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lymphocytes, CD8" lymphocytes, FOXP3, granzyme B
and TGF-B1 positive cells (Fig. 1). We classified liver
specimens into five stages according to the degree of
fibrosis as follows: FO, no fibrosis in the portal tract; F1,
portal fibrosis without septa; F2, portal fibrosis with a
few septa; F3, numerous septa without cirrhosis; and F4,
cirrhosis. We collected resected liver specimens from 10
cases each of F1, F2, F3 and F4 with HCV-related liver
disease. We also collected specimens from eight cases of
liver hemangioma of FO with both negative hepatitis B
surface antigen and HCV antibody. Follow-up liver
biopsy sections were obtained from the same part of the
liver if possible from seven of the 26 patients at various
intervals after splenectomy (Table 2}. These sections
were used for CD4 and CD8 immunostaining and
Masson-trichrome staining for the morphometric evalu-
ation of fibrotic areas.

Spleen tissue

A total of 26 spleens with HCV-related liver cirrhosis
and hypersplenism were examined for the immunohis-
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Figure 1 [mmunohistochemical stain-
ing of spleen and liver specimens with
forkhead box P3 (FOXP3), CD4, CDS,
granzyme B and transforming growth

TGF-B1 factor (TGF)-B1 in the spleen and liver.

tochemical expression of CD4 positive lymphocytes,
CD8 positive lymphocytes, FOXP3, granzyme B and
TGF-B1 positive cells. We measured the same param-
eters in spleens from the seven conirol cases in control
group 3 as a non-cirthotic control (Fig. 1). Spleen
and liver tissues were pathologically assessed by two
pathologists (Y. N. and M. K.).

Peripheral blood cells

Peripheral blood samples were serially collected from
26 patients with HCV-related liver cirrhosis and hyper-
splenism just before and 14 days, 1 month, 3 months,
6 months and 1 year after splenectomy. We examined
the ratio of CD4" T cells to all lymphocytes, CD8" T cells
to all lymphocytes, and the CD4"/CD8" ratio in PB
samples using flow cytometry. TGF-B1 levels in PB were
also measured using enzyme-linked immunoassays in
the sera just before and 14 days, 1 month, 3 months,
6 months and 1 year after splenectomy. Patients were
excluded from the protocol if IFN or other therapeutics
were introduced for the liver disease. Ten healthy adult

Table 2 Clinical and pathological findings of 7 patients who underwent follow-up liver biopsies

Case Age Sex Activity Child-Pugh CD4/8 Follow-up Before (%) After (%) Rate of
(score) range {days) change

1 63 M 1 A(5) 1.73 581 5.59 18.31 2.78

2 58 M 2 A(5) 1.22 24 7.38 8.99 1.22

3 58 M 2 B (7) 1.57 333 9.92 12.02 1.21

4 52 M 2 A (5) 1.08 431 16.71 5.10 0.30

5 74 M 2 A {6) 0.63 353 20.02 6.31 0.32

6 53 F 2 A (6) 0.93 248 30.03 13.34 0.44

7 59 M 2 A (5) 0.95 42 11.27 8.05 0.71

Activity: AQ, none; Al, portal inflammation only; A2, mild interface hepatitis; A3, moderate interface hepatitis; A4, severe interface
hepatitis.
Before, the rate of fibrotic areas before splenectomy; after, the rate of fibrotic areas afier splenectomy.
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volunteers in control group 2 without a history of liver
disease or splenomegaly were also recruited as controls,
and samples were collected only once.

Immunohistochemical analysis

All fresh specimens were fixed by 10% formalin, and
paraffin-embedded tissue samples were cut at a thick-
ness of 4 um, examined on a coated slide glass, and
labeled with the following antibodies using the Bond-
Max autostainer (Leica Microsystems, Newcastle, UK)
and DAKO autostainer (DakoCytomation, Glostrup,
Denmark): CD4 (x200; Leica Microsystems), CD8
(x200; Leica Microsystems), granzyme B (x50; Leica
Microsystems), TGF-B1 (x300; Santa Cruz Biotechnol-
ogy, Heidelberg, Germany) and FOXP3 (x600; Abcam,
Cambridge, MA, USA).

Immunohistochemical examinations with CD4, CD8,
granzyme B and TGF-B1 were performed on the same
fully automated Bond-Max system using onboard heat-
induced antigen retrieval with ER2 for 10 min and the
Refine polymer detection system (Leica Microsystems).
3,3’-Diaminobenzidine-tetrachloride (DAB) was used
as the chromogen for all immunostaining. FOXP3
immunostaining was carried out using the DAKO
autostainer with the ChemMate ENVISION method
(DakoCytomation). Briefly, specimens were boiled in a
microwave for 30 min in 1 mmol/L ethylenediamine-
tetraacetic acid, pH 9.0, and target retrieval solution
(DakoCytomation) to recover antigens, and the speci-
mens were then incubated with the antibody at 4°C
overnight. After washing in Tris-buffered saline (TBS),
slides were incubated with the labeled polymer-
horseradish peroxidase secondary antibody for 30 min
at room temperature. After washing in TBS, slides were
visualized using DAB.

Detection of immune function using
flow cytometry

T-lymphocyte subsets in PB such as CD4, CD8 and
CD4/8 were determined by flow cytometry, and the
monoclonal antibodies of CD4 and CD8 (labeled
CD4-FITC, CD-8-RD1) were purchased from Beckman
Coulter (Danvers, MA, USAJ.

Result assessment

For assessment criteria for lymphocytes and other posi-
tive cell counts, the number of lymphocytes and other
positive cells were counted in 20 areas within a speci-
men under high-power fields (x40 objective, x10 eye-
piece). Ten areas of white and red pulp were assessed in
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the spleen, and 10 periportal areas and 10 hepatic
lobule areas (Fig. 1) were assessed in a non-tumor area
of the liver.

Morphometric analysis (computer image analysis)
was performed in the following manner on specimens
stained with Masson-trichrome. The equipment used to
assess morphometry consisted of a light microscope, a
three-color charge-coupled device camera, and a high
resolution computer image analysis system (WinRooF
software package version 6.1; Mitani, Fukui, Japan). The
magnified images (x40) of specimens captured by
the camera mounted on the microscope were sent to the
image analyzing computer. Collagen fibers stained with
Masson-trichrome were then selected. In this study, this
scanning procedure was repeated 10 times in random
areas. The area of fibrosis (AF) was defined as the ratio
(%) of the whole area of collagen fibers to that of the
liver tissue scanned.

Statistical analyses

Statistical analysis was performed using Student’s
t-test. A P-value of less than 0.05 was considered to be
significant.

The follow-up time was calculated as the interval
between the date of surgery and intervention of the
medical treatment, last follow up or recognition of
HCC. Survival rates or failure rates were analyzed with
the Kaplan-Meier method using the log-rank test to
assess differences between curves. A P-value of less than
0.05 was considered to be significant. Statistical calcula-
tions were performed using the JMP software package
(release 10, SAS Institute, Cary, NC, USA).

RESULTS

Liver

N THE SEVEN follow-up liver biopsy sections

(Table 2) available for histological examination,
liver fibrosis in the hepatic lobules improved from F4
to F3 in four cases (cases 4-7: average, 268.5 + 168.6
days; range, 42-431 days) (Fig. 2a). Improvements were
not observed in the remaining three cases (cases 1-3:
average, 3121279.1days; range, 24-581 days)
(Fig. 2b). There were no statistical differences in the
duration between the improvement cases and non-
improvement cases (P =0.80). Conducting an evalua-
tion was difficult because only a few specimens were
available; however, no significant differences in clinical
profiles were observed among the seven patients. In
four of these cases {cases 4-7), the ratio significantly
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Figure 2 (a) Improvements in liver fibrosis. Distortions in
hepatic lobules improved in the liver biopsy sections of four
cases after splenectomy, and fibrotic areas significantly
decreased from 19.5% to 8.2% in these sections. {b) Changes
in the fibrotic areas of seven patients at various intervals.
e shows patients in whom the fibrotic area significantly
decreased after splenectomy. -+ shows patients in whom
fibrosis deteriorated.

decreased from 19.5% to 8.2% (P <0.05) (Fig. 2b),
while the average AF in the remaining three cases {cases
1-3) increased from 8.0% to 13.1% (P = 0.15). The four
cases of improved fibrosis were all Child-Pugh A, and
one of the three cases that showed no improvement was
Child-Pugh B. In addition, AF before splenectomy was
slightly higher in the improvement cases than in the
non-improvement cases, while the CD4*/CD8" ratio
before splenectomy was lower in the improvement
cases than in the non-improvement cases (P <0.05).
Histopathologically, CD4" and CD8* lymphocytes were
mainly seen in the periportal area, and CD4* lympho-
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cytes were rarely seen in the hepatic lobules. The epithe-
lial cells, fibroblasts, monocytes and macrophages
also produced TGF-B1.**4% However, we picked up and
counted the TGF-B1 positive cells that were seen in the
lymphocytes and found that these cells were distributed
diffusely in the hepatic lobules and periportal area. The
distribution pattern of Treg and granzyme B was the
same as that of CD4" and CD8' lymphocytes, respec-
tively, No significant differences were observed in the
CD4*/CD8" ratio (P=0.21) in liver specimens, regard-
less of the association of HCC. The CD4*/CD8" ratio
(P <0.05) and FOXP3/CD4" ratio (P<0.001) signifi-
cantly increased with the progression of liver fibrosis
(from FO to F4). However, the granzyme B/CD8" ratio
was approximately constant, and was unrelated to the
progression of liver fibrosis (P = 0.32}.

The number of TGF-B1 positive cells in livers with
HCC was slightly higher than that in livers without
(P=10.06), and the number of TGF-B1 positive cells
also significantly increased with the progression of liver
fibrosis (P < 0.001) (Fig. 3).

Spleen

Histopathologically, CD4" and CD8" lymphocytes were
found more in the white pulp than in the red pulp. The
results of the clinicopathological analysis showed that
the CD4'/CD8" ratio in spleens with HCV-related liver
cirrhosis and hypersplenism was higher than that in the
spleens of control group 3 (P = 0.06). The FOXP3/CD4"
ratio in control group 3 was higher than that in cases of
hypersplenism {P < 0.05), and no significant differences
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Figure 3 Correlation between transforming growth factor
(TGF)-B1 positive cells and fibrosis in the liver. The number of
TGE-B1 positive cells also significantly increased with the pro-
gression of liver fibrosis.
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Figure 4 Changes in peripheral blood
after splenectomy. pre, preoperative; d,
days; M, months; y, year. The ratio of
CD4" T cells to all lymphocytes signifi-
cantly decreased 1 year after splenec-
tomy, while the ratio of CD8" T cells
to all lymphocytes slightly increased,
resulting in a significant decrease in the
CD4*/CD8" ratio.

in the granzyme B/CD8* ratio (P = 0.82) were observed
between the splenectomy group and control group 3
(data not shown).

Peripheral blood

The ratio of CD4" T cells to all lymphocytes and the
CD4*/CD8" ratio in PB samples obtained from 26
patients before splenectomy were significantly higher
than those from control group 2 (P <0.01, P<0.05). In
contrast, the ratio of CD4* T cells to all lymphocytes
significantly decreased 1year after splenectomy
(P < 0.001), while the ratio of CD8" T cells to all lym-
phocytes slightly increased (P = 0.07), resulting in a sig-
nificant decrease in the CD4*/CD8" ratio (P < 0.001)
(Fig. 4).

Transforming growth factor-p levels were higher in PB
samples from patients with HCC than in those without.
TGF-B1 levels slightly increased in PB samples 1 month
after splenectomy, then decreased, and subsequently
returned to the level measured before splenectomy in
1 year.

Relationship of the CD4*'/CD8" ratio between
PB and the spleen or liver

In the splenectomy group, the CD4*/CD8" ratio in PB
had a significant positive correlation with the CD4"/
CD8" ratio in the spleen (P < 0.05), and was also posi-
tively associated with the liver (P = 0.07). As a result, a
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significant positive correlation was observed between
the CD4*/CD8" ratio in the spleen and that in the liver
(P <0.05) (Fig. 5).

Correlation between the CD4*/CD8" ratio
and clinical prognosis

We compared the CD4*/CD8" ratio between PB
obtained pre-splenectomy and 1 month after splenec-
tomy (n=19). The median of differences between pre-
splenectomy and 1 month after splenectomy was 0.5.
The occurrence of HCC was significantly lower in cases
in which the difference in the CD4*/CD8" ratio between
the perioperative period and 1 month later was over 0.5
(20.5 vs <0.5, P < 0.05) (Fig. 6a).

A positive correlation in PB was observed between the
CD4*/CD8" ratio before splenectomy and differences
in the CD4*/CD8" ratio between pre-splenectomy and
1 month after splenectomy (P < 0.001). As the median
of the preoperative CD4*/CD8" ratio was 1.7, the post-
operative (1 month after splenectomy) CD4*/CD8" ratio
significantly decreased in groups in which the preopera-
tive value was larger than 1.7 (Fig. 6b,c).

DISCUSSION

REVIOUS STUDIES HAVE shown that splenectomy
was effective in improving pancytopenia, the
decompression of portal hyperpressure and liver func-
tion.'*??® Morinaga et al. reported that splenectomy
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significantly improved liver fibrosis with a reduction in
plasma TGF-B1 levels in the rat. However, all these
reports of hepatic fibrosis were conducted in animal
models"'%?3 whereas the present study described
improvements in liver fibrosis after splenectomy in

(&)

Figure 5 Correlations between the
CD4*/CD8" ratios in the spleen, liver
and peripheral blood (PB). A significant
positive correlation  was  observed
between the CD4'/CD8" ratio in the
spleen and that in the liver.

humans. Interestingly, the CD4*/CD8" ratio changed
after splenectomy without other treatment. However,
many confounding factors may be implicated in this
change. It is likely that patients with a high fibrotic area
in their liver specimens had a high CD4*/CD8" ratio;
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Figure 6 (a) Correlation between carci-
nogenesis, the perioperative period and
1 month later. The occurrence of hepa-
tocellular carcinoma was significantly
lower in cases in which the difference
in the CD4*/CD8" ratio between the
perioperative period and 1 month later
was over 0.5. (b,c) Correlation in
peripheral blood (PB) between the
CD4*/CD8" ratio before surgery and dif-
ferences in the CD4*/CD8* ratios before
splenectomy and 1 month after sple-
nectomy. {b} A positive correlation in
PB was observed between the CD4*/
CD8" ratio before splenectomy and
differences in the CD4'/CD8" ratio
between pre-splenectomy and 1 month
after splenectomy. (c) The postopera-
tive {1 month after splenectomy} CD4"/
CD8" ratio significantly decreased in
groups in which the preoperative value
was larger than 1.7. 8, pre; B, post.
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therefore, we may expect a decrease in the CD4*/CD8*
ratio after splenectomy. A decrease in Treg cells that
stimulate TGF-B1 may lead to alleviation of fibrosis.

Because the immune function of CD4* CTL, CD8* CTL
and the CD4*/CD8" ratio is affected by a wide variety of
factors including recent exercise, poor nutrition and
coincident acute viral infections, it is difficult to evaluate
immune function using only CD4* CTL, CD8* CTL and
the CD4*/CD8" ratio. However, in our study, the ratio of
CD4* T cells to all lymphocytes in PB was significantly
decreased in cirrhotic patients after splenectomy, while
the ratio of CD8* T cells to all lymphocytes slightly
increased, resulting in a significant decrease in the
CD4*/CD8" ratio. The CD4*/CD8"* ratios in PB, spleens
and livers were significantly higher in patients with
hypersplenism and in those in whom liver fibrosis had
progressed than in the controls. As a positive correlation
was observed between the CD4'/CD8" ratios in the
spleens, livers and PB, it is possible to expect to predict
the immunological state of the liver and spleen from the
immunological state of PB. In addition, carcinogenesis
was significantly lower in groups in which a large differ-
ence in the CD4*/CD8" ratio was observed between
before and after splenectomy or in those with a high
CD4*/CD8" ratio before splenectomy though there were
few cases that we could observe. The CD4*/CD8" ratio is
likely to be a key parameter for appropriate tumor-
infiltrating lymphocyte function, and was shown to be
different in different types of cancer.**'-* Host immune
responses to cancer were reported to depend on T lym-
phocytes, particularly CD8* lymphocytes.'®1*?*36-3° An
increase in their ratio after splenectomy and the conse-
quent decrease in the CD4*/CD8" ratio observed in
this study may be a positive change in terms of immu-
nology against HCC. Such a change was particularly
marked in patients with a high CD4*/CD8* ratio before
splenectomy.

In our study, the CD4*/CD8" ratio also significantly
increased as the fibrosis of non-tumor areas in the liver
tissue progressed. These significant differences were
observed regardless of the HCC status. Although the
cause of these differences is unknown, it appears to
depend on the background of histological factors in the
liver such as fibrosis. Many studies have investigated the
relationship between tumors, Treg and TGF-.20-222540
Guo-He eral. showed that the expression of TGF-B
appeared to be positively correlated with Treg in HCC
tissue. The 5-year survival rate was significantly lower in
patients with HCC tissues with high Treg cell infiltration
than in those with low infiltration.?*?3%*! Qur study
also revealed that Treg cells were positively correlated
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with TGF-B1 positive cells even in “non-tumor areas”
of liver tissue, and that TGF-B1 positive cells were
positively correlated with liver fibrosis. There were
no significant differences of TGF-B1 before and after
splenectomy. The reason for the chronological changes
in TGF-B1 levels after splenectomy is unknown because
various factors including platelets may be involved in
the production of TGF-B1. We also found a slightly
higher number of TGF-B1 positive cells in non-tumor
areas in the liver tissue of patients with HCC than in
those without. Furthermore, the number of TGF-B1
positive cells significantly increased with the progres-
sion of liver fibrosis.*?"%642

In conclusion, splenectomy in cirrhotic patients with
hepatitis may be able to improve liver fibrosis, cause
beneficial immunological changes and lower the risk of
carcinogenesis. It seems necessary to accumulate further
cases to establish a convincing conclusion.
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Introduction

Abstract

Background and Aim: Cancer stem cells (CSCs), a minority population with stem
cell-like characteristics, play important roles in cancer development and progression.
Putative CSC markers, such as CD13, CD90, CD133, and epithelial cell adhesion molecule
(EpCAM), and side population (SP) technique are generally used in an attempt to isolate
CS8Cs. We aimed to clarify the relationship between CSCs and clonal dedifferentiation in
hepatocellular carcinoma (HCC).

Methods: We used a well-differentiated HCC cell line (HAK-1A) and a poorly differen-
tiated HCC cell line (HAK-1B) established from a single nodule with histological hetero-
geneity. HAK-1B arose because of clonal dedifferentiation of HAK-1A. The SP cells and
non-SP (NSP) cells were isolated from the two cell lines with a FACSAria Il and used for
the analyses.

Results: The SP cell fractions in HAK-1A and HAK-1B were 0.2% and 0.9%, respec-
tively. CDO0 or EpCAM was not expressed in either HAK-1A or HAK-1B, while CD13
and CD133 were expressed in HAK-1B alone. Although sphere forming ability, tumori-
genicity, growth rate, and CD13 expression were higher in HAK-1B SP cells than HAK-1B
NSP cells, there were no differences in drug resistance, colony forming ability, or cell cycle
rates between HAK-1B SP and NSP cells, suggesting HAK-1B SP cells do not fulfill CSC
criteria.

Conclusions: Our findings suggested a possible relationship between the expression of
CSC markers and clonal dedifferentiation. However, the complete features of CSC could
not be identified in SP cells, and the concept of SP cells as a universal marker for CSC
may not apply to HAK-1A and HAK-1B.

express ABC transporters, which are reported to contribute to
multidrug resistance.'®

Cancer stem cells (CSCs) are defined by self-renewing capacity,
differentiation capacity, and tumor-initiating capacity. Addition-
ally, the seeding of metastasis and tumor relapse is attributed to
CSCs."* To date, the existence of CSCs has been proven not only in
hematopoietic neoplasms,* but also various solid neoplasms.*"!
Side population (SP) cell sorting was initially applied for the
identification of hematopoietic stem cells and has been used to
enrich stem cell compartments in diverse tissues and organs.'>*
SP cells are detected by their ability to efflux Hoechst 33342 dye
(Sigma-Aldrich, Saint Louis, MO, USA) through ATP-binding
cassette (ABC) membrane transporters. Recently, SP cells have
also been used in an attempt to isolate a stem cell-like fraction in
cancer cells.!>!7 The approach seems valuable because a variety
of cancers, including hepatocellular carcinoma (HCC), highly
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A variety of markers has been successfully used to enrich CSC
fractions from different wmors including HCC." Although no
markers for putative liver CSCs have been generally accepted,
CD133, CD90, epithelial cell adhesion molecule (EpCAM), and
CD13 are thought to be candidates for liver CSC markers.?02*

Recent evidence suggests that CSCs, a minority population
with stem cell-like characteristics, play important roles in cancer
development and progression.”

In this study, we isolated the SP and non-SP (NSP) cells from
two HCC cell lines, a well-differentiated human HCC cell line
(HAK-1A) and a poorly differentiated HCC cell line (HAK-1B)
which were established from a single nodule with a three-layered
structure having different histologic features,? and compared the
relationship between CSCs and clonal dedifferentiation.
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Materials and methods

Cell lines and cell culture. This study used two human
HCC cell lines: HAK-1A, HAK-1B, which were both established
from a single HCC nodule showing a three-layered structure with
a different histological grade in each layer.”® HAK-1A resembles
well-differentiated HCC cells in the outer layer of the original
tumor, and HAK-1B resembles poorly differentiated cells in the
inner layer. The presence of an identical point mutation in the p53
gene in the two cell lines suggests that they are of clonal origin.
The cell culture condition is described elsewhere.?®

8P cell analysis using flow eytometry. We followed
the protocol previously reported by Goodell et al.,'* with minor
modifications. Briefly, cells were detached from the culture dish
with Accutase (Innovative Cell Technologies, Inc., San Diego, CA,
USA). The cells were incubated at 37°C for 60 min with Hoechst
33342 (SIGMA-Aldrich, Saint Louis, MO, USA). The control
cells were incubated in the presence of 15 pg Reserpine (SIGMA-
Aldrich). After staining, the cells were suspended in phosphate-
buffered saline (PBS) with 2% fetal bovine serum (FBS), filtered
through a 40-pm cell strainer (BD Biosciences, San Jose, CA,
USA). Cells were counterstained with 0.5 pg/mL propidium
iodide (PI, BD Biosciences) for the discrimination of dead cells.
Viable cells were analyzed and isolated by a FACSAria II (BD
Biosciences).

Immunofluorescence flow cytometric analysis of
SP and NSP cells. We analyzed SP and NSP cells isolated
from HAK-1A and HAK-1B for expression of the putative stem
cell markers CD133, CD90, EpCAM, and CD13. Cells were first
stained with Hoechst 33342. Excess dye was removed by resus-
pending 1 x 10° cells/mL in PBS with 2% FBS. Cells were incu-
bated in the dark at 4°C for 30 min with fluorescence-conjugated
monoclonal antibodies, including allophycocyanin-conjugated
mouse anti human CD133/2 (293C3) antibodies (Miltenyi Biotec,
Bergisch-Gladbach, Germany), fluorescein isothiocyanate (FITC)-
conjugated mouse anti human CD90, phycoerythrin-conjugated
mouse anti-human EpCAM and purified mouse anti-human CD13
(BD Biosciences). After 30 min, cells with purified mouse anti-
human CD13 were also incubated in the dark at 4°C for 30 min
with goat anti-mouse Ig FITC (BD Biosciences). Cells were coun-
terstained with 0.5 pg/mL PI for the discrimination of dead cells.
The data were analyzed using a FACSAria I

Generation of SP and NSP cells by SP or NSP
cells. A total of 1x10° sorted SP cells or NSP cells from
HAK-1A and HAK-1B were cultured for 1 week, and used for SP
cell analysis, as described above, to examine whether SP or NSP
cells generate SP and NSP cells.

Proliferation of HAK-1B SP and RSP cells. The
proliferative ability of the cells from each subpopulation, includ-
ing HAK-1B SP and NSP cells, was examined using colorimetric
assays with 3-(4, 5-dimethylthiazol-2yl-yl1-)-2, 5-dimethy] tetrazo-
lium bromide (MTT) cell growth assay kits (Chemicon, Temecula,
CA, USA), as described elsewhere.”’ SP and NSP cells (1500
cells/well) were seeded on 96-well plates (Falcon, Becton Dick-
inson Labware, Tokyo, Japan) by a FACSAria II. After cultare for
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24h, 48 h, 72 h, 96 h, or 120 h, the number of viable cells was
examined.

Effects of cisplatin (CDDP), 5-FU, and PEG-IFN-
oZb on the proliferation of HAK-1B SP and RSP
cells. Effects of CDDP (Nihonkayaku, Tokyo, Japan), 5-
fluorouracil (5-FU) (Kyowa Hakko, Tokyo, Japan), and pegylated
interferon-02b (PEG-IFN-02b) (Schering-Plough K.K., Osaka,
Japan) on cell proliferation were examined by MTT assay. SP and
NSP cells (1500 cells/well) were seeded on 96-well plates, cul-
tured for 24 h, and then the culture medium was replaced with a
new medium containing CDDP alone (0, 0.125, 0.25, or 0.5 pg/
mL), 5-FU alone (0, 0.75, 1.5, or 3 uM), or PEG-IFN-02b (0, 500,
1000, or 2000 IU/mL). After culturing for 48 h or 96 h, the number
of viable cells were examined by MTT assay.

Drug treatment assay of SP and NSP cells in
HAK-1A and HAK-1B. HAK-1A and HAK-1B cells were
cultured with medium alone (control) or medium containing 5-FU
(1.5 pM) or PEG-IFN-02b (1000 IU/mL) and cultured for 96 h,
and SP cell analysis, as described above, was performed to esti-
mate the effect of drugs on SP cell fraction.

Cell cycie analysis of HAK-1B SP and NSP cells.
Cultured HAK-1B cells were labeled with 10 mM bromodeo-
xyuridine (Sigma Chemical Co., St. Louis, MO, USA) for 30 min,
harvested, and used for the isolation of SP and NSP by a FACSAria
II. Isolated SP or NSP cells were used for cell cycle analysis
according to the technique described elsewhere.?® The percentage
of the cells in the G, S, or Go/M phase was calculated from a
dot plot.

Colony formation assay of HAK-1B SP and MSP
cells. Colony formation assay was performed almost according
to a modified previously described method.” The number of
colonies > 0.5 mm in diameter was counted 14 days later.

Sphere formation assay of HAK-1B SP and NSP
cellis. We performed sphere formation assay according to a
previously described method.?

Tumorigenicity assay of HAK-1B SP and NSP celis
in vive. Various numbers of cells (1, 5, 10, 50, or 100 x 10°)
were injected subcutaneously into 4-week-old female NOD/SCID
mice (n =35 in each group). Tumorigenic capacity was judged 8
weeks after injection. All procedures were approved by the Ethics
Review Committee for Animal Experimentation of Kurume
University School of Medicine.

Gene expression microarrays of SP and RSP cells
isolated from HAK-1A and HAK-18. The cRNA was
amplified, labeled, and hybridized to a 44 K Agilent 60-mer
oligomicroarray according to the manufacturer’s instructions.
All hybridized microarray slides were scanned by an Agilent
scanner. Relative hybridization intensities and background
hybridization values were calculated using Agilent Feature
Extraction Software (9.5.1.1) (Agilent Technologies, Inc., Santa
Clara, CA, USA).
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Table 1 Primer and probe mixes list for gRT-PCR analysis

Gene name Assay IDs

CD13 Hs00174365_mil
CD133 Hs00195682_mi
CD24 Hs03044178_mil
CD44 Hs01075861_mi
CD30 Hs00174816_mi
EpCAM Hs00158980_m1
ABCG2 Hs01053790_ml
Oct-4 Hs03666771_mi
Nanog Hs04260366_ml
BMI1 Hs00201350_m1
Alb Hs00910225_m1
CYP3A4 Hs00804506_mi
B-actin Hs99999903_m1

Quantitative real-time reverse transcriptase-poly-
merase chain reaction (gqRT-PCR) of SP and RSP
cells isolated from HAK-1A and HAK-1B. Total RNA
was extracted using RNeasy Plus Micro Kit (Qiagen, Valencia,
CA, USA) and complementary DNA (cDNA) was synthesized
using Reverse Transcription System (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. qRT-PCR was
carried out with TagMan technology using ABI PRISM 7500
(Applied Biosystems, Foster City, CA, USA) followed by a pre-
viously published method.”” Gene expression assays primer and
probe mixes were used for CD13, CD133, CD24, CD44, CD90,
EpCAM, ABCG2, Oct-4, Nanog, BMII, Alb, CYP3A4, and
B-actin (assay IDs are listed in Table 1; Applied Biosystems).

Statistical analysis. Comparison of colorimetric cell
growth, drug resistance, colony forming ability, and sphere
forming ability were performed using Student’s r-test. Differences
were considered significant at P < 0.05.

Results

Identification of 8P and NSP cells in HAK-1A and
HAK-1B and expression of CSC markers. The SP cell
fraction in HAK-1A was very low at only 0.2%. Expression of the
putative CSC markers, such as CD133, CD90, EpCAM, CD13,
was almost completely absent in both SP and NSP cells from
HAK-1A (Fig. 1a). The SP fraction in HAK-1B was 0.9%. More-
over, while CD90 and EpCAM expression was absent in HAK-1B
SP and NSP cells, CD133 expression was observed both in
4.6 ~ 6.4% of HAK-1B SP cells and in 3.9 ~5.3% of HAK-1B
NSP cells. CD13 expression was higher in SP cells (21.7%) than in
NSP cells (8.9%) (Fig. 1b).

Generation SP and NSP cells from sorted SP and
NSP cells in HAK-1A and HAK-1B. After culturing
HAK-1A SP cells or HAK-1B SP cells for 1 week, the percentage
of HAK-1A and HAK-1B SP cells decreased to 1.9% and 7.3%,
respectively. In contrast, culture of HAK-1A NSP cells and
HAK-1B NSP cells generated a small population of SP cells in
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HAK-1A(0.1%) and HAK-1B (0.7%). The results suggest that the
SP cells could generate NSP cells, and vice versa (Fig. 2).

Biological features of 8P and NSP cells in HAK-1B
cells in vitro. In HAK-1B, SP cell growth was significantly
higher than that of NSP cells at every time point (24 h, 48 h, 72 h,
96 h, and 120 h; Fig. 3a). The cell cycle analysis revealed no
obvious differences in Go-Gy/ 5/ Go-M ratios between SP cells
(64.0%/ 30.1%/ 4.2%) and NSP cells (65.3%/ 31.9%/ 1.6%)
(Fig. 3b).

Drug resistance to 5-FU, CDDP, or PEG-IFN-02b was exam-
ined. The results showed that the viability of HAK-1B SP cells
(58.7%) was significantly lower than that of HAK-1B NSP cells
(71.5%) at 96 h in cells treated with 0.75 uM 5-FU (P < 0.001).
Similarly, after 96 h treatment with 1.5 pM 5-FU, viability of SP
cells fell to 40.7%, compared with 47.9% in NSP cells (P < 0.05).
SP cell viability was also significantly lower (50.7%) than NSP
cells (63.5%) (P <0.05) after 96 h treatment with 500 [U/mL
PEG-IFN-02b. No other significant differences were observed
between SP and NSP cells (Fig. 3c—e). After exposure of HAK-1B
cells 1o PEG-IFN-02b for 72h, the percentage of SP cells
decreased as compared with control. Conversely, the percentage of
SP cells increased when HAK-1B cells were treated with 5-FU for
72 h (Fig. 3f).

In the colony formation assay, SP cells from HAK-1B formed
252 +33.4 colonies, while the NSP cells formed 243 +70.1 colo-
nies; this difference was not significant (Fig. 4a). Sphere formation
was significantly higher in SP cells (21.0 £ 4.1 spheres) as com-
pared with NSP cells (15.7 = 2.7 spheres) in the HAK-1B cell line
(P <0.05; Fig. 4b).

Biological features of SP and NSP celis in HAK-1B
celfs in vivo. Injection of 1, 5, or 10 x 10° SP or NSP cells
produced no tumors in NOD/SCID mice. In contrast, four mice
that received 5 x 10" SP cells and five mice that received 10 x 10*
SP celis developed tumors at 8 weeks. In addition, one mouse that
received 5 % 10" NSP cells and two mice that received 10 x 10*
NSP cells also developed small tumors (Fig 4c).

cDNA microarray analysis of gene expression in
SP and NSP cells sorted from HAK-1A or HAK-1B
cells. cDNA microarray analysis found 884 and 470 differences
in gene expression between HAK-1A and HAK-1B, respectively,
but there were no significant differences between SP and NSP celis
in expression of stemness genes (e.g. CD44, Oct-4, Bim-1,
ABCG2, CD24, EpCAM) (Table 2).

gRT-PCR analysis of SP and NSP cells in HAK-1A
or HAK-1B celis. SP and NSP cells of HAK-1A and
HAK-1B expressed mRNAs of CSC markers, such as CD13,
CD133, CD24, CD44, EpCAM, ABCG2, Nanog, and Bmi-1.
The expression of these molecules was slightly higher in SP cells
than in NSP cells. In addition, the differences in expression
levels of CD133, CD24, and CD44 between SP and NSP cells
were slightly larger in HAK-1B than HAK-1A cells (Fig. 5a,b).
The other putative CSC markers, such as CD90 and Oct-4,
were not expressed. As to hepatocyte markers, CYP3A4 was
expressed in HAK-1A and HAK-1B, but albumin was not
expressed in either cell line.
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in SP and NSP cells from HAK-1A. {b) The ratio of SP cells in the HAK-1B cell line was 0.9%. In the HAK-1B cell line, CD133 was expressed in 4.6 ~ 6.4% of SP cells and 3.9 ~ 5.3% of NSP cells.
CD13 expression was higher in SP cells (21.7%) than in NSP cells (8.9%). CD90 and EpCAM expression was low in both SP and NSP cells. The experiments were repeated twice, and almost
identical results were obtained.
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Figure 2 After culturing HAK-1A SP cells or HAK-1B SP cells for 1 week, the percentage of HAK-1A SP cells and HAK-1B SP cells decreased to 1.9%
and 7.3%, respectively. In contrast, culture of HAK-1A and HAK-1B NSP cells generated a small population of SP cells in HAK-1A {0.1%) and HAK1B
(0.7%). The experiments were repeated twice, and almost identical results were obtained.

Discussion

The present study utilized two HCC cell lines showing clonal
dedifferentiation that were established at our department from a
single nodule-in-nodule HCC (HAK-1A, HAK-1B), and which are
unique in the world. Our aim was to study the SP cell fractions,
which are considered universal markers for CSCs,">"7 in these two
cell lines to clarify the relationship between CSCs and clonal
dedifferentiation

SP cells from HAK-1A, which was established from a part of
the well-differentiated HCC, represented only 0.2% of total cells,
an extremely low percentage. However, in SP cells from the
HAK-1B cell line, which is a part of the poorly differentiated HCC
derived from dedifferentiation of HAK-1A, the SP fraction was

1096

0.9%, 4.5 times higher than in HAK-1A. Further, our analysis of
the putative CSCs markers CD133, CD90, EpCAM, and CDI13
found no expression of CD90 or EpCAM in either HAK-1A or
HAK-1B, while CDI13 and CD133 was expressed in HAK-1B
alone. In addition, while there was no difference in the expression
of CD133 between SP and NSP cells in HAK-1B, CD13 expres-
sion was apparently higher in HAK-1B SP cells (21.7%) than
HAK-1B NSP cells (8.9%). Haraguchi et al.? have reported that
CD13 was an abundantly expressed marker in SP cells from the
HCC cell lines HuH7 and PLC/PRL/5. This fraction existed pri-
marily during the Gy phase of the cell cycle, and exhibited high
tumorigenicity and drug resistance. Our findings suggest the pos-
sibility that CD13 could also be a CSC marker for HAK-1B cells.
The significance of CD13 in HAK-1B should be further studied.
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Figure 3 (a) Cell proliferation was significantly higher in SP cells than in NSP cells at 24 h, 48 h, 72 h, 96 h, or 120 h **P < 0.001. (e) SP; ({J) NSP. The experiments were repeated twice, and
almost identical results were obtained. (b) The cell cycle analysis revealed no obvious differences in GO-G1/ S/ G2-M ratios between SP cells (64.0%/ 30.1%/ 4.2%) and NSP cells (65.3%/ 31.9%/
1.6%). The experiments were repeated twice, and almost identical results were obtained. {c-e) Drug resistance to CDDP, 5-FU or PEG-IFN-0.2b was compared between SP and NSP cells from
HAK-1B at 48 h and 96 h. The viability of SP cells was significantly lower than NSP cells after 96 h treatment with 0.75 pM or 1.5 pM 5-FU, or 96 h treatment with 500 IU/mL PEG-IFN-a2b. No
other significant differences were observed between SP and NSP cells. *P < 0.05, **P < 0.001. Figure 3c ({J) 0.75 uM 5-FU; (B) 1.5 uM 5-FU; (=e=) 3 uM 5-FU. Figure 3d (0} 0.125 pg/mi CDDP;
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and almost identical results were obtained. (f) After exposure of HAK-1B cells to PEG-IFN-02b for 72 h, the percentage of SP cells decreased as compared with control. Conversely, the percentage
of SP cells increased when HAK-1B cells were treated with 5-FU for 72 h. The experiments were repeated at least three times, and almost identical results were obtained.

‘18 18 euweAedeN A

sauy| |}90 ewoledey u uonejndod apig



Side population in hepatoma cell lines

M Nakayama et a/.

@ sP NSP ®r 25 .
20 i
5 ]
e 15 - 1
Cat
N
2 10 -
g
z 5 .
252 +334 243 =701
colonies / colonies / 0
1% 10%cells 1 % 10%cells sp NSP
(c) Tumorigenicity in NOD/SCID mice
Cell type Injected cell number
1,000 cells 5000 cells 10000 cells | 50,000 cells | 100,000 cells
sP 015 (0%) 015 (0%) 0/5 (0%) 475 (80%) 515 (100%)
NSP OF5 (0% 015 (0%) 015 (0%) 15 {20%) 25 (40%)
{100,000 cells]
Figure 4 (a) Colony forrnation assay found no significant difference between HAK-1B SP cells and NSP cells. The experiments were repeated at least

three times, and almost identical results were obtained. (b) Sphere formation was significantly higher in HAK-1B SP cells than NSP cells. The
experiments were repeated at least three times, and almost identical results were obtained.* P < 0.05. (c) Injection of 1, 5, or 10 x 10® SP or NSP cells
produced no tumors in NOD/SCID mice. In contrast, four mice that received 5 x 10* SP cells and five mice that received 10 x 10* SP cells developed
tumors at 8 weeks. In addition, one mouse that received 5 x 10* NSP cells and two mice that received 10 x 10* NSP cells also developed

small tumors.

Analysis of biological features revealed that HAK-1B SP cells
possess some properties of CSC, such as higher sphere forming
ability and tumorigenicity, as compared with NSP cells. However,
HAK-1B SP cells lacked the following four features of CSC.
Firstly, HAK-1B SP cells lacked high drug resistance and colony
forming ability. Drug treatment usually increases the percentage of
CSC, but our results did not always show such tendency, that is
PEG-IFN-02b treatment increased the percentage of SP cells, but
5-FU treatment increased the percentage of SP cells. The reason
for this contradictory result is not clear and should be further
elucidated. Secondly, the percentage of Go/G, phase is usually

1098

higher in CSC, but our cell cycle analysis revealed no difference in
rates between SP and NSP cells. Thirdly, differentiated cells do not
generate CSC, but in our study, NSP cells could generate SP cells.
Fourthly, no difference in microarray analysis and slight difference
in gqRT-PCR analysis were observed in stemness gene expression
between SP and NSP cells.

These results suggest that HAK-1B SP cells do not fulfill the
criteria to be considered CSCs.

As described above, it is recognized that the SP cell fraction in
a variety of tumors is rich in CSC,'>” but some reports question
whether there is a relationship between SP cells and CSCs. Burkert
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Figure 5 SP and NSP cells of HAK-1A (a) and :
HAK-1B (b} expressed mRNAs of CSC
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Table 2 Summary of cDNA microarray of SP and NSP cells from HAK-1A and HAK-1B

HAK-1A

HAK-1B

Top Associated Network Functions

Top 5 upregulated molecules in SP
versus NSP
CUGBP2 (x 7.6)
Top 5 downregulated molecules in SP
versus NSP
CCRS (x 7.4)
Stemness gene expression in SP
versus NSP

RNA Post-Transcription Modification, Cellular Assembly
and Organization, DNA Replication, Recombination,
and Repair (e.g. TFAM124A, C10RF35, etc.)

GBP5 (x 10.5), BMP3 (x 8.4),

SLITRK2 (x 8.1}, TMEMO90B (x 7.8)

ZNFB46 (x 11), SAA3P (x 10.1),
HTR2C (x 7.5), UGT2B7 (x 7.4),

CD44 (x 1.04), Oct-4 (x 0.95),
Bmi-1 {x 0.87), ABCG2 (x 0.83),
CD24 (x 0.54), EpCAM (x 1.02)

Cancer, Drug Metabolism, Molecular
Transport (e.g. TALDH3A1, ATF7,
1L33, etc.)

FGF2 (x 13.1), ZNF311 {x 12.6),
ADHB6 (x 8.2), HPCA (x 7.9)
AKR1B10 (x 7.6)

CACNG3 (x 47.1), HNMT (x 20.3),
GAK {x 11.6), C140RF126 (x 11.5),
GGT5 (x 10.7)

CD44 (x 0.93), Oct-4 (x 0.84),

Bmi-1 (x 0.97), ABCG2 (x 1.47),
CD24 (x 1.27), EpCAM (x 0.84)

Gene expression in SP cells and NSP cells sorted from HAK-1A or HAK-1B cells was analyzed by cDNA microarray, but no significant differences were
observed between SP cells and NSP cells of either cell line with regard to stemness gene expression.

et al.*® examined SP and NSP cells in four gastrointestinal cancer
cell lines and found that CD34 was expressed in the NSP fraction
but not in the SP fraction; however, no significant differences were
observed in any other category, including colony formation,
tumorigenicity, or multilineage differentiation.

Two main theories are still being debated with regard to the
histogenesis of HCC. For many years, the observation of
preneoplastic nodules in HCC induced experimentally by expo-
sure to chemicals supported the dedifferentiation hypothesis, that
is, the theory that HCC was derived from the dedifferentiation of
adult hepatocytes. Further, the recent discovery of the role of small
oval cells in the process of carcinogenesis has led to development
of the maturation arrest hypothesis, which suggests that HCC
derives from the maturation arrest of hepatic stem cells, and analy-

Journal of Gastroenterology and Hepatology 29 (2014) 1092-1101

sis of HCC cells has indicated the presence of cells with stem
cell-like properties.*! It is also suspected that dedifferentiation may
cause CSCs. As of yet there have been no reports on the relation-
ship between dedifferentiation and CSCs. The present study sug-
gested a relationship between dedifferentiation and expression of
CSC markers, but many aspects of the mechanisms of dedifferen-
tiation remain unclear, and many different mechanisms have been
reported to explain the abnormal proliferation and dedifferentia-
tion of liver cells in HCC pathogenesis. Among these, the most
common are (i) inactivation of p53, pl4, and pl6; (ii)
overexpression of cyclin D1/CDK4, insulin-like growth factor-II
or ¢-MET; or (iii) activation of the Ras/mitogen-activated protein
kinase (MAPK), transforming growth factor-p signaling or Wnt/
B-catenin signaling.3?’ Further studies are required to clarify the
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mechanisms underlying dedifferentiation, including the relation
between dedifferentiation and CSCs.

In conclusion, the present study found that the SP cell fraction
was 4.5 times higher in the HAK-1B cell line than in the HAK-1A
cell line, and that the expression of CD13 and CD133, which are
considered to be CSC markers, was observed only in HAK-1B.
Also, a comparison of HAK-1B SP and NSP cells found that CD13
expression was higher in the SP fraction, suggesting a possible
relationship between the expression of CSC markers and dediffer-
entiation. Moreover, HAK-1B SP cells showed more malignant
biological features, such as higher sphere forming ability and
tumorigenicity as compared with NSP cells. However, with the
exception of these biological features, no other CSC characteris-
tics were clearly observed in the HAK-1B SP cells. Thus, the
concept of the SP cells as a universal marker for CSC may not
apply to HAK-1A and HAK-1B. We plan 10 examine the relation-
ship between dedifferentiation and CSC using other CSC markers,
such as CD13 and CD133.
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Self-assembled micellar nanocomplexes
comprising green tea catechin derivatives and
protein drugs for cancer therapy

Joo Eun Chung'*, Susi Tan', Shu Jun Gao', Nunnarpas Yongvongsoontorn', Soon Hee Kim?,
Jeong Heon Lee?, Hak Soo Choi?, Hirohisa Yano'?, Lang Zhuo', Motoichi Kurisawa'

and Jackie Y. Ying'

When designing drug carriers, the drug-to-carrier ratio is an
important consideration, because the use of high guantities
of carriers can resuft in toxicity as a consequence of poor
metabolism and elimination of the carriers’. However, these
issues would be of less concern if both the drug and carrier
had therapeutic effects. (—)-Epigallocatechin-3-O-gallate
(EGCE), a major ingredient of green tea, has been shown, for
example, to possess anticancer effecis®’, anti-HIV effects®,
neuroprotective effects? and DNA-protective effects’®. Here,
we show that sequential self-assembly of the EGCG derivative
with anticancer proteins leads to the formation of stable micel-
lar nanocomplexes, which have greater anticancer effects
in vitro and in vivo than the free protein. The micellar nanocom-
plex is obtained by complexation of oligomerized EGCG with
the anticancer protein Herceptin to form the core, followed by
complexation of pely(ethylene glycol}-EGCG to form the
shell. When injected into mice, the Herceptin-loaded micellar
nanocomplex demonstrates beiter tumour selectivity and
growth reduction, as well as longer blood half-life, than
free Herceptin.

Many macromolecular drug carriers have been significantly
improved to alter the pharmacokinetics and biodistribution of
drugs'' "%, but the carrier is still just an excipient for drug delivery
and only the drug is the therapeutically relevant compound. We
were inspired to design an improved delivery system in which the
carrier would also display therapeutic effects. This was achieved
by utilizing the binding property of (-)-epigallocatechin-3-O-
gallate (EGCG) with various biological molecules including pro-
teins?®?>, We synthesized a micellar nanocomplex (MNC) carrier
comprising two EGCG derivatives designed to bind with proteins
in a spatially ordered structure. One of them was oligomerized
EGCG (OEGCG), which was designed to stabilize the core by
strengthening the binding property of EGCG with the proteins?.
The other derivative was poly(ethylene glycol)-EGCG (PEG-
EGCG), which was tailored to bind with the protein/OEGCG
complex as an inert and hydrophilic shell with extended PEG
chains. The MNCs were formed via two sequential self-assembly
steps in aqueous solution: (1) complexation between OEGCG and
proteins to form the core and (2) complexation of the PEG-
EGCG surroundjng the pre-formed core to form the shell
(Fig. 1a). The micellar structure, with its PEG shell, could reduce
protein immunogenicity and prevent rapid renal clearance and

proteolysis of the protein, decreasing the need for frequent injec-
tions or infusion therapy'®*!. Although many studies have discussed
the beneficial bioactivities of EGCG, here we have attempted to
utilize EGCG as a carrier for biological molecules, aiming to
achieve combinational therapeutic effects between the carrier and
the drug,

OEGCG and PEG-EGCG were synthesized by the Baeyer reaction
between an aldehyde group and a nucleophilic A ring of the EGCGY
(Supplementary Figs 1-3). PEG-EGCG and OEGCG showed no and
low cytotoxicity, respectively, on human normal mammary epithelial
cells (HMECs) in the range of concentrations tested, but they showed
substantial cancer cell growth inhibitory effects on a HER2-overex-
pressing human breast cancer cell line (BT-474) in a concentration-
dependent manner (Supplementary Fig, 4).

Figure 1b,c presents transmission electron microscopy (TEM)
images (Fig. 1b) and hydrodynamic diameters (HDs; Fig. 1c) of
the complexes formed at each step of the two sequential self-
assemblies, respectively. Herceptin (a trade name for the drug
trastuzumab), which is a humanized monoclonal antibody against
the HERZ/neu (erbB2) receptor that induces regression of HER2-
overexpressing metastatic breast cancer tumours, has an HD of
~9 nm. Adding OEGCG to the Herceptin solution led to the
spontaneous formation of a complex with a relatively broad size
distribution. Indeed, the TEM image of the Herceptin/fOEGCG
complex shows a varied degree of complex association.
Subsequent addition of PEG-EGCG to the Herceptin/OEGCG
complexes led to the formation of monodispersed spherical
complexes (HD = 90 nm).

The complexation of OEGCG and Herceptin was explored
using dynamic light scattering and varying the concentration of
each component (Fig. 2a). The size of complex formed increased
with increasing OEGCG concentration when the protein concen-
tration was held constant. However, when the Herceptin concen-
tration was increased while keeping the OEGCG concentration
constant, the complex size increased up to a maximum, followed
by a decrease with a further increase in Herceptin concentration.
This indicates that the OEGCG complexes with Herceptin via
non-covalent bonds. To investigate the interaction in this com-
plexation, Tween 20, Triton X-100, sodium dodecyl sulphate
(SDS), urea and NaCl were added to the complex (Fig. 2b).
Complexes were effectively dissociated by Tween 20, Triton
X-100 and SDS as a result of hydrophobic competition. In contrast,
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Figure 1| Schematic diagram and morphology of self-assembled MNCs loaded with proteins. a, Schematic of the self-assembly process used to form the
MNCs, which are formed via two sequential self-assemblies in an agueous solution: complexation of OEGCG with proteins to form the core, followed by
complexation of PEG-EGCG surrounding the pre-formed core to form the shell. b,e, TEM images (b) and hydrodynamic size distributions (¢) of complexes
observed at each step of self-assembly. In the inset in the right-most panel in b, a high-magnification image shows a single MNC.
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Figure 2 | Formation and dissociation of protein/OEGCG complexes. a, Size of Herceptin/OEGCG complexes formed with different concentrations of OEGCG
and Herceptin. The data indicate that OEGCG complexes with Herceptin via non-covalent bonds. Results are reported as mean values (n = 3). b, Complex
dissociation by Tween 20 (open circles), Triton X-100 (open squares), SPS (open triangles), urea (filled circles) and NaCl (filled squares). Complexes were
effectively dissociated by Tween 20, Triton X-100 and SDS due to hydrophobic competition, demonstrating that the dominant mode of interaction between
OEGCG and the proteins is a hydrophobic interaction (n =3, mean s.d.). ¢, Protein activities were restrained by complexation with OEGCG (open bars) and
fully restored by dissociation (filled bars) (protein/OEGCG wt/wt ratic = 1). Triton X-100 (0.1%) was used as a dissociator (n =3, mean £ s.d.).

urea (which has the ability to participate in the formation of strong  illustrate that the dominant mode of interaction between
hydrogen bonds and is not intrinsically hydrophobic) and NaCl ~OEGCG and proteins is a hydrophobic interaction, rather than
were ineffective in dissociating the complexes. These results hydrogen bonding or an ionic interaction.
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