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ABSTRACT
IMAB362/Zolbetuximab, a first-in-class IgG1 antibody directed against the cancer-associated gastric- 
lineage marker CLDN18.2, has recently been reported to have met its primary endpoint in two phase 3 
trials as a first-line treatment in combination with standard of care chemotherapy in CLDN18.2-positive 
Her2 negative advanced gastric cancer. Here we characterize the preclinical pharmacology of BNT141, 
a nucleoside-modified RNA therapeutic encoding the sequence of IMAB362/Zolbetuximab, formulated in 
lipid nanoparticles (LNP) for liver uptake. We show that the mRNA-encoded antibody displays a stable 
pharmacokinetic profile in preclinical animal models, mediates CLDN18.2-restricted cytotoxicity compar-
able to IMAB362 recombinant protein and inhibits human tumor xenograft growth in immunocompro-
mised mice. BNT141 administration did not perpetrate mortality, clinical signs of toxicity, or gastric 
pathology in animal studies. A phase 1/2 clinical trial with BNT141 mRNA-LNP has been initiated in 
advanced CLDN18.2-expressing solid cancers (NCT04683939).
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Introduction

Based on systematic in silico cancer target discovery screening, 
we proposed splice variant 2 of the tight-junction protein 
claudin 18 (CLDN18.2) as an ideal tumor-associated target 
for monoclonal antibody therapy of various cancer types.1 

CLND18.2 is a highly selective gastric-lineage marker 
expressed exclusively in differentiated cells of gastric epithelia, 
but not in any other normal human cell type.2 In normal 
gastric tissue, CLDN18.2 is buried in the tight-junction supra-
molecular complex of stomach lining cells. Loss of cell polarity 
and disruption of the tight-junction architecture during malig-
nant transformation exposes CLDN18.2 epitopes on gastric 
tumor cells, rendering these cells targetable by intravenously 
administered CLDN18.2-directed antibodies. In addition to its 
lineage-related expression in gastric cancers, CLDN18.2 is 
aberrantly activated in various other cancers, such as 
esophageal,1,3 pancreatic4 (including precancerous lesions),5,6 

mucinous ovarian,1 biliary,7 and lung cancers.8

We previously reported development of IMAB362 (INN: 
Zolbetuximab), a first-in-class, chimeric monoclonal IgG1 
antibody that binds to CLDN18.2 with high selectivity and 
mediates tumor cell death through antibody-dependent cel-
lular cytotoxicity (ADCC) and complement-dependent cyto-
toxicity (CDC), which are Fcγ receptor-dependent 
mechanisms.9

IMAB362 has shown single-agent activity and a manageable 
safety profile in studies involving patients with heavily 

pretreated recurrent or refractory CLDN18.2-positive gastric 
and gastroesophageal junction (G/GEJ) cancer.10–12 In 
a randomized phase 2 trial in patients with newly diagnosed 
advanced CLDN18.2-positive gastroesophageal adenocarci-
noma, we showed that IMAB362 as an add-on to first-line 
EOX (epirubicin, oxaliplatin, and capecitabine) chemotherapy 
provides a statistically significant benefit over EOX alone on 
progression-free survival, overall survival, objective response 
rate13 and improved quality of life.14 Recently, two randomized 
phase 3 trials testing IMAB362 in combination with standard- 
of-care chemotherapy regimens in patients with G/GEJ showed 
improved progression-free and overall survival as compared to 
chemotherapy alone.15,16

In our pursuit to develop next-generation modalities 
targeting CLDN18.2, we are exploring RNA therapeutics 
encoding antibodies that we call RiboMabs.17 RiboMabs 
are RNA-encoded antibody sequences packaged in lipid 
nanoparticles (LNPs) that are administered intravenously, 
taken up and translated to the encoded antibody in the 
liver. We have previously reported for RNA-LNPs encoding 
a bispecific T cell-engaging antibody that their repeated 
delivery results in sustained production of therapeutic 
levels of that bispecific antibody in mice.17 The present 
study describes the preclinical pharmacology and anti- 
tumor activity of BNT141, an LNP-encapsulated N1- 
methylpseudouridine-modified RNA therapeutic encoding 
for an antibody sequence identical to IMAB362, referred 

CONTACT Uğur Şahin ugur.sahin@biontech.de BioNTech SE, An der Goldgrube 12, Mainz 55131, Germany
*These authors contributed equally to this work.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/2162402X.2023.2255041

ONCOIMMUNOLOGY                                        
2023, VOL. 12, NO. 1, 2255041 
https://doi.org/10.1080/2162402X.2023.2255041

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0002-6987-2398
http://orcid.org/0000-0002-9597-3010
http://orcid.org/0000-0002-0579-1097
http://orcid.org/0000-0003-0363-1564
https://doi.org/10.1080/2162402X.2023.2255041
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2023.2255041&domain=pdf&date_stamp=2023-10-14


to here as RiboMab01 to distinguish the BNT141-derived 
antibody from recombinantly produced IMAB362. The data 
presented here has informed the design of the first-in- 
human phase 1 trial with BNT141 as monotherapy and in 
combination with chemotherapy in patients with 
CLDN18.2-expressing gastric, pancreatic, ovarian, and bili-
ary tract tumors refractory to standard-of-care treatment 
(NCT04683939).

Materials and methods

Animals

Female BALB/cJRj mice (Janvier Labs) were purchased at 7 to 
8 weeks of age and 24 g average body weight. Female immuno-
deficient Hsd:Athymic Nude-Foxn1nu/nu (Envigo) mice were 
purchased at 11 weeks of age and 25 g average body weight. All 
mouse studies were approved by the regional animal welfare 
committee (ethical approval no. 23 177–07/G 17-12-001), con-
ducted per Federation of Laboratory Animal Science 
Association (FELASA) recommendations and in compliance 
with the German Animal Welfare Act and EU Directive 2010/ 
63/EU. Recommendations of the Gesellschaft für 
Versuchstierkunde/Society of Laboratory Animal Science (GV- 
SOLAS) were additionally applied. The nonhuman primate 
(NHP) study was conducted at the Laboratory of 
Pharmacology and Toxicology GmbH & Co. KG (Hamburg, 
Germany). Female cynomolgus monkeys (Roberto 
C. Hartelust, Tilburg, the Netherlands) were 3 to 4 years old 
and weighed 2.5 to 3.4 kg at the initiation of dosing. The 
monkeys were housed in V2A steel cages in collectives of up 
to three animals with only one treatment group per collective at 
room temperature of 23 ± 3°C (maximum range) and the 
relative humidity at 60 ± 20% (maximum range). Rooms were 
alternately lit and darkened in a 12-h cycle. Animals were fed 
with commercial diet ssniff® Pri V3994 (ssniff Spezialdiäten 
GmbH, 59494 Soest, Germany). Drinking water was offered 
ad libitum.

Cells and cell culture

The following cell lines were used in this study: Chinese 
hamster ovary (CHO) K1 cells (ATCC CCL-61); luciferase 
(Luc)-expressing CHO-K1 cell lines with and without 
a stable human CLDN18.2 transgene; human gastric ade-
nocarcinoma cell lines NCI-N87 (ATCC CRL-5822) and 
NUGC-4 (JCRB0834; 46% cells constitutively CLDN18.2+) 
engineered to overexpress human CLDN18.2 (NUGC- 
4~hCLDN18.2; 94% cells CLDN18.2+) and harboring 
a Luc transgene; transfected CLDN18.2-overexpressing 
NCI-N87 without a Luc transgene (NCI-N87~hCLDN18.2; 
60% cells CLDN18.2+); MDA-MB-231 human breast ade-
nocarcinoma cells (ATCC HTA-26) with and without Luc 
expression. All cell lines were cultured per standard proce-
dures recommended by the provider.

Primary human hepatocytes used for lipofections were 
cultured according to the manufacturer’s instructions 
(BioIVT). Peripheral blood mononuclear cells (PBMC) 
were isolated by Ficoll density-gradient centrifugation 

from buffy coats of healthy human donors (Mainz 
University Hospital) for use as ADCC effectors.

Cloning, in vitro transcription of RNA and LNP 
encapsulation

RiboMab01-encoding DNA sequences were human codon- 
optimized prior to gene synthesis. The anti-CLDN18.2 domain 
heavy and light chain sequences were derived from the pre-
viously published IMAB362 full-length IgG antibody 
sequence.18 SpeI-XhoI restriction sites were added to the 
DNA sequences; digestion with SpeI and XhoI yielded frag-
ments of 1,474/3,974 and 790/3,974 base pairs for the heavy 
and light chain DNA constructs, respectively, which were 
sequenced and compared with the IMAB362 sequence. In 
addition to the heavy and light chain-encoding sequences, 
each transcribed RNA strand contains common structural ele-
ments optimized for stability and translational efficiency 
(CC413 as 5’-cap, AGA-dEarI-hAg as 5’-untranslated region 
[UTR], FI element as 3’-UTR, and a poly[A] tail measuring 100 
adenosines with a linker at position 30 [A30L70]).19,20

In vitro transcription of the RiboMab01-encoding heavy 
chain and light chain DNA sequences was performed as pre-
viously described.17 The resulting 5’, N1-methylpseudouridine 
(m1Ψ)-capped RNA was isolated with magnetic beads, purified 
with cellulose, diluted in RNAse-free water (B. Braun) and 
stored in nuclease-free reaction tubes (Eppendorf). The tran-
scribed RNA was quality-assessed (Agilent 2100 Bioanalyzer, 
Agilent Technologies Inc.) and quantitated (Nanodrop 2000c, 
Thermo Fisher Scientific) prior to encapsulation in LNP 
(ionizable cationic lipid, a polyethylene glycol (PEG) lipid, 
phospholipid, and cholesterol) to generate BNT141, followed 
by storage at −65 to −85°C. The formulations were tested for 
particle size, distribution, encapsulation efficiency, and RNA 
concentration. Typically, the LNP sizes were approximately 70  
nm, polydispersity index < 0.1, encapsulation efficiency >90% 
and RNA concentration ~1 mg/mL. RNA-LNP doses or con-
centrations are given as masses or concentrations of encapsu-
lated-RNA.

Lipofection of cells

Primary human hepatocytes were thawed per the provider’s 
instructions (BioIVT), resuspended in InVitroGro™ CP med-
ium (Merck KGaA) + Torpedo™ Antibiotic Mix (BioIVT) and 
seeded at 2.5 × 104 cells/well on a BioCoat™ Collagen I 96-well 
plate (Corning). After allowing 2 to 4 h for cell adhesion, the 
medium was replenished and the plate incubated for a further 
24 h. The culture medium was then exchanged for InVitroGro 
HI medium + antibiotics. BNT141 serial dilution in saline was 
added and the plate incubated for 48 h at 37°C, 5% CO2. After 
centrifugation (300 ×g, 4 min), the resulting supernatant was 
pooled and stored at 2 to 8°C until analysis.

CHO-K1 cells suspended in F-12K Nutrient mixture med-
ium (Thermo Fisher Scientific) + 10% fetal bovine serum (FBS) 
were seeded at 1 × 105 cells/well on a 48-well plate 24 h before 
lipofection. Culture medium was exchanged for Opti-MEM® 
I Reduced Serum Medium (Thermo Fisher Scientific) followed 
by addition of serially diluted BNT141 to the test wells, PBS or 

2 H. BÄHR-MAHMUD ET AL.



erythropoietin (EPO)-encoding RNA-LNP to the control wells 
and a 48-h incubation at 37°C, 5% CO2. The cell culture super-
natant was harvested by centrifugation (500 ×g, 10 min), trans-
ferred to a clean 96-well plate, pooled, and stored at 2 to 8°C 
until analysis.

Pharmacokinetic studies

Ten-to-fourteen-week-old female BALB/cJRj mice received an 
IV bolus of BNT141 (1, 3, 10, or 30 µg; n = 3/group) to deter-
mine RiboMab01 pharmacokinetics (PK) after single and 
repeated (five weekly injections) dosing. Negative control 
mice received 30 µg Luc RNA-LNP (n = 3), while animals in 
the reference group (n = 3) were given IMAB362 (40 µg [single 
dose] or 80 µg [repeated-dose]). For plasma preparation, per-
ipheral blood was collected in Microvette 300 LH tubes at 
earlier time points or Microvette 500 Z-Gel at later time points 
(both from Sarstedt) and centrifuged (10,000 × g, 5 min) at 
room temperature. Plasma was aliquoted and stored frozen 
(−65 to −85°C) until analysis.

Three-to-four-year-old female cynomolgus monkeys were 
given three weekly IV boluses of 0.1, 0.4, or 1.6 mg/kg BNT141 
(n = 3/group), saline (n = 3) or empty LNP (n = 3). Serum was 
prepared from venous blood at various time points, aliquoted, 
and stored at −20 ± 2°C until analysis.

Sandwich enzyme-linked immunosorbent assay (ELISA) for 
RiboMab01 quantitation

The ELISA assays were performed with kits, a measuring 
device and analysis software from Gyros Protein 
Technologies AB. Serum or plasma samples were first diluted 
10-fold and cell culture supernatant samples twofold. 
RiboMab01 in serum/plasma was captured using 
a biotinylated anti-human IgG Fc antibody and detected with 
an Alexa Fluor® 647-labeled anti-human IgG (Gyrolab Generic 
PK/TK Kit – Low/High-Titer). In cell culture supernatant, 
a biotinylated derivative of Staphylococcus aureus protein 
A was used for capture and an Alexa Fluor® 647-labeled 
F(ab´)2 fragment of anti-human IgG (Gyrolab huIgG Kit – 
Low Titer) for detection. Low-titer PK analysis was performed 
in a Gyrolab Bioaffy 1000 HC CD with dynamic ranges of 0.5 
to 1,000 ng/mL in serum/plasma and 4 to 3,000 ng/mL in cell 
culture supernatant. High-titer PK analysis was performed in 
a Gyrolab Bioaffy 20 HC CD with a 0.05 to 200 µg/mL dynamic 
range in serum/plasma. IMAB362 served as reference.

Cytotoxicity assays

ADCC: 3 × 105 human PBMC were added to 1 × 104 luciferase- 
expressing NUGC-4~hCLDN18.2 target cells or MDA-MB 
-231 control cells in assay medium (RPMI 1640 medium +  
10% FBS +100 U/mL penicillin +100 U/mL streptomycin +1  
M HEPES; Thermo Fisher Scientific) on a white 96-well micro-
titer plate. Serially diluted RiboMab01-containing CHO-K1 
supernatant, plasma or sera from BNT141-dosed animals was 
added to the experimental lysis wells (Lexp) in triplicate. 
IMAB362 was used as reference. Mock (buffer only)- 
lipofected CHO-K1 cell culture supernatant was used as 

sample diluent and added to the minimum and maximum lysis 
(Lmin, Lmax) wells. Plates were incubated at 37°C, 5% CO2 for 
48 h.

CDC: 2.5 × 104 luciferase-expressing target and control 
cells prepared in medium A (DMEM/F-12 medium + 10% 
FBS +20 mM HEPES; Thermo Fisher Scientific) were seeded 
on a white 96-well microtiter plate in triplicate and incubated 
at 37°C, 5% CO2 for 24 h. Culture supernatant from 
BNT141-lipofected CHO-K1 cells, sera from BNT141-dosed 
animals or IMAB362 reference antibody were serially diluted 
and added to the test (Lexp) wells. The Lmin wells contained 
only mock culture supernatant + FBS-free medium 
A (diluent). A final concentration of 25% non-heat- 
inactivated normal human serum (Quidel) as complement 
source was added per well and incubated at 37°C, 5% CO2 
for 140 min.

ADCC and CDC: the Lmax wells were treated with 20% 
Triton X-100 for 10 min and the assay plates incubated with 
buffered BD Monolight luciferin (BD Biosciences) for 30 min. 
Bioluminescence was measured on an Infinite M200 micro-
plate reader (Tecan) and the percentage of specific target cell 
lysis calculated as follows: 

Specific lysis %ð Þ ¼ 1 � Lexp � Lmax
� �

= Lmin � Lmax½ �
� �

x10 

Human tumor xenograft mouse model

Eleven-week-old female Hsd:Athymic Nude-Foxn1 nu/nu 
mice were subcutaneously injected with 5 × 106 NCI-N87 
~hCLDN18.2 cells in the upper right flank. Body weight was 
recorded at the start and weekly throughout the study. The 
largest (a) and smallest (b) tumor diameters were measured 
with a caliper every 2 to 4 days to calculate the tumor volume: 

Tumor volume ¼ a mm½ � x b mm½ �2
� �

= 2 

Upon reaching a mean tumor volume of 30 mm3, the animals 
were randomly distributed to six groups of nine mice each: 3, 
10 or 30 µg BNT141 (test groups), 30 μg Luc RNA-LNP (nega-
tive control), 800 µg IMAB362 (reference) or saline (vehicle). 
A total of six injections were administered weekly by IV bolus.

The mean tumor volume per group at the end of the study 
(day 56) was normalized to the Luc RNA-LNP group to calcu-
late the relative tumor volume percentages: 

relative tumor volume %ð Þ
¼ 100 � Meantreatment group=MeanLuc RNA � LNP

� �
� 100

� �

Data analysis and statistics

Graphs were produced and analyzed using GraphPad Prism 
9 software. The Mann–Whitney U test was applied to 
compare groups. The sigmoidal dose–response (standard 
slope) algorithm was used to visualize and analyze ADCC 
and CDC data.

ONCOIMMUNOLOGY 3



Results

BNT141-encoded RiboMab01 produced in vitro is 
biologically active

BNT141 RNA-LNPs consist of two single-stranded RNAs 
encoding the light and the heavy chain of the 
CLDN18.2-specific IgG1 IMAB362/Zolbetuximab (Figure 1a). 
We selected this monoclonal antibody clone for its selective 
binding to its target CLDN18.2, as confirmed by a tissue cross- 
reactivity study that did not detect unspecific cross-reactivity to 

any healthy human tissues except for the gastric mucosa 
epithelium (Figure S1).

First, we assessed whether expression of BNT141 in eukar-
yotic cells yields an antibody with the same functionality as 
IMB362. Primary human hepatocytes and CHO-K1 cells trans-
fected with BNT141 secrete RiboMab01 as a correctly 
assembled, structurally stable monomeric IgG molecule. 
RiboMab01 produced in vitro bound human 
CLDN18.2-overexpressing gastric adenocarcinoma cell lines 
(Figure S2). RiboMab01 mediated dose-dependent, potent 

Figure 1. BNT141-encoded RiboMab01 produced in vitro is biologically active. (a) Schematic representation of the RiboMab® platform and its anticipated mode of action 
in vivo. (b) RiboMab01-mediated ADCC after 48 h of co-incubation of human PBMC (n = 3) with NUGC-4~hCLDN18.2 gastric adenocarcinoma cells or CLDN18.2-negative 
MDA-MB-231 breast adenocarcinoma cells at a 30:1 E:T ratio. (c) RiboMab01-mediated ADCC after 24 h of co-incubation of human PBMC with NUGC-4~hCLDN18.2 cells 
at different E:T ratios. (d) RiboMab01-mediated CDC after 4 h of co-incubation of CHO-K1~hCLDN18.2 or CLDN18.2-negative CHO-K1 with 25% human serum as 
complement source. ADCC and CDC assays were conducted with RiboMab01-containing supernatant from BNT141-lipofected CHO-K1 cells; IMAB362 was used as 
a reference antibody. Data are means ± SD of technical triplicates. ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; CHO, 
Chinese hamster ovary; E:T, effector-to-target; PBMC, peripheral blood mononuclear cells.
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CLDN18.2-specific ADCC with EC50 values ranging between 9 
and 127 ng/mL reaching maximum lysis of 70 to 98% 
(Figure 1b). Cytolysis of CLDN18.2-expressing tumor cells by 
RiboMab01 was optimal at an effector-to-target (E:T) ratio of 
30:1, with robust killing observed at E:T ratios as low as 5:1 
(Figure 1c). RiboMab01 also exhibited potent CLDN18. 
2-specific CDC of stably CLDN18.2-expressing CHO cells 
with an EC50 value of 600 ng/ml and 100% maximum killing 
(Figure 1d). RiboMab01 and IMAB362 mediated ADCC and 
CDC with similar efficacies (Figure 1b, d).

BNT141 exerts anti-tumor activity in a human tumor 
xenograft mouse model

To assess whether IV-administered BNT141 RNA-LNP 
results in bioavailable and functional antibody in vivo 
with the capacity to mediate anti-tumor activity, we 
resorted to studies in nude mice bearing a subcutaneous 
CLDN18.2-expressing human gastric tumor xenograft. 
Starting at day 15 after tumor cell inoculation at a mean 
tumor volume of 30 mm3, six weekly doses of 3, 10, and 30  
µg BNT141 RNA-LNP and 800 µg IMAB362 were adminis-
tered (Figure 2a, Figure S4). Treatment of mice with 30 µg 
BNT141 significantly inhibited tumor growth compared to 
controls (Luc RNA-LNP, p = .01; Saline, p = .014). The 30 µg 
BNT141 regimen trended toward being superior to the 800  
µg IMAB362 regimen; 3 or 10 µg BNT141 RNA-LNP were 
less effective. The mean tumor volumes on the last day of 
the study (day 56), relative to the Luc RNA-LNP control 
cohort, were smallest for the 30 µg BNT141 RNA-LNP dose 
cohort (55%), followed by the cohorts that received 3 µg 
BNT141 (75%), 800 µg IMAB362 (78%) and 10 µg BNT141 
(82%) (Figure 2b).

BNT141 repeated dosing of rodents results in sustained 
exposure with biologically active RiboMab01 without 
signs of toxicity

Next, we studied how IV administration of the RNA-LNP 
translates to exposure to the encoded pharmacologically 
active antibody in rodents. Upon IV administration of luci-
ferase-encoding RNA-LNP in mice, we detected expression of 
the encoded protein to be largely confined to the liver fol-
lowed by 1–2 orders of magnitudes lower signal in the spleen 
(Figure 2c–d). We analyzed the in vivo production of 
RiboMab01 in mice after single (study duration, 21 days) 
and weekly (5 doses; study duration, 42 days) injections of 
BNT141 RNA-LNP. Single injections (1 to 30 µg BNT141) 
revealed RiboMab01 maximum plasma concentrations 
(Cmax, 7 to 456 µg/mL) and persistence (7 to 21 days) to be 
dose-dependent, but not dose-proportional (Figure S3, Table 
S1). These findings were largely confirmed in a single-dose 
PK study in Wistar rats (Figure S3B, Table S2). Weekly 
injections of 30 or 10 µg BNT141 maintained stable 
RiboMab01 expression in mice, while expression was not 
stable with injections of 3 or 1 µg (Figure 2e, Table S3). The 
30 µg dose level led to RiboMab01 accumulation with each 
injection (Cmax, 730 to 1,073 µg/mL from 1st to 5th dose). 
RiboMab01 plasma concentrations peaked in mice 

approximately 24 h after BNT141 administration for all 
doses. Notably, injecting mice with 3 µg (single) or 10 µg 
(weekly) doses of BNT141 produced peak RiboMab01 plasma 
levels comparable to 40 µg (single) or 80 µg (weekly) doses of 
IMAB362. Anti-RiboMab01 antibodies were detected in mice 
dosed with 1 to 10 µg BNT141 in concentrations that inver-
sely correlated to the dose (Figure S5A).

RiboMab01 present in the serum of mice 7 days after 
BNT141 treatment mediated CLDN18.2-specific ADCC, 
depending on the administered BNT141 RNA-LNP dose, indi-
cating full functionality of in vivo-produced antibody 
(Figure 2f).

Release of pro-inflammatory cytokines (IL-6, IFN-α, TNF- 
α) and chemokines (MCP-1 and MIP-1α) at moderate levels 
was detectable 6 h after IV administration of BNT141, was 
transient, dose-dependent and associated with the RNA-LNP 
rather than the encoded antibody (Figure S6).

No clinical signs of systemic toxicity and no BNT141 treat-
ment-associated loss in animal body weight were observed 
(Figure S3C-E) for any of the tested BNT141 dosing regimens 
in all species in the above-described pharmacokinetic studies. 
Given that CLDN18.2 is a gastric epithelia lineage marker, we 
were specifically interested in gastric toxicity. As the above 
studies were not designed to assess toxicity, and with only 30  
µg BNT141 being the highest dose tested, we conducted an 
exploratory toxicity study in mice with a specific focus on 
gastric toxicity. A single IV administration of 4 mg/kg (~80  
µg) BNT141 did not affect stomach weight absolute or relative 
to body weight (data not shown) and no indications for 
immune-cell infiltration, inflammation, or necrosis in the gas-
tric mucosa were observed macroscopically or upon micro-
scopic inspection (Figure S7). Again, no clinical signs or 
effects on animal body weight were observed in this single 
dose non-GLP study.

BNT141 repeated dosing of nonhuman primates results in 
sustained exposure with biologically active RiboMab01

To explore pharmacokinetics in a model that is closer to 
human, we resorted to NHP. Three groups of cynomolgus 
monkeys (n = 3/group) were administered different doses of 
BNT141 (0.1, 0.4, or 1.6 mg/kg) once a week for three admin-
istrations. All three groups exhibited dose-dependent and sus-
tainable RiboMab01 serum levels through day 21 and 
detectable levels until the end of study at day 35 (Figure 3a, 
Table S4). The three BNT141 doses of 0.1, 0.4, and 1.6 mg/kg 
yielded RiboMab01 Cmax values of 3, 22, and 41 µg/mL post 
first injection and 5, 36, and 23 µg/mL post-third injection, 
respectively. Tmax was 48 h after the first injection and 24 to 
48 h after the third injection. The overall mean half-life of 
RiboMab01 was 82 h (intergroup range: 53 to 102 h). As 
observed in mice, RiboMab01 exposure was BNT141 dose- 
dependent but not dose-proportional. The cynomolgus mon-
keys dosed with 1.6 mg/kg BNT141 developed anti-RiboMab01 
antibodies toward the end of the second dosing cycle (Figure 
S5B), while anti-RiboMab01 antibodies were detected in two 
monkeys in the 0.4 mg/kg BNT141 dose group at the end of the 
study (data not shown).
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Figure 2. Weekly BNT141 administration slows tumor growth and results in stable exposure to biologically functional RiboMab01 in mice. (a) Top panel, tumor-bearing 
Hsd:Athymic Nude-Foxn1 nu/nu mice were treated with different doses of BNT141 or 800 µg reference IMAB362. Control animals were treated with 30 µg Luc RNA-LNP 
or saline. Bottom panel, Median tumor growth over time. Vertical dotted lines indicate weekly BNT141 injections. (b) Relative mean tumor volumes measured on day 56 
(end of the study) and normalized to the Luc RNA-LNP group. (c) For in vivo imaging of RNA-LNP biodistribution, female BALB/cJRj mice received a single IV injection of 
Luc RNA-LNP and bioluminescence was monitored 6, 24, 48, 72, and 144 h after administration. Bioluminescence images taken 6 h after Luc RNA-LNP administration are 
shown for individual mice (left panel) in ventral position (n = 5) and single organs (right panel) of mouse #1 and mouse #2. (d) Top panel, quantification of 
bioluminescence in different organs 6 h after administration (n = 2). Bottom panel, quantification of bioluminescence in the liver (n = 5 for 6-h time point or n = 3 for all 
other indicated time points). Individual data points are shown along with the mean ± SD. (e) Injection schedule (top panel) and the corresponding RiboMab01 plasma 
concentrations (bottom panel) for female BALB/cJRj mice repeatedly dosed with BNT141 or IMAB362. Blood was sampled at the indicated time points and plasma 
concentrations of RiboMab01 and IMAB362 were quantified by ELISA. The horizontal dotted line represents the lower limit of quantification. (f) Ex vivo ADCC, mediated 
by RiboMab01-containing plasma from BNT141-treated mice, after 48 h of co-incubation of human PBMC with NUGC-4~hCLDN18.2 gastric adenocarcinoma cells. The 
Mann-Whitney U test was used for group-wise comparison (*p < .001). Arithmetic means ± SD are shown in E, means ± SD in F. Mouse icons adapted from BioRender. 
ADCC, Antibody-dependent cellular cytotoxicity; E:T, effector-to-target; Luc, Luciferase; n, number; ns, not significant; SC, subcutaneous; IV, intravenous; PBMC, 
peripheral blood mononuclear cells; p/s, photons per second.
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RiboMab01 expressed in cynomolgus monkeys and contained in 
their serum 7 days after the first injection mediated 
CLDN18.2-specific ADCC in co-cultures of human PBMC and 
NUGC-4~hCLDN18.2 target cells at a 30:1 E:T ratio (Figure 3b). 
Serum from animal no. 14 (BNT141 dose: 1.6 mg/kg) with the 
highest RiboMab01 Cmax showed CLDN18.2-restricted ADCC 
and CDC comparable to IMAB362 (ADCC EC50: 9.94 ng/mL vs. 
22.64 ng/mL; CDC EC50: 686.2 ng/mL vs. 661.1 ng/mL) (Figure 3c– 
d). Thus, the antibody encoded by IV administered RNA-LNP is 
also readily bioavailable and functional in larger animals.

Discussion

Our study provides preclinical characterization of BNT141, an 
LNP-formulated RNA that encodes for the amino acid 

sequence of IMAB362/Zolbetuximab, a chimeric ADCC- and 
CDC-mediating anti-CLDN18.2 IgG1 late-stage clinical mono-
clonal antibody drug candidate.12,13,15 We show that IV admi-
nistered BNT141 is expressed in the liver, the encoded protein 
is secreted and circulates in the vascular system. In mice, rats 
and cynomolgus monkeys, sustained exposure of treated ani-
mals to the antibody at concentrations above or around the 
antibody’s EC50 is achieved by repeated weekly intravenous 
administration.

BNT141 RNA-LNP has potent anti-tumor activity in 
mice, mediating growth inhibition of CLDN18.2-positive 
tumor xenografts, while RiboMab01 recovered from 
BNT141 treated mice kills CLDN18.2-expressing cells 
in vitro. Of note, 30 µg BNT141 achieved comparable or 
better tumor control than 800 µg IMAB362, similar to 

Figure 3. Repeated dosing of nonhuman primates with BNT141 results in sustained serum levels of functional RiboMab01. (a) Top panel, BNT141 was administered to 
female cynomolgus monkeys (n = 3/group) and blood was drawn at the indicated time points. Bottom panel, RiboMab01 serum concentrations upon repeated BNT141 
dosing. Shown are arithmetic means ± SD. The horizontal dotted line represents the lower limit of quantification. (b) Ex vivo ADCC activity of RiboMab01 expressed in 
monkeys (serum sampled 168 h after first BNT141 dose) with NUGC-4~hCLDN18.2 target cells and human PBMC (E:T ratio of 30:1). CLDN18.2-negative MDA-MB-231 
cells served as negative control. Specific lysis was measured after 48 h of incubation. (c) ADCC (48-h incubation) and (d) CDC (4-h incubation) mediated by RiboMab01 in 
serum collected 48 h after third dosing of animal no. 14. CDC was performed with 25% human serum as complement source. CHO~hCLDN18.2 served as target cells and 
wildtype CHO as negative control. IMAB362 served as reference protein. Data are mean ± SD of technical triplicates (b−d). Cynomolgus monkey icon adapted from 
BioRender. ADCC, Antibody-dependent cellular cytotoxicity; CDC, Complement-dependent cytotoxicity; CHO, Chinese hamster ovary; EC50, half maximal effective 
concentration; E:T, effector-to-target; IV, intravenous; n, number.
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observations with RNA-encoded versions of trastuzumab 
(anti-HER2)21 and pembrolizumab (anti-PD-1).22

We have not observed indications for potential safety 
signals related to the encoded antibody’s mode of action. 
This is in line with other data: the lack of expression of 
CLDN18.2 in the vast majority of normal tissues in animals 
and humans and its assumed inaccessibility for antibodies 
in gastric epithelia, the only constitutively expressing cell 
type,1,2,23 the absence of cross-reactivity of IMAB362 with 
other normal tissues in immunohistochemistry confirmed 
in this paper and a favorable safety profile with manageable 
gastric adverse events reported for IMAB362/Zolbetuximab 
in several clinical studies.12,13,15 Associated with the RNA- 
LNP platform, we have observed transient release of pro- 
inflammatory cytokines at moderate levels that most likely 
is attributable to the lipid formulation. Of note, pro- 
inflammatory cytokines may even contribute to the anti- 
tumor activity by promoting the function of antibody- 
mediated immune effector mechanisms, e.g., IFN-α can 
support the cytotoxicity of natural killer cells,24 which is 
crucial for ADCC-inducing therapeutic IgG antibodies such 
as RiboMab01. As innate immune stimulatory thresholds 
differ between the species investigated herein and humans, 
further understanding of these signals will have to come 
from the ongoing clinical trials.

PK studies in rodents and cynomolgus monkeys confirmed 
in vivo expression of biologically active RiboMab01 and compar-
able interspecies Tmax values of 24 to 48 h. In mice, a RiboMab01 
Cmax of more than 1,000 µg/ml was achieved after five weekly 
injections of 30 µg BNT141, compared with a Cmax of approxi-
mately 140 µg/ml obtained with 80 µg IMAB362. This is consis-
tent with observations by other investigators that RNA-encoded 
antibodies had better dose-exposure ratios than their purified 
antibody counterparts.21,22,25,26 Cynomolgus monkeys adminis-
tered 1.6 mg/kg BNT141 showed a mean Cmax of 23 µg/mL 
RiboMab01, which is approximately 115-fold higher than the 
ex vivo ADCC EC95 value (0.2 µg/mL), suggesting that even low 
doses of RNA-LNP may be sufficient to achieve biologically 
relevant antibody exposure in patients. Despite receiving similar 
doses of BNT141 relative to body weight, cynomolgus monkeys 
exhibited an initial Cmax approximately 10-fold lower than 
observed for mice or rats, suggesting nonlinear dose extrapola-
tion between NHPs and rodents.

In conclusion, the preclinical pharmacology of BNT141, 
along with existing proof-of-concept studies,17,21,22,27 supports 
the exploration of antibody-encoding RNA therapeutics for 
cancer therapy.
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