of
ALB, ALT and ALP, immunohistochemistry, analysis of fibrosis, and
real-time PCR were performed to assess the effects of CXCR4
deletion on liver damage

for 10 min at room temperature, and sections were incubated
overnight with the primary antibody, mouse anti-SDF-1
antibody (R&D Systems, Inc., Minneapolis, MN), or anti-
cytokeratin antibody that can detect bile duct and hepatic pro-
genitor cells (Dako, Glostroup, Denmark) diluted in PBS.
Slides were then stained using the Vectastain® ABC kit (Vector
Laboratories, Inc., Burlingame, CA) and DAB TRIS tablets
(Muto Pure Chemicals, Tokyo, Japan). Anti-cytokeratin-posi-
tive cells that located deep in the lobule and did not form part of
ducts were counted. We counted 20 randomly selected fields/
screen at 100x magnification.

Real-Time PCR

Total RNA was isolated from the livers using the RNeasy Mini
kit (Qiagen, Chatsworth, CA) according to the manufacturer’s
protacol; 1 pg of total RNA was used as a template for the
synthesis of cDNA using the Transcriptor First Strand cDNA
Synthesis kit (Roche Applied Science, Mannheim, Germany).
Aliquots of cDNA were subjected to real-time PCR using a
LightCycler System (Roche Applied Science). The TagMan
probe and primer sets were purchased from Applied Biosys-
tems (Foster City, CA) (Table 1). PCR conditions were as
follows: 95 °C for 10 min followed by 45 cycles of 95 °C for
10 s, 60 °C for 30 s, and 72 °C for 1 s. The results were
normalized to the level of mRNA for human glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

Analysis of Fibrosis

Formalin-fixed liver sections were stained with Picrosirius
Red Stain Kit (Polysciences, Inc. Warrington, PA). Sirius
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Table 1 Name of TagMan probe and primer sets and their assay
identification number

Name Identification number
CXCR4 Mm01292123_ml
SDF-1 Mm00445553_m1

Prominin-1 Mm01211408_m1
AFP Mm00431715_ml

NCAM Mm01149710_m1
DLK-1 Mm00494477_m1
a-SMA Mm01546133_ml
TNF-« Mm99999068_m1
TGE-$ Mm01178820_m1
TIMP1 Mm00441818_ml
TIMP3 Mm00441827_ml
MMP2 Mm00439491_m1
MMP9 Mm00442991_m1
MMP13 Mm00439491_m1
MMP14 Mm01318966_m1

Red staining was quantitated by ImageJ software in three
randomly selected fields/section at 100x magnification.

Statistics

Statistical analyses were performed using GraphPad Prism
5 software (GraphPad Software, Inc., La Jolla, CA). The
results were assessed using the Mann—Whitney test. Dif-
ferences were considered significant when the p value was
less than 0.05.

Results
Induced Deletion of CXCR4 in Adult Mouse Livers

The presence of SDF-1-producing cells in mouse and human
liver was confirmed by immunohistochemistry. As previ-
ously reported, SDF-1-producing cells were located in the
bile ducts and cells of ductular reaction that were thought to
include HPCs (Fig. 2a, b) [19, 20]. The staining pattern was
common between human and mice. Deletion of CXCR4 was
confirmed by flow cytometry using liver hematopoietic cells
and real-time PCR using liver tissues. In five of the ten
MxCre-CXCRA™ ! mice, the frequency of CD19+ B lym-
phocytes in CD45+ hematopoietic cells was significantly
reduced (Fig. 2c) and the frequency of CD11b+ monocyte in
CD45+4 cells was significantly increased (Fig. 2d) in com-
parison to MxCre-CXCR4™ mice. The frequency of CD3+
T cells in CD45+ hematopoietic cells was also increased but
this was not statistically significant (Fig. 2e). SDF-1 was first
characterized as a pre-B-lymphocyte growth stimulation
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factor and is essential for B lymphocyte development
[6, 7]. Thus, our results suggest that in five of ten MxCre-
CXCR4™ M mice, CXCR4 was efficiently deleted. CXCR4
mRNA expression in the liver of these five CXCR4-deleted
mice was significantly lower than in MxCre-CXCR4™™*
mice (Fig. 2f). Thus, these five MxCre-CXCR4™™ " mice
were used for further analysis. No significant differences in
SDF-1 mRNA expression were detected between MxCre-
CXCR4™* and MxCre-CXCR4™™ " mice (Fig. 2g).

The Serum Levels of ALT in MxCre-CXCRAY! Mice
Were Significantly Higher Than in MxCre-CXCR47*
Mice

To analyze liver damage by CCl, in MxCre-CXCR4"™
mice and MxCre-CXCR4™ ! mice, we measured LW/BW,
serum levels of ALB, ALT, and ALP. There were no sig-
nificant differences in LW/BW between the two groups
(Fig. 2g). There were no significant difference in the serum
levels of ALB and ALP (Fig. 2h, 1), but serum ALT was
significantly higher in MxCre-CXCR4™™" mice (3,306 +
5,327 TU/) than in MxCre-CXCR4™™' mice (463 +
323 IU/) (Fig. 2j), which suggests that there is severe
liver damage in the MxCre-CXCR47™! mice.

The Number of Hepatic Stem/Progenitor Cells
was Increased in MxCre-CXCR4™™ Mice

HPCs were enumerated using an anti-cytokeratin antibody,
which stains bile duct and HPCs. The number of anti-cyto-
keratin-positive cells in MxCre-CXCR4™ ! mice (159.1 +
48.7 cells/field) was significantly higher than in MxCre-
CXCR4™ mice (81.8 & 32.2 cells/field) (Fig. 3a~c). To
detect altered expression of HPC markers in conditional
CXCR4-deleted mice, mRNA levels of prominin-1, AFP,
NCAM, and DLK-1 were measured. The mRNA levels of
AFP and particularly of prominin-1 were increased in the liver
of MxCre-CXCR4"™" mice, while the levels of NCAM and
DLK-1 were not affected by CXCR4 targeting (Fig. 3d-g).
Prominin-1 is a primitive hepatic stem/progenitor marker
[2, 24], and these results therefore suggest that activation of
hepatic stem/progenitor cells occurred more sirongly in
MxCre-CXCR47™" mice than in MxCre-CXCR4™" mice.

Increased Liver Fibrosis in MxCre-CXCR47™! Mice

Liver fibrosis in tissue sections was analyzed by Sirius Red
staining, which identifies areas of collagen accumulation.
The extent of Sirius Red staining was significantly higher in
the liver of MxCre-CXCR4"™" mice (2.7 & 0.6 %) than in
MxCre-CXCR4"™" mice (1.6 = 0.5 %) (Fig. 4a—c). To
confirm our results, mRNA expression of a range of markers
of liver fibrosis were measured; mRNA of stellate cell
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Fig. 2 Immunohistochemistry for SDF-1 (a, b), flow cytometric
analysis of hematopoietic cells in the liver (c-e), and analysis of
CXCR4 and SDF-1 mRNA in the liver (g, f). In both the mouse
(a) and human (b) livers, cholangiocytes and HPCs express SDF-1.
Flow cytometric analysis of CD19 (c), CD11b (d), and CD3 cells
(e) in CD45 cells revealed that CD19 cells were significantly
decreased and CD11b and CD3 cells were increased in five of ten
MxCre-CXCR4"™ ! mice, Real-time PCR analysis revealed that in

markers (0-SMA, TNF-a, and TGF-f8), the mRNA levels of
MMPs (MMP2, MMP9, MMP13, and MMP14) and the
mRNA levels of TIMPs (TIMP1 and TIMP3). The expres-
sion of x-SMA and TNF-o mRNA was significant higher in
MxCre-CXCR4™ " mice than in MxCre-CXCR4™" mice
(Fig. 4d, e), while the expression of TGF-f mRNA was not
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these five mice, although the mRNA of SDF-1 was not different (g),
the mRNA levels of CXCR4 were significantly decreased (f).
Analysis of LW/BW (h) and serum levels of liver markers (i-k).
LW/BW was not different between the two groups (h). The serum
levels of ALB (i), ALP (j) were not different, but the serum levels of
ALT (k) in MxCre-CXCR4™ mice were significantly higher than in
MxCre-CXCRA™" mice

changed (Fig. 4f). These results suggest enhanced activation
of some signals of stellate cells in the liver of MxCre-
CXCR4”™" mice. In the mRNA levels of the MMPs, the
mRNA of MMP9 was significantly increased in the liver of
MxCre-CXCR4A"™! mice (Fig. 4g—j). There were no dif-
ferences in expression of the TIMP mRNAs between the two
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Fig. 3 Immunohistochemistry for detection of cytokeratin-positive
cells (a—c) and real-time PCR analysis of HPC markers (d-g).
Analysis of MxCre-CXCRA™" mice (a) and MxCre-CXCR47™! mice
(b) revealed that the number of cytokeratin-positive cells in the liver
of MxCre-CXCR4™™ " mice was significantly higher than in MxCre-
CXCR4™" mice (c). Analysis of HPC markers revealed that mRNA

groups (Fig. 4k, 1). The activation of some signals of stellate
cells and up-regulation of the MMP9 mRNA in MxCre-
CXCR4™™" mice are consistent with the results suggesting
severe liver damage in the MxCre-CXCR4"™!! mice.

Discussion

Previous reports have shown that SDF-1-CXCR4 signals are
essential for the function of multiple organs such as bone
marrow [6-8, 10, 11], brain [16-18], heart [12, 13], and blood
vessels [9, 14]. However, the contribution of SDF-1-CXCR4
signals to the pathogenesis of chronic liver damage is not
known. In this study, we analyzed the role of SDF1-CXCR4
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expression of the most primitive HPC marker prominin-1 was
significantly higher in MxCre-CXCR4™™ mice (d). AFP mRNA
expression was higher in MxCre-CXCR4™™ ! mice, but the difference
was not significant (e). The mRNA levels of NCAM (f) and DLK-1
(g) were not affected by CXCR4 targeting

signals in CClg-induced chronic liver damage in CXCR4
conditionally targeted mice. MxCre-CXCR4™™! mice suf-
fered enhanced liver damage compared with MxCre-
CXCR4™ mice. Furthermore, the number of HPCs was
increased in the liver of MxCre-CXCR4™™ mice, but the
HPCs did not appear to undergo full differentiation and liver
fibrosis was severe. We conclude that SDF-1-CXCR4 sig-
naling contributes to hepatic protection and liver
regeneration.

Several previous studies have analyzed SDF-1-CXCR4
signals in the liver; however, their conclusions varied
somewhat from our study. Mavier et al. reported that
SDF-1 stimulates the proliferation of HPCs through an
autocrine/paracrine pathway [19] and Zheng et al. reported
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Fig. 4 Analysis of fibrosis by Sirius Red staining (a—c) and real-time
PCR analysis of hepatic stellate cells markers, TIMPs, and MMPs (d-1).
Sirius Red staining of MxCre-CXCR4™* (a) and MxCre-CXCR47™"
mice (b) revealed that the extent of the area of fibrosis (red area) in
MxCre-CXCR4™ ™ mice was significantly higher than in MxCre-
CXCR4™ mice (c). The mRNA levels of -SMA and TNF-u were
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significant higher in the livers of MxCre-CXCR4"™ mice than in
MxCre-CXCR4™ mice (d, e) but the mRNA levels of TGF-f were not
different (f). The mRNA levels of MMP2 (g), MMP13 (i), MMP14 (j),
TIMP1 (k) and TIMP3 (1) were not different, but the mRNA level of
MMP9 (h) was significantly higher in the MxCre-CXCRA™ ! mice than
in the MxCre-CXCR4™ mice
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that SDF-1 is essential for activation of HPCs [20]. Our
analysis revealed that the number of cytokeratin-positive
cells, which includes hepatic stem/progenitor cells, was
increased in the liver of CXCR4 conditionally deleted
mice. Farthermore, expression of prominin-1 mRNA,
which is a marker for the most primitive hepatic stem/
progenitor cells, was increased significantly in the liver of
CXCR4 conditional deleted mice. Our results suggest that
SDF-1-CXCR4 signals promote liver regeneration. The
difference between our study and the studies of Zheng et al.
and Mavier et al. may be due to differences in the animal
models or drugs used. We consider that mice with CXCR4
targeted specifically in hepatic stem/progenitor cells will be
very valuable in resolving these issues.

Hong et al. reported that SDF-1-CXCR4 signals are
important for HSC activation, fibrogenesis, and prolifer-
ation [21]. These authors also suggested that small
molecular inhibitors of CXCR4 may have antifibrotic
properties. However, in our study, liver fibrosis was
exacerbated in CXCR4 conditionally deleted mice, which
was further confirmed by the up-regulation of mRNAs for
MMP9, TNF-o, and o-SMA. Thus, our results indicate
that SDF-1-CXCR4 signals are important for preventing
the progression of liver fibrosis, and that blocking this
pathway may not be a safe strategy for the treatment of
liver damage.

Glunwald et al. reported that SDF-1 is important for
retention of a pro-angiogenic subpopulation of hemato-
poietic cells in the liver [22]. One caveat to our study is
the differing hematopoietic cell populations in the
MxCre-CXCR4™" and MxCre-CXCR4™" mice; the
MxCre-CXCR4™" mice have a reduction in B Iympho-
cyte number and a slight increase in monocytes in the liver.
We cannot exclude the possibility that the differences in
the hematopoietic cells populations influenced the results.
However, CXCR4 is expressed by multiple cell types, and
it is not currently possible to specifically target CXCR4 on
specific cells. Nonetheless, our study clearly suggests that
SDF-1-CXCR4 signals are important in liver regeneration
and hepatic protection.

In our study, CXCR4 was effectively deleted in MxCre-
CXCR4™ " mice, however the mRNA of SDF-1 was not
different between the two groups. Kojima et al. reported
that SDF-1 affect the production of SDF-1 by feed-forward
manner [25]. Thus we think that although MxCre-
CXCR4™"  mice had more anti-cytokeratin-positive
cells, the production of SDF-1 per cell was lower in
MxCre-CXCR4™ ! mice.

It may be possible to exploit our findings to develop new
treatments to promote liver regeneration. SDF-1-CXCR4
signals can be modulated by external factors. Leucocyte-
derived protease or cell-surface-expressed CD26/dipept-
idylpeptidase IV (DPPIV) can cleave both SDF-1 and the
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N-terminus of CXCR4 [26], and DPPIV activity is known to
be increased in chronically damaged livers [27]. Therefore,
protease inhibitors may have value for preventing the
cleavage of SDF-1 and CXCR4 in the liver. DPPIV inhibitors
have already been widely used to treat type 2 diabetes mel-
litus, and they may also promote liver regeneration and
hepatic protection by preventing the cleavage of SDF-1 and
CXCRA4. Furthermore, SDF-1-CXCR4 signals can be mod-
ulated by a broad range of mediators, both positively (e.g.,
PMV, C3a, des-arg C3a, thrombin, uPAR, fibronectin,
hyaluronic acid, SICAM1, and ¢cVCAMI) and negatively
(e.g., lipopolysaccharide (LPS), heparin, MIP-lo, and
PATENT) [26]. Therefore, modulation of SDF-1 production
by HPCs is an additional strategy for stimulation of liver
regeneration and hepatic protection.
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Role of gut microbiota in liver diseases
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The liver constantly encounters food-derived antigens and
bacterial components such as lipopolysaccharide translo-
cated from the gut into the portal vein. Bacterial
components stimulate Toll-like receptors (TLR), which are
expressed on Kupffer cells, biliary epithelial cells, hepato-
cytes, hepatic stellate cells, endothelial cells and dendritic
cells and recognize specific pathogen-associated molecular
patterns. The sighaling of TLR to its main ligand triggers
inflammation. Usually, in order to protect against hyperacti-
vation of the immune system and to prevent organ failure by
. persistent inflammation, TLR tolerance to repeated stimuli is
induced. In chronic liver diseases, a breakdown in TLR toler-
ance occurs. Furthermore, Kupffer cells, hepatic stellate
cells and natural killer T cells are key components of innate
immunity. Decreased numbers and impaired ability of these
cells lead to failures in immune tolerance, resulting in

persistent inflammation. Recently, the activation of inflam-
masome was revealed to control the secretion of pro-
inflammatory cytokines such as interleukin-1§ in response to
bacterial pathogens. Innate immunity seems to be an impor-
tant contributor to the pathogenesis of fatty liver disease
and autoimmune liver disease. Recently, probiotics were
reported to affect various liver diseases via shifts in gut
microbiota and the stability of intestinal permeability.
However, many unresolved questions remain. - Further
analysis will be needed to gain a more comprehensive
understanding of the association of innate immunity with
the pathogenesis of various liver diseases.

Key words: gut microbiota, inflammasome, innate
immunity, probiotic, tolerance, Toll-like receptor

INTRODUCTION

HE LIVER, THE largest organ in the body, weight
1200-1500 g and has a double blood supply.! The
hepatic artery, coming from the celiac axis, supplies the
liver with arterial blood and the portal vein brings
venous blood from the intestines and spleen. Portal
blood flow in humans is approximately 1000~
1200 mL/min. Thus, the liver constantly confronts
food-derived antigens and bacterial components such
as lipopolysaccharide (LPS) translocated from the gut
into the portal vein; however, the liver has the unique
capacity to induce immune tolerance. '
Previously, regulatory T cells (Treg), Kupffer cells,
natural killer T (NKT) cells and hepatic stellate cells

(HSC) were reported to contribute to immune tolerance -
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in the liver. Interaction between Treg and Kupffer cells

_promotes the secretion of interleukin (IL)-10 from Treg,

and the depletion of Treg breaks antigen-specific
immune tolerance.? The depletion of liver NKT cells
also exacerbates hepatic inflammation in carbon
tetrachloride-induced liver injury.® HSC induce the apo-
ptosis of conventional CD4* T cells in a Fas/Fas ligand-
dependent manner and increase Treg proliferation via
cell-cell contact; moreover, HSC-expanded Treg express
high levels of programmed cell death 1 and cytotoxic
T-lymphocyte antigen 4, show enhanced production of
IL-10, and cause the suppression of alloreactive CD4*
T-cell proliferation.*

Toll-like receptors (TLR), which comprise a highly
conserved family of receptors that recognizes specific
pathogen-associated molecular patterns (PAMP), play a
key role in innate immunity by triggering inflammatory
responses to the main ligands of TLR. Various TLR are
expressed on liver cells (Table 1). The liver constantly
encounters various antigens, and in order to prevent
organ failure due to hyperactivation of the immune
system, TLR tolerance to repeated stimuli is induced."
On the other hand, a breakdown in TLR tolerance
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