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Mesothelioma is an aggressive cancer often caused by chronic
asbestos exposure, and its prognosis is very poor despite the thera-
pies currently used. Due to the long latency period between asbes-
tos exposure and tumor development, the worldwide incidence
will increase substantially in the next decades. Thus, novel effec-
tive therapies are warranted to improve the prognosis. The
ERC ⁄ mesothelin gene (MSLN) is expressed in wide variety of
human cancers, including mesotheliomas, and encodes a precursor
protein cleaved by proteases to generate C-ERC ⁄ mesothelin and
N-ERC ⁄ mesothelin. In this study, we investigated the antitumor
activity of C-ERC ⁄ mesothelin-specific mouse monoclonal antibody,
22A31, against tumors derived from a human mesothelioma cell
line, ACC-MESO-4, in a xenograft experimental model using female
BALB ⁄ c athymic nude mice. Treatment with 22A31 did not inhibit
cell proliferation of ACC-MESO-4 in vitro; however, therapeutic
treatment with 22A31 drastically inhibited tumor growth in vivo.
22A31 induced antibody-dependent cell-mediated cytotoxicity by
natural killer (NK) cells, but not macrophages, in vitro. Consistently,
the F(ab¢)2 fragment of 22A31 did not inhibit tumor growth in vivo,
nor did it induce antibody-dependent cell mediated cytotoxicity
(ADCC) in vitro. Moreover, NK cell depletion diminished the antitu-
mor effect of 22A31. Thus, 22A31 induced NK cell-mediated ADCC
and exerted antitumor activity in vivo. 22A31 could have potential
as a therapeutic tool to treat C-ERC ⁄ mesothelin-expressing cancers
including mesothelioma. (Cancer Sci 2010; 101: 969–974)

M esothelioma is an aggressive cancer stemming from
transformation of mesothleial cells, which is usually

associated with chronic asbestos exposure.(1) Due to the long
latency period between asbestos exposure and tumor develop-
ment, the worldwide incidence will increase substantially in the
next decades.(2,3) The prognosis is very poor with a median sur-
vival of 4 to12 months despite the therapies currently used,
including surgery, radiotherapy, and chemotherapy.(4,5) Because
of the inefficacy of the conventional treatments, novel effective
therapies are necessary for improving the prognosis of this dev-
astating disease.

Erc was identified in renal cell cancers of the Eker rat, and is
the homolog of human MSLN.(6,7) The ERC ⁄ mesothelin gene
encodes a 71 kDa precursor protein, which is cleaved by prote-
ases to yield 31-kDa N-terminal (N-ERC ⁄ mesothelin) and
40-kDa C-terminal (C-ERC ⁄ mesothelin) proteins.(8,9) N-ERC ⁄
mesothelin, originally identified as megakaryocyte-potentiating
factor (MPF), is a soluble protein released into the extracellular
space and is now used as a serum marker of mesothelioma.(10–21)

C-ERC ⁄ mesothelin is a glycoprotein tethered to the cell surface
by a glycosyl phosphatidyl inositol anchor, and it was reported
that this protein promotes anchorage-independent growth
and prevents anoikis.(8,9,22) C-ERC ⁄ mesothelin is expressed not
only in normal mesothelial cells of the pleura, pericardium, and
peritoneum, but also in malignant cells of mesotheliomas,
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pancreatic ductal carcinomas, ovarian cancers, and some other
cancers.(8,23–26) Moreover, C-ERC ⁄ mesothelin is a possible
target for immunotherapy because of its frequent expres-
sion.(9,27–34)

In this study, we investigated the antitumor activity of an
anti-C-ERC ⁄ mesothelin monoclonal antibody (mAb) (22A31)
that we have devised against tumors derived from a mesotheli-
oma cell line.(35) Treatment with 22A31 itself did not affect
tumor cell growth in vitro, but induce antibody-depend cell
mediated cytotoxicity (ADCC) with natural killer (NK) cells,
but not macrophages. 22A31 consistently exerted an antitumor
effect in vivo, and which was not observed when the F(ab¢)2

fragment of 22A31 was used or NK cells were depleted in mice.
These results suggest that 22A31 is a possible therapeutic tool
for C-ERC ⁄ mesothelin-expressing tumors including mesotheli-
oma in clinical therapy.

Materials and Methods

Mice. Female BALB ⁄ c athymic nude (BALB ⁄ c nu ⁄ nu) mice
at 7 weeks of age were purchased from Charles River Japan
(Yokohama, Japan). Rag-2-deficient (RAG-2) ⁄ )) C57BL ⁄ 6
mice were derived as described previously.(36) All mice were
maintained under specific pathogen-free conditions and all
in vivo studies were approved by the Institute Animal Care and
Use Committee of Juntendo University.

Cells and antibodies. ACC-MESO-4 cells, derived from
human mesothelioma, were provided by RIKEN cell bank (Iba-
raki, Japan), and cultured in RPMI-1640 medium supplemented
with 10% fetal calf serum.(37) Huh7 cells, derived from human
hepatocellular carcinoma, were purchased from RIKEN Cell
Bank, and cultured in Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal calf serum. NCI-H226 cells,
derived from human mesothelioma, were provided by the Amer-
ican Type Culture Collection (Manassas, VA, USA), and cul-
tured in RPMI-1640 medium supplemented with 10% fetal calf
serum. C-ERC ⁄ mesothelin-specific mouse monoclonal antibody,
22A31, was prepared in our laboratory as previously
described.(35) Normal mouse IgG1j was purchased from Sigma
(St. Louis, MO, USA). F(ab¢)2 fragment was prepared in our lab-
oratory as previously described.(38) Generation of F(ab¢)2-22A31
was confirmed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) using 10% Laemmli gel and Coomassie Brilliant
Blue (CBB) staining.

Flow cytometric analysis. C-ERC ⁄ mesothlin expression on
cell surface was analyzed by flow cytometry as previously
described.(35) Briefly, 1 · 106 cells were incubated with
1 lg ⁄ mL of 22A31 or 1 lg ⁄ mL of normal mouse IgG1j diluted
in serum free medium (100 lL) at 4�C for 30 min. After
washing with PBS, cells were resuspended in 100 lL of serum
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(a)

(b)
free medium containing 2 lg ⁄ mL of Alexa Flour 488-conju-
gated goat antimouse IgG (Molecular Probes, Eugene, OR,
USA) to detect the primary antibodies, and incubated at 4�C for
30 min. After washing with PBS, the stained cells were ana-
lyzed by a FACScan (BD Bioscience, San Jose, CA, USA).

Antitumor activity of 22A31 mAb in BALB ⁄ c nu ⁄ nu mice. To
assess the antitumor activity of 22A31, 2 · 106 of tumor cells
were inoculated subcutaneously into the right flank of BALB ⁄ c
nu ⁄ nu mice. We commenced antibody treatments with 22A31 or
isotype matched control IgG by intratumoral injection or intra-
peritoneal injection twice per week, when tumors become visi-
ble (4 mm · 4 mm, 16 mm2). In some experiments, mice were
treated with 200 lg of anti-asialo-GM1 Ab (Wako Pure Chemi-
cals, Osaka, Japan) or control rabbit Ig every 4 days starting
2 days before 22A31 treatment. NK cell depletion was con-
firmed by flow cytometric analysis in anti-asialo GM1 Ab-trea-
ted mice. Tumor bearing-mice were monitored for tumor
development and progression. Tumor size was determined by
caliper measurement of the largest (a) and smallest perpendicu-
lar diameters (b) and height (c), and was calculated using fol-
lowing the formula: Volume = 4 p a · b · c ⁄ 3. After the
completion of the experiment, mice were euthanized.

Immunohistochemistry. Three-cm thick tissue sections were
prepared from archival formalin-fixed, paraffin-embedded speci-
mens. After deparaffinization, the tissue sections were heated in
10 mM citrate buffer (pH6) for antigen retrieval and then treated
with 3% hydrogen peroxide. Then, the sections were incubated
with antibody solutions diluted in Tris-buffered saline with
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(c)

(a) (d)

(e)

(f)

Normal mouse IgG1k

22A31

Normal mouse IgG1k

22A31

Normal mouse IgG1k
22A31

50
0

40
0

30
0

20
0

C
ou

nt
s

10
0

0
50

0
40

0
30

0
20

0
C

ou
nt

s
10

0
0

50
0

40
0

30
0

20
0

C
ou

nt
s

10
0

0

FL1-H200 µm

200 µm

200 µm

100 101 102 103 104

FL1-H
100 101 102 103 104

FL1-H
100 101 102 103 104

Fig. 1. Expression of C-ERC ⁄ mesothelin in ACC-MESO-4, NCI-H226, and
Huh7 cells. Immunohistochemical localization of C-ERC ⁄ mesothelin in
ACC-MESO-4 cell- (a), NCI-H226 cell- (b), and Huh7 cell- (c) derived
xenografts. Indicated panel is representative of xenograft specimens.
Original magnification, ·100. Surface expression of C-ERC ⁄ mesothelin
on ACC-MESO-4 cells (d), NCI-H226 cells (e), and Huh7 cells (f) analyzed
by flow cytometry. Solid line denotes staining of 22A31 and detected
with Alexa Flour-488. Dashed line denotes staining normal mouse
IgG1j.

(c)

Fig. 2. In vivo antitumor activity of 22A31. (a) Antitumor effect of
22A31 intraperitoneal injection against ACC-MESO-4 tumor cell. (b)
Antitumor effect of 22A31 intratumoral injection against ACC-MESO-4
tumor cells. (c) Antitumor effect of 22A31 intratumoral injection
against C-ERC ⁄ mesothelin-negative Huh7 tumor cells. 22A31 or
normal mouse IgG1j (control Ab) was given twice per week. Mice
were treated 10 times with the respective antibody. Median tumor
volume and SD of xenografts are indicated (n = 3–5). Asterisk mark
indicates statistical significance.

970
0.1% Tween 20 overnight at 4�C. We used biotin-conjugated
22A31 (1:300 dilution) as the primary antibody. Diaminobenzi-
dine was used as the substrate for peroxidase. DX50F-3, DP-25,
and DP2-BSW (Olympus. Tokyo, Japan) were used for the
acquisition of images.

Cell proliferation assay. Tumor cells grown under regular
culture condition were harvested and resuspended in RPMI-
1640 medium at a concentration 8 · 104 cells ⁄ mL. Twenty-
five lL of cell suspensions and 25 lL of antibody solutions
were added to 96-well plates. After 72 h of incubation at 37�C
with 5% CO2 atmosphere, XTT assay was performed using
doi: 10.1111/j.1349-7006.2009.01463.x
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Fig. 3. In vitro antitumor activity of 22A31. (a)
Direct effect of 22A31 on ACC-MESO-4 tumor cell
growth. After 72 h of incubation with indicated
concentration of 22A31 (black bar) or normal
mouse IgG1k (white bar), XTT assay was performed
and absorbance was presented. (b) 22A31-induced
complement-dependent cytotoxicity (CDC). %Cyto-
toxicity index (C.I.) of the indicated concentrations
of 22A31 or normal mouse IgG1k against ACC-MES-
4 tumor cells are indicated. (c,d) 22A31-inducd
antibody-dependent cell mediated cytotoxicity
(ADCC) against ACC-MESO-4 tumor cells (c) or NCI-
H226 tumor cells (d) with purified natural killer
(NK) cells. ADCC induced by 1 lg ⁄ mL of 33A31 or
normal mouse IgG1j was examined at indicated
effector ⁄ target ratios when purified NK cells were
used as effector cells. (e) 22A31-inducd ADCC
against C-ERC ⁄ mesothelin-negative Huh7 tumor
cells with purified NK cells. ADCC induced by
1 lg ⁄ mL of 33A31 or normal mouse IgG1j was
examined at indicated effector ⁄ target ratios when
purified NK cells were used as effector cells. (f)
22A31-inducd ADCC against ACC-MESO-4 tumor
cells with purified macrophages. ADCC induced by
1 lg ⁄ mL of 33A31 or normal mouse IgG1j was
examined at indicated effector ⁄ target ratios when
purified macrophages were used as effector cells.
Asterisk indicates statistical significance.
50 lL of XTT mixture containing 200 lL ⁄ mL of XTT and
25 lM of menatione (Roche Diagnostics, Mannheim, Germany)
for 4 h. Absorbance at 470–650 nm was measured in an
ELISA reader (E-MAX; Molecular Devices, Sunnyvale, CA,
USA).

Antibody-dependent cell mediated cytotoxicity (ADCC) assay.
Cytotoxic activity was tested by a 4-h 51Cr release assay as pre-
viously described.(36) Freshly isolated splenic and peritoneal
mononuclear cells derived from B6 RAG-2) ⁄ ) mice were
stained with phycoerythrin (PE)-conjugated anti-DX5 mAb
(eBioscience, San Diego, CA, USA) or PE-conjugated
anti-CD14 mAb (eBioscience), and DX5 + NK cells or CD14 +

macrophages were enriched by auto MACS using PE microbe-
ads (Miltenyi Biotec, Bergisch Glabach, Germany), respec-
tively, according to the manufacturer’s instructions. These
purified cells were subsequently used as the effector cells in the
ADCC assay.

Complement-dependent cytotoxicity (CDC) assay. Complement-
mediated lysis with rabbit serum (Low-Tox M; Cedarlane Labo-
ratories, Hornby, ON, Canada) was performed as previously
described.(39) After incubation, cellular viability was determined
by Trypan blue exclusion. Cytotoxicity index (C.I.) was calcu-
lated using the following formula: % C.I. = (sample % cell
death ) control % cell death) ⁄ (100 ) control % cell death) ·
100%.

Statistical analysis. We analyzed the data of xenografts trea-
ted with antibodies, using JMP and SAS version 8.1.3 (SAS
Institute, Cary, CA, USA). To compare the volume of tumors
between groups, the Mann–Whitney U-test was useed. The
two-sample t-test was used for cell proliferation, and the
ADCC and CDC assays. P < 0.05 was considered statistically
significant.
Inami et al.
Results

C-ERC ⁄ mesothelin expression in target cells. Cell surface
expression of C-ERC ⁄ mesothelin on ACC-MESO-4 tumor cells
and NCI-H226 tumor cells, but not Huh7 tumor cells, was dem-
onstrated by both flow cytometric and immunohistochemical
analysis (Fig. 1). Thus, ACC-MESO-4 and NCI-H226 tumor
cells constitutively expressed C-ERC ⁄ mesothelin even after
xenograft transplantation into nude mice.

Antitumor activity of 22A31 in mice xenograft model. When
22A31 was intraperitonealy injected into ACC-MESO-4 tumor-
bearing mice, 22A31 did not significantly inhibit tumor growth
compared with normal mouse IgG1j (Fig. 2a). However, intra-
tumoral injection of 22A31 significantly inhibited the growth of
ACC-MESO-4 tumors, but not Huh7 tumors, compared with
normal mouse IgG1j (Fig. 2b,c). Moreover, this antitumor
effect of 22A31 was demonstrated to occur in a dose-dependent
manner (Fig. 2b). These results suggest that 22A31 exerts an
antitumor effect against C-ERC ⁄ mesothelin-expressing tumor
cells in vivo when administrated intratumorally.

22A31 triggered ADCC in vitro. Then, we examined the possi-
ble mechanisms involved in the 22A31-induced antitumor effect
in vitro. The cell proliferation assay using XTT did not show a
direct inhibitory effect of 22A31 on the growth of ACC-MESO-
4 tumor cells in vitro (Fig. 3a). Furthermore, 22A31 did not
induce CDC against ACC-MESO-4 cells (Fig. 3b). However,
22A31 induced ADCC when ACC-MESO-4 cells were incu-
bated with purified NK cells, and that was in an effector ⁄ target
ratio-dependent manner (Fig. 3c). 22A31 also induced ADCC
against C-ERC ⁄ mesothlelin-expressing NCI-H226 cells, but not
Huh7 cells, which did not express C-ERC ⁄ mesothelin when
incubated with purified NK cells (Fig. 3d,e), although both cells
Cancer Sci | April 2010 | vol. 101 | no. 4 | 971
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Fig. 4. Contribution of the Fc portion and natural killer (NK) cells to
the antitumor effect of 22A31 in vivo. (a) Preparation of 22A31 F(ab¢)2

fragment. Ten lg of intact-22A31 or F(ab¢)2-22A31 were
electrophoresed using SDS-PAGE and visualized Coomassie Brilliant
Blue (CBB)-staining. Arrow indicates heavy chain of F(ab¢)22-22A31. H
and L indicate heavy chain of intact-22A31 and light chain of both
antibodies. (b) Intact- or F(ab¢)2-22A31-inducd ADCC against ACC-
MESO-4 tumor cells with purified NK cells. ADCC induced by 1 lg ⁄ mL
of Intact- or F(ab¢)2-22A31 was examined at indicated effector ⁄ target
ratios when purified NK cells were used as effector cells. (c) Antitumor
effect of intact- or F(ab¢)2-22A31 against ACC-MESO-4. One hundred
lg ⁄ body of Intact-22A31 or F(ab¢)2-22A31 was intratumorally injected
twice per week. Mice were treated 10 times with the respective
antibody. Median tumor volume and SD of xenografts are indicated
(n = 5). (d) Antitumor effect of 22A31 in NK cell-depleted mice. ACC-
MESO-4 tumor-bearing mice were treated with 200 lg ⁄ body of anti-
asialo GM1 Ab to deplete NK cells or control rabbit Ig, then
intratumorally injected with 100 lg ⁄ body of intact-22A31 or control
Ig twice per week as described in the Materials and Methods. Median
tumor volume and SD of xenografts are indicated (n = 5). Asterisk
indicates statistical significance.
might be sensitive to direct NK-mediated cytotoxicity. Besides,
22A31 did not induce ADCC against C-ERC ⁄ mesothlelin-
expressing ACC-MESO-4 when incubated with purified macro-
phages (Fig. 3f).

Critical contribution of Fc portion and NK cells to antitumor
effect of 22A31 in vivo. The Fc portion of antibodies, which
binds to the Fc receptor on NK cells and complement, is critical
972
for ADCC induction.(40) Thus, we examined the antitumor effect
of 22A31 F(ab¢)2 fragment (Fig. 4a). The F(ab¢)2 fragment of
22A31 did not induce ADCC in vitro (Fig. 4b), and administra-
tion of 22A31 F(ab¢)2 fragment consistently did not inhibit the
growth of ACC-MESO-4 tumor compared with intact 22A31
in vivo (Fig. 4c). Moreover, the antitumor effect of 22A31
was inhibited when NK cells were depleted in mice by anti-
asialo-GM1 Ab treatment (Fig. 4d). Taken together, these
results suggested that 22A31 exerts antitumor effect against
C-ERC ⁄ mesothelin-expressing tumor cells via NK cell-mediated
ADCC in vivo.

Discussion

C-ERC ⁄ mesothelin is expressed in various human cancer cells,
particularly in malignant mesothelioma, which has poor progno-
sis.(4,5) C-ERC ⁄ mesothelin is believed to be a possible target for
immunotherapy against these cancers; thus we here examined
the therapeutic antitumor effect of anti-C-ERC ⁄ mesothelin
monoclonal antibody, 22A31, which we had previously devel-
oped.(35)

In a xenograft model using BALB ⁄ c nu ⁄ nu mice, intratumoral
administration of 22A31 inhibited the growth of C-ERC ⁄ mes-
othelin-expressing ACC-MESO-4 tumor cells in a dose-depen-
dent manner, but not the growth of C-ERC ⁄ mesothelin-negative
Huh-7 tumor cells. 22A31 induced ADCC against C-ERC ⁄ mes-
othelin-expressing ACC-MESO-4 cells and NCI-H226 cells, but
not Huh7 tumor cells, and this 22A31-mediaed ADCC was
observed with incubation with purified NK cells, but not purified
macrophages. Moreover, the antitumor effect of 22A31 was
inhibited when the mice were treated with the F(ab¢)2 fragment
of 22A31 or NK cells were depleted during the treatment with
intact 22A31. Thus, 22A31 effected NK cell-mediated ADCC
which resulted in an antitumor effect against C-ERC ⁄ mesoth-
elin-expressing human cancers in vivo, indicating the possible
utility of 22A31 in clinical therapy.

It was reported that C-ERC ⁄ mesothelin promotes anchorage-
independent growth and prevents anoikis.(22) However, there are
no anatomical and historical abnormalities in C-ERC ⁄ mesoth-
elin knockout mice, and physiological and pathogenic functions
of C-ERC ⁄ mesothelin have not been fully revealed.(41) We did
not observe any inhibitory effect of 22A31 on the proliferation
of some C-ERC ⁄ mesothelin-expressing tumor cells including
ACC-MESO-4 tumor cells in vitro. Moreover, we did not detect
any 22A31-induced apoptosis or autophagic cell death by cas-
pase-3 ⁄ 7 activity assay or LC-3 immunoblotting analysis. These
results indicate that 22A31 does not inhibit tumor growth
directly. Further studies are needed to clarify the roles of
C-ERC ⁄ mesothelin in tumor cells, which will provide critical
information for improving the antitumor effect of anti-C-
ERC ⁄ mesothelin mAb.

It is now commonly accepted that tumor-targeting mAbs,
such as anti-HER2 ⁄ neu ⁄ ErbB-2 mAb and anti-epidermal growth
factor mAb, demonstrate significant therapeutic effects in cancer
patients.(42) Direct antitumor effect by tumor-targeting mAbs is
possibly involved; however, multiple mechanisms, including
ADCC and CDC, have been reported to generally contribute to
the antitumor effect of tumor-targeting mAbs.(43) Moreover, it
was reported that induction of tumor antigen-specific cytotoxic
T cells (CTL) is critical for successful antibody-based tumor-tar-
geting therapy.(44,45) Thus, 22A31 treatment possibly induced
ACC-MESO-4 tumor-specific CTL during the therapy; however,
we could not examine this possibility because we used a xeno-
graft experimental model featuring athymic nude mice. Further
basic studies using humanized mice, such as NOD ⁄ Shi-scid ⁄
IL-2 receptor c null (NOG) mice with humanized 22A31, are
needed to reveal the complete mechanisms of the antitumor
effect of 22A31 in vivo.(46)
doi: 10.1111/j.1349-7006.2009.01463.x
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C-ERC ⁄ mesothelin is expressed not only in mesotheliomas,
but also in pancreatic ductal carcinomas, ovarian cancers, and
some other cancers.(8,23–26) Pancreatic ductal carcinoma is also a
particularly devastating disease because of its poor prognosis.
The overall 5-year survival rate of these patients is under
10%.(47,48) Early diagnosis of ovarian cancers is so difficult that
the 5-year survival is only 35–40%.(49) Novel therapic strategies
against C-ERC ⁄ mesothelin-expressing tumors, including meso-
thelioma, pancreatic cancer, and ovarian cancer, are warranted.
The results presented here suggest the possible utility of 22A31
to treat cancers; however, intraperitoneal administration of
22A31 did not significantly exert antitumor effect, possibly due
to insufficient intratumor concentration of 22A31. Thus, further
studies are needed to advance drug delivery within the tumor
mass to augment the therapeutic effect of 22A31. We are now
going to humanize 22A31 with the hope that this may improve
Inami et al.
the prognosis of patients with C-ERC ⁄ mesothelin-expressing
tumors.
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