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Figure 3 | Core-shell MNC formation. a, Complex size obtained when
PEG-EGCG of various concentrations was added to pre-formed

Herceptin/ OEGCG complexes (OEGCG =0.09 ug mi™, open circles:

3ug mi™ open squares; 6 pg mi™, open triangles; 12 pg mi™, filled circles).
PEG-EGCG assembled around MHerceptin/OEGCG complexes of varied sizes,
yielding uniformly sized complexes at a critical PEG-EGCG concentration.
The uniform size remained constant, regardless of any further increase in
PEG-EGCG concentration (n =3, mean * s.d.). b, Complexes formed with
various compositions and adding sequences. The sequential two-step self-
assembly (the assembly of OEGCG with Herceptin followed by PEG-EGCG
assembly around the Herceptin/OEGCG complex) was necessary to
construct the stable and spatially ordered MNC, which showed no change in
size with the post-addition of Herceptin (n =3, mean +s.d.).

We also studied the activities of the proteins during the com-
plexation and dissociation process. Ideally, the complexes should
stably preserve the proteins from activity loss, degradation and
interaction with other molecules during delivery, but exert their
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therapeutic activities at the sites of delivery. Figure 2c shows that
the activities of various proteins were restrained by complexation
with OEGCG. However, the activities were fully restored when the
complexes were dissociated. Accordingly, complexation of the pro-
teins could protect the proteins from potential environmental
damage and undesirable side effects during delivery, and their tem-
porarily masked biocactivity could be reestablished on dissociation of
the complexes when delivered/accumulated.

To construct the outer shell surrounding the core complex, PEG~
EGCG was added to the pre-formed Herceptin/OEGCG complexes,
When PEG-EGCG was added in increasing amounts to
Herceptin/OEGCG complexes of various sizes, complexes were
formed with a uniform size that remained constant, despite
further increases in PEG-EGCG concentration (Fig. 3a). TEM
images show that, as the OEGCG concentration increases, the
increase in the average size of Herceptin/OEGCG complexes is
due to an increasing number of pre-existing Herceptin/OEGCG
complexes complexing with one another, rather than an increase
in the diameter of pre-existing complexes (Supplementary Fig. 5).
This phenomenon has been observed in the mechanism for poly-
phenol/protein complexation, in which pre-existing complexes
associate by bridging through polyphenols when the polyphenol
concentration is increased®®. The inter-complex association
between Herceptin/OEGCG complexes was probably dissociated
by PEG-EGCG due to hydrophobic competition with the EGCG
moieties of PEG-EGCG. Subsequently, PEG-EGCG assembled
around the Herceptin/OEGCG complex at a critical PEG-EGCG
concentration, yielding uniformly sized complexes with favourably
balanced interaction energy. The constant complex size above the
critical PEG-EGCG concentration could be due to repulsion by
the PEG outer shell resisting further assembly.

We also found that both the composition and the sequence of
addition affected the construction of the MNCs (Fig. 3b). In the
absence of OEGCG, PEG-EGCG still formed MNCs with
Herceptin, whereas PEG did not assemble with Herceptin.
However, the Herceptin/PEG-EGCG complex was dissociated by
the post-addition of Herceptin. In contrast, MNCs formed by the
sequential two-step self-assemblies, that is, the assembly of
OEGCG with Herceptin, followed by PEG-EGCG assembly
around the Herceptin/OEGCG complex, showed no change in
size, despite the post-addition of Herceptin. OEGCG might have
played an important role in stabilizing the complex structure by pro-
ducing a more crosslinked and hydrophobic core that strengthened
binding with PEG-EGCG, while the stably formed PEG shell iso-
lated the core from access by subsequently added proteins. When
PEG-EGCG was added directly to OEGCG without the pre-com-
plexation of OEGCG and Herceptin, huge complexes were obtained
and the size further increased with the post-addition of Herceptin.
The PEG-EGCG and OEGCG were considered to form a
complex by hydrogen bonding between oxygen through an ether
linkage of the PEG chain and the phenolic hydroxyl group of the
OEGCG?, which was not reversible with the post-addition of
Herceptin. Accordingly, pre-complexation of Herceptin/OEGCG
(OEGCG chains were considered to be mostly folded) was necessary
to construct the stable and spatially ordered MINCs. This micellar
structure was also supported by {-potential analysis, which
showed a significant decrease in the surface charge of the
Herceptin/OEGCG complex after adding PEG-EGCG, suggesting
that the PEG chains covered the core complex surface
(Supplementary Fig. 6).

The MNCs retained their integrity and demonstrated good stab-
ility in the presence of serum at 37 °C for 15 days, without any
change in size (Supplementary Fig. 7). Furthermore, they did not
undergo any size reduction following a 1000-fold dilution,
showing excellent stability as a function of suspension dilution, as
would occur in vivo (Supplementary Fig. 8). Moreover, the
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Figure 4 | Anticancer effect and biodistribution of the MINCs. a, The growth inhibitory effects of Herceptin, Herceptin-MNC, BSA-MNC (drug-free carrier),
a mixture of BSA-MNC and Herceptin, BSA, OEGCG and PEG-EGCG (carrier components) on BT-474 cells (human breast cancer cell line). Note that the
control group are untreated cells. See Methods for a detailed description. Herceptin-MNC showed a higher cancer cell growth inhibitory effect than free
Herceptin as a result of synergism of the inhibitory effects of the carrier and Herceptin (n =5, mean *s.d, ***P < 0.001). b, Anticancer effect on BT-474-
xenografted nude mouse model. PBS (vehicle control, open circles), BSA-MNC (open triangles), Herceptin (2.5 mg kg™, open squares), sequential injection
of BSA-MNC and Herceptin (filled inverted triangles) and Herceptin-MNC (filled circles) in the same formulations as those used in a. Herceptin-MNC
showed a significantly higher anticancer effect than sequentially injected BSA-MNC and Herceptin, as well as free Herceptin (n =12, mean s.d., *P<0.05,
**P <0.01, ***P < 0.0001). ¢, Real-time intraoperative tumour detection and NIR fluorescence image-guided resection at 24 h post-injection. Arrows indicate
non-specific uptake (liver, kidneys, intestine). The red dashed circle delineates the region of interest. T (+), positive tumour; He, heart; Lu, lung; Li, liver;

Pa, pancreas; Sp, spleen; Ki, kidneys; Du, duodenum; In, intestine; Mu, muscle. Scale bars, 1 cm. d, Biodistribution of Herceptin (open bars) and Herceptin-MNC
(filled bars) in major organs measured 24 h post-injection. Herceptin-MNC exhibited a 2.3-fold higher accumulation in tumour (Tu) and 0.3-, 0.3- and
0.6-fold lower accumulation in liver, kidney and lung, respectively, compared with free Herceptin at 24 h post-injection (n =5, mean *s.d., *P <0.05).

e, Tumour-to-background (normal organ or tissue) ratio for Herceptin (open bars) and Herceptin-MNC (filled bars) at 24 h post-injection. Herceptin-MNC
showed improved tumour selectivity over the surrounding normal organs or tissues, compared with free Herceptin (n =5, mean *s.d., *P<0.05, ***P<0.001).
f, Haematoxylin and eosin staining (top left), targeted NIR fluorescence (top right, pseudocoloured in lime green), and immunofluorescence staining (bottor,
stained with Her2 primary antibody and Alexa Fluor 680 labelled secondary antibody, pseudocoloured in red) images of BT-474 xenograft tumour at 24 h
post-injection. Herceptin-MNCs were observed throughout the extravascular space, consistent with localization of overexpressed HER2/neu receptors on the

tumour, and suggesting extravasation and deep tumour penetration of Herceptin-MNC. Scale bars, 100 um. All NIR fluorescence images have identical

exposure times and normalization.

fluorescence-labelled protein-loaded MNCs showed a much slower
increase in fluorescence intensity (resulting from degradation of the
fluorescence-labelled protein in the presence of protease) than free
protein. This demonstrated that the protein was safely protected
from proteolysis by this MNC system (Supplementary Fig. 9).

The anticancer effect of the Herceptin-loaded MNCs was
explored in vitro and in vivo and compared to that of free
Herceptin (Fig. 4). The cancer cell growth inhibitory effect was
observed on BT-474 (HER2-overexpressing human breast cancer
cell line) after treatment with free Herceptin, Herceptin-loaded
micellar nanocomplex (Herceptin-MNC), BSA-loaded micellar
nanccomplex (BSA-MNC) (that is, drug-free carrier), a mixture
of BSA-MNC and Herceptin, and an equivalent amount of each
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carrier component (OEGCG and PEG-EGCG) (Fig. 4a; see
Methods). BSA-MNC had a cancer cell growth inhibitory effect
due to the anticancer effect of OEGCG and PEG-EGCG, whereas
BSA alone had no effect. Notably, Herceptin-MNC showed a
higher inhibitory effect than free Herceptin as a result of synergism
of the inhibitory effects of the carrier and Herceptin (with a combi-
nation index (CI) of 0.93) (Supplementary Section 10). The greater
inhibitory effect of Herceptin-MNC was also observed on other
HER2-overexpressing human cancer cells (SKBR-3 and SKOV-3),
but no growth inhibitory effect was seen on normal cells (MCF-
10A and HMEC) (Supplementary Fig. 10). Because the MNCs
were formed via a hydrophobic interaction and would be dissociated
by hydrophobic competition with surfactants, they could gradually
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dissociate and release components by interacting with bio-amphi-
philic molecules (such as the lipids of cell membranes) when
retained with cells.

Besides Herceptin, interferon a-2a was loaded into MNCs
(IFN-MNC} to illustrate the in vitro anticancer effect of the green
tea-based carrier loaded with another therapeutic protein. IFN js
used in combination with chemotherapy and radiation as a cancer
treatment. It has been reported to inhibit the proliferation and
induce the apoptosis of cancer cells in hepatocellular carcinoma®.
IFN-MNC also showed a higher cancer cell growth inhibitory
effect than free IFN on HAK-1B (human liver cancer cell line)
due to synergism of the inhibitory effects of the carrier and IFN
(CI =046, Supplementary Fig. 11a).

In Fig, 4b, the anticancer effect of Herceptin-MNC was inves-
tigated and compared to that of free Herceptin, BSA-MNC (that
is, drug-free carrier) and sequentially injected BSA-MNC and
Herceptin using a BT-474-xenografted nude mouse model
(Athymic Nude-Foxnlnu, female). The tumour treated with phos-
phate-buffered saline (PBS; vehicle control) progressed rapidly
over 35 days. In contrast, Herceptin-MNC efficiently retarded
tumour growth. Herceptin~-MNC showed a significantly higher
anticancer effect than sequentially injected BSA-MNC and
Herceptin, as well as free Herceptin. During the period of treat-
ment there was no significant difference in body weight and
survival rate between groups (Supplementary Fig. 12). The mice
showed no signs of toxicity (tachypnoea/dyspnoea, lethargy, diar-
rhoea and abnormal activity) or pathological changes to the
organs (Supplementary Table 1). The results demonstrated the
significant benefit of utilizing Herceptin-MNC in the BT-474
model, which could be attributed to the effects of combining
Herceptin and the green tea-based MNCs.

IFN-MNC also showed a greatly enhanced anticancer effect on
HAK-1B-xenografted nude mouse model (CrTac:NCr-Foxnlnu,
female) when compared to free IFN, BSA-MNC (that is, drug-
free carrier) and sequentially injected BSA-MNC and IFN
(Supplementary Fig. 11b), with no significant difference in body
weight and survival rate between groups (Supplementary Fig. 13).

To assess the effectiveness of Herceptin delivery, the biodistribu-
tions of Herceptin-MNC and free Herceptin in normal organs and a
tumour were examined (Fig. 4c¢,d). Heptamethine near-infrared
(NIR) fluorophore ZW800-1*! was conjugated to Herceptin for
this study (Supplementary Fig. 14). Herceptin-MNC exhibited a
2.3-fold higher accumulation in the tumour (8.4% injected dose/g
organ, % ID/g) and 0.3-fold (2.1% ID/g), 0.3-fold (1.7% ID/g) and
0.6-fold (1.4% ID/g) lower accumulation in liver, kidney and lung,
respectively, when compared to free Herceptin (3.7, 6.8, 6.0 and
2.4% ID/g, respectively) at 24 h post-injection. Herceptin-MNC
showed over 29-fold longer blood half-life and significantly better
tumour selectivity than free Herceptin (Fig. 4e, Supplementary
Fig. 15). Similarly, when compared with free IFN, IFN-MNC exhib-
ited 3.2-fold higher accumulation in the tumour (Supplementary
Fig. 1lcd), and higher selectivity and longer blood half-life
(Supplementary Figs 17 and 18). These results demonstrate that
the protein-MNC is capable of delivering a substantially higher
quantity of proteins into a tumour with high selectivity and with
a prolonged period of blood circulation when compared to free pro-
teins. The intratumoral microdistribution of Herceptin-MNC was
examined to study extravasation and penetration of Herceptin-
MNC in tumours (Fig. 4f). Herceptin~-MNCs were distributed
throughout the extravascular space at 24 h post-injection, which
was consistent with the localization of HER2/neu receptors overex-
pressed on the tumour, suggesting extravasation and deep tumour
penetration of Herceptin-MNC.

We have developed and characterized a green tea-based MNC for
protein delivery where the carrier itself displays anticancer effects.
This system was formulated by the simple self-assembly of EGCG

derivatives and proteins, and showed restraint and restoration of
protein activity upon complexation and dissociation, respectively.
It effectively protected the proteins against many obstacles from
the point of administration to the delivery sites. The combined
therapeutic effects of the green tea-based carrier and the protein
drug showed greater anticancer effect than the free protein.

Methods

Materials characterization. The size and polydispersity of the samples were
evaluated by dynamic light scattering with a particle sizer (Brookhaven
Instruments). The size and morphology of the samples were characterized with a
TEM (FEI Tecnai G* F20 $-Twin, 200 kV).

Activity of xanthine oxidase, a-amylase and lysozyme. Xanthine oxidase activity
was measured by determining uric acid production at 295 nm with a UV-vis
spectrophotometer (Hitachi). a-Amylase activity was assayed with an activity kit
(Molecular Probes, E-11954) using a fluorescence spectrophotometer (Hitachi,

Aex = 505 nm and A, = 512 nm). Lysozyme activity was determined
spectrophotometrically at 450 nm from the decrease in turbidity due to the cleavage
of glucosidic linkages of Micrococcus lysodeikticus.

Cell culture, BT-474 cells (HTB-30) were purchased from ATCC, and were cultured
in RPMI 1640 with HEPES buffer supplemented with 10% fetal bovine serum (FBS)
and 100 units mi™" of penicillin and streptomycin. The medium and supplements
were purchased from Gibco.

Inhibitory effect in cancer cell proliferation. BT-474 cells were seeded (1 x 10* cells
in RPMI 1640/ well) in quintuplicate in 96-well microplates, and allowed to adhere
overnight. The culture media were then replaced by media containing the following
samples: Herceptin (0.5 mg ml™), Herceptin-MNC (Herceptin/OEGCG/PEG-
EGCG = 0.5/0.024/0.26 mg ml ™), BSA-MNC (BSA/OEGCG/PEG-EGCG =
0.5/0.024/0.26 mg ml™), a mixture of BSA-MNC and Herceptin (BSA/OEGCG/
PEG-EGCG = 0.5/0.024/0.26 mg ml™; Herceptin = 0.5 mg ml™"), BSA (0.5 mg ml™),
OEGCG (0.024 mg mi™") and PEG-EGCG (0.26 mg ml™"). The cells were incubated
at 37 °C in 5% CO,. After 72 h, the culture media were replaced by phenol red-free
medium containing 10% Alamar Blue, which is a dye reduced by the cytochrome ¢
activity of cells. Cell proliferation was determined from dye reduction by monitoring
the fluorescence intensity (A, = 549 nm and A, = 587 nm) after 4 h of incubation.
The synergism of the inhibitory effects of the carrier and protein was quantified by
the Chou-Talalay method using CalcuSyn software®. Statistical analysis was
conducted using analysis of variance (ANOVA).

Anticancer effect in tumour-zenografted nude mice. Athymic Nude-Foxnlnu
female mice were inoculated s.c. with 1 107 BT-474 cells suspended in 100 pl of
PBS and 100 pl of Matrigel (BD Bioscience) in the right flank. One day before
inoculation, 17 B-oestradiol pellets (0.72 mg, 60-day release, Innovative Research of
America) were implanted s.c. in each mouse using a trocar. Once the tumours
reached a volume of 270 mm®, 12 mice per group were randomly allocated for
different treatments. Treatment was administered twice weekly via i.v. injection for
35 days with PBS (vehicle control), free Herceptin, BSA-MNC, sequential
administration of BSA-MNC and Herceptin, and Herceptin-MNC, in the same
formulations as those used in the in vitro experiments. Tumours were measured
twice weekly with a digital caliper, and the tumour volumes (mm”) were calculated
from the following formula: volume = (length x width?)/2 (ref. 33). The care and use
of laboratory animals were regulated according to protocols approved by

the Institutional Animal Care and Use Committee (IACUC) at the Biological
Resource Centre (BRC) in Biopolis, Singapore. Statistical analysis was conducted
using ANOVA.

Real-time intraoperative imaging. Each compound (2-10 nmol) was injected
intravenously into BT-474-xenografted athymic Nude-Foxnlnu mice. Animals were
imaged at 24 h post-injection of Herceptin-MNC and free Herceptin using the
fluorescence-assisted resection and exploration (FLARE) real-time intraoperative
imaging system. Excitation fluorescence rates for white light and 800 nm NIR
excitation light were 20,000 lux and 10 mW cm™, respectively. The fluorescence
(FL) and background (BG) intensities of a region of interest (ROI) for each
organ/tissue were quantified using custom FLARE software. The contrast-to-
background ratio (CBR) was calculated as CBR = (FL - BG)/BG. At least five animals
were analysed. Statistical analysis was conducting using a one-way ANOVA, followed
by Tukey’s multiple comparisons test.

1 histochemistry and NIR {1 ence microscopy. The polyclonal rabbit
anti-human HER?2 primary antibody (Dako) was used for the tumour tissue
biopsies, diluted 1:50 from stock solution (10 g ml™") and incubated at 4 °C
overnight. Goat anti-rabbit secondary antibody labelled with Alexa Fluor 680
(Invitrogen) was incubated for 1 h at room temperature at a protein concentration of
250 nM. Antibody conjugates were fixed in place with 2% paraformaldehyde. The
slides were mounted with Fluoromount-G and covered with a coverslip for
microscopy. Serial sections were stained with haematoxylin and eosin (H&E) using
an autostainer (Leica). NIR fluorescence microscopy was performed on a Nikon
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TE300 with a four-channel Nikon TE300. The excitation and emission filters
used were 650/45 nm and 710/50 nm for Alexa 680 imaging, and 750/50 nm and
810/40 nm for NIR targeted tumour imaging, respectively.
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published online 5 October 2014
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Abstract

Background Splenectomy is a therapy for thrombo-
cytopenia caused by hypersplenism with liver cirrhosis.
However, the determinant of therapeutic outcomes for this
complication has not yet been fully clarified.

Methods We studied the laboratory findings of 55 patients
who underwent splenectomy for hypersplenism with liver
cirrhosis. In addition, we examined the histopathological
findings of hepatosplenic tissues of nine patients who under-
went hepatectomy for hepatocellular carcinoma and
splenectomy for hypersplenism with liver cirrhosis on one
stage surgery. The locations of platelets in hepatosplenic
tissues were identified by immunohistochemistry. We used
monoclonal antibody against CD41.

Resulis  Among 55 patients, 40 patients had high serum
alanine aminotransferase (ALT) level (238 1U/1). Blood
platelet count after splenectomy of patients with high serum
ALT level were significantly lower than those of patients
with low serum ALT level (P = 0.02). Histopathologically,

R. Kondo (34) - J. Akiba - Y. Nomura - H. Yano

Department of Pathology, Kurume University School of Medicine,
67 Asahi-machi, Kurume, Fukuoka 830-0011, Japan

e-mail: kondou_reiichirou @kurume-u.acjp

R. Kondo - M. Kage
Cancer Center, Kurume University Hospital,
Kurume, Fukuoka, Japan

R. Kondo - M. Kage - Y. Nomura
Department of Diagnostic Pathology, Kurume University Hospital,
Kurume, Fukuoka, Japan

T. Ogata
Department of Surgery, Kurume University School of Medicine,
Kurume, Fukuoka, Japan

0. Nakashima
Department of Clinical Laboratory Medicine, Kurume University
Hospital, Kurume, Fukuoka, Japan

platelet area of the liver tissues was positively correlated
with hepatic inflammation (P = 0.02). Platelet area of the
liver tissues was negatively correlated with blood platelet
count after splenectomy (P = 0.03).

Conclusions Hepatic inflammmation contributes to the accu-
mulation of platelets in liver; therefore, in patients with high
serum ALT level, improvement of thrombocytopenia by the
elimination of hypersplenism was limited.

Keywords Alanine aminotransferase - Hepatitis C -
Hypersplenism - Immunochistochemical analysis -
Platelet

Introduction

Cirrhosis is a major cause of morbidity and mortality in
many countries, and it results in liver failure, portal hyper-
tension, and increased risk of carcinogenesis. In chronic
hepatitis, the blood platelet decreased gradually to be
reflected in the liver fibrosis. Thrombocytopenia is a marked
feature of liver cirrhosis. Thrombocytopenia is of great rel-
evance in the management of liver cirrhosis because of the
widespread use of myelodepressant drugs such as interferon
or antineoplastic agents. However, there is no standard
therapy for this complication.

The role of platelets in the pathogenesis of liver damage
and exact mechanisms leading to thrombocytopenia in liver
cirrhosis has not yet been fully clarified. The platelet kinet-
ics of patients with chronic liver disease are not well char-
acterized. The mechanisms leading to thrombocytopenia
with liver cirthosis are most likely multifactorial processes
combining increased splenic platelet breakdown [1-3],
splenic pooling [4, 5], and the inability of the bone marrow
to increase platelet production adequately [6].

In a recent study, we reported that the accumulation of
platelets in the liver may be an important contributory factor
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to thrombocytopenia in chronic hepatitis C [7]. Platelets in
non-cancerous liver tissues of patients with chronic hepatitis
or cirrhosis were seen predominantly in the sinusoidal space
of the periportal area with inflammation. As viewed through
an electron microscope, the plateléts were aggregated in the
sinusoids and adhered to the sinusoidal endothelial cells.
Platelets may accumulate in the sinusoidal space under
thombocytotic conditions in chronic hepatitis C brought
about by the activated hepatic reticuloendothelial system
caused by inflammation [7].

Splenectomy [8, 9] and partial splenic arterial
embolization [10] are therapies for thrombocytopenia
caused by hypersplenism with liver cirrhosis. The elimina-
tion of hypersplenism by splenectomy or partial splenic
arterial embolization improves thrombocytopenia. The
spleen and chronic liver disease are closely related. In this
study, we evaluated the efficacy and determinant of thera-
peutic outcomes of splenectomy in the treatment of
thrombocytopenia caused by hypersplenism with liver cir-
rhosis and investigated the interaction among the liver,
spleen, and blood platelets in patients with liver cirrhosis.

Methods
Materials

We studied the laboratory findings of 55 patients who under-
went splenectomy for thrombocytopenia caused by
hypersplenism with hepatitis C viral infection associated
liver cirrhosis at Kurume University Hospital between
January 2005 and December 2012. There were 30 men and
25 women. The mean age was 60 * 8 years (range, 42 to 77
years). In addition, we examined the histopathological find-
ings of hepatosplenic tissues of nine patients with hepatitis
C viral infection associated liver cirrhosis who underwent
hepatectomy for hepatocellular carcinoma and splenectomy
for hypersplenism on one stage surgery at Kurume Univer-
sity Hospital between January 1999 and December 2007.
There were three men and six women. The mean age of
patients was 59 9 years (range, 41 to 70 years). Five
specimens of liver tissue and nine specimens of splenic
tissue without chronic hepatitis or thrombocytopenia that
were obtained during surgery were used as normal control
tissues.

Splenectomy was generally performed in hypersplenic
patients with thrombocytopenia (platelet count < 6 x 10%
mm?) or leukopenia (white blood cell count <3000 /ul). All
patients did not receive myelodepressant drugs or preopera-
tive anticancer therapies and there were no postoperative
complications such as severe infection.

This study was performed with informed consent
obtained from patients for the use of their laboratory data,

liver tissues and splenic tissues in the investigation and was
approved by the Ethical Committee at Kurume University,
the approved ID number: 11 200.

Laboratory study

Blood samples of all patients were collected from a periph-
eral vein of the extremities before surgery and 3 months
after. We estimated blood cell count, serum alanine
aminotransferase (ALT) level, serum total bilirubin level,
serum albumin level, and prothrombin time.

Histopathology

Non-cancerous liver tissues and splenic tissues from nine
patients who underwent hepatectomy and splenectomy on
one stage surgery were obtained during surgery. Each tissue,
fixed with 10% formalin embedded in paraffin, and cut into
5-um sections, was used for histological and immuno-
histochemical analyses. Specimens were stained with
hematoxylin and eosin and examined under a light
microscope.

The histologic liver damage of these specimens was
evaluated for fibrosis and inflammation according to the
classification proposed by the International Association for
the Study of the Liver [11, 12]. The severity of fibrosis was
classified as none: stage 0, portal fibrosis: stage 1, periportal
fibrosis: stage 2, bridging fibrosis with lobar distortion:
stage 3, and cirrhosis: stage 4. The inflammatory activity
was classified as none: grade 0, minimal: grade 1, mild:
grade 2, moderate: grade 3, or severe: grade 4. Histopa-
thological diagnosis was performed by three pathologists
(RK, ON and MK).

Immunohistochemical analysis

An immunohistochemical study was performed using the
streptavidin-biotin method. We used monoclonal antibody
against CD41 (1:500, Beckman Coulter, Brea, CA, USA). 3,
3’-diaminobenzidine (DAB) was used as the chromogen in
the immunostaining. CD41 (o I b integrin) is a specific
marker for platelets [13]. Among CD41-positive cells,
those without nuclei were evalnated as platelets and those
with large, irregular shaped nuclei were evaluated as
megakaryocytes.

Measurement of cells

The platelet area was measured using a WinROOF software
package (version 6.1, Mitani Corporation, Fukui, Japan). In
liver tissues, the platelet area was measured in five
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Table 1 Clinical features of 55 patients with splenectomy

Before splenectomy 3 months after splenectomy P-value
Blood white cell count (/ul)® 2,960 + 1,236 (1,100-8,200) 4,965 + 1,859 (2,400-11,100) <0.01
Blood red cell count (/uly* 393 + 51 (306-520) 387 49 (288-503) 0.56
Blood platelet count (x10//mm’)* 444150477 17.5£7.6(6.1-47.4) <0.01
ALT (UMY 55424 (18-157) 42+ 16 (15-91) <0.01
T. bil (mg/dly* 1.4+£0.7(0.5-4.8) 1.1 £0.5(04-29) <0.01
PT (%) 72412 (49-94) 66+ 15 (36-96) 0.04
Alb (g/dly 3.5+£0.4 (2.4-45) 3.5+05(2.3-4.6) 0.77
Alb serum albumin level, ALT serum alanine aminotransferase level, PT prothrombin percentage activity, 7.5l serum total bilirubin level
"Mean + 8D (range)
Table 2 Comparison of preoperative patient characteristics based on therapeutic effect of splenectomy

Limited response group Response group P-value
(n=30) (n=125)

Gender (male / female) 16/ 14 9716 0.2
Age (years)' 61+8 60+ 8 0.97
Blood white cell count (/ul)* 3,067 + 1,396 2,832 4+ 1,026 0.49
Blood red cell count (/ul)* 378 40 41258 0.01
Blood platelet count (x10%/mm”)* 43+1.6 4.5+14 0.73
ALT (JUM) (< 38/ = 38) 5725 16715 0.05
T. bil (mg/dl)* 1.4+09 1.3+£05 0.61
PT (%) 7549 6813 0.04
Alb (g/dly 34+04 3.6£04 0.06

Alb serum albumin level, ALT serum alanine aminotransferase level, PT prothrombin percentage activity, 7.bil serum total bilirubin level

“Mean + SD (range)

periportal and five lobule areas randomly selected. In
splenic tissues, five visual fields in the red pulp were ran-
domly selected.

Statistical analysis

All data are expressed as the mean tstandard deviation
(SD). Quartile value was determined for the measured vari-
ables. Comparisons between two groups of patients, those
based on blood platelet count after spleneciomy, were per-
formed using the Mann—Whitney U-test for continuous vari-
ables, and ? test for discrete variables. Only variables that
demonstrated a P-value of under 0.05 in the univariate
analysis were entered into a multiple logistic regression
model to identify factors associated with blood platelet
count after splenectorny. Pearson correlation coefficients
were calculated to examine the association of blood platelet
count after splenectomy and preoperative serum ALT level.
P-values less than 0.05 were considered to indicate signifi-
cance. Statistical analysis was performed using a JMP soft-
ware package (Release 11.0, SAS Institute, Cary, NC,
USA).

Results

Laboratory findings of 55 patients who
underwent splenectomy

Summary of laboratory findings of 55 cirrhotic patients who
underwent splenectomy are shown in Table 1. Blood platelet
count, blood white cell count and serum total bilirubin level
significantly improved 3 months after splenectomy. The
mean value of blood platelet count 3 months after
splenectomy was 17.5 X 10%mm’®. The mean value and
quartile value of serum ALT level before splenectomy were
551U/ and 37 IU/l, respectively. The Response group, in
which the blood platelet counts 3 months after splenectomy
were over 17.5 X 10%/mm?®, was 25 patients and the Limited
response group, in which the blood platelet count 3 months
afier splenectomy was under 17.5 x 10%mm’, was 30
patients. The preoperative characteristics of the two-patient
response group are shown in Table 2. There was significant
difference of blood red cell count, serum ALT level, and
prothrombin time between the Response group and Limited
response group.
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Table 3 Predictor of blood platelet count after splenectomy by mul-
tiple logistic regression analysis in 55 patients with splenectomy

OR (95% CI) P-value
Blood red cell count before 2.41(0.75-8.52) 0.14
splenectomy (=380 /ul)
ALT level before 3.4 (0.96-13.44) 0.05
splenectomy (<38 1U/1)
PT level before 2.7 (0.83-9.53) 0.1
splenectomy (<75%)

ALT serum alanine aminotransferase level; CI confidence interval,
OR odds ratio, PT prothrombin percentage activity

Multiple logistic regression analysis was performed to
identify which variables were independently associated with
the blood platelet count 3 months after splenectomy
(Table 3). Preoperative serum ALT level was independent
predictors of the blood platelet count 3 months after
splenectomy (<38 IU/l, OR 3.4, 95% CI 0.96-13.44,
P = 0.05).

Blood platelet count and serum ALT level

Among 55 patients, 40 patients had high serum ALT level
(38 1U/1). In both patients with high ALT level and low
ALT level, blood platelet count significantly improved 3
months after splenectomy (low serum ALT patients, n =15,
from 4.2 £ 1.3 X 10%mm’® t0 21.2 + 10 X 10%mm’, P < 0.01;
Fig. 1a) (high serum ALT patients, n = 40, from 4.5 £ 1.6 X
10%mm® to 16 + 6 x 10¥Ymm?, P < 0.01; Fig. 1b). Three
months after splenectomy, blood platelet count of patients
with high serum ALT level were significantly lower
than those of patients with low serum ALT level (P = 0.02)
(Fig. I¢). In 55 cirrhotic patients who underwent
splenectomy, blood platelet count 3 months after splenec-
tomy decreased along with an increase in preoperative
serum ALT level (r = 0.67, P = 0.03) (Fig. 1d).

Pathological findings of liver tissues

In nine patients who underwent hepatectomy and
splenectomy on one stage surgery, all non-cancerous liver
tissues showed bridging fibrosis with diffuse lobar distortion
(stage 4) (Fig. 2a). In patients with liver cirrhosis, platelets
were present predominantly in the sinusoids of the
periportal area with inflammation. In cirrhotic patients with
high serum ALT level, platelets were observed along the
destructed limiting plate of the expanded fibrous portal area
with inflammation and in the sinusoids of the periportal area
(Fig. 2b,c). In all liver tissues including normal controls and
nine cirrhotic patients who underwent hepatectomy and
splenectomy on one stage surgery, there were platelets but

no megakaryocytes in the sinusoids. Liver tissues of patients
with high serum ALT level showed a significantly higher
degree of inflammation than those of patients with low
serum ALT level (grade; 2+ 1 vs. 1 = 1, P=0.03) (Fig. 3a).
In control liver tissues, there were a few lymphocytes, but
only in the portal area, and neither necroinflammatory reac-
tions nor fibrosis were noted (grade 0, stage 0).
Morphometry revealed that patients with cirrhosis had
more extensive platelet area in the liver tissues than controls.
In nine cirrhotic patients who underwent hepatectomy and
splenectomy, the platelet area in liver tissues increased
along with an increase in a grade of hepatic inflammation
(r=0.86, P =0.02) (Fig. 3b). Blood platelet count 3 months
after splenectomy was negatively correlated with platelet
area of the liver tissues by Pearson correlation calculations
(r = 049, P = 0.03) (Fig. 3c). There was no significant
correlation between platelet area of the liver tissues and
blood platelet count before splenectomy (r=0.01, P=0.83)
(Fig. 3d). In patients with liver cirrhosis, the platelet area in
liver tissues of patients with high serum ALT level were
larger than those of patients with low serum ALT level
(18233 £ 11 188 um? vs. 6672 + 5257 um?, P = 0.14).

Pathological findings of splenic tissues

In all splenic tissues, including cirrhotic patients with high
or low serum ALT level and normal controls, platelets were
diffusely found in the splenic sinus and splenic cord of the
red pulp (Fig. 4a,b). Among the splenic tissues of nine
cirthotic patients who underwent hepatectomy and
splenectomy on one stage surgery, megakaryocytes were
observed in those of six patients (67%). CD41-positive-
megakaryocytes were present in the splenic cord of the red
pulp (Fig. 4c). There were no megakaryocytes in normal
control tissues. Platelet area in splenic tissues of cirrhotic
patients with high serum ALT level and those of patients
with normal serum ALT level were 47 685 + 22 806 pm®
and 78 550 + 6550 pum?, respectively.

Discussion

The exact mechanisms leading to thrombocytopenia in liver
cirrhosis and the platelet kinetics of patients with chronic
liver disease or cirrhosis are not well characterized. In this
study, we demonstrated the histopathological findings of
platelets in human hepatosplenic tissue and investigated
the interaction between blood platelets and platelets of
hepatosplenic tissues in cirrhotic patients.

Splenectomy [8, 9] and partial splenic arterial
embolization [10] are therapies for thrombocytopenia
caused by hypersplenism. Platelet kinetic studies using
platelet scintigraphy have been reported [1, 2, 14-16].
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Fig. 2 Pathological findings of the liver tissues. (a) In liver tissue of cirrhotic patient with high serum alanine aminotransferase (ALT) level, there
are strong inflammatory reactions in the portal area and destroyed limiting plate. Serum ALT 89 1U/1, grade 3, stage 4, stained with hematoxylin
and eosin, X 100. (b) In liver tissue of cirrhotic patient with high serum ALT level, strong CD41 positive reactions are observed predominantly
along the destroyed limiting plate of the expanded fibrous portal area with inflammation and in the sinusoidal space of the periportal area. Serum
ALT 89 1U/l, grade 3, stage 4, immunostained with antibody against CD41, x 100. (¢) Close up view of b. immunostained with antibody against
CD41, x 200

Noguchi etal. [14] reported that partial splenic arterial  splenectomy and partial splenic arterial embolization induce
embolization induced an increase in the blood platelet count  a decrease in platelet pooling or breakdown in the spleen of
and a decrease in the spleen/liver uptake ratio of !'In-  thrombocytopenic patients, and, as a result, the blood plate-
labeled platelets. In patients with thrombocytopenia, Kinuya  let count increased.

et al. [15] reported that the spleen/liver uptake ratio for "'In- In this study, we found that blood platelet counts of
or #Tc-labeled platelets was apparently lower in patients  cirrhotic patients with high serum ALT levels tended to only
for whom splenectomy was ineffective than in those for  slightly improve after splenectomy. In a recent study, we
whom it was effective. Based on these previous reports,  reported that the accumulation of platelets in the liver with
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Fig. 3 Relationship between (a

serum alanine aminotransferase
(ALT) level, histologic inflam-
matory activity of liver tissues,
and blood platelet count.
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Fig. 4 Pathological findings of splenic tissues. (a, b) In the splenic tissue of cirrhotic patient with low (a) or high (b) serum alanine
aminotransferase (ALT) level, CD41 positive reactions are diffusely observed in the splenic sinus and splenic cord of the red pulp. Megakaryocyte
(arrow) is encountered in the splenic cord. immunostained with antibody against CD41, x 40; (a) Serum ALT 8 IU/l, grade 1, stage 4; (b) Serum
ALT 89 U/, grade 3, stage 4. (c) Close up view of b. immunostained with antibody against CD41, x 200

chronic hepatitis and cirrhosis is one of the important con-
tributory factors to thrombocytopenia [7]. The accumulation
of platelets in noncancerous liver tissues of patients with
chronic hepatitis or cirrhosis increased with an increase in
the histological liver damage [7]. Platelets may accumulate
in the sinusoids under thrombocytotic conditions in chronic
hepatitis brought about by the activated hepatic reticul-
oendothelial system, as caused by inflammation [7, 17-20].

In blood vessels, the vessel wall, with its inner lining of
endothelium, is crucial to the maintenance of a patent
vasculature. The endothelium contains thromboregulators,
nitric oxide, prostacyclin, and the ectonucleotidase CD39,
which together provide a defense against platelet thrombus
formation [21]. When the endothelium is disrupted, colla-
gen and tissue factor become exposed to the flowing blood,
thereby initiating the formation of thrombus. Endothelium
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is also an important target for tamor necrosis factor (TNF)
and interleukin-1 (IL-1}. The endothelium synthesizes and
releases platelet activating factor (PAF) in response to TNE
This activity of TNF overlaps that of IL-1, which alse
induces PAF production in endothelium [22]. These vessel
wall alterations result in a change of endothelium from
antithrombotic to thrombotic. The disrupted endothelium is
the first reaction in platelet adhesion to the vessel
subendothelium under physiologic blood fiow [21]. In liver
tissues injured by inflammation, platelets adhere to
endothelial cells of sinusoids in the same way as to vessel
walls [17]. A model of hepatitis, Kupffer cells produce the
majority of TNF-o [23]. Under lipopolysaccharide admin-
istration in mice, TNF or IL-1 induces platelets to accumu-
late in the liver sinusoidal space within a few minutes by a
different mechanism of aggregation {18-20].

In this study, the liver tissues of cirrhotic patients with
high serum ALT level showed a significantly higher degree
of inflammmation than those of patients with low serum ALT
level. We confirmed that, in patients with liver cirrhosis, the
platelet area of the liver tissues was positively correlated
with the degree of histological hepatic inflammation and
negatively correlated with blood platelet count 3 months
after splenectomy. In liver cirthosis, chronic hepatic
necroinflammation contributes to the accumulation of
platelets in liver. We considered that patients with high
serum ALT level had larger amount of platelets in liver
than patients with low serum ALT level; as a result, they
tended to only slightly improve thrombocytopenia after
splenectomy. The mechanisms leading to thrombocytopenia
with liver cirrhosis are most likely multifactorial processes
[1-7]. The accumulation of platelets in the liver with
chronic hepatitis and cirrhosis may be one of the important
contributing factors to the therapeutic efficacy of
splenectomy for thrombocytopenia.

In addition, we found megakaryocytes in the splenic
tissues of most cirrhotic patients. This study also demon-
strated that, in cirrhotic patients, blood platelet count and
white blood cell count were higher afier splenectomy than
preoperative data. We considered that splenic megakary-
ocytes could not play major roles in platelet recovery in
thrombocytopenia caused by hypersplenism with liver cir-
rhosis. Further biological studies should be undertaken to
clarify the mechanisms and functions of megakaryopoiesis in
the spleen.

In this study, in cirrhotic patients, serum total bilirubin
level was lower after splenectomy compared with preopera-
tive data. Bilirubinemia secondary to hypersplenism is
caused by an increase in bilirubin production, which over-
loads the capacity of the liver to metabolize bilirubin [24].
To date, several reports have shown that a splenectomy
accelerated hepatic regeneration and inhibits the formation
of hepatic fibrosis [25-28]. Splenectomy may contribute to

the decrease in total bilirubin level, but it is difficult o
demonstrate any direct contribution, and care to protect liver
function after operation could well have some influence.

In conclusion, in patients with liver cirrhosis, hepatic
necroinflammation contributes to the accumulation of plate-
lets in liver; therefore, in patients with high serum ALT
level, improvement of thrombocytopenia by the elimination
of hypersplenism was limited. Moreover, our resulis suggest
that, in cirrhotic patients with thrombocytopenia caused by
hypersplenism, serum ALT level may be a useful surrogate
marker to predict the outcome of splenectomy. Additional
large size and long-term studies should be undertaken to
clarify this suggestion.
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* Accumulation of platelets in the liver may be an important contributing factor to the therapeutic efficacy of

splenectomy in patients with liver cirrhosis.
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