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Migration of splenic lymphocytes promotes liver fibrosis through
modification of T helper cytokine balance in mice
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Abstract

Background  Sustained liver injury causes liver fibrosis
and eventually cirrhosis. Understanding the pathophysio-
logical mechanisms of liver fibrosis and interventions in
the fibrotic process is crucial for improving the prognosis
of patients with chronic liver diseases. Although studies
have shown that splenectomy suppresses liver fibrosis, the
mechanism by which this occurs is poorly understood. The
present study focuses on the immunological functions of
the spleen to investigate its role in liver fibrosis.

Methods BALB/c and severe combined immunodefi-
ciency (SCID) mice underwent splenectomies or sham
operations prior to induction of liver fibrosis with carbon
tetrachloride or thioacetamide.
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Results  Sirius red staining and hydroxyproline assays
showed that splenectomy suppressed liver fibrogenesis in
BALB/c mice. Reverse transcription PCR analysis of
T helper type 1 (Thl) and T helper type 2 (Th2) cytokines
demonstrated that splenectomy shifted the Th1/Th2 bal-
ance in the liver towards Thl dominance. In SCID mice,
the inhibitory effect on liver fibrosis was abrogated. The
number of CD4" T helper lymphocytes in the spleen de-
creased after liver injury. Green fluorescent protein positive
(GFP™) splenocytes were transplanted into the spleens of
syngeneic wild-type mice to trace their destination after
fibrosis induction. GFPTCD4™" lymphocytes appeared in
the liver after induction of fibrosis, and flow cytometry
revealed the vast majority of them were Th2 lymphocytes.
Transfer of splenocytes via the portal vein into syngeneic
splenectomized mice cancelled the suppressive effect of
splenectomy on liver fibrosis.

Conclusions The present study demonstrated that Th2-
dominant splenic lymphocytes migrate into the liver and
promote liver fibrosis by shifting the cytokine balance to-
wards Th2 dominance. Splenectomy suppresses the pro-
gression of fibrosis at least partly by restoring the Th1/Th2
balance.

Keywords
lymphocyte

Splenectomy - Liver fibrosis - T helper

Abbreviations

BDL Bile duct ligation

GFP Green fluorescent protein
IL Interleukin

PBS Phosphate-buffered saline

qRT-PCR  Quantitative reverse transcription PCR
SCID Severe combined immunodeficiency
a-SMA o-Smooth muscle actin
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TAA Thioacetamide
Thl T helper type 1
Th2 T helper type 2
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Sustained liver injury results in liver fibrosis regardless of
the cause. Hepatic fibrosis is characterized by a progressive
accumulation of fibrillar extracellular matrix proteins in the
liver that distorts the hepatic architecture and may even-
tually result in liver cirrhosis [1]. Since the progression of
liver fibrosis is directly associated with complications in
chronic liver diseases, understanding the pathophysio-
logical mechanisms of liver fibrosis and intervention in the
fibrotic process is crucial for improving the prognosis of
patients with chronic liver diseases. Hypersplenism is a
major complication in patients with advanced liver fibrosis.
For those patients, splenectomy is beneficial and often
indicated as it increases the platelet count and makes an-
tiviral therapy or invasive treatment feasible [2]. Moreover,
clinical observations have revealed that splenectomy not
only increases the platelet count, but also improves liver
function [3, 4]. In addition, some experimental studies have
shown that splenectomy suppresses the progression of liver
fibrosis. The underlying mechanisms are largely unknown,
although a few studies have proposed explanations for this
phenomenon [5-7].

The spleen plays important roles in the immune system.
Specifically, B cells and plasma cells mature in the spleen,
and have key functions in humoral immunity. Moreover, T
cells and the cytokines they produce play important roles in
modifying the maturation process of these lymphocytes.
Importantly, the immune system can affect the progression
of liver fibrosis; for instance, strain-specific differences in
murine hepatic fibrotic responses are mediated by divergent
T helper cytokine responses [8]. In addition, immunosup-
pressants differently modulate hepatic fibrotic responses in
mice and humans [9, 10]. These observations have led us to
the hypothesis that the spleen modulates liver fibrosis
through its immunological functions. The present study
aimed to investigate the role of the spleen in liver fibrosis,
with particular focus on its immunological functions.

Materials and methods

Animals

BALB/c, C57BL/6, severe combined immunodeficiency
(SCID), and C57BL/6-Tg(CAG-EGFP)C14-Y01-

FM1310sb (“green mice”) male mice were purchased at
10 weeks of age from Japan SLC (Shizuoka, Japan) and
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CLEA Japan (Tokyo, Japan). After acclimation for 7 days,
the mice were divided into sham-operation and splenecto-
my groups. Splenectomies were performed under pento-
barbital anaesthesia (50 mg/kg) as previously described
[5]. Splenic arteries and veins were ligated twice with 6-0
nylon sutures with a minimal incision on the upper ab-
dominal midline. Sham-operation mice underwent a la-
parotomy without splenectomy. The protocol for animal
handling was reviewed and approved by the Animal Care
and Use Committee of Kyoto University.

Experimental liver fibrosis models

Liver fibrosis was induced by repetitive injections of car-
bon tetrachloride (CCly) or thioacetamide (TAA). In the
CCly-induced liver fibrosis model, each mouse was sub-
jected to intraperitoneal injections of CCly (0.5 pL/g body
weight; 1:4 dilution with corn oil) or corn oil as a control
twice a week for 6 weeks [11]. Livers were harvested
7 days after the last injection. TAA~induced liver fibrosis
was induced by intraperitoneal injections with escalating
doses of TAA or normal saline as a control three times a
week for 6 weeks (first dose, 100 mg/kg, weeks 1-2,
200 mg/kg; weeks 3—4, 300 mg/kg; weeks 4-6, 400 mg/
kg), as previously described [12]. Livers were harvested
3 days after the last injection. Bile duct ligation (BDL) was
performed by surgical ligation of the common bile duct, as
previously described [13]. The common bile duct was li-
gated three times with 6-0 nylon sutures under pentobar-
bital anaesthesia (50 mg/kg). Sham-operation mice
underwent laparotomy without ligation of the common bile
duct. Mice were killed for analysis at 10 days and 3 weeks
after the operation.

Sirius red staining

Formalin-fixed specimens were embedded in paraffin,
sliced with a thickness of 4 pm, and mounted on silanized
glass slides. Sirius red staining was performed as previ-
ously described [13]. Ten nonoverlapping fields per mouse
at a final magnification of x100 were randomly selected
and photographed. The Sirius red positive area was quan-
tified using an image analysis software package (Image J;
National Institutes of Health).

Tmmunofluorescence staining

The specimens were fixed in 4 % paraformaldehyde, em-
bedded in OCT compound, and sliced with a thickness of
5 pm. Antigen retrieval was performed by incubation in
citric acid buffer at 90 °C, for 20 min. After blocking, the
sections were incubated with a primary antibody against o-
smooth muscle actin  («-SMA; ab5694; Abcam,
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Cambridge, UK), CD4 (IH95-0042; eBioscience, San
Diego, CA, USA), CD45SRC (ab3135; Abcam), or green
fluorescent protein (GFP; A1122; Invitrogen, Carlsbad,
CA, USA) at 1:100 dilution overnight at 4 °C, and were
then incubated with a corresponding secondary antibody at
room temperature for | h. The CD4-positive area was
evaluated as a percentage using Image J.
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Hydroxyproline content measurement

Liver tissues were homogenized in ice-cold distilled water
(1 mL). Subsequently, 125 pL of 50 % trichloroacetic acid
was added, and the homogenates were incubated on ice for
30 min. The precipitated pellets were hydrolysed for 24 h
at 110 °C in 6 N HCL After hydrolysis, the samples were
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Fig. 1 Splenectomy suppresses the progression of liver fibrosis in a
CCly-induced liver injury mouse model. BALB/c mice were divided
into sham-operation and splenectomy groups and received injections
of CCly (n = 7 mice per group) or corn oil (n = 6 mice per group).
a Liver fibrosis was evaluated by Sirius red staining. Original
magnification x40. b The Sirius red positive area was quantified as a
percentage using Image J. ¢ Collagen deposition was quantified by
measuring the hydroxyproline content in the liver. d Quantitative
reverse transcription PCR (gRT-PCR) was performed to measure
messenger RNA (nRNA) expression levels of Col/al (which encodes

Collagen la1 mRNA
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type 1 collagen o). Gapdh (which encodes glyceraldehyde 3-phos-
phate dehydrogenase) was used as an internal control. e Activation of
hepatic stellate cells was evaluated by immunofluorescence staining
for o-smooth muscle actin (@-SMA; which is encoded by Acta2).
Original magnification x100. f Hepatic expression levels of Acta2
mRNA were measured using gRT-PCR. Gapdh was used as an
internal control. The mean 4 the standard deviation is shown.
Asterisks indicate statistically significant differences (P < 0.05)
determined by the Mann—Whitney U test. Sp(-) sham-operation
group, Sp(+) splenectomy group
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filtered, neutralized with 10 N NaOH, and oxidized with
chloramine-T (Sigma-Aldrich, St Louis, MO, USA) for
25 min at room temperature. The reaction mixture was
incubated in Ehrich’s perchloric acid solution at 65 °C for
20 min and then cooled to room temperature., Sample ab-
sorbance was measured at 560 nm in duplicate. Purified
hydroxyproline (Sigma-Aldrich) was used as a standard.
The hydroxyproline content was expressed as nanograms
of hydroxyproline per milligram of liver.

Quantitative reverse transcription PCR analysis

Total RNA was extracted from liver samples using TRIzol
(Invitrogen, Tokyo, Japan) and RNeasy Mini kits with on-
column DNA digestion (Qiagen, Tokyo, Japan). Total
RNA was reverse transcribed to complementary DNA us-
ing an Omniscript reverse transcription kit (Qiagen, Va-
lencia, CA, USA). We performed quantitative reverse
transcription PCR (qRT-PCR) with gene-specific PCR
primers (Table S1) and SYBR Green I master reaction mix
using a LightCycler 480 II instrument (Roche Diagnostics,
Basel, Switzerland). The relative abundance of the target
genes was determined by comparison with a standard curve
and was normalized to the abundance of Gapdh as an in-
ternal control using the LightCycler 480 software (version
1.5).

Isolation of hepatic lymphoid cells

Hepatic lymphoid cells were isolated from murine livers by
a method described previously [13, 14]. Livers were
minced into small fragments and washed free of blood in
cold phosphate-buffered saline (PBS). Fragments were
passed through a 100-um steel mesh. The cell suspension
was filtered through a nylon mesh (BD Falcon cell strainer;
BD Biosciences) to remove tissue debris. Filtered cells
were centrifuged at 50g for 1 min to remove the hepatocyte
fraction. The remaining nonparenchymal cell fraction was
collected, washed, and resuspended in PBS. Leukocytes
were isolated by density-gradient centrifugation
(Histopaque-1077; Sigma-Aldrich). "Cell viability was
assessed by trypan blue staining.

Isolation of lymphocytes from spleen

Spleens were minced through a nylon mesh (BD Falcon
cell strainer; BD Biosciences) to obtain single-cell sus-
pensions in PBS as previously described [15]. Erythrocytes
were lysed by incubation in lysis buffer (00-4333-57;
eBioscience, San Diego, CA, USA) for 4 min at room
temperature. Following these procedures, lymphocytes
were washed twice in PBS by centrifugation at 300g at
4 °C and were resuspended in PBS.
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Fig. 2 Splenectomy modifies the T helper type 1 (ThI)/T helperp
type 1 (Th2) balance in the liver in a CCly-induced liver injury model.
Quantitative reverse transcription PCR (qRT-PCR) was performed to
measure hepatic messenger RNA (mRNA) expression levels of a [fig,
112, and 1112a/1112b (which encode Th1 cytokines) and b /4 and 7113
{(which encode Th2 cytokines). Gapdh was used as an internal control.
¢ The ratio of the mRNA expression levels of Ifug (Thtl) to 4 {Th2)
in each mouse was compared between the CCl, sham-operation group
and the CCl, splenectomy group. d The mRNA expression levels of
Tgfbl (which encodes a potent profibrogenic cytokine) were
measured by gRT-PCR. e Intrahepatic lymphocytes were isolated
from CCl, splenectomy and sham-operation mice and were subjected
to How-cytometric analysis for expression of CD4 and CD45RC. The
statistical result found in at least seven mice is shown. f Double
immunofluorescence staining for CD4SRC (green) and CD4 (red).
The number of CD4™ cells and CD45SRCTCD4™ cells were counted
under 2 magnification of x100, and the proportion of
CD45RCTCD4™ cells among CD4% cells in the liver is shown.
(n = 7 for CCl, groups, n = 6 for control groups). The mean + the
standard deviation is shown, *P < 0.05, **P < 0.01, ***P < 0.001,
DAPI 4' 6-diamidino-2-phenylindole, IFN interferon, IL interleukin,
ns not significant (P > 0.035), Sp(-) sham-operation group, Sp(+)
splenectomy group, 7GF transforming growth factor

Flow-cytometric analysis

Hepatic lymphoid cell isolation from liver tissues and
staining for flow cytometry were performed as described in
[14]. In brief, lymphoid cells were stained with anti-CD4
(BD Pharmingen 553051; BD Biosciences, San Diego, CA,
USA) and anti-CD45RC (BD Pharmingen 557357; BD
Biosciences San Diego, CA, USA) mouse antibodies la-
belled with allophycocyanin and phycoerythrin, respec-
tively. Three-colour flow-cytometric analyses were
performed using a BD Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA, USA).

Statistical analysis

Quantitative data are expressed as the mean =+ the standard
deviation. For statistical analysis, we used the Mann—
Whitney U test. P values less than 0.05 were regarded as
statistically significant.

Resulfs

Splenectomy suppresses progression of liver fibrosis

~ induced by CCly and TAA in mice

Liver fibrosis was induced by repetitive administration of
CCly for 6 weeks, and hepatic collagen deposition was
evaluated by Sirius red staining of the liver sections. In the
com oil control groups, Sirius red staining demonstrated no
fibrous regions, except in the portal areas. Collagen deposi-
tion was observed in the livers of mice that received CCl, for
6 weeks. The area of fibrous changes in the CCly
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splenectomy group was markedly attenuated compared with  reduced in the CCly splenectomy group compared with the
that of the CCl, sham-operation group (Fig. 1a). The Sirius  CCly sham-operation group (3.82 £ 1.29 % vs
red positive area quantified by Image J was significantly ~ 5.79 & 1.43 %; P = 0.018; Fig. 1b). The hepatic content of
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hydroxyproline, a biochemical marker of collagen accumu-
lation, was elevated to 344 4+ 34.2 ng/mg liver in the CCly
sham-operation group (Fig. 1c¢). Comparatively, it was re-
duced to 274 £ 64.7 ng/mg liver in the CCl, splenectomy
group, resulting in a statistically significant difference be-
tween the two groups (P = 0.018). Hepatic expression of
Collal (which encodes type I collagen o) evaluated by
gRT-PCR was increased by 8.1-fold in the CCl, sham-op-
eration group as compared with the corn oil group (Fig. 1d).
By comparison, Collal expression was suppressed by 4.5-
fold in the CCl, splenectomy group (P = 0.026). Activation
of hepatic stellate cells was evaluated by immunostaining for
o-SMA. Immunostaining for a-SMA in the CCl, sham-op-
eration group demonstrated a significant increase in the
number of a-SMA-positive cells. The number of a-SMA-
positive cells in the CCly splenectomy group was lower than
in the CCl; sham-operation group (Fig. le). Similarly,
hepatic expression of Acta2 (which encodes oa-SMA) was
significantly lower in the CCl, splenectomy group than in the
CCl, sham-operation group (P = 0.038; Fig. 1f).

The effect of splenectomy on liver fibrosis was also
investigated using the TAA-induced liver injury model
(Fig. S1). Sirius red staining demonstrated that collagen
deposition in the TAA splenectomy group was significantly
decreased compared with that in the TAA sham-operation
group. The ratio of the fibrous area in the TAA splenec-
tomy group was reduced compared with that in the TAA
sham-operation group (6.62 £ 1.65 % vs 8.84 % 0.82 %;
P = 0.007). The hydroxyproline content was elevated to
277 £ 59.7 ng/mg liver in the TAA sham-operation group
and was reduced to 221 4= 24.3 ng/mg liver in the TAA
splenectomy group (P = 0.038). Hepatic expression of
Collal was suppressed in the TAA splenectomy group
compared with the TAA sham-operation group
(P = 0.038). Immunostaining for «-SMA demonstrated
that the number of o-SMA-positive cells in the TAA
splenectomy group was lower than that in the TAA sham-
operation group. Hepatic expression of ActaZ was also
suppressed in the TAA splenectomy group compared with
the TAA sham-operation group (P = 0.026).

These results indicate that splenectomy suppressed
collagen synthesis in the liver and alleviated liver fibrosis
in the CCly~induced and TAA-induced liver injury models.

We also investigated the effect of splenectomy in the
BDL-induced liver injury model (Fig. S2). Sirins red
staining demonstrated remarkable fibrotic changes in the
BDL-induced liver injury model. In contrast to the toxin-
induced liver fibrosis model, the fibrotic area was not dif-
ferent between the BDL sham-operation group and the
BDL splenectomy group at both 10 days and 3 weeks after
BDL (10 days, 797+ 182% vs 747 +228 %,
P = 0.779; 3 weeks, 9.51 & 1.67 % vs 8.25 + 2.23 %,
P = 0.456). The hydroxyproline content was also similar
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between the two groups (10 days, 181 =+ 32.9 ng/mg liver
vs 165 £ 42.8 ng/mg liver, P = 0.463; 3 weeks,
418 + 83.2 ng/mg liver vs 451 4 200 ng/mg liver,
P = 0.209). In addition, hepatic expression of Collal and
Acta2 was comparable between the two groups (10 days,
P=0902 and P =0.165 respectively; 3 weeks,
P = 0.902 and P = 0.383; respectively).

Splenectomy modifies the T helper type 1/T helper
type 2 balance in toxin-induced liver fibrosis models

We analysed the effect of splenectomy on the inhibition of
fibrotic responses induced in toxin-induced liver injury
models, especially focusing on the T helper type 1 (Th1)/
T helper type 2 (Th2) balance. Liver fibrosis was induced
by repetitive administration of CCl, for 6 weeks, and livers
were harvested 7 days after the last injection. Expression of
Ifng mRNA (Ifng encodes interferon-y, a typical Thl cy-
tokine) was increased by 5.0-fold in the CCly sham-op-
eration group in comparison with the corn oil control
group. Expression of Ifng mRNA was further enhanced by
8.2-fold in the CCl; splenectomy group (P = 0.038;
Fig. 2a). Similarly, expression of /I2 [which encodes in-
terleukin (IL)-2] and 7[12a/ll12b (which encode IL-12)
mRNA was increased by 2.6-fold and 1.8-fold in the CCly
sham-operation group, and this increase was further en-
hanced by 5.4-fold and 2.6-fold, respectively, in the CCly
splenectomy group (712, P =0.038;, [1l12a/ll12b,
P = 0.038; Fig. 2a). In the CCl, sham-operation group in
comparison with the corn oil group, expression of /4
mRNA (/4 encodes I1-4, a representative Th2 cytokine)
was increased by 4.2-fold. In contrast to the Thl cytokines,
Il4 mRNA expression was suppressed by 2.4-fold in the
CCly splenectomy group (P = 0.038; Fig. 2b). Similarly,
1113 mRNA expression was increased by 13-fold in the
CCl4 sham-operation group, and this increase was inhibited
by 2.2-fold after splenectomy (P = 0.038; Fig. 2b). The
ratio of Ifng (Thl) to II4 (Th2) mRNA expression in each
mouse was increased by 4.7-fold in the CCl, splenectomy
group compared with the CCly sham-operation group
(P = 0.038; Fig. 2c). The expression levels of Tgfbl
(which encodes transforming growth factor B, one of the
most potent profibrogenic cytokines) did not differ between
the CCly splenectomy and CCl, sham-operation groups
[16] (P = 0.383; Fig. 2d). We also evaluated Th1 and Th2
cytokine expression from lymphocytes isolated from livers
(Fig. S3). Similarly to the results obtained from the whole
liver tissue, Thl cytokines were upregulated whereas Th2
cytokines were downregulated in the CCly splenectomy
group in comparison with the CCl, sham-operation group.
The ratio of Ifng to 1/4 mRNA expression was increased by
2.5-fold in the CCl, splenectomy group compared with the
CCly sham-operation group (P = 0.0082). The Th1/Th2
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balance in the liver was also evaluated, on the basis of
different CD45RC expression profiles between Thl and
Th2 lymphocytes [17, 18]. Flow-cytometric analysis re-
vealed a significant increasc in the proportion of Thli
(CD4SRCMENCDAT) lymphocytes among CD4* lympho-
cytes in the CCly splencctomy group compared with the
CCly  sham-operation  group  (35.6 72 %  vs
17.3 - 10.2 %; Fig. 2¢). Double immunostaining for
CD45RC and CD4 in the CCly splencctomy group
demonstrated a significant increase in the number of
CD4SRCTCDAY cells (Thl) after CCl, treatment com-
pared with the CCly sham-operation group. The ratio of
CD45RCTCDA™ cells to CD4™ cells was 33.8 4= 4.63 % in

Fig. 3 Suppressive effect of
splenectomy on liver fibrosis is
abrogated in immunodeficient
severe combined
immunodeficiency (SCID)
mice. SCID mice were divided
into sham-operation and
splenectomy groups, and
received injections of CCly

(n = T mice per group) or corn
oil (n = 6 mice per group).

a Liver fibrosis was cvaluated
by Sirius red staining. Original
magnification x40. b The Sirius
red posilive area was quantified
as a percentage using Image J.
¢ Collagen deposition was
quantified by measuring the
hydroxyproline coatent in the
liver. d Quantitative reverse
transcription PCR (qRT-PCR)
was performed to measure
messenger RNA (mRNA)
expression levels of Collal.
Gapdh was used as an internal
control. e Activation of hepatic
stellate cells was evaluated by
immunofluorescence staining
for a-smooth muscle actin {«-
SMA). Original magnification
x100. £ Hepatic expression
levels of Acta2 mRNA were
measured by gRT-PCR. Gapdh
was used as an internal control.
The mean = the standard
deviation is shown. ns not
significant, Sp(-) sham-
operation group, Sp(-+)
splenectomy group
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We also investigated the change in the liver Th1/Th2
balance resulting from splenectomy in the TAA-induced
liver injury model (Fig. S4). The expression levels of Ifng,
112, and 1112al1l112b mRNA were increased by 3.8-, 3.0-,
and 2.8-fold, respectively, in the TAA sham-operation
group in comparison with the control saline group. The
expression of Ifng, 112, and 1112a/1l12b mRNA was en-
hanced by 5.5-, 7.5-, and 5.3-fold, respectively, in the TAA
splenectomy group (Ifng, P = 0.038; 112, P = 0.038,
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of Il4 and 1113 mRNA were increased by 5.2- and 7.7-fold
in the TAA sham-operation group compared with the saline
group, Moreover, their expression levels were inhibited by
4.2~ and 3.3-fold, respectively, in the TAA splenectomy
group (Il4, P = 0.038; Il13, P = 0.026). The ratio of Ifng
to 114 mRNA expression was increased by 3.0-fold in the
TAA splenectomy group compared with the TAA sham-
operation group (P = 0.007). The expression level of
Tgfbl was not altered by splenectomy in the TAA-induced
liver injury model (P = 0.805). The proportion of
CD45RC"E'CDA4™ lymphocytes among CD41 lympho-
cytes in the TAA splenectomy group measured by flow
cytometry was increased compared with that in the TAA
sham-operation group (39.8+£2.9 % vs 21.2 £ 7.1 %).
The ratio of CD45RCTCD4" cells to CD4 ™" cells was also
increased in the TAA splenectomy group compared with
the TAA sham-operation group, as demonstrated by im-
munostaining - (352 4+ 4.84 % vs - 19.6 £+ 3.58 %;
P = 0.0002). Taken together, these results showed that
splenectomy shifted the Thi/Th2 balance in the liver to-
wards Thl dominance in the toxin-induced liver fibrosis
models. :

In the BDL-induced liver injury model, there was no
statistical difference in the expression levels of Ifng and 114
mRNA between splenectomy and sham-operation groups at
both 10 days and 3 weeks after BDL (Fig.-S5).

Effect of splenectomy is abrogated in immunodeficient
SCID mice

Immunodeficient SCID mice were used to determine if
immunological mechanisms were involved in the effect of
splenectomy on liver fibrosis observed in wild-type mice.
Although liver fibrosis was similarly induced with CCly in
SCID mice as in wild-type mice, the inhibitory effect of
splenectomy on liver fibrosis was not observed in SCID
mice (Fig. 3a). In addition, the fibrotic area did not differ
between CCl; splenectomy and sham-operation groups
(8.12 £ 1.71 % vs 7.97 £ 1.57 %, P = 0.902; Fig. 3b).
The hepatic hydroxyproline content was similarly elevated
in the CCl; splenectomy and sham-operation groups
(457 £ 92.8 ng/mg liver vs 454 4 81.4 ng/mg liver,
P =0.902; Fig. 3c). The hepatic expression level of
Collal was not affected by splenectomy (P = 0.165;
Fig. 3d). Furthermore, splenectomy had no effect on hep-
atic expression of «-SMA, as demonstrated by immunos-
taining (Fig. 3e) and gRT-PCR (P = 0.535; Fig. 3f).
Next, we evaluated the influence of splenectomy in the
immunodeficient SCID mice on cytokine expression in our
CCl,-induced liver fibrosis model. As expected, the ex-
pression levels of Ifng and /14 mRNA were not influenced
by splenectomy in SCID mice (Fig. 4a, b). The ratio of Ifng
to 7l4 mRNA in each SCID mouse was comparable

@ Springer

*IFN-y mRNA/IL-4 mRNA ©

ns

nN
3

ns

sV}
EeN
3

(23

£Spl)
‘E@Sp(+)

W
1
IL-4 mRNA
(relative abundance) &

IFN-y mRNA
(relative abundance)
- N
L 3

L=l
1

ComoOil  CCly

as d4

1

ny
3

TGF-B1 mRNA
(relative abundance)
N

(relative abundance)
o
N
-
1

jan)

cCl,

Fig. 4 Hepatic T helper type 1 (Th1)/T helper type 2 (Th2) cytokine

- expression levels in a CCly-induced liver injury model are not

modified by splenectomy in immunodeficient severe combined
immunodeficiency mice. Quantitative reverse transcription PCR
(qRT-PCR) was performed to measure messenger RNA (mRNA)
expression of Ifng (Thl) (a) and /4 (Th2) (b). Gapdh was used as an
internal control. ¢ The ratios of the mRNA expression levels of Ifng
(Th1) to 74 (Th2) in each mouse were compared between the CCly
splenectomy and CCl; sham-operation groups. d The mRNA
expression levels of Tgfb/ (which encodes a potent profibrogenic
cytokine) were measured by gRT-PCR. (n =7 for CCly groups,
n = 6 for control groups). The mean % the standard deviation is
shown. JFN interferon, /L interleukin, ns not significant, Sp(-) sham-
operation group, Sp(+) splenectomy group, TGF transforming growth
factor

between the CCly splenectomy and sham-operation groups
(P =0.902; Fig. 4c). Tgfbl mRNA expression levels
showed no differences between the CCl, splenectomy and
sham-operation groups (P = 0.383; Fig. 4d).

Number of CD4™ cells in spleen is reduced in toxin-
induced liver fibrosis models

Pathophysiological changes in the spleen of toxin-induced
liver fibrosis model mice were evaluated to elucidate the
mechanisms by which splenectomy suppressed liver fibrosis
and modified the Th1/Th2 balance in the liver. Histological
examination of spleens by haematoxylin and eosin staining
revealed no structural changes between the control group
and toxin-induced liver injury groups (Fig. 5a). In the CCly-
induced liver injury model, we evaluated the serial CD4*
cell counts in the spleen. Immunostaining for the T helper
lymphocyte marker CD4 demonstrated a time-dependent
decrease in CD4* cell numbers (Fig. 5b). The CD4-positive
area was 8.43 =+ 0.82 % before CCly treatment, and it was
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Fig. 5 The number of CD4" T helper lymphocytes in spleen
decreascs time-dependently in response to liver injuries. Liver fibrosis
was induced by injection of CCl, or thivacctamide (TAA) as described
in “Materials and methods”. a Haematoxylin and cosin (HE) staining
of the spleen. Original magnification x40. b The expression of CD4,
a T helper lymphocyte marker, in the spleen was evaluated by
immunofluorescence staining after CCly treatment for 3 and 6 weeks.
Original magnification x40. ¢ The CD4-positive area was quantified

reduced to 4.49 + 0.80 % and 3.18 &£ 0.26 % after CCly
treatment for 3 and 6 weeks, respectively (3 weeks,
P = 0.0043; 6 weeks, P = 0.0040; Fig. 5c). Cd4 mRNA

[=1Before £_JCom Oil EECCY,

EBefore 3 Com Oil E&CC,

as a percentage using Image J. d Quantitative reverse transcription
PCR was performed to measure messenger RNA (mRNA) expression
levels of Cd4 in the spleen. Gapdh was used as an internal control.
e Splenic lymphocytes of the control and CCly treatment group mice
were analysed for CD4 expression by flow cytometry. The proportion
of CD4™ cells among total splenic cells is shown. The mean + the
standard deviation of values found in at least six mice is shown.
#P < 0.05, **P < 0.01, ***P < 0.001

expression was also decreased by 0.75- and 0.58-fold after
CCly treatment for 3 and 6 weeks, respectively (3 weeks,
P = 0.030; 6 weeks, P = 0.0039; Fig. 5d). The proportion
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of CD4™ lymphocytes to total splenic cells showed a time-
dependent decrease after CCl, treatment (154 &+ 0.67 %
before CCl, treatment, 12.2 == 1.39 % at 3 weeks after CCly
treatment, and 8.54 & 2.65 % at 6 weeks after CCl, treat-
ment; Fig. 5¢). Similar findings were obtained in the TAA-
induced liver injury model (Fig. S6).

The CD4" cells accumulated in the liver after toxin-
induced liver injuries as demonstrated by the increase of
the CD4" area and Cd4 mRNA ‘expression in the liver
(Fig. 87). Splenectomy slightly reduced the accumulation
of CD4™ ‘cells, although the difference did not reach sta-
tistical significant. o

Splenic CD4% cells migrate to the liver in the CCly-
induced liver injury model

The decrease in the number of T helper cells in the spleen
prompted us to explore their fate after CCls-induced liver
injury. For this purpose, we isolated splenic cells from
C57BL/6-Tg mice ubiguitously expressing an enhanced
green fluorescent protein (GFP) [19]. The GFP™ splenic
cells were transplanted into the spleen of syngeneic wild-
type mice, and liver injury was induced by CCly. Livers
were examined on the days following the injection of the
first, third, and fifth doses of CCls. The migration of
spleen-derived T helper cells in the liver was evaluated by
GFP and CD4 immunostaining.

In the control groups, GFP™ cells were scarcely seen in
the liver, and they were almost negative for CD4
(Fig. S8a). In the CCly-induced liver injury model, we
observed a time-dependent increase in the number of GFP™
cells in the liver (Fig. 6a). Immunostaining for CD4 re-
vealed that the CD4* cell count was also increased in a
time-dependent manner (Fig. S8b). Furthermore, the
number of GFPTCD4" cells (spleen-derived T helper
lymphocytes) was time-dependently increased (three doses,
6.9 & 0.4/x100 high-power field, five doses, 11.1 £ 1.1/
%100 high-power field). The proportion of GFP* cells
among the CD4 " cells in the liver was 24.5 & 1.72 % and
22.4 4 1.62 % after three and five injections of CCly, re-
spectively (Fig. S8c). To exclude the possibility that cir-
culating GFP™  lymphocytes, not splenic GFP™
lymphocytes, were the source of GFP™ lymphocytes in the
liver, we splenectomized mice 20 min after inoculation of
the spleen with GFP™ splenocytes, and determined whether
GEFP" lymphocytes appeared in the liver after fibrosis in-
duction. Immunostaining showed that there were few
GFPTCD4™ cells in the liver (Fig. 6a), indicating that the
major source of GFP™ lymphocytes appearing in the liver
was not circulating GFP' lymphocytes.

GFPTCD4™ cells (spleen-derived T helper lymphocytes)
in the liver were analysed for CD45RC expression by flow
cytometry. The percentage of Th2 (CD45RCY)
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Fig. 6 T helper type 2 (Th2)-predominant spleen-dervived T helperp-
lymphocytes migrime from the spleen w the liver in response (o liver
injury. Splenic lymphocytes isolated from transgenic mice ubiqui-
tously expressing green fluorescent protein (GFP) were transplanted
into the spleens of syngeneic wild-type ‘mice. Liver fibrosis was
induced by injection of CCl,. The mice were killed at 24 h after the
first, third, and fifth injection. a Double immunofluorescence staining
for GFP (green) and CD4 (red) with or without splenectomy. Original
magnification x100. b CD4™ cells in the liver after the fifth injection
were analysed for CD45RC expression to determine their T helper
type 1 (Th1; (CD4SRCYM) and Th2 (CD45RC™) phenotype by flow
cytometry. The telative proportion of Thl and Th2 lymphocytes
among intrahepatic GFPCD4™ lymphocytes or GFP~CD4* Iympho-
cytes is shown. The mean = the standard deviation of values obtained
in seven mice is shown. DAPJ 4’ ,6-diamidino-2-phenylindole

lymphocytes was almost 100 % in GFPTCD4™ cells,

whereas it was 88.0 + 5.2 % in GFP™CD4" cells, indi-

cating that T helper lymphocytes migrating from the spleen
were Th2 dominant compared with the resident T lym-
phocytes in the liver (Fig. 6b).

Transfer of splenocytes cancels the suppressive effect
of splenectomy on liver fibrosis

The contribution of Th2-dominant splenic lymphocytes to
liver fibrosis was investigated by adoptive transfer of iso-
lated . splenocytes to “splenectomized mice. In this ex-
periment, we evaluated liver fibrosis in the 3-week CCly
model (not the 6-week model) considering a short life span of
injected splenic lymphocytes. Sirius red staining demon-
strated that collagen deposition in the splenocyte-transferred
CCl, splenectomy group was significantly enhanced com-
pared with that in the PBS-injected CCl, splenectomy group,
and it was comparable to that in the CCl, sham-operation
group (Fig. 7a, b). The hydroxyproline content was also
elevated in the splenocyte-transferred CCly splenectomy
group compared with the PBS-injected CCly splenectomy
group (282 % 74.1 ng/mg vs 234 4= 13.5 ng/mg,
P = 0.026; Fig. 7¢c). The expression level of Collal was
enhanced in the splenocyte-transferred CCly splenectomy
group compared with the PBS-injected CCl, splenectomy
group (P = 0.026; Fig. 7d). Hepatic expression of a-SMA
was also enhanced in the splenocyte-transferred CCly
splenectomy group compared with the PBS-injected CCly
splenectomy group, as demonstrated by immunostaining
{Fig. 7e) and gqRT-PCR (P = 0.030; Fig. 7f). These results
demonstrated that transfer of splenocytes cancelled the
suppressive effect of splenectomy on liver fibrosis.

Discussion

This study demonstrates that splenectomy inhibited toxin-
induced liver fibrosis in mice. A few experimental studies
have shown that splenectomy suppressed liver fibrosis;
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Fig. 7 Transfer of splenocytes a
cancels the suppressive effect of
splenectomy on liver fibrosis.
Liver fibrosis was induced by
repetitive administration of
CCly after adoptive transfer of
the isolated splenocytes or
phosphate-buffered saline (PBS)
as a control via the portal vein
intc syngeneic splenectomized
mice. Liver fibrosis was
evaluated after 3 weeks of CCly
treatment. a Liver fibrosis was
evaluated by Sirius red staining.
Original magnification x40.

b The Sirius red positive area
was quaniified as a percentage
using Image J. ¢ Collagen
deposition was quantified by
measuring the hydroxyproline
content in the liver.

d Quantitative reverse
transcription PCR (qRT-PCR)
was performed to measure
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however, the mechanisms underlying this phenomenon are
largely unknown [5-7]. In the present study, we focused on
the immunological implication of the spleen. The spleen is
a lymphoid organ where lymphocytes mature. In addition,
the spleen is directly connected to the liver via the splenic
and portal veins and is an important constituent of the
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portal system. Therefore, it is plausible that the spleen in-
fluences the immunological status of the liver.

In this study, splenectomy modified the balance of Th1/
Th2 cytokine expression towards Thl dominance in the
liver in CCly-induced and TAA-induced liver fibrosis
models. Previous studies have revealed that Thl cytokines
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have a suppressive effect on liver fibrosis. In particular,
interferon-y is a potent inhibitor of the activation of hepatic
stellate cells 20, 21]. By comparison, Th2 cytokines such
as IL-4 and IL.-13 promote activation of hepatic stellate
cells and progression of liver fibrosis [16, 22, 23]. There-
fore, our results suggest that the suppressive effect of
splenectomy on liver fibrosis is mediated by an altered
Th1/Th2 balance. To verify our hypothesis, we used im-
munodeficient SCID mice Jacking functional lymphocytes
[24]. In SCID mice, the suppressive effect on liver fibrosis,
as well as the influence on the Th1/Th2 balance following
splenectomy, was abrogated. These results strongly suggest
that the modified Th1/Th2 cytokine balance following
splencctomy observed in wild-type mice plays a causative
role in the inhibition of liver fibrosis.

Interestingly, SCID mice lacking profibrotic Th2 lym-
phocytes showed liver fibrosis in response to CCly to the
same extent as or to an even higher extent than immuno-
competent wild-type mice. Although the significance of
lymphocyte proinflammatory and profibrotic propertics has
been well recognized, recent studies have demonstrated
that there are lymphocyte subsets that regulate and control
inflammatory response, such as regulatory T cells or yo T
cells. For example, deficiency in regulatory T cells aggra-
vates the progression of liver fibrosis [25]. We suppose that
the lack of an immunomodulatory response by these lym-
phocytes in SCID mice might have contributed to en-
hancement of the fibrogenic response, although this is only
speculation and needs to be investigated further.

Previous studies have implied other antifibrotic
mechanisms mediated by splenectomy. For instance, it was
suggested that platelets themselves could inhibit the de-
velopment of liver fibrosis and that splenectomy exerted an
antifibrotic effect via thrombocytosis [5, 6]. Comparative-
ly, Akahoshi et al. [7] proposed that the loss of spleen-
derived transforming growth factor f}; mediated the in-
hibitory effect of splenectomy on liver fibrosis. Decreases
in portal flow and portal pressure are other possible
mechanisms of the autifibrotic effect of splenectomy.
Although our study did not preclude the aforementioned
mechanisms, our observation that the splenectomy-medi-
ated antifibrotic effect was abrogated in SCID mice
strongly supports the proposal that immunological
mechanisms are involved in this phenomenon.

We explored the mechanisms by which splenectomy
modifies the Th1/Th2 balance in the liver. We observed
that the number of CD4" cells (T helper lymphocytes) in
the spleen was dramatically decreased after liver injury. In
contrast, the number of CD4™" cells was increased in the
liver. These observations led us to speculate that T helper
lymphocytes in the spleen migrated to the liver in response
to liver injury. To examine our hypothesis, we isolated
GFP* splenic cells from C57BL/6-Tg(CAG-EGFP)C14-

YO1-FM1310sb mice and transplanted them into the
spleen of syngeneic wild-type mice. After CCly-induced
liver injury, we observed time-dependent increases in the
number of cells that were double positive for GFP and CD4
(spleen-derived T helper lymphocytes) in the injured liver,
thereby indicating that T belper lymphocytes migrated
from the spleen to the liver. GFP™ T helper lymphocytes
were rarely observed in the control (corn oil) mice or
splenectomized CCly-induced liver injury mice inoculated
with GFP" splenocytes. These results precluded the pos-
sibility that spleen-derived T helper lymphocytes observed
after CCly-induced liver injury were merely due to the
leakage of GFPY lymphocytes at the time of injection, and
confirmed that they migrated from the spleen in response to
liver injury. Swirski et al. [26] reported that splenic
monocytes migrated to the injured site in response to is-
chaemic myocardial injury, and discovered a novel role of
the splecn as a site for storage and rapid deployment of
monocyles. Similarly to their findings, the present study
demonstrates that the spleen functions as a site for storage
and mobilization of T helper lymphocytes in response to
liver injury.

Th2 lymphocytes are the main constituent of the im-
mune environment in the spleen [27, 28]. Furthermore, in
this study, we observed that most of the spleen-derived T
helper cells in the liver were Th2 lymphocytes after liver
injury. From our [indings taken together, we propose that
following liver injury, Th2-predominant splenic T lym-
phocytes migrate to the liver and promote liver fibrosis by

- modifying the Th1/Th2 balance in the liver towards Th2

dominance. Splenectomy decreases the absolute number of
Th2 lymphocytes in the liver and reverses this Th1/Th2
imbalance, resulting in inhibition of liver fibrosis.

The origin of Thl lymphocytes on liver injuries is an-
other important issue. Lymphoid organs other than the
spleen, such as marrow and thymus, may be possible
sources of Thl lymphocytes, although this is speculation.
Further studies arc needed to elucidate this.

Comparatively, splenectomy did not influence the pro-
gression of liver fibrosis and the liver Th1/Th2 cytokine
balance in the BDL-induced liver injury model. The reason
for the discrepancy between toxin-induced and cholestasis-
induced liver injury models is of interest. Clinical obser-
vations have shown that the immune function is disturbed
in patients with obstructive jaundice. For instance, inhibi-
tion of cellular immunity and suppression of the T lym-
phocyte proliferative response in jaundice were suggested
[29, 30]. Animal studies have also shown that obstructive
jaundice strongly influences the immune status. Katz et al.
[31] demonstrated that obstructive jaundice expanded the
number of regulatory T lymphocytes, which in turn sup-
pressed bulk T cell functions in the liver. In addition, other
studies have shown that BDL influenced splenocyte
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activity such as mitogenic response [32]. Thus, we spec-
ulate that the functional suppression of T helper cells in the
liver and/or the selective depression of the lymphocytes
derived from the spleen in obstructive jaundice may be the
reasons why the effect of splenectomy on the development
of liver fibrosis and the Th1/Th2 balance in the liver was
not seen in the BDL model. However, further studies are
needed to investigate this hypothesis.

In conclusion, the present study unveiled a novel role of
the spleen in the progression of liver fibrosis as a site for
storage and mobilization of T helper lymphocytes in re-
sponse to liver injury. Further clinical studies are required
to verify the beneficial effect of splenectomy on liver fi-
brosis in clinical situations. Our findings provide new in-
sights into the use of immunomodulation as an effective
strategy for treatment of liver fibrosis. This conclusion
might be particularly important in the setting of liver
transplantation to treat hepatitis C, as various immuno-
suppressive regimens may affect the progression of liver
fibrosis differently, if the eradication of the virus is un-
successful. A more detailed understanding of the
mechanisms underlying these observations may allow the
development of clinically useful immunosuppressive
regimens.
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Purpose. To noninvasively assess liver fibrosis using combined-contrast-enhanced (CCE) magnetic resonance imaging (MRI) and
texture analysis. Materials and Methods. In this IRB-approved, HIPA A-compliant prospective study, 46 adults with newly diagnosed
HCYV infection and recent liver biopsy underwent CCE liver MRI following intravenous administration of superparamagnetic
iron oxides (ferumoxides) and gadolinium DTPA (gadopentetate dimeglumine). The image texture of the liver was quantified in
regions-of-interest by calculating 165 texture features. Liver biopsy specimens were stained with Masson trichrome and assessed
qualitatively (METAVIR fibrosis score) and quantitatively (% collagen stained area). Using L, regularization path algorithm, two
texture-based multivariate linear models were constructed, one for quantitative and the other for quantitative histology prediction.
The prediction performance of each model was assessed using receiver operating characteristics (ROC) and correlation analyses.
Results. The texture-based predicted fibrosis score significantly correlated with qualitative (r = 0.698, P < 0.001) and quantitative
(r = 0.757, P < 0.001) histology. The prediction model for qualitative histology had 0.814-0.976 areas under the curve (AUC),
0.659-1.000 sensitivity, 0.778-0.930 specificity, and 0.674-0.935 accuracy, depending on the binary classification threshold. The
prediction model for quantitative histology had 0.742-0.950 AUC, 0.688-1.000 sensitivity, 0.679-0.857 specificity, and 0.696-0.848
accuracy, depending on the binary classification threshold. Conclusion. CCE MRI and texture analysis may permit noninvasive
assessment of liver fibrosis.

1. Introduction the United States. More than 20,000 Americans die from CLD

complications each year [1]. The most common etiologies
The ongoing epidemic of Chronic Liver Disease (CLD)isa  for CLD are chronic hepatitis C virus (HCV) infection and
major contributor to liver-related mortality and morbidityin  alcoholic hepatitis [2, 3]. Over 4 million Americans are HCV
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Fieure 1: MR images of liver in 60-year old man with HCV-related cirrhosis. Noncontrast, Gd-only, SPIO-only, and CCE 2D breath-hold
Tl-weighted gradient-echo images of cirrhotic liver due to HCV. Abnormal reticular pattern of the liver parenchyma is better visualized on
single-contrast-enhanced (Gd or SPIO) images than on unenhanced image and better visualized on CCE images than on single-contrast-
enhanced images. Gd: gadolinium; SPIO: superparamagnetic iron oxide, and CCE: combined contrast enhanced.

F1gure 2: Combined contrast enhanced (CCE) MR images at various stages of fibrosis. CCE MR images in adults with chronic HCV infection
and histologically determined Metavir fibrosis stages F0, F1, F2, F3, and F4. Subjectively, the reticular texture of the liver parenchyma becomes

progressively more pronounced with increasing Metavir fibrosis stage.

carriers, but many are asymptomatic and unaware of their
infection [4].

The common pathway in the natural history of CLD,
including chronic HCV infection, is progressive liver fibrosis
and ultimately cirrhosis [5]. Fibrosis indicates cumulative
liver damage, contributes to the development of portal hyper-
tension and hepatic dysfunction, and predicts poor clinical
outcome [6, 7]. Most liver-related mortality and morbidity
occur in the cirrhotic population [8]. Assessment of liver
fibrosis is therefore critical in the management of patients
with CLD.

The current gold standard for fibrosis evaluation is liver
biopsy. The severity of fibrosis due to HCV infection is often
classified using an ordinal scale such as the Metavir system
[9]. However, biopsy is invasive and thus problematic for
frequent monitoring. Moreover, its interpretation is subjec-
tive, leading to inter- and intraobserver variability [10-12].
For these reasons, noninvasive and objective techniques are
under investigation, including fibrosis-specific serum mark-
ers [13, 14], ultrasound elastography [15, 16], magnetic res-
onance (MR) elastography {17-19], diffusion weighted MR
imaging [20~22], and single-contrast-enhanced MR imaging
[23-25].

Another promising MR imaging-based technique is
combined-contrast-enhanced (CCE) MR imaging [26]. This
technique exploits the complementary effects of positive con-
trast enhancement by gadolinium-chelates (Gd) and negative
enhancement by superparamagnetic iron oxide (SPIO)
agents. Compared to noncontrast, Gd-enhanced, or SPIO-
enhanced images, CCE images better depict the reticular

signal abnormalities associated with fibrosis as shown in
Figurel [27]. The conspicuity of this pattern appears to
parallel histologic fibrosis severity (Figure 2) suggesting that
liver fibrosis can be assessed by the severity of the “texture”
abnormality.

The potential role of texture analysis in liver fibrosis
assessment was previously explored in retrospective studies
using qualitative [26] and quantitative [26, 28-30] texture
analysis. The purpose of this prospective study was to provide
proof-of-concept that quantitative texture analysis using CCE
MR imaging may permit noninvasively assess liver fibrosis in
adults with HCV infection using CCE MR imaging.

2. Method and Materials

2.1. Study Design and Subjects. This prospective, cross-
sectional, observational clinical study was approved by an
institutional review board and is HIPA A-compliant. Potential
eligible subjects were referred for research MR imaging exam-
ination from hepatology clinics at our institution. Written
informed consents were obtained. Selection criteria are listed
in Table 1. Patient recruitment was stratified according to the
fibrosis severity at liver biopsy and continued until at least five
subjects in each fibrosis severity category (per clinical biopsy
reports) were enrolled.

2.2. Liver Biopsy. Subjects had a percutanecous 16-gauge
needle-core biopsy of the right hepatic lobe for clinical care by
the referring hepatologists. Specimens were processed in
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TasLE 1: Selection criteria.

Inclusion criteria

Exclusion criteria

(i) Age >18 years

(ii) Newly diagnosed HCV infection, without clinically
overt cirrhosis

(iii) Recent or planned biopsy"

(iv) Willing and able to undergo CCE MRI exam within
30 days of biopsy

(v) Willing and able to undergo phlebotomy for
estimated GFR determination within 30 days of biopsy

(i) Estimated GFR <60 mL/mL (N = 0 potential subjects)

(i) Imaging not performed within 30 days of biopsy (N = 2)

(iii) Nondiagnostic biopsy or trichrome slide unavailable (N = 2)

(iv) Contraindication to MR exam (N = 1)?

(v) Lack of intravenous access (N = 1)

(vi) History of severe allergic reaction or anaphylaxis (N = 0)

(vii) History of liver diseases other than HCV including iron overload (N = 0)
(viii) Severe claustrophobia (N = 0)

(ix) Pregnant or nursing mother (N = 0)

! Biopsies were performed for clinical care. *Due to intraorbital shrapnel. GFR: glomerular filtration rate. Parenthesis () contains the number of potential

subjects excluded for the criterion.

the pathology department per routine protocol, including
Masson-trichrome staining. Clinical biopsy reports were
generated by staff pathologists. Each clinical report included
assessment of fibrosis severity (none, mild, moderate, severe,
and cirrhosis); the clinically reported fibrosis severity was
used for the block recruitment but not analyzed.

2.3. Qualitative and Quantitative Scoring of Histology. The
trichrome-stained slides were further evaluated for research
purposes. The entire slides were digitized using an APERIO
ScanScope scanner (Aperio Technologies, Inc., Vista, CA).
The digitized images were viewed using the Aperio Image-
Scope software and the fibrosis severity was scored qualita-
tively by histomorphology and quantitatively by digital image
analysis.

Qualitative scoring was performed independently by
three pathologists with expertise in liver pathology (MRP,
HM, and ZG). Without knowledge of clinical, MR imaging,
or quantitative histology findings, each reader reviewed the
digitized histology images, subjectively assessed the adequacy
of each specimen, and assigned to each specimen a Metavir
fibrosis score, FO-F4. The readers were blinded to each other’s
scores. Other histology features (e.g., necro-inflammation,
steatosis, iron) were not recorded. To assess adequacy of spec-
imen, one pathologist (MRP) counted the number of portal
triads within each noncirrhotic specimen; portal triads were
not counted in cirrhotic specimens due to architectural dis-
tortion. The total length of each specimen was recorded.

Quantitative scoring was performed by a hepatology
research scientist (KI) using ImageScope software analysis
tools, without knowledge of the clinical, MR imaging, or
qualitative histology findings. Staining variability was cor-
rected by digitally adjusting color saturation. Total specimen
area was manually segmented, and the blue-stained pixels
(representing collagen) were segmented using manual inten-
sity thresholding. Percent (%) collagen was calculated as the
ratio of blue-stained to total specimen pixels.

24. MR Imaging. Subjects received SPIO (ferumoxides,
Feridex, Bayer HealthCare Pharmaceuticals, Wayne, NJ) con-
tinuous intravenous infusion (0.5 mL/kg) diluted in 100 mL of
5% dextrose solution, passed through a 5-um filter at 2-
4 mL/min over 30 minutes per manufacturer’s instructions.

Thirty minutes after completion of SPIO infusion, sub-
jects were scanned supine in a superconducting MR whole
body system at 3T (GE Signa EXCITE HD, GE Med-
ical Systems, Milwaukee, WI), with an 8-channel torso
phase-array coil and a dielectric pad centered over the
liver. Gadolinium-DTPA (gadopentetate dimeglumine, Mag-
nevist, Bayer HealthCare Pharmaceuticals, Wayne, NJ) was
injected intravenously (0.1 mmol/kg). Using a 2D chemically
fat-saturated fast spoiled gradient-recalled echo (FSPGR)
sequence without parallel imaging, four sets of axial CCE
images of the liver were acquired during separate 18-28
second breath-holds, 4-10 minutes after Gd injection. In this
6-minute window, enhancement of the liver by the two agents
(SPIO and Gd) is subjectively constant according to our
clinical experience of CCE MR imaging in cirrhotic and non-
cirrhotic livers; moreover, the T1- and T2" shortening effects
of gadopentetate and ferumoxides in liver may be assumed
stable over this period from the known liver clearance rates of
these agents [31-33]. The four image sets were acquired to
help ensure that at least one set was free of visible motion
artifacts. Imaging parameters included TR 1060 ms, TE 6 ms,
FA 70°, slice thickness 4 mm, interslice gap 4 mm, number of
slices 5, and bandwidth 130 Hz/pixel. Two of the four image
sets were acquired with 384 x 224 and two with 384 x 256
matrix. Field-of-view was adjusted to accommodate body
habitus and breath-hold capacity. These parameters were
selected to provide simultaneous T1- and T2"-weighting to
exploit Gd- and SPIO-enhancement, respectively; adequate
signal-to-noise ratio; high spatial resclution; and relatively
short acquisition time. The Food and Drug Administration
(IND number 75,579) approved off-label use of Magnevist-
Feridex combined contrast for this research study.

2.5. Image Processing and Texture Analysis. A radiology resi-
dent (TY) and a trained research assistant (CC) analyzed the
CCE images without knowledge of clinical or biopsy findings.
From the four CCE image sets, the set with the highest resolu-
tion and subjectively least motion artifact was selected. Rep-
resentative CCE images of the liver (1-5 sections per subject)
were exported in DICOM format. Using MATLAB (Math-
works, Natick, MA), a total of five nonoverlapping rectangu-
lar regions-of-interest (ROISs) of size >100 mm? were placed
per subject within areas of subjectively uniform texture



in the right hepatic lobe (Couinaud segments IV-VIII),
avoiding artifacts, bile ducts, and vessels. Each ROTimage was
standardized by rotating to the Cartesian coordinate system
with zero tilt-angle, interpolating to 0.5 mm/pixel resolution,
removing bilinear spatial trend of signal intensities, and
scaling to 0-1 intensity range.

Gradient and Laplacian transformations (Ist and Znd
spatial derivatives) were applied to each standardized ROI
to generate additional “edge-enhanced” and “zero-crossing”
texture patterns. For each untransformed (original) and
transformed (gradient, Laplacian) ROI, 55 texture features
were calculated as detailed in the supplementary materi-
als available online at hitp://dx.doi.org/10.1155/2014/387653.
These texture features represented five texture feature classes:
pixel intensity histogram, Gaussian mixture model, auto-
correlation, cooccurrence matrices, and Voronoi polygons.
These classes were selected based on the expected imaging
characteristics of fibrosis texture, as explained in the supple-
mentary materjals. For each subject, the texture features were
averaged across the five ROIs to generate a set of 165 average
texture features.

2.6. Statistical Analyses

2.6.1. Comparison of Histologic Scores. For each subject, the
average, standard deviation (STD), and range of the Metavir
scores of the three pathology readers were calculated. The
interreader agreement was assessed by intraclass correlation
coefficient (ICC, two-way analysis for precise agreement) and
their 95% confidence intervals (Cls) were calculated, ICC was
also calculated for each pair of readers. The average Metavir
scores of the three readers were compared to %-collagen
scores using Pearson correlation analysis.

2.6.2. Comparison of Texture and Histology. A biostatistician
(TW) performed statistical analysis using the 165 texture
features to predict qualitative (Metavir) and quantitative (%-
collagen) fibrosis scores. A path-following algorithm for L,
regularized linear model called GLM-path [34] with a Gaus-
sian link (i.e., linear regression) was used to identify the
optimal linear model of texture features that minimized the
fibrosis prediction error for each number of predictors (ie.,
features). The optimal number of predictors was determined
by Akaike Information Criterion (AIC) [35]. Using the
qualitative and quantitative fibrosis scores as the reference,
two texture-based fibrosis prediction models were con-
structed, respectively. For each subject, the predicted quali-
tative (Metavir) and quantitative (%-collagen) fibrosis scores
were calculated using respective prediction models.
Pearson’s correlation was used to evaluate the strength of
the relationship between the predicted and histologic scores.
Additionally, the performance of each prediction model
for dichotomized classification was assessed using receiver-
operating-characteristics (ROC) analysis using the average
histologically determined Metavir score as the reference
standard. At each of four classification thresholds (Metavir F1,
F2, F3, and F4 for qualitative scoring; 5, 10, 15, and 20%
collagen for quantitative scoring), the classification accuracy,
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sensitivity, and specificity (and their CIs) were calculated at
the predicted fibrosis score cutoff value that maximized the
sum of sensitivity and specificity.

The regularization employed by the GLM-path algorithm
is designed 1o minimize prediction error over independent
validation datasets [34]. Therefore no dedicated validation
procedure was performed in this proof-of-concept study.
However, the algorithm may not necessarily minimize the
prediction error of the test dataset itself; thus, some degree of
mismatch between the predicted and actual fibrosis scores is
expected.

3. Results

3.1 Subjects. Between August 2007 and March 2009, 52 newly
diagnosed HCV-positive adults (age 51.2:£ 6.3 years, 38 male,
12 female) with recent or planned liver biopsy were recruited
for CCE imaging. Six subjects were excluded (Table 1). The
remaining 46 subjects formed the study group. All subjects
completed the MR examination without serious adverse
effects. At least one CCE image set was subjectively adequate
in quality for further image analyses in each subject.

3.2. Qualitative versus Quantitative Histology. Examples of
biopsy specimens are shown in Figure 3. The histology
specimen’s average + STD [range] of the total length and the
number of portal triads were 21.9 + 9.8 mm [6.7-44.2] and
14.2 4 6.0 [4-28], respectively.

Figure 4(a) shows the histogram of qualitative Metavir
scores assigned by the three readers. The 3-reader agreement
was good with ICC of 0.772 (95% CI [0.653-0.859]). Pairwise
ICCs were 0.727, 0.768, and 0.831, depending on the reader
pairs. All readers agreed that all biopsy specimens were
adequate.

Figure 4(b) shows the histogram of quantitative %-
collagen rounded to the nearest 5%. Over half the subjects had
rounded %-collagen <5%. As shown in Figure 5 the relation-
ship between the qualitative (average Metavir) and quantita-
tive (%-collagen) scores was curvilinear, as has been observed
by others [36, 37]. Log-linear plot of quantitative (y-axis) and
qualitative (x-axis) scores demonstrated significant linear
correlation with Pearson’s r = 0.81 (P < 0.001).

3.3. Image Texture versus Histology. The liver image textures
of representative subjects are shown in Figure 6 with their
respective qualitative (Metavir) and quantitative (%-collagen)
scores.

Using qualitative histology as the reference, GLM-path
analysis identified a set of 6 texture features predictive of
Metavir fibrosis scores (Table 2). As shown in Figure 7(a), the
Metavir score predicted by a 6-feature model linearly corre-
lated with the average Metavir scores of the three readers with
r =0.698 (P < 0.001). Table 3 summarizes the ROC analysis
results at each classification threshold. AUCs were 0.814-
0.976, sensitivities 0.659-1.000, specificities 0.778-0.930, and
accuracies 0.674-0.935, depending on the dlassification
threshold.
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FiGURE 3: Histologic assessment of liver HCV-related fibrosis. Liver biopsy specimen from subjects with chronic HCV infection, stained with
Masson-trichrome. FO (absent fibrosis), F1 (stellate enlargement of portal tracts), F2 (enlarged portal tracts with rare septa), F3 (numerous
septa without cirrhosis), and F4 (cirrhosis) according to Metavir scoring system. Trichrome stains fibrosis blue.
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%-collagen is rounded to the nearest 5%.

Using quantitative histology as the reference, GLM-path
analysis identified another set of 6 texture features predic-
tive of %-collagen scores (Table 4). As shown in Figure5
(LEFT) the %-collagen score predicted by the 6-feature model
linearly correlated with %-collagen score of histology with
r = 0.757 (P < 0.001). Table 5 summarizes the ROC analysis
results at threshold values at 5, 20, 15, and 20% fibrosis.
AUCs were 0.742-0.950, sensitivities 0.688-1.000, specifici-
ties 0.679-0.857, and accuracies 0.696-0.848, depending on
the classification threshold.

Identified texture features were similar but not identi-
cal between qualitative and quantitative prediction models
(Tables 2 and 4). Two classes of texture features were common
to both Gaussian-mixture model and Voronoi polygons. One
class of texture features (pixel intensity histogram) was pre-
dictive only for qualitative scores. Texture features of both
untransformed and transformed ROI images were found to
be predictive. For illustration purposes, these texture classes
derived from a ROI in a cirrhotic subject are shown in
Figure 8.



