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ABSTRACT
In healthy tissue, the tight junction protein Claudin 18.2 (CLDN18.2) is present only in the gastric
mucosa. Upon malignant transformation of gastric epithelial tissue, perturbations in cell polarity lead
to cell surface exposure of CLDN18.2 epitopes. Moreover, CLDN18.2 is aberrantly expressed in malig-
nancies of several other organs, such as pancreatic cancer (PC). A monoclonal antibody, zolbetuximab
(formerly known as IMAB362), has been generated against CLDN18.2. In a phase 2 clinical trial (FAST:
NCT01630083), zolbetuximab in conjunction with chemotherapy prolonged overall and progression-free
survival over chemotherapy alone and improved quality of life. In this study, the mechanism of action
and antitumor activity of zolbetuximab were investigated using nonclinical PC models. Zolbetuximab
bound specifically and with strong affinity to human PC cells that expressed CLDN18.2 on the cell
surface. In ex vivo systems using immune effector cells and serum from healthy donors, zolbetuximab
induced antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC), resulting in the lysis of cultured human PC cells. The amplitude of ADCC and CDC directly
correlated with cell surface CLDN18.2 levels. The chemotherapeutic agent gemcitabine upregulated
CLDN18.2 expression in cultured human PC cells and enhanced zolbetuximab-induced ADCC. In mouse
xenograft tumors derived from human PC cell lines, including gemcitabine-refractory ones, zolbetux-
imab slowed tumor growth, benefited survival, and attenuated metastases development. The results
presented here validate CLDN18.2 as a targetable biomarker in PC and support extension of the clinical
development of zolbetuximab to patients with CLDN18.2-expressing PC.
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Introduction

Targeted therapywithmonoclonal antibodies (mAbs) has become
a key component in the treatment of many cancers.1 Monoclonal
antibodies can exert their effects via various mechanisms, includ-
ing blocking of growth factor signaling pathways in cancer cells
and cytolysis by activation of immune effectors. Activation of
immune effectors is mediated by the Fc-domain of the mAb and
includes the processes of antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).2 These
cytotoxic processes are initiated when specific mAbs bind to
cellular targets, identifying the cell for immune-mediated
destruction.3 For hematologic malignancies, highly effective
mAbs (eg, rituximab,4 daratumumab5), which act predominantly
via ADCC and/or CDC, have been developed. Although this
mechanism of action has scarcely been implemented for solid
tumors because of a lack of suitable cell surface targets, it may
offer a promising approach for the treatment of a variety of
cancers with high unmet medical needs.

An ideal therapeutic mAb would be expected to have
tumor-specific action, high and sustained potency, applicabil-
ity to a large population of patients, and low toxicity. For

these desirable characteristics to be met, finding a suitable
specific target is critical. Previous work has identified the
tight junction protein Claudin-18 (CLDN18) as an attractive
target candidate in several solid tumors (eg, gastric, pancrea-
tic, lung, and bile duct cancers).6 This transmembrane protein
is normally expressed as two tissue-specific splice variants:
CLDN18.1, predominantly expressed in the lung, and
CLDN18.2, expressed exclusively in the stomach and main-
tained in a substantial proportion of gastric cancers (GCs).6

We have previously reported that a chimeric monoclonal
IgG1 antibody, zolbetuximab, was developed as a specifically
CLDN18.2-targeting therapeutic mAb.7,27 In a phase 2 trial
(FAST; NCT01630083), zolbetuximab in combination with
chemotherapy significantly prolonged survival with acceptable
safety and tolerability in patients with CLDN18.2-positive
(CLDN18.2+) advanced/recurrent GC and gastroesophageal
junction (GEJ) cancers.8 Furthermore, health-related quality
of life was maintained for a longer duration in patients who
received zolbetuximab plus chemotherapy compared with
chemotherapy alone.9

In pancreatic cancer (PC), CLDN18.2 is aberrantly
expressed with a prevalence of 60–90% reported in pancreatic
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ductal adenocarcinoma, the most common form of PC.10–12

Aberrantly expressed CLDN18.2 appeared in precancerous
lesions, indicating it may be valuable as an early marker of
malignant transformation.12,13 Depending on disease stage
and patient health, systemic treatment of PC is currently
based primarily on gemcitabine monotherapy, Abraxane or
combinations of highly toxic fluoropyrimidine-, paclitaxel-, or
oxaliplatin-based chemotherapy regimens (eg,
FOLFIRINOX).14-17 There are few approved targeted therapy
options for PC: the kinase inhibitor erlotinib has marginal
benefit15 and the checkpoint inhibitor pembrolizumab can be
used for the small fraction of patients with mismatch repair-
deficient PC per a biomarker-based label approval in the
United States.16 Our earlier studies showed that aberrant
transcriptional induction of CLDN18.2 in pancreatic neo-
plasms may render a fraction of PCs targetable by
zolbetuximab.12 Thus, the tumor-specific expression of
CLDN18.2 in PC, as well as evidence demonstrating the
beneficial effects of zolbetuximab in GC, prompted the
exploration of zolbetuximab as a potential therapeutic agent
for PC.

Using in vitro and in vivo nonclinical studies, we investi-
gated the binding characteristics of zolbetuximab to
CLDN18.2 in human PC cell lines, the mechanism of action
of zolbetuximab, and the potential antitumor activity of zol-
betuximab in mouse xenograft models of human PC cell-
derived tumors. In addition, we examined the combined effect
of zolbetuximab and the chemotherapeutic agent gemcitabine
in these nonclinical tumor models.

Results

Zolbetuximab binds with high specificity and affinity to
cldn18.2-expressing cells

Findings from our group and others have demonstrated that
patients with PC frequently (60–90%) express high levels of
CLDN18.2 in their tumor tissue (Figure 1a). To identify PC
cell lines that endogenously express CLDN18.2, we screened
26 human PC cell lines by RT-PCR; of these screened cell
lines, three were considered CLD18.2+ (Patu 8988S, DAN-G,
YAPC; Figure 1b). Furthermore, protein expression was also
observed in these cell lines as well as in BxPC-3 and Panc
05.04 cells (Figure 1c; Suppl Table 1). This difference of
CLDN18.2 expression prevalence between tumor tissue resec-
tates and cell lines has also been observed for gastric cancer
(data not shown). An interesting observation in this context is
that expression of CLDN18.2 mRNA in cell lines declines over
sequential passages in cell culture (Suppl Figure 1 A and B).
This implies that culturing is associated with downregulation
of CLDN18.2 and may explain why cell lines with pronounced
levels of endogenous CLDN18.2 are rare in the first place.

To determine if chemotherapeutic agents commonly used in
the treatment of PC may affect the expression of CLDN18.2,
endogenously CLDN18.2-expressing PC cell lines (DAN-G and
Patu 8988S) were treated with gemcitabine and gemcitabine plus
oxaliplatin (GemOx). Gemcitabine increased both CLDN18.2
mRNA and protein expression in DAN-G and Patu 8988S cells.
GemOx increased protein expression in these cells, though only a

slight increase of mRNA was observed in Patu 8988S cells.
(Figure 1, d and e). Furthermore, flow cytometry analysis of Patu
8988S cells revealed that single-agent gemcitabine and 5-fluorour-
acil (5-FU) increased CLDN18.2 on the cell surface (Figure 1 f);
with paclitaxel and oxaliplatin treatment, protein expression was
maintained on baseline level (data not shown).

Zolbetuximab induces ADCC and CDC in human
CLDN18.2+ PC cells

Having found that endogenously CLDN18.2 expressing cell lines
are scarce, and for the purposes of these studies, PC cell lines were
transduced with CLDN18.2 (designated as ~ CLDN18.2) to gen-
erate models for functional studies. The transfected cell lines were
found to express higher CLDN18.2 than endogenously CLDN18.2
expressing cell lines (Figure 1 b). Evaluation of the binding of
zolbetuximab to PC cell lines expressing endogenous or trans-
duced CLDN18.2 showed that zolbetuximab binds to PC cell lines
that express robust levels of CLDN18.2 (Figure 2a and b).
Zolbetuximab bound poorly to those that express low surface
levels of CLDN18.2 (eg, Panc 05.04) and did not bind to cell
lines that lacked CLDN18.2 (data not shown).

To determine if the specific binding of zolbetuximab to
CLDN18.2+ PC cells results in immune effector mediated cell
killing, cells were co-incubated with human peripheral blood
mononuclear cells (PBMCs) as effectors for ADCC in zolbetux-
imab-supplemented culture. Zolbetuximab-mediated ADCC
was strictly target-dependent and highly efficient against all
tested CLDN18.2-transduced PC cells (SUIT-2~ CLDN18.2,
MIA PaCa-2~ CLDN18.2, and BxPC-3~ CLDN18.2) with spe-
cific lysis reaching > 78% (Figure 2c); the corresponding
CLDN18.2-negative (CLDN18.2–) parental cell lines (SUIT-2,
MIA PaCa-2, and BxPC-3) and other CLDN18.2 – cells were
not lysed (data not shown). All three cell lines (Patu 8988S, Panc
05.04, and DAN-G) that expressed endogenous CLDN18.2 were
also efficiently killed, including those with poor binding of
zolbetuximab (Panc 05.04 and DAN-G; Figure 2c).

Although CLDN18.2 was limited on the cell surface of Pan
05.04 and DAN-G cell lines, zolbetuximab was still able to
induce ADCC in these cells, indicating there was sufficient
epitope to activate ADCC. However, due to the sparse pre-
sence of cell-surface CLDN18.2 in these cells, the effective
concentrations for half-maximal response (EC50) values were
up to > 100-fold higher than some lentivirally transduced cell
lines that expressed high cell-surface CLDN18.2. The EC50

values ranged from ~ 20 ng/mL for strong CLDN18.2-expres-
sing cell lines to > 10,000 ng/mL for cell lines with poor
zolbetuximab binding (Suppl Figure 2a, right panel).
Maximum lysis of target cells with endogenous CLDN18.2
was only slightly lower than that of target cells with trans-
duced CLDN18.2 expression (range 48%–68% vs 78%–93%,
respectively; Suppl Figure 2a, left panel).

To examine if gemcitabine, through upregulating
CLDN18.2 expression, may have an augmenting effect on
zolbetuximab-induced ADCC and EC50 values, DAN-G cells
were pretreated with gemcitabine before ADCC assay was
performed. Zolbetuximab-induced ADCC was more efficient
in the gemcitabine-pretreated cells, as reflected in significantly
lower EC50 (Figure 2d and Suppl Figure 3).

e1523096-2 Ӧ. TÜRECI ET AL.



a

b

d

e

c

f

Figure 1. Expression of CLDN18.2 in human PC cell lines.

(a) Typical image of CLDN18.2+ pancreatic ductal adenocarcinoma. Staining was performed with 43-14A antibody.
Magnification: 200x.

(b) Transcript (qRT-PCR) and (b) protein (western blot) levels of CLDN18.2 in PC cell lines with endogenous (light
red bars) and transduced (dark red bars) CLDN18.2 expression. qRT-PCR data are mean ± SD of 1–9 independent
measurements. Cell lines with a relative expression level above 1 × 105 were considered CLDN18.2+ (dotted line in a).
Gray bars represent non-PC cell lines and controls.

(c) Detection of CLDN18 protein in pancreatic cancer cell lysates. Western blot analysis was performed using a CLDN18 antibody
detecting the C-terminal of CLDN18.1 and CLDN18.2 (C-term, Zymed) and a loading control antibody detecting β-actin.
Lysates of SKBR-3 cells were used as negative control, whereas lysates of HEK293 cells stably transfected with CLDN18.2
(HEK293-p740) were used as positive control. BxPC-3 (e) and BxPC-3 (a) represent BxPC-3 cell lines from ECACC and
ATCC, respectively.

(d) Effect of treatment with Gem or GemOx on CLDN18.2 mRNA expression. mRNA was isolated from DAN-G cells
(untreated, treated with Gem [1 ng/mL] or GemOx [Gem 1 ng/mL + Ox 10 ng/mL] for 2 days) or Patu 8988S cells
(untreated or treated with Gem [10 ng/mL] or GemOx [Gem 10 ng/mL + Ox 100 ng/mL] for 3 days). RNA was reverse
transcribed to cDNA and CLDN18.2 transcript levels analyzed by qRT-PCR. Expression levels are depicted relative to
the housekeeping gene HPRT.

(e) Effect of treatment with Gem or GemOx on CLDN18 protein expression. CLDN18 protein expression was analyzed in
total cell lysates of untreated, Gem- (1 ng/mL) or GemOx- (Gem 10 ng/mL + Ox 100 ng/mL) treated DAN-G, or Patu
8988S cells by Western blot and detected with the Zymed C-term polyclonal antibody. Actin served as loading control.

(f) Influence of Gem, and 5-FU on surface expression of CLDN18.2 in Patu 8988S pancreatic cancer cells. CLDN18.2 expression was
detected using flow cytometry with zolbetuximab as primary antibody and anti-hu-IgG-APC as secondary antibody. Histogram
shows CLDN18.2 expression on Patu 8988S cells treated for 3 days with DMSO (gray line), 10 ng/mL Gem, 500 ng/mL 5-FU,
100 ng/mL PTX, or 500 ng/mL Ox (red line).
Abbreviations: 5-FU, 5-fluorouracil; APC, allophycocyanin; CLDN, claudin; FITC, fluorescein isothiocyanate; Gem, gemcita-
bine; GemOx, gemcitabine in combination with oxaliplatin; HPRT, hypoxanthin-guanine-phosphoriboseyltransferase; MFI,
mean fluorescence intensity; n.d., not detectable; NTC, non-template control; PC, pancreatic cancer; PTX, paclitaxel; qRT-PCR,
quantitative real-time polymerase chain reaction; SD, standard deviation.
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Figure 2. Zolbetuximab induces cytotoxicity against human PC cells.
(a) Binding dynamics of zolbetuximab (FITC-conjugated) to cell-surface CLDN18.2 on human PC cells by flow cytometry.
(b) Density of the zolbetuximab epitope (zolbetuximab molecules bound per cell) on human PC cells. Data are depicted as zolbetuximab molecules bound
per cell.
(c) Specific lysis of CLDN18.2-expressing cell lines (left panel, endogenous; right panel, transduced) with negative control (MIA PaCa-2) by zolbetuximab-
induced ADCC. Data are (a) mean of two or (b) mean ± SD of 3–5 independent donors per cell line.
(d) Zolbetuximab-induced ADCC EC50 in DAN-G cells with or without 1 ng/mL Gem pretreatment. Data are mean ± SD of 10 independent donors. P value
was calculated with an unpaired t-test. (e) Specific lysis of CLDN18.2-expressing cells (left panel, endogenous; right panel, transduced) by zolbetuximab-
induced CDC. Healthy human serum pool served as a complement source. Data are mean ± SD of triplicate.Abbreviations: ADCC, antibody-dependent
cellular cytotoxicity; CDC, complement-dependent cytotoxicity; EC50, half-maximal effective concentration; SD, standard deviation.
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Next, to investigate the sensitivity of the PC cell lines to
zolbetuximab-mediated CDC, human serum as a source of com-
plement was added to the culture in addition to zolbetuximab.
Zolbetuximab induced CDC against transduced CLDN18.2-
expressing cell lines only; endogenously expressing cell lines
were not killed by CDC (Figure 2e), indicating that CDC activity
required higher expression levels of CLDN18.2 compared with
ADCC. The EC50 values for CDC ranged between 3000–7000 ng/
mL (Suppl Figure 2B). The in vitro antitumor activity of zolbetux-
imab was strictly target-specific for both ADCC and CDC, and
while it was donor dependent, it was robust across different
donors (data not shown).

Zolbetuximab exhibits in vivo antitumor activity in
mouse xenograft models

To study the in vivo antitumor activity of zolbetuximab, PC cell
lines, including cell lines refractory to 50 mg/kg gemcitabine,
were used for subcutaneous (SC) xenografts. Mice were treated

with weekly repeat doses of systemic zolbetuximab alone and in
combination with gemcitabine (Figure 3 and Suppl Figure 4).
Treatment of two different xenograft tumor models with zolbe-
tuximab as a single agent resulted in significant tumor growth
retardation (Figure 3, a–c).

In the MIA PaCa-2~ CLDN18.2 model, inhibition of
tumor growth translated into a significant survival benefit
for mice treated with zolbetuximab and gemcitabine over
gemcitabine alone (Figure 3b, right panel). Further, MIA
PaCa2~ CLDN18.2 tumor lesions remaining in mice that
survived longer with zolbetuximab treatment had significantly
lower fractions of CLDN18.2+ cells compared with tumors of
control or gemcitabine-treated mice (Figure 3c), indicating
eradication of target-positive cells. Visual evidence could be
seen in FFPE tissue sections of isotype-treated control and
zolbetuximab-treated mice bearing MIA PaCa-2~ CLDN18.2
xenografts. (Figure 3c, a-f).

A modified form of paclitaxel, nanoparticle albumin-bound
paclitaxel (nab-paclitaxel), has been approved as first-line
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Figure 3. Zolbetuximab alone and in combination with gemcitabine exhibits in vivo antitumor activity in mouse xenograft models.
(a) Tumor growth kinetics of BxPC-3~ CLDN18.2 xenografts. The size of SC tumors were measured twice weekly. BxPC-3~ CLDN18.2 xenograft tumors were
inoculated by SC injection of 8.5 × 106 BxPC-3~ CLDN18.2 cells into the flanks of 10 female Hsd:Athymic Nude-Foxn1nu mice per treatment group. On Day 3 after
tumor cell injection, treatments were initiated with Gem (100 mg/kg IP) and were continued weekly for 6 weeks. 24 h after every injection of Gem, 200 μg
zolbetuximab or saline control treatments were applied IV into the tail vein. Zolbetuximab treatment was continued semi-weekly with alternating IP and IV injections
until mice were euthanized. Data are mean ± SEM. *P < .05; **P < .01 based on Tukey’s multiple comparisons test.
(b) Tumor growth kinetics of MIA PaCa-2~ CLDN18.2 xenografts (left). The size of tumors was measured twice weekly. Data are mean ± SEM. Kaplan–Meier survival
estimates (right). Mia PaCa2~ CLDN18.2 xenograft tumors were inoculated by SC injection of 5 × 106 MIA PaCa-2~ CLDN18.2 cells into the flank of 10 female Hsd:
Athymic Nude-Foxn1nu mice per treatment group. On Day 4 after tumor cell injection, treatment was initiated with Gem (50 mg/kg IP) and was continued weekly for
6 weeks. 24 h after injection of Gem, 200 μg zolbetuximab or control treatments were applied IV into the tail vein. Zolbetuximab treatment was continued semi-
weekly with alternating IP and IV injections until mice were euthanized (left). *P < .05 (zolbetuximab vs Gem, zolbetuximab+ Gem vs saline); **P < .01 (zolbetuximab
+ Gem vs Gem) based on Dunn’s multiple comparisons test (right). *P < .05 (zolbetuximab+ Gem vs Gem) based on log-rank test.
(c) IHC analysis of CLDN18.2+ tumor cells in MIA PaCa-2~ CLDN18.2 xenografts after treatment with zolbetuximab, Gem, or both. Percentage of CLDN18.2+ tumor
cells in MIA PaCa-2~ CLDN18.2 xenografts (upper panel). Data points represent individual measurements with the horizontal line representing mean ± SD.
***P < .001 based on one-way ANOVA followed by a Tukey’s multiple comparisons test. CLDN18.2 protein expression in zolbetuximab treated and untreated MIA
PaCa-2~ CLDN18.2 xenografts (lower panel). FFPE tissue sections of (a–c) isotype-treated control and (d–f) zolbetuximab-treated mice bearing MIA PaCa-
2~ CLDN18.2 xenografts (a, d). 1× overview, magnification 100× (b, e) and 200× (c, f). Staining was performed with Zymed anti-CLDN18 antibody.Abbreviations:
ANOVA, analysis of variance; FFPE, formalin-fixed paraffin-embedded; Gem, gemcitabine; IHC, immunohistochemistry; IP, intraperitoneal; IV, intravenous; SC,
subcutaneous; SD, standard deviation; SEM, standard error of the mean.
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treatment for PC in combination with gemcitabine.15 We tested
the antitumor activity of zolbetuximab and nab-paclitaxel in
xenograft tumors, but found no additional benefit either for
tumor volume reduction or for survival (Suppl Figure 5).

Zolbetuximab alone and in combination with
gemcitabine prevents lung metastasis formation in
intravenous mouse xenograft models

Next, the potential of zolbetuximab to prevent hematogenous
dissemination of PC cells was investigated. To this aim,
CLDN18.2-expressing cell lines were administered intrave-
nously (IV) into the tail vein of mice, resulting in manifestation
of lung metastases. Tumor load after treatment was assessed by
two independent methods: the ratio of human to murine geno-
mic DNA by PCR and the ratio of human MHC-I to lung cell
surface by IHC. In the SUIT-2~ CLDN18.2 model, mice were
treated with zolbetuximab monotherapy and control isotype
antibody; in the Patu 8988S model, both zolbetuximab and the
isotype were combined with gemcitabine. In both models,
significantly reduced lung metastatic load was observed with
zolbetuximab (Figure 4a and b).

Discussion

Zolbetuximab is a first-in-class mAb that specifically binds to
the tight junction protein CLDN18.2 and has shown promis-
ing antitumor activity in patients with gastric and GEJ
cancers.7-9,24 In these nonclinical studies, zolbetuximab
effected potent PC cell lysis in vitro by inducing ADCC and
CDC. ADCC was more pronounced and affected more cell
lines than CDC. Consistent with this cytolytic ability, zolbe-
tuximab demonstrated antitumor activity in human PC cell
line-derived mouse xenograft tumors. In this regard, zolbe-
tuximab is similar to mAbs such as rituximab and

daratumumab, which mainly act by stimulating ADCC and/
or CDC. In our experiments, the amplitude of zolbetuximab-
induced cytotoxic effects correlated with the expression level
of CLDN18.2 on the cell surface. An intriguing finding in our
studies is that the chemotherapeutic agent gemcitabine upre-
gulates CLDN18.2 expression in PC cell lines. This raises the
possibility that the combination of zolbetuximab with certain
chemotherapy may provide enhanced cytotoxic activity
against CLDN18.2+ expressing cells.

Therapeutic antibodies initially developed for solid tumors
acted by inhibiting tumor growth-promoting molecules (eg,
growth factor receptors, angiogenic agents). A second class of
mAbs for solid tumors, the immune checkpoint inhibitors
that enhance T-cell-mediated cytolysis, were developed more
recently and include drugs such as pembrolizumab and nivo-
lumab. Some mAbs, such as the anti-HER2 trastuzumab, also
stimulate immune effector pathways such as ADCC, although
not as their primary cytolytic mechanism. A targeted, high
efficacy treatment for PC remains an unmet medical need;
drugs that have failed include growth factor-inhibiting mAbs
and small-molecule tyrosine kinase inhibitors.18–23 In these
nonclinical studies, we demonstrate that zolbetuximab, a mAb
that acts through a novel target and mechanism, has antitu-
mor activity in animal PC models utilizing human PC cell
lines.

There are a few limitations to this study. Many of the cell
lines used did not endogenously express appreciable levels of
CLDN18.2, as CLDN18.2 seems to be downregulated and lost
under cell culture conditions. Therefore, we lentivirally trans-
duced cell lines, the expression levels of which may not fully
reflect those naturally occurring in the pancreatic cancers of
human patients. Also, while we have established ADCC and
CDC as the dominant cytolytic mechanisms in ex vivo assays,
we cannot discount that additional mechanisms are making a
contribution, especially in in vivo environments. Another

a b

Figure 4. Zolbetuximab alone and in combination with gemcitabine prevents lung metastasis formation in IV mouse xenograft models.
Mice were inoculated by IV injection of 2 × 106 (a) SUIT-2~ CLDN18.2 or (b) Patu 8988S human PC cells into the tail vein of female Hsd:Athymic Nude-Foxn1nu mice.
Alternating IV/IP injections with 200 µg zolbetuximab or isotype (with 100 mg/kg IP gemcitabine in combination studies) were initiated on Day 3 post-graft or
2 weeks after tumor injection and given twice per week. Mice were euthanized at different time points, or after the animals in the control group showed clear
physiologic signs of metastatic disease.
(a) Human DNA content with zolbetuximab (200 μg) or isotype.
(b) Human DNA content (left panel) and MHC-I on lung surface (right panel) with or without zolbetuximab + Gem (zolbetuximab 200 μg + Gem 100 mg/kg semi-
weekly for 4 weeks or with 200 μg isotype control antibody + 100 mg/kg Gem semi-weekly). Data are mean ± SEM. **P < .01based on Mann–Whitney U-test (two-
tailed). MHC-I staining was performed with anti-human MHC-I (EPR1394Y) antibody.
Abbreviations: Gem, gemcitabine; IHC, immunohistochemistry; IP, intraperitoneal; IV, intravenous; MHC, major histocompatibility complex; SEM, standard error of the
mean.
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issue is that our ADCC and CDC assays were conducted with
PBMC or serum pool from healthy subjects. However, in a
first-in-human study, PBMC and serum from patients with
GC were as capable as those from healthy donors in mediating
zolbetuximab-induced cell lysis.

Our results therefore support further development of zolbetux-
imab as a targeted therapy for PC. In addition, these results, in
conjunction with earlier findings, suggest zolbetuximab may pos-
sess a number of desirable characteristics for a therapeutic mAb:
the expression of CLDN18 in a large fraction of PC (60–90% in
pancreatic ductal adenocarcinoma, the most common form of
pancreatic cancer) indicates that a large population of patients
may be treated; the very limited expression of CLDN18.2 in
normal tissue may translate into a low occurrence of adverse
events; and the efficient lysis suggests it can have high potency.

Clinical data of the antitumor activity of zolbetuximab in
CLDN18.2-expressing GC and GEJ cancer have been
promising,7-9,24 which prompted investigations into the
potential of zolbetuximab as a therapeutic agent for
CLDN18.2-expressing PC as well. Our findings from this
nonclinical study support the notion that zolbetuximab can
be a therapeutic antibody not only for GC, but also for several
other CLDN18.2-expressing solid tumors, such as PC.

Methods

Quantitative real-time PCR (qRT-PCR)

RNA was isolated with an RNeasy Mini Kit (Qiagen) and cDNA
was synthesized with the Super Script III First-Strand Synthesis
System (Invitrogen) according to the manufacturer’s instructions.
The CLDN18.2 DNA sequence was amplified from cDNA with
primers #5054 as (5ʹ-AGAGAGCTCTGGCTTCACCGAGTG-3ʹ)
and #5060 as (5ʹ-CCAGAAGTTAGTCACCAGCATGTTGG-3ʹ),
which are selective for CLDN18.2 and do not cross-amplify DNA
sequences for its closely related isoenzyme, CLDN18.1. The qRT-
PCR reactions were prepared with SYBR Green (Qiagen) and
measurements were performed using the ABI-PRISM7900
Sequence Detection System (Applied Biosystems). The relative
CLDN18.2 expression was calculated using constitutive HPRT
as reference gene with the ΔΔCT method.25 Samples with a
relative mRNA expression of > 1 × 105 were considered
CLDN18.2+.

For detection of human DNA present in murine lung genomic
DNA samples, the qPCR reaction was performedwith primer pair
#5861 5ʹ-GGGATAATTTCAGCTGACTAAACAG-3ʹ and #5862
5ʹ-TTCCGTTTAGTTAGGTGCAGTTATC-3ʹ specifically ampli-
fying the alpha-satellite DNA present in human chromosome 17,
but not in mouse DNA. To generate a standard curve and as
positive control, Patu 8988S DNA was mixed with mouse DNA
and 5-fold dilutions were prepared, resulting in 100%, 20%, 4%,
0.8%, 0.16%, 0.032%, and 0.0064% human DNA in mouse DNA,
respectively. The curvewas used to calculate (linear regression) the
amount of human metastasis-DNA present in mouse lung tissue.

Western blot

PC cells were lysed in sodium dodecyl sulfate (SDS)-buffer
(34% glycine, 250 mM Tris pH 6.8, 5% β-mercaptoethanol,

8.2% SDS) and sonicated to remove genomic DNA. 75 µg
total protein were electrophoresed on a 12.5% polyacrylamide
gel, then blotted on a nitrocellulose membrane (90 min,
160 mA). Blots were incubated overnight at 4°C with primary
antibodies (0.25 µg/mL rabbit anti-Claudin 18 [C-term,
Zymed] or 0.1 µg/mL mouse anti-β-actin [Sigma] as loading
control). Binding of the primary antibody was detected with
labeled secondary antibodies (goat anti-rabbit IgG Fc or rabbit
anti-mouse; diluted 1:1000). Protein expression was detected
by the addition of 1–3 mL detection solution (Pico and Dura
Detection System [Pierce]) and scanning the blots in a LAS-
3000 detection box (Fujifilm).

Flow cytometry

Cells were harvested with Trypsin/EDTA (Sigma-Aldrich
Co.), counted, centrifuged for 5 min (300 × g), and the pellet
was resuspended in 200 μL of FACS buffer (antoMACS
Running Buffer, Miltenyi Biotec). Then 100 μL of cell suspen-
sions were plated in 96-well plates. Zolbetuximab was diluted
0.05 mg/mL in 50 μL FACS buffer and added to the cells for
30 min at 4°C as a primary antibody for detection of
CLDN18.2. The plate was centrifuged (2 min, 670 × g) and
then washed twice with 200 μL FACS buffer. After centrifuga-
tion, the pellet was resuspended in 100 μL of FACS buffer.
Secondary goat anti-human antibody (Fc-specific, F(ab´)2
conjugated with APC, Jackson ImmunoResearch Labs, Inc.)
was diluted in FACS buffer and 20 μL was added to each well.
The final dilution of secondary antibody in each well was
1:100. The plate was incubated for 30 min at 4°C in the
dark. After incubation, the plate was washed twice with 200
μL FACS buffer and the pellet was resuspended in 200 μL
FACS buffer and filtrated through a 70 μm nylon mesh filter.
Then, 100 μL FACS buffer containing 5 μL 7-AAD (BD
Biosciences) was added to the cell suspension for measure-
ment using FACSVerse (BD Biosciences). The obtained data
were analyzed using FlowJo software version 10.2 (FlowJo
LLC, Ashland, OR, USA). Because the experiment was con-
ducted once, the results are therefore from single experiments
(no replicates).

Epitope density

The Quantum™ Simply Cellular® anti-human IgG kit (Bangs
Laboratories, Inc.) was used according to the manufacturer’s
recommendation. Cells were stained with a dilution series of
FITC-conjugated zolbetuximab or FITC-conjugated isotype
control antibody (rituximab). For calibration, the different
beads were incubated with an excess of the respective FITC-
conjugated antibodies. Mean fluorescent intensity (MFI) was
measured by flow cytometry using a FACS Array
Bioanalyzer (BD).

Antibody-dependent cellular cytotoxicity (ADCC) analysis

Peripheral blood mononuclear cells as ADCC effector cells (E)
were isolated from human peripheral blood samples or buffy
coats from healthy donors (Transfusionszentrale, Mainz) by
standard Ficoll density gradient centrifugation (Ficoll-Paque
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Plus; VWR/GE Healthcare). Human PC cell lines as target
cells (T) were prepared by transient transfection with Anti-
Reverse-capped (ARCA, Ambion) luciferase RNA (provided
by TRON GmbH, Mainz, Germany) to follow cell lysis.
Briefly, 2.5 × 106 cells in X-Vivo medium were electroporated
(Gene Pulser Xcell, Bio-Rad) in the presence of 10 µg RNA at
200–250V and 300–475 µF, depending on the cell line.
2.5 × 104 viable cells/well were seeded to confirm luciferase
activity with a luminometer (Tecan Infinite200). Relative light
units of > 1000 were considered as successful transfection.
ADCC assays were performed with 1 × 104 target cells/well
seeded in 96-well plates in triplicates in assay medium (RPMI
+ GlutaMax or DMEM plus 20 mM HEPES [Invitrogen]).
Cells were cultured at 37°C, 5% CO2 for 4–6 h before the
addition of antibodies and effector cells. Zolbetuximab and
control isotype antibodies were serially diluted in PBS
(Invitrogen) at concentrations ranging from 0.26 ng/mL to
200 µg/mL. PBMCs were added at an E:T ratio of 40:1 and
assay plates were incubated for 24 ± 1 h at 37°C, 5% CO2.
D-luciferin (BD Biosciences) was added and the reaction
incubated for 80 min at room temperature in the dark. 8%
Triton X-100/PBS (AppliChem) was used instead of antibody
as control for maximum lysis. Assay medium without anti-
bodies served as the negative control. Specific killing was
detected and calculated as described in the supplement.

Complement-dependent cytotoxicity (CDC) analysis

CLDN18.2+ luciferase-expressing PC cells (as target cells)
were generated as described for ADCC. 1.5 × 104 target
cells/well were seeded in triplicates in RPMI + GlutaMax/
20 mM HEPES (Invitrogen) in 96-well plates (Nunc) and
cultured at 37°C, 5% CO2 for 24 h before the addition of
zolbetuximab or isotype control (rituximab). Antibodies were
prepared as serial dilution in PBS (Invitrogen) with assay
concentrations ranging from 31.7 ng/mL to 100 µg/mL and
added to target cells mixed with 20% final concentration of
healthy human serum pool in assay medium as complement
source. Assay medium without antibody served as negative
reference. Cells were incubated for 80 min at 37°C, 5% CO2

before D-luciferin was added and the reaction was incubated
for another 45 min at room temperature in the dark. Specific
killing was detected and calculated as described in the
supplement.

In vivo animal studies

All mouse experiments complied with the national regulations
and ethical guidelines for experimental animal studies.

A total of 5 × 106 to 1 × 107 MIA PaCa-2~ CLDN18.2 or
8.5 × 106 to 1 × 107 BxPC-3~ CLDN18.2 cells, in a volume of
200 µL PBS, were injected subcutaneously into the left flank of
female Hsd:Athymic Nude-Foxn1nu mice. Mice were treated
twice a week with 0, 200 µg, or 400 µg zolbetuximab by
alternating IV and intraperitoneal injections starting at Day
3 or Day 4 post-graft. In combination studies, low-dose gem-
citabine (50 or 100 mg/kg; Hexal) was IP injected 24 h before
zolbetuximab treatment for 6 weeks. Tumor size and body

weight were recorded twice a week. Tumor volumes (V) were
calculated with the following formula:

V ¼ length� width2

2

Mean tumor growth inhibition (TGI) was calculated as the
differences in mean tumor volumes in the active treatment
groups compared to the control group according to the fol-
lowing formula:

TGI %½ � ¼ 100

�
mean tumor size treated day xð Þ
�mean tumor size treated startð Þ

� �

mean tumor size of control day xð Þ
�mean tumor size of control startð Þ

� �� 100

2
6664

3
7775

Day x was defined as the time point the first animal in the control
group was euthanized due to a tumor volume of > 1400 mm3 or
an ulcerous tumor. Tumor samples were cryoconserved or fixed
in 4% formalin for subsequent analysis.

For lung metastases studies, mice were inoculated by IV injec-
tion of 2 × 106 SUIT-2~ CLDN18.2 or Patu 8988S human PC cells
into the tail vein of female Hsd:Athymic Nude-Foxn1nu mice.
Alternating IV/IP injections with 200 µg zolbetuximab or isotype
(with 100 mg/kg IP gemcitabine in combination studies) were
initiated on Day 3 post-graft (SUIT-2~ CLDN18.2) or two weeks
(Patu 8988S) after tumor injection and given twice per week.Mice
were euthanized at different time points, or after the animals in the
control group showed clear physiologic signs of metastatic disease
(eg, loss of weight, weakness, shortness of breath). All organs were
macroscopically analyzed for the presence of metastasis. Patu
8988S and SUIT-2~ CLDN18.2 engraftments displayed macro-
scopically visible metastases in lungs and lungs/livers, respectively.
The lungs were dissected into four equal pieces, two of those (lung:
upper right and lower left lobe) were used for the isolation of
genomicDNA. The remaining two pieceswere formalin-fixed and
paraffin embedded. Lungs were cryoconserved or fixed in 4%
formalin for subsequent analysis.

Statistical analysis

Statistics were calculated with GraphPad Prism version 6.00 for
Windows (GraphPad Software, Inc., La Jolla, CA, USA). For
correlation analysis, data were log-transformed, linear regression
was plotted, and a Spearman’s rank correlation coefficient (rs) with
the corresponding P value was calculated. Estimates for group
differences of not-normally distributed data were calculated with
aMann–Whitney U-test (two-tailed) for comparison of two treat-
ment groups or with a Kruskal–Wallis test followed by Dunn’s
multiple comparisons test for multiple comparisons. Statistical
analysis of normally distributed data sets was calculated with a
Student’s t test for comparison of two unpaired treatment groups
or by a one-way ANOVA followed by Tukey’s multiple compar-
isons test formultiple comparison.Differences in survival between
groups were calculated with a log-rank (Mantel–Cox) test. All
statistical tests were two-sided and differences were considered
significant if P < .05.
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