
Seckinger et al. 
Journal of Hematology & Oncology          (2023) 16:117  
https://doi.org/10.1186/s13045-023-01516-3

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom‑
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of
Hematology & Oncology

Development and characterization 
of NILK-2301, a novel CEACAM5xCD3 κλ 
bispecific antibody for immunotherapy 
of CEACAM5-expressing cancers
Anja Seckinger1†, Sara Majocchi2†, Valéry Moine2, Lise Nouveau2, Hoang Ngoc3, Bruno Daubeuf2, 
Ulla Ravn2, Nicolas Pleche2, Sebastien Calloud2, Lucile Broyer2, Laura Cons2, Adeline Lesnier2, 
Laurence Chatel2, Anne Papaioannou2, Susana Salgado‑Pires2, Sebastian Krämer4, Ines Gockel4, 
Florian Lordick5, Krzysztof Masternak2, Yves Poitevin2, Giovanni Magistrelli2, Pauline Malinge2, Limin Shang2, 
Sonja Kallendrusch3,6, Klaus Strein1 and Dirk Hose1* 

Abstract 

Background T‑cell retargeting to eliminate CEACAM5‑expressing cancer cells via CEACAM5xCD3 bispecific antibod‑
ies (BsAbs) showed limited clinical activity so far, mostly due to insufficient T‑cell activation, dose‑limiting toxicities, 
and formation of anti‑drug antibodies (ADA).

Methods We present here the generation and preclinical development of NILK‑2301, a BsAb composed of a com‑
mon heavy chain and two different light chains, one kappa and one lambda, determining specificity (so‑called κλ 
body format).

Results NILK‑2301 binds CD3ɛ on T‑cells with its lambda light chain arm with an affinity of ≈100 nM, 
and the CEACAM5 A2 domain on tumor cells by its kappa light chain arm with an affinity of ≈5 nM. FcγR‑binding 
is abrogated by the “LALAPA” mutation (Leu234Ala, Leu235Ala, Pro329Ala). NILK‑2301 induced T‑cell activation, prolif‑
eration, cytokine release, and T‑cell dependent cellular cytotoxicity of CEACAM5‑positive tumor cell lines (5/5 colorec‑
tal, 2/2 gastric, 2/2 lung), e.g., SK‑CO‑1 (Emax = 89%), MKN‑45 (Emax = 84%), and H2122 (Emax = 97%), with  EC50 ranging 
from 0.02 to 0.14 nM. NILK‑2301 binds neither to CEACAM5‑negative or primary colon epithelial cells nor to other 
CEACAM family members. NILK‑2301 alone or in combination with checkpoint inhibition showed activity in organo‑
typic tumor tissue slices and colorectal cancer organoid models. In vivo, NILK‑2301 at 10 mg/kg significantly delayed 
tumor progression in colon‑ and a pancreatic adenocarcinoma model. Single‑dose pharmacokinetics (PK) and toler‑
ability in cynomolgus monkeys at 0.5 or 10 mg/kg intravenously or 20 mg subcutaneously showed dose‑proportional 
PK, bioavailability ≈100%, and a projected half‑life in humans of 13.1 days. NILK‑2301 was well‑tolerated. Data were 
confirmed in human FcRn TG32 mice.
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Conclusions In summary, NILK‑2301 combines promising preclinical activity and safety with lower probabil‑
ity of ADA‑generation due to its format compared to other molecules and is scheduled to enter clinical testing 
at the end of 2023.

Keywords Bispecific antibody, CD3, CEACAM5, Immunotherapy, T‑cell engager, Solid cancer

Background
Immunotherapeutic approaches introduced over the 
last decades exploiting the patient’s immune system to 
kill tumor cells have shown benefit in a variety of tumor 
entities [1–8]. T-cells are a particularly active element 
of anti-tumor immunity: a T-cell recognizing its antigen 
presented by a MHC class I molecule at the surface of 
a tumor cell is activated, starts to proliferate, produces 
cytokines, and kills the cancer cell [9, 10]. The number of 
T-cells able to physiologically recognize tumor antigens 
in the MHC-I context is limited, resulting in restricted 
intrinsic anti-tumor activity. To circumvent this limita-
tion, two approaches are followed: First, by ex vivo genet-
ically engineered T-cells with a chimeric antigen receptor 
(CAR), so-called CAR-T-cells, targeting the surface anti-
gen of choice [7, 11–14]. Secondly, by T-cell bispecific 
antibodies (TCBs), re-directing T-cells to tumor cells 
independently of the specificity of their T-cell receptor 
(i.e., MHC-I independent). Both approaches have shown 
high clinical activity, especially in hemato-oncological 
diseases like multiple myeloma (e.g., BCMAxCD3) [15–
17] or B-cell lymphoma (e.g., CD20xCD3) [18]. TCBs are 
in principle applicable of the shelf to all patients whose 
tumor cells express the targeted antigen on their cell sur-
face. As T-cells are re-targeted to all cells expressing this 
antigen at a high enough level, the antigen targeted by the 
TCB needs to be as tumor cell specific as possible.

CEACAM5 (CEA, CD66e) was first described in 1965 
as specific “carcinoembryonic” antigen of the human 
gastrointestinal (GI) tract [19, 20]. CEACAM5 belongs 
to the family of CEA-related cell adhesion molecules 
(CEACAMs) that comprises 12 closely related proteins in 
humans [21]. This sequence homology needs to be taken 
into account when targeting CEACAMs. CEACAM5 
is attached to the cell membrane by a glycosyl phos-
phatidylinositol anchor and released as a soluble form 
by phospholipase D [22–25]. CEACAMs are involved 
in a variety of processes, including cell adhesion, intra-/ 
intercellular signaling, cancer progression, angiogenesis, 
and metastasis [21, 26, 27]. CEACAM5 is present early 
in embryonic and fetal development with expression 
maintained in a limited number of normal adult tissues. 
Its main site of expression is in columnar epithelial and 
goblet cells of the colon, particularly in the upper third of 
the crypt and at the free luminal surface. Together with 
the presumably lower expression in healthy tissue, this 

polarized expression pattern is thought to limit on-tar-
get off-tumor effects to systemically administered mol-
ecules in normal tissue [26, 28–30]. CEACAM5 is (over-) 
expressed in tumors of epithelial origin, including colo-
rectal, gastric, lung, and pancreatic carcinomas, where it 
loses its apical expression, resulting in distribution over 
the entire cell surface [21, 22, 26, 31]. This loss of apical 
expression makes CEACAM5 accessible to therapeutic 
antibodies.

Different molecules targeting CEACAM5 for diag-
nostic or therapeutic purposes have been tested or are 
currently in clinical trials. These include radiolabeled 
antibodies, antibody drug conjugates (ADC), and TCBs 
used both in monotherapy or combination treatment 
e.g., with checkpoint inhibitors [32–36]. CEACAM5-
targeting T-cell engagers conveying the same mecha-
nism of action in clinical trials can be taken as reference 
for expected class-specific activity and toxicity. These 
include the MEDI-565 bispecific T-cell engager (BiTE; 
NCT01284231, NCT02291614) [35, 37] as well as two 
2:1 format TCBs: cibisatamab (RG7802, RO6958688; 
NCT02324257, NCT02650713, and NCT04826003) [34] 
and RO7172508 (RG6123; NCT03539484) [38]. Signs of 
activity or formal objective response (the latter for cibi-
satamab) could be observed, with GI toxicity (on-target) 
being the main reported adverse event and dose-limit-
ing toxicity in trials for all three compounds. Anti-drug 
antibodies (ADAs) were found in approximately half of 
patients in all three trials quoted before, and such ADA-
mediated loss of exposure limited clinical efficacy. This 
may be due to the artificial formats of these CEACAM5-
targeting T-cell engagers (i.e., BiTE or especially 2:1 for-
mat). Based on these findings, it can be presumed that a 
bispecific antibody (BsAb) with lower potential of ADA-
formation, such as the so-called κλ body format used 
here [39], could be of significant therapeutic potential. 
We present here the development and preclinical test-
ing of NILK-2301, a novel CEACAM5xCD3 TCB, for the 
treatment of CEACAM5-expressing solid tumors.

Methods
Affinity to CEACAM5 and CD3
Affinity to CEACAM5 and CD3ε was determined by 
bio-layer interferometry on an Octet RED96 instrument 
(Sartorius).
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Protein A biosensors (Sartorius) were loaded with 
NILK-2301 at a concentration of 1 μg/mL for 300 s and 
a loading signal of 1.2 and 1.3  nm was obtained for all 
experiments. A 2× serial dilution of CEACAM5 (pro-
duced in-house) was prepared in KB buffer (Sartorius), 
starting at 100 nM, on seven different concentrations, the 
eighth well of the column corresponding to a blank buffer 
for reference well subtraction. The association and disso-
ciation steps were monitored for 300 s and 600 s respec-
tively, except for the last experiment with a dissociation 
recorded for 900  s to better monitor the dissociation. 
Finally, a regeneration step was applied to reuse biosen-
sors for another interaction.

HIS1K biosensors (Sartorius) were loaded with CD3ε at 
a concentration of 5 μg/mL for 300 s and a loading signal 
between 0.6 and 0.7 nm was obtained for all experiments. 
A 2× serial dilution of NILK-2301 was prepared in KB 
buffer, starting at 300 nM, on seven concentrations, the 
eighth well of the column corresponding to a blank buffer 
for reference well subtraction. The association and disso-
ciation steps were monitored for 300 s and 600 s, respec-
tively. Finally, a regeneration step was applied to reuse 
biosensors for another interaction.

Data were processed and analyzed using the Data Anal-
ysis software (Fortebio). A double reference subtraction 
was applied and both association, and dissociation steps 
were fitted using a global 1.1 fitting model.

Epitope binning
Epitope binning was performed by assessing the bind-
ing of  the anti-CEACAM5 monoclonal antibody (mAb) 
to recombinant CEACAM5 protein in the presence of 
reference antibodies. Six mAbs previously described as 
binding to different epitopes of human CEACAM5 were 
produced in house as human IgG1 and/or mouse IgG2a 
and used as reference antibodies: 1) mAb derived from 
sm3E (patent US20050147614A1); 2) mAb derived from 
MEDI-565 (WO2016036678A1); 3) mAb derived from 
Mab2_VLg5VHg2 (EP3199552A1); 4) mAb derived from 
CH1A1A-2F1 (US20120251529); 5) mAb derived from 
variant 1 described in patent WO2017055389; and 6) 
mAb derived from hMN14 (US 2002/0165360A1).

Epitope mapping
Human and cynomolgus sequences share 79% of homol-
ogy, as determined by sequence alignment using Clone 
Manager software. Based on sequence differences in the 
domain A2, mutants were designed to identify impor-
tant residues implicated in the binding of AB73 mAb to 
human CEACAM5. The mutagenesis was performed in 
four rounds. Sequences were synthesized by Eurofins and 
then cloned into pEAK8 vector (Edge Bio). Constructs 
were transiently transfected in PEAK cells (ATCC), and 

mutants were expressed at the cell surface. Expression 
level of all constructs was confirmed using a bench-
mark antibody (SAR mAb from Sanofi) which binds both 
human and cynomolgus CEACAM5 proteins. Binding 
of AB73 anti-CEACAM5 arm was then assessed by flow 
cytometry.

Cell lines
CEACAM5-positive colorectal, lung, gastric, or pancre-
atic cancer cell lines were purchased from ATCC (SK-
CO-1, SNU-C1, H508, LS-174T, SW1116, SNU-16, H727, 
H2122, HPAF-II) or DSMZ (MKN-45) and cultured 
according to the respective datasheets. CEACAM5-
negative A549 cells (ATCC), and two primary epithelial 
cell lines, i.e., HBEpiC (ScienCell Research Laboratories) 
and CCD841CoN (ATCC), were used as controls. The 
number of CEACAM5 antigens/cell was determined by 
QIFIKIT (Agilent DAKO) according to the manufactur-
er’s instruction.

Binding assay
NILK-2301 was tested in a dose range of 0.0128 to 
200  nM for its ability to bind to CEACAM5-express-
ing cell lines using a flow cytometry-based assay. Only 
the three highest concentrations were tested with 
CEACAM5-negative cells.

2.5 ×  105 cells/well were centrifuged in a 96-well-V-
bottom plate and incubated for 20 min at 4 °C, with 100 
μL of NILK-2301, anti-CD3 monovalent BsAb or isotype 
control, in 1/5 serial dilutions covering six concentra-
tion points, in phosphate-buffered saline (PBS) contain-
ing 2% (w/v) bovine serum albumin (BSA) as binding 
buffer. Cells were washed twice and 100 μL of secondary 
Ab (mouse anti-human IgG-Fc-PE, Southern Biotech; 
100× diluted) was added and incubated for 20 min.

After washing, cells were resuspended with 150 μL of 
binding buffer containing Sytox Blue (Thermo Fisher 
Scientific; 5000× diluted). Cells were analyzed using a 
CytoFLEX flow cytometer (Beckman Coulter) and raw 
data extracted by using FlowJo software (BD). Geomet-
ric mean fluorescence intensity (MFI) was extracted from 
the “live cell” gate and plotted against the concentrations 
of NILK-2301 and control antibody using Prism software 
(GraphPad).

Besides, directly labeled candidates were used to assess 
the binding to corpuscular blood components in whole 
blood samples from healthy donors (Centre de transfu-
sion sanguine Genevois, Geneva, Switzerland). Data 
acquisition and analysis were performed as described 
above.

Binding to other CEACAM family members was 
assessed using transfected PEAK cells. In brief, the full-
length DNA sequence coding for human CEACAM 
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proteins was cloned into pEAK8 vector (Edge Bio) and 
transfected into PEAK cells (ATCC). Transiently express-
ing cells were used 48 h-72 h post-transfection, following 
protein expression level determination by flow cytometry 
using commercially available CEACAM-specific antibod-
ies (Additional file 1: Table S1).

Receptor occupancy (RO)
NILK-2301 was tested at a dose range of 0.03 to 6000 nM 
(LS-174 T and SNU-C1), and from 0.003 to 600 nM with 
SK-CO-1, for its ability to bind and saturate CEACAM5 
expressed on these cell lines.

Binding was analyzed by using flow cytometry as 
described above. RO was calculated for each NILK-2301 
concentration using the following formula:

The maximum MFI is the highest MFI obtained within 
the range of NILK-2301 concentrations tested for the 
respective cell lines.

T‑cell dependent cytotoxicity (TDCC) assay based on LDH 
release
PBMCs from healthy donors were used as a source of 
effector T-cells. At least three donors were used for each 
cell line tested.

PBMCs was centrifuged at 300g for 5 min and the cell 
pellet resuspended in Roswell Park Memorial Institute 
(RPMI) 1640 medium supplemented with 2% fetal calf 
serum (FCS), 2  mM L-glutamine, 25  µg/mL gentamicin 
at a density of 2 ×  106 cells/mL. 1×  105 PBMCs were 
plated in ultra-low attachment sterile 96-well round bot-
tom plates (Corning) and 1×  104 target cells added.

Antibodies were diluted in RPMI-1640 containing 2% 
(v/v) FCS at 4× final concentrations and 25 µL of the 
diluted antibody was added to the plate. The highest final 
concentration was 100 nM, followed by seven 1/5 serial 
dilutions. Wells containing only effector cells mixed with 
target cells, or target cells only, served as controls. Plates 
were incubated at 37 °C for 48 h.

For readout, 5 µL of lysis buffer (Cytotoxicity detec-
tion kit PLUS (LDH), Roche) was added to wells contain-
ing only the targets cells and incubated for at least 5 min. 
The lysis step was verified by visual inspection under the 
microscope. These wells served as positive control of 
100% target cell lysis.

For MKN-45 cells, 50 μL of TDCC sample from each 
well was transferred to a clear flat-bottom plate and mixed 
with 50 μL of PBS by 3–4 times of gentle up and down 
pipetting to adapt for a higher LDH content compared 
to other cell lines. For the other cell lines, 100 μL of the 
TDCC sample was transferred directly without dilution.

RO% = (MFI at a tested NILK

−2301 concentration/max.MFI)× 100%

In the meantime, the detection mixture was prepared 
according to the manufacturer’s instructions. 100 μL of 
the freshly prepared detection mixture was added to the 
plate containing the diluted TDCC samples and incu-
bated at room temperature (RT), protected from light, 
for 15 min. After incubation, 50 μL of stop reagent was 
added. Optical density was measured using a microplate 
reader at 490 nm (Spectra i3Max). The percentage of spe-
cific lysis was calculated by using the following equation:

Effector + target = baseline without Ab; max. tar-
get = target cells with lysis buffer; target = target cells only 
(spontaneous LDH release). Due to variability in sponta-
neous LDH release, samples that do not induce TDCC 
may have slightly lower LDH release than effector + tar-
get, and thus result in a negative specific lysis% using the 
above formula.

Specific lysis results were then reported in GraphPad 
Prism to establish potency curves.

T‑cell activation and proliferation
T-cell activation was analyzed by assessing the expression 
of CD69 (early activation marker) and CD25 (late activa-
tion marker) on  CD4+ and  CD8+ T-lymphocytes. Cells 
from TDCC assay samples after 48 h of incubation were 
collected; duplicates were pooled to obtain sufficient cell 
numbers.

After centrifugation, cell pellets were resuspended in 
30 μL Fc block (BD Biosciences) diluted at 1/20 in PBS 
containing 2% BSA (w/v) (binding buffer) to avoid non-
specific binding to FcγR-expressing cells. Plates were 
then incubated at RT for 10 min. The following antibod-
ies were used: anti-hCD45-V500 (BD Biosciences), anti-
hCD69-FITC, anti-hCD8-PerCP-Cy5.5, anti-hCD25-PE 
(all from Biolegend), and anti-hCD4-APC (eBioscience). 
Antibodies were diluted in cold binding buffer diluted 
1/2 with Brilliant buffer (BD Biosciences), then added 
into each well (100 µL) and mixed with cells. Plates were 
incubated for 20 min at 4 °C.

After washing, cells were resuspended in 100 μL con-
taining eFluor780 diluted at 1/1000 in cold PBS to exclude 
dead cells from analysis. After 30  min of incubation at 
4  °C, cell pellets were washed twice and resuspended in 
150 μL of binding buffer for fluorescence analysis using 
the CytoFLEX flow cytometer (Beckman Coulter). Data 
were extracted and analyzed by using FlowJo software.

To assess T-cell proliferation, PBMCs were stained 
with 5 µM CellTrace violet (Thermo Fisher Scientific) for 
20 min at 37  °C. After incubation, PBMCs were washed 
twice and used in the TDCC assay as described above, 

Specific lysis% = sample value − effector + target

/ max. target − target ∗ 100%
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with incubation for six instead of two days. Cells from 
duplicates were pooled to obtain enough events for flow 
cytometric analysis. Cell staining and data analysis were 
performed as described above.

Cytokine quantification from TDCC assays
A U-PLEX Immuno-Oncology Group1 kit from Meso 
Scale Discovery (MSD) was used to quantify granzyme 
B, interferon (IFN) γ, interleukin (IL-) 1β, IL-2, IL-6, 
IL-8, IL-10, IL-12p70, tumor necrosis factor (TNF) α, 
and granulocyte–macrophage colony-stimulating factor 
(GM-CSF) in supernatants from TDCC assays accord-
ing to the manufacturer’s instruction. Supernatants and 
standard point samples were loaded to 10-spot 96-well 
U-plex plates coated with U-plex linker coupled anti-
bodies and incubated for one hour at RT. Afterward, 
corresponding detection antibodies diluted at 1/600 
in diluent 3 from the kit were added and incubated for 
one hour at RT. Before acquisition, plates were filled 
with “read buffer” diluted 1/2 in deionized water. Results 
were acquired using the MSD-Discovery Workbench 
4.0 embedded software and data plotted with GraphPad 
Prism software.

TDCC assay based on ATP quantification
1 ×  104 target cells were seeded in flat-bottom 96-well 
plates for 24 h at 37 °C. On the day of the assay, PBMCs 
were centrifuged, and the cell pellet was resuspended in 
RPMI-1640 medium containing 10% heat-inactivated 
FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM 
HEPES, 1× non-essential amino acid (all from Sigma-
Aldrich), 50 µM 2-mercapto ethanol (Gibco) and 25 µg/
mL gentamicin (Sigma-Aldrich). 1 ×  105 PBMCs were 
then added to the target cells seeded the day before. 
Tested antibodies were diluted at 4× final concentrations, 
and 50 µL added to the wells. The highest final concen-
tration was 100 nM, followed by nine 1/5 serial dilutions. 
Wells containing only effector cells mixed with target 
cells served as controls to calculate the specific killing. 
Plates were incubated at 37 °C for 72 h.

For the readout, plates were shaken on a rocking plat-
form to resuspend the PBMCs in the supernatant. Sub-
sequently, plates were washed twice with PBS to remove 
all PBMCs. In the meantime, the reagent from the kit 
(CellTiter-Glo® viability assay, Promega) was reconsti-
tuted, before adding 100 µL to each well. Incubation was 
performed for 10 min at RT.

The luminescence signal coming from the adenosine 
triphosphate (ATP) present in the remaining live target 
cells was measured using a Spectra i3Max microplate 
reader. The percentage of specific lysis was calculated 
using the following equation:

Effector + target = baseline without Ab.
Specific lysis results were analyzed using GraphPad 

Prism software.

Whole blood cytokine release
10 μL of antibodies diluted (20×) in PBS (30 and 300 nM 
final concentrations) were added to U-bottom 96-well 
plates, in triplicate. Subsequently, 190 μL of freshly col-
lected whole blood (undiluted) were added to the diluted 
antibodies (without mixing to avoid mechanical acti-
vation of cells). After 24 h of incubation at 37 °C, plates 
were centrifuged and supernatants (80 μL) were col-
lected, transferred to another plate and frozen until test-
ing. IFNγ, IL-6, and TNFα were measured as previously 
described [40, 41]. Data were plotted with GraphPad 
Prism software.

PBMC cytokine release and T‑cell activation
PBMCs were isolated from whole blood of healthy 
donors and incubated overnight at 37  °C, 5%  CO2. The 
next day, 40 μL of antibodies (5×) diluted in medium 
(3, 30, and 300  nM, final concentrations) were put in 
ultralow attachment flat-bottom 96-well plates, in dupli-
cates. 2 ×  105 PBMCs (160 μL) were added in each well 
followed by centrifugation and incubation at 37 °C. After 
48  h, plates were centrifuged and supernatants were 
collected, transferred to another plate and frozen until 
testing. IFNγ, IL-2, IL-10, and TNFα were measured as 
previously described [31, 32]. Data were plotted with 
GraphPad Prism software.

After collection of the supernatants, plates were cen-
trifuged to pellet the cells and the latter transferred to a 
V-bottom 96-well plate (duplicates were pooled). 25 μL/
well of Fc Block (1/20 in FACS buffer) were added to each 
well and the plates were incubated for 10 min at RT. 25 
μL/well of antibody cocktail (anti-CD3-APC, anti-CD69-
FITC, anti-CD25-PC5, 3 μL each/well) were added. 
Plates were incubated for 15 min at RT and 150 μL/well 
of FACS buffer were added. After centrifugation, super-
natants were discarded, and cells resuspended in 200 μL/
well of CellFix (1/10 in  H2O). Plates were acquired on 
CytoFLEX flow cytometer, data were exported from Cyt-
Expert software and plotted using GraphPad Prism.

Organoid culture and TDCC assay
Experiments were performed in collaboration with HUB 
ORGANOIDS, Utrecht, the Netherlands. Colorectal can-
cer organoids were seeded in 70% matrigel (Corning) and 
expanded on medium containing Ad-DF+++ (DMEM/
F12 (Thermo Fisher) supplemented with 2  mM Glu-
taMax (Thermo Fisher), 10 mM HEPES (Thermo Fisher), 

Specific lysis% = 1− sample value/
(

effector + target
)

× 100%
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penicillin/streptomycin (Thermo Fisher), 1.25 mM N-Ac 
(Sigma-Aldrich), 500 nM A83-01 (Tocris), 1× B27 supple-
ment (Thermo Fisher), 2% Noggin (UPE), 5 mM nicotina-
mide (Sigma-Aldrich), 50 ng/mL EGF (Prepotech), 5 nM 
Gastrin (Bio-Techne), 50  μg/mL Primocin (Invivogen), 
250  ng/mL Rspondin-3 (Tocris), and 500  nM SB202190 
(Sigma-Aldrich). One model required medium, which 
contained 50% Wnt3a conditioned-medium produced 
in-house. Organoids were passaged every 6–7 days, and 
their medium refreshed every 2–3 days.

Flow cytometry was used to confirm cell surface 
expression of CEACAM5 on selected organoids; MKN-
45 cells (DSMZ) were used as positive control. After dis-
sociation using Accutase (Life Technologies), single cells 
were washed with FACS buffer and stained with anti-
CEACAM5 (Santa Cruz) for 20 min at 4 °C. Control anti-
CD19 (R&D systems) was used to discriminate between 
positive and background signals. Cells were washed with 
FACS buffer and recorded with a MACSQuant analyzer 
10 flow cytometer (Milteny Biotec). Data were analyzed 
by MACSQuantify10 or FlowLogic software provided by 
Miltenyi Biotec. Live cells were selected from the singlet 
population by Sytox Blue (Thermo Fisher).

To quantify the number of antigens present at the cell 
surface, QIFIKIT assay (Agilent DAKO) was used accord-
ing to manufacturer’s instructions.

PBMCs were isolated from whole blood by diluting it 
1:1 with PBS/EDTA and separating it through a density 
gradient obtained with Lymphoprep (StemCell Technolo-
gies). The PBMC pellet was resuspended in cold recov-
ery cell freezing medium (Thermo Fisher) at a density 
of 1 ×  107 cells/mL and aliquoted in cryovials (30 ×  106/
cryovial).

Organoids were split in a 1:1 ratio on the day prior to 
the TDCC assay. On the day of the assay, organoids were 
harvested and at least 2 ×  104 organoids were digested to 
single cells by Accutase before counting. After centrifu-
gation, the resulting organoid pellet was resuspended 
in NucBlue diluted 1:10 in colon medium, followed 
by a 20 min incubation at 37  °C. Subsequently, 1 mL of 
Ad-DF+++ was added and organoids were carefully 
resuspended. Next, organoids were washed with colon 
medium supplemented with 5 μM ROCK inhibitor. After 
centrifugation, organoid pellets were resuspended in co-
culture medium (45% colon medium, 45% ImmunoCult-
XF T Cell Expansion Medium (StemCell Technologies), 
10% matrigel supplemented with 10 μM ROCK inhibitor, 
150  IU/mL IL-2 and 10,000× diluted IncuCyte Caspase 
3/7 reagent [Essen Bioscience]). After counting, the orga-
noid suspension was seeded in 100 μL per well of 96-well 
ULA plate.

Allogeneic PBMCs were thawed prior to the experi-
ment. After counting, PBMCs were seeded on top of 

the organoids in 100 μL at an effector:target ratio of 8:1. 
NILK-2301 was tested at 0.3, 1 and 5  μg/mL. Stauro-
sporine at 10 µM was used as positive control, a monova-
lent anti-CD3 antibody served as negative control.

Co-cultures were imaged at regular intervals for up to 
62 h using the Operetta High Content Screening System 
(PerkinElmer). Harmony 4.9 software (PerkinElmer) was 
used for data analysis. An analysis pipeline was gener-
ated allowing the identification of organoids (based on 
NucBlue signal) with a minimum diameter of 40  μm. 
Per identified object, the mean intensity of the caspase 
3/7 fluorescent dye was quantified. To correct for back-
ground signals, the mean caspase 3/7 intensity in a region 
of 10 pixels around the objects was subtracted from the 
mean caspase 3/7 intensity for each organoid. The aver-
age of two wells was plotted as a mean with standard 
deviation.

IFN-γ production was determined in culture super-
natants by using ELISA (R&D systems) according to the 
manufacturer’s instructions. Absorbance was measured 
using a Spark 10 M (Tecan) plate reader.

Patient‑derived tissue culture (PDTC) model
NILK-2301 monotherapy (15  µg/mL) and different 
combinations with immune checkpoint inhibitors, i.e., 
pembrolizumab (Merck/MSD; 3  µg/mL), nivolumab 
(Bristol-Myers Squibb; 3 µg/mL), and ipilimumab (Bris-
tol-Myers Squibb; 1 µg/mL), were assessed using tumor 
specimens from patients diagnosed with colon (n = 21), 
gastric (n = 16), or lung cancer (n = 17). The study was 
approved by the ethics committee of the Medical Faculty, 
University of Leipzig (# 317/13-ek). All patients had given 
prior written informed consent.

PDTCs were prepared according to standardized pro-
tocols followed by compound exposure as published [42]. 
In brief, tissue slices were cultured 24  h in RPMI-1640 
(Gibco), containing 10% fetal bovine serum (Gibco), 1% 
amphotericin B (Carl Roth), 1% penicillin/streptomy-
cin (Gibco), and 1% L-glutamine (Gibco). Media was 
changed after 6  h and 24  h. After this pre-cultivation 
phase, PDTCs were incubated with NILK-2301 and 
combinations as indicated for 72 h. A semi-automatized 
readout using fluorescent stain-specific segmentation 
algorithms for ImageJ was performed to quantify changes 
in tumor cell viability, proliferation (Ki67), and apopto-
sis (cleavedPARP). The staining of CD3 and CD68 was 
performed only in some experiments and was not quan-
titatively evaluated. The following antibodies were used: 
AE1/3 (BioGenex; mouse, 1:100), cPARP (Abcam; rab-
bit, 1:100), Ki67 (DCS; rabbit, 1:200), CEACAM5 (RnD 
Systems; mouse, 1:100), CD3 (Bio-Rad Laboratories; rat, 
1:200), and CD68 (DAKO; mouse, 1:250). Tissue was 
stained with diaminobenzidine (Sigma-Aldrich) and 
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counterstained with hematoxylin. The following second-
ary antibodies were used: biotinylated goat anti-rat (Vec-
tor laboratories, 1:100) and biotinylated goat anti-mouse 
(Sigma-Aldrich, 1:100) diluted in 0.3% PBS/TritonX.

Five pictures per slice (3 × 5 pictures/condition) were 
taken manually by using an Olympus BX51 microscope.

Only pictures with > 2% tumor cells (Hoechst 3342-, 
AE1/3-positive) were considered for further quantifi-
cation of apoptotic and proliferating tumor cell frac-
tions. Due to experimental variance that was similarly 
described in Sönnichsen et  al. [42], each condition was 
normalized to the control condition (CTR = 1). Effects on 
tumor fraction (TF), tumor apoptosis (TA), and prolifera-
tion (TP) were combined into one final score. The follow-
ing formula was used to calculate the overall outcome:

For statistical analysis, mean values for conditions were 
calculated using mean slice values and standard error of 
the mean (SEM). For combination of different experi-
ments, mean values and SEM were calculated from mean 
condition values. GraphPad Prism 8 (GraphPad software) 
was used for calculating one-way analysis of variance 
with Benjamin-Hochberg post-test correction. P < 0.05 
was considered to be significant.

Xenograft models
Animal studies were performed in accordance with the 
Swiss Veterinary Office guidelines and approved by the 
Cantonal Veterinary Office (Geneva, Switzerland). Study 
endpoints included tumor volume > 1500  mm3, body 
weight loss > 15%, and other graft-versus-host-disease 
symptoms.

In the HPAF-II model, 7–8-week-old NOG female 
mice (NOD/Shi-scid/IL-2Rgnull, Taconic Biosciences) 
were injected subcutaneously (SC) with 1 ×  106 HPAF-
II target cells, followed by intravenous (IV) injection of 
1 ×  107 PBMCs on day 7. Treatment with NILK-2301 IV 
at 10  mg/kg weekly or vehicle control (PBS; n = 8 each) 
was started on day 11, when the average tumor volume of 
mice reached 150  mm3.

NILK-2301 was tested in a second in vivo model, where 
1 ×  106 LS-174T target cells and 1 ×  106 PBMCs were co-
grafted SC in female NOG mice of 7–8  weeks of age. 
Treatment was started at day 7 post co-grafting; NILK-
2301 was dosed IV at 10  mg/kg twice/week, and PBS 
served as vehicle control (n = 8 each).

Mice were controlled daily for clinical symptoms and 
potential adverse events. Tumor measurement was per-
formed by caliper twice/week.

1+ TF − (1.2 ∗ TA)+ (0.8 ∗ TP).

Pharmacokinetic (PK) and tolerability studies
Cynomolgus monkeys
A single-dose study with 6-week observational period 
was conducted in cynomolgus monkeys (Macaca fas-
cicularis) to evaluate in  vivo tolerability and pharma-
cokinetic profile of NILK-2301 when injected IV or 
SC (Accelera S.r.l., Italy). NILK-2301 was produced 
and purified as described in Fischer et  al. [39] and as 
summarized in Additional file  1: Figure S1. The puri-
fied bispecific antibody was formulated at either 0.5 or 
20.9 mg/mL in 25 mM Histidine, 125 mM NaCl, pH 6.0 
supplemented with 0.02% Polysorbate 80. Both batches 
present 98.6% of IgG monomer (1.4% of aggregates 
and 0% of fragments) and tested negative for bacterial 
endotoxins (LAL test). Animals in groups 1 and 2 (two 
males and two females per group) received a single IV 
dose of NILK-2301 at 0.5 or 10 mg/kg, respectively, and 
were observed for six weeks regarding changes in clini-
cal signs (including local tolerance), body weights, food 
intake, safety pharmacology, clinical pathology (hema-
tology, coagulation, and clinical chemistry), immu-
nophenotyping, and PK. At the end of this period (test 
period 1), animals in group 1 were sacrificed. Necrop-
sies including recording of terminal body weights, 
macroscopic examination, and tissue collection were 
conducted at the end of the test period. No micro-
scopic examinations were conducted since no lesions 
were observed upon macroscopic examinations and no 
unscheduled deaths occurred during the study. Animals 
in group 2 were reused and allocated to group 3, for a 
6-week evaluation of PK upon SC dosing at 20  mg/kg 
(test period 2), after which they were also sacrificed.

For the two IV groups, PK samples were collected at 
pre-dose, and 0.25, 1, 4, 8, 24, 48, 72, 120, 168, 336, 504, 
672, 840, and 1008  h post-dose. For the SC group, PK 
samples were collected at pre-dose, 0.5, 1, 4, 8, 24, 48, 
72, 120, 168, 336, 504, 672, 840, and 1008 h post-dose.

Human FcRn Tg32
B6.Cg-Fcgrttm1DcrTg(FCGRT)32Dcr/DcrJ mice (The 
Jackson Laboratory) of 7–8 weeks of age were injected 
with a dose of 0.5 (n = 11) or 10 mg/kg (n = 12) NILK-
2301 IV once in the tail vein. Mice were controlled daily 
for clinical symptoms and potential adverse events. 
Furthermore, mice were weighed at timepoint 0, 24, 48, 
96, 168, 240, 336, 504, and 672  h. Percentage of body 
weight was calculated compared to body weight at T = 0 
(100%).

For PK analysis, blood was collected three times in 
each mouse to cover the following timepoints: 0.25, 1, 
4, 8, 24, 48, 72, 120, 168, 336, 504, and 672 h post-dose.
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PK analysis
Quantification of NILK-2301 in serum samples was 
performed at Light Chain Bioscience (Switzerland) 
using a generic pharmacokinetic assay based on MSD. 
Raw data and corresponding concentrations were gen-
erated with MSD instrument using MSD WorkBench 
4.0 software for acquisition and analysis.

Non-compartmental analysis was performed at Cal-
vagone Sarl (France) using SAS software on data from 
all animals with available concentrations.

Results
Development of NILK‑2301
The κλ body platform [39] was used to generate a 
human CEACAM5xCD3 TCB selectively targeting 
CEACAM5 on tumor cells and CD3 on T-cells for 
the treatment of CEACAM5-positive solid cancers. 
Firstly, a panel of anti-CD3 antibody arms was gener-
ated, all sharing the same common heavy chain and 
being derived from the mouse anti-human/-cyno CD3ε 
antibody SP34 [43]. This antibody was humanized and 
diversified to obtain novel unique sequences of differ-
ent affinity. One variant, termed L3-1, was found to 
have similar affinity for CD3 as the parental antibody 
and was selected to be used as anti-CD3 arm. To gen-
erate compatible anti-CEACAM5 arms, phage dis-
play libraries were built based on the L3-1 VH, with 
high diversity in the light chain variable sequences. 
These libraries were selected and screened to identify 
suitable anti-CEACAM5 antibody arms, which were 
subsequently combined with the L3-1 anti-CD3 arm. 
Binding to Fc-gamma receptors (FcγRs) was abrogated 
by the “LALAPA” mutations (Leu234Ala, Leu235Ala, 
Pro329Ala [44–46]). The introduction of this triple 
mutation intentionally abrogates binding to FcγRs but 
maintains binding to the human/cynomolgus neonatal 
Fc receptor (FcRn), ensuring IgG-like half-life in circu-
lation. κλ bodies were then generated by transfecting 
a plasmid encoding for the three antibody chains into 
a suitable host cell line followed by a three-step affin-
ity purification process resulting in the isolation of 
highly pure bispecific antibodies (Additional file 1: Fig-
ure S1) as described in [39]. Generated κλ bodies were 
tested in several in vitro assays, to assess their activity 
and safety, and the most promising candidates were 
subjected to an affinity maturation process (lead opti-
mization). Following the in-depth characterization of 
lead-optimized candidates, including testing in mouse 
models and preliminary manufacturability assess-
ment, a candidate matching the target product profile 
was identified, selected as clinical lead candidate, and 
termed NILK-2301.

Characterization of NILK‑2301
Affinity for CEACAM5, CD3, and Fc receptors
The CEACAM5-targeting arm of NILK-2301, named 
AB73, binds human CEACAM5 with 5 ± 2  nM affinity. 
NILK-2301 does not show cross-reactivity with cynomol-
gus CEACAM5. The CD3-targeting arm binds human 
CD3 with a measured affinity ranging from 28 ± 3 nM to 
95 ± 8 nM, depending on the recombinant protein used. 
NILK-2301 binds to cynomolgus CD3 with less than 10% 
difference as compared to human CD3 in the same assay. 
The higher binding affinity to CEACAM5 as compared 
to CD3 conveys the intended safety feature of limiting 
unspecific T-cell activation by CD3-stimulation. NILK-
2301 binds to FcRn with an affinity of 3.7 ± 0.6 to 9 nM. 
Binding affinity to other human and cynomolgus recep-
tors was assessed for the parental antibody of NILK-2301, 
named AB17L3-1/N, which contains the identical Fc-part 
(LALAPA-mutated human IgG1 Fc).

Epitope binning and epitope mapping 
of the CEACAM5‑binding site
To determine the CEACAM5-binding region and key 
residues, epitope binning was performed by assessing 
the binding of the  anti-CEACAM5 mAb to recombi-
nant CEACAM5 protein in the presence of several refer-
ence antibodies. NILK-2301 was found to compete with 
a reference antibody, which is known to bind to the A2 
domain of CEACAM5. To determine the binding epitope 
of NILK-2301, two mutagenesis strategies were applied, 
identifying two residues were as essential for AB73-bind-
ing to human CEACAM5: D402 and I408.

Absence of NILK‑2301 binding to other CEACAMs
The absence of cross-reactivity of NILK-2301 toward 
other CEACAM proteins was confirmed by flow cyto-
metric binding assay using PEAK cells transfected with 
different members of the CEACAM family. The mono-
valent anti-CD3 BsAb was used as isotype control, while 
non-transfected PEAK cells were used as negative bind-
ing control (Additional file  1: Figure S2 and Additional 
file 1: Table S1).

In vitro activity and mechanism of action
Binding to CEACAM5‑positive and ‑negative cell lines
NILK-2301 binds to all CEACAM5-positive cell lines 
(Additional file 1: Figure S3). No unspecific binding was 
observed to the CEACAM5-negative A549 cell line or to 
cells isolated from normal colon tissue (CCD841CoN) 
and human bronchi (HBEpiC), respectively. The 
CEACAM5 density on the CEACAM5-positive tumor 
cells ranged from 257,000 CEACAM5/cell on SK-CO-1 
to 6,5000 CEACAM5/cell on SW1116 (Additional file 1: 
Table S2).
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The monovalent BsAb variant carrying the same CD3 
arm as NILK-2301 but paired with a non-binding arm 
showed no binding to CEACAM5-positive cell lines, 
confirming that NILK-2301 bound to CEACAM5-posi-
tive cell lines through its CEACAM5-binding arm.

Directly labeled NILK-2301 was used to assess the 
binding to corpuscular blood components without the 
need of using a secondary detection antibody, which 
could cause some unwanted background. Overall, no 
binding was observed on the tested cell populations, 
except for T-cells, which do express CD3 and for which 
the binding was expected (data not shown).

NILK‑2301‑mediated TDCC of CEACAM5‑positive tumor cells
To assess NILK-2301 activity and mechanism of action, 
we first addressed killing of CEACAM5-positive tumor 
cell lines co-incubated with PBMCs from healthy human 
donors (containing approximately 50% of  CD3+ T-cells) 
as effector cells. Two timepoints, i.e., 48 h and 72 h were 
analyzed.

After 48  h, NILK-2301 induced dose-dependent kill-
ing of all CEACAM5-positive cell lines regardless of 
tumor type (Fig. 1) as determined by LDH release, with 
half maximum effective concentrations  (EC50) ranging 
from 0.008 nM (H2122) to 0.15 nM (H508) (Table 1). The 
CD3 monovalent BsAb variant, which does not carry the 
CEACAM5-binding arm, did not induce relevant kill-
ing of the tested tumor cells (killing < 4%, eightfold less 
compared to NILK-2301, LS-174T), confirming that 
NILK-2301-mediated killing is CEACAM5-dependent. 
No correlation between  EC50 and CEACAM5 density 
on-target tumor cells was observed (R2 = 0.001). NILK-
2301 did not induce killing of a CEACAM5-negative cell 
line (A549) or cells isolated from normal colon (CCD-
841CoN) or bronchial tissue (HBEpiC), respectively 
(Fig. 1).

To assess the impact of longer incubation on maximum 
specific lysis, a TDCC assay was performed using ATP 
quantification as measure for the number of remaining 
living tumor cells. Three tumor cell lines, i.e., SK-CO-1, 
MKN-45 and H2122, were used.

As expected, a longer incubation with NILK-2301 
resulted in a higher specific lysis, with the maximum pla-
teau of specific lysis reaching more than 80% for all three 
cell lines tested, i.e., 89.1% (SK-CO-1), 84.7% (MKN-45), 
and 97.2% (H2122) (Additional file 1: Figure S4).

NILK‑2301‑induced T‑cell activation
To assess the mechanism of action, we first investigated 
the T-cell activation markers CD69 (early) and CD25 
(late) were investigated by flow cytometry in the TDCC 
assay after 48  h of incubation in the TDCC assay with 
flow cytometry. With all cell lines tested, NILK-2301 

induced dose-dependent activation of both  CD4+ and 
 CD8+ T-cell subpopulations, as depicted by the increased 
expression of CD25/CD69 at the T-cell surface (Fig. 2).

Secondly, we quantified release of cytokines (i.e., IFNγ, 
IL-10, IL-2, IL-6, TNFα, GM-CSF, IL-12p70, IL-1b and 
IL-8) and granzyme B by using the MSD platform in 
supernatants collected from the TDCC assay with the 
tumor cell lines SK-CO-1, MKN-45 and H2122 after 
48  h. With the exception of IL-2, increased levels were 
observed in a dose-dependent manner when NILK-2301 
was added compared with the monovalent anti-CD3-
BsAb control (Fig. 2).

NILK‑2301‑induced T‑cell proliferation
Because NILK-2301 induced T-cell activation and 
cytokine release, T-cells were found to proliferate sig-
nificantly better than the anti-CD3 monovalent BsAb 
control during TDCC assays after six days of incubation 
for all three tumor cell lines investigated, i.e., SK-CO-1, 
MKN-45, and H2122 (Fig. 3).

Whole blood and PBMC cytokine release and T‑cell activation
To assess tumor cell-independent T-cell activation, we 
exposed whole blood and PBMCs from healthy donors to 
different concentrations of NILK-2301.

Using whole blood samples from healthy donors, 
NILK-2301 (30  nM, 300  nM) did not induce significant 
cytokine release, similar to PBS and the negative con-
trol antibody cetuximab (anti-EGFR mAb) [47] tested at 
300  nM (Cetux 300; Fig.  4A). In contrast, a MEDI-565 
analog induced significantly higher cytokine release of 
all cytokines tested, likely due to its cross-reactive bind-
ing to CEACAM8 expressed on neutrophils in the blood 
(data not shown). The observed cytokine release induced 
by the MEDI-565 analog was consistent with the clinical 
observations in patients treated with MEDI-565 [35].

We next exposed PBMC samples from healthy donors 
for 48  h to concentrations of 30  nM and 300  nM of 
NILK-2301. As MEDI-565 was not potent to induce 
cytokine release in this assay format due to the absence 
of neutrophils in PBMCs and the monovalent binding 
to CD3 by MEDI-565, while the anti-CD3 mAb muron-
omab was well-established as a positive control in this 
assay, muronomab was thus selected as a positive control 
here. NILK-2301 did not induce any significant cytokine 
release as compared to PBS-control (Fig. 4B). Except for 
IL-2, all cytokines were released significantly more by 
muromonab (anti-CD3 mAb OKT3) than by NILK-2301. 
As observed for cytokines, NILK-2301 at a concentra-
tion of 300 nM did not induce significantly higher T-cell 
activation, as determined by the expression of CD25 and 
CD69 (Fig. 4B).
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Fig. 1 NILK‑2301 mediated killing of CEACAM5‑positive tumor cell lines based on LDH release after 48 h of incubation. Data for SK‑CO‑1, 
SNU‑C1, LS‑174 T, H508, SW1116, MKN‑45, SNU‑16, H727, and H2122 are shown. No killing was observed for CEACAM5‑negative cell line A549 
and CCD841CoN cells, isolated from normal colon, as well as HBEpiC, isolated from normal bronchial tissue. Please refer to Additional file 1: Figure S4 
for TDCC data based on ATP quantification after 72 h of incubation
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Taken together, NILK-2301 does not induce target cell 
independent T-cell activation in whole blood or using 
PBMCs from healthy donors. The level of unspecific 
cytokine release or T-cell activation marker expression 
is significantly lower as compared to control antibodies. 
Thus, a favorable toxicity profile of NILK-2301 could be 
expected.

Impact of soluble CEACAM5 on the activity of NILK‑2301 
in vitro
Because patients affected by CEACAM5-positive 
malignancies are known to present increased levels of 
CEACAM5 in circulation due to receptor shedding, we 
next investigated the impact of soluble CEACAM5 on 
the activity of NILK-2301.

Binding of NILK-2301 was assessed in the presence of 
0.02, 0.05 and 0.1  μg/mL of soluble CEACAM5 for the 
tumor cell lines SK-CO-1, MKN-45, and H2122. Overall, 
soluble CEACAM5 did not significantly decrease binding 
of NILK-2301 to the three investigated cell lines (Addi-
tional file 1: Figure S5A–C).

The impact of soluble CEACAM5 on NILK-2301 
functionality was assessed by TDCC in the presence of 
0.02, 0.05 and 0.1  µg/mL soluble CEACAM5 for the 
three tumor cell lines mentioned above. Consistent with 
the binding results, soluble CEACAM5 had no signifi-
cant impact on TDCC activity (Additional file  1: Figure 
S5D–F).

CEACAM5 receptor occupancy
SK-CO-1, SNU-C1, and LS-174T expressing different 
levels of CEACAM5 (LS-174T < SNU-C1 < SK-CO-1) 
were used in a flow cytometry-based assay to deter-
mine the CEACAM5 RO mediated by a dose range of 
NILK-2301.

NILK-2301 binds to all three cell lines in a dose-
dependent manner with  RO50 ranging from 10 to 228 nM 
(Additional file  1: Figure S6). An inverse correlation 
between the level of CEACAM5 expression on the target 
cells and the  RO50 of NILK-2301 to the target cells was 
observed.

In vivo activity
The in vivo anti-tumor activity of NILK-2301 was inves-
tigated in two mouse xenograft models using human 
PBMCs as effector cells and either a colon cancer cell 
line (LS-174 T) or a pancreatic adenocarcinoma cell line 
(HPAF-II) as target cells.

LS‑174T human PBMCs co‑grafting model
LS-174T cells and PBMCs were co-grafted SC and treat-
ment was started for all groups at day 7 post co-grafting 
(Fig.  5A). On day 21, mice in the vehicle group started 
reaching the ethically pre-defined maximum tumor size 
endpoint (1500  mm3). In contrast, NILK-2301 at 10 mg/
kg twice-weekly delayed tumor growth (Fig. 5B). Tumor 
volume comparison on day 21 reveals a statistically sig-
nificantly lower tumor burden in mice treated with 
NILK-2301 compared to vehicle (Fig. 5C).

HPAF‑II model with IV injected PBMCs
The in  vivo efficacy was further confirmed in a model 
in which HPAF-II cells were grafted SC, followed by IV 
injection of PBMCs on day 7. When the average tumor 
volume in mice reached 150  mm3, IV treatment was 
initiated with NILK-2301 (Fig.  5D). As expected from 
previous experiments, a host-versus-graft reaction lead-
ing to spontaneous regression in the control group was 
observed after day 21. Unbiased data (≤ d18) showed 
anti-tumor activity for NILK-2301 (Fig. 5E), with a statis-
tically significantly lower tumor burden (P < 0.01) meas-
ured for NILK-2301 mice compared to vehicle (Fig. 5F).

Taken together, NILK-2301 showed in  vivo activity in 
two independent mouse models using human PBMCs as 
effector cells either co-grafted SC or injected IV.

Organoids
Three colon cancer organoid models were selected based 
on their mRNA CEACAM5 expression level (RNA-
sequencing). Cell surface CEACAM5 expression was 
confirmed by flow cytometry and quantified at 126,000, 
47,000, and 38,000 molecules/cell, for organoids HUB-
02-C2-019, HUB-02-B2-040 and HUB-02-B2-055, 
respectively.

NILK-2301 at 5  μg/mL resulted in an increased Cas-
pase3/7 signal, i.e., increased apoptosis overtime (exem-
plary data for HUB-02-B2-055 are shown in Fig.  6A 
and Additional file  1: Table  S3). Of note, 64.2% of the 

Table 1 EC50 and maximal plateau from TDCC assays [%] with 
CEACAM5‑positive tumor cell lines

Readout using LDH release after incubation for 48 h

NILK‑2301

EC50 nM Max plateau

SK‑CO‑1 0.06 ± 0.07 43.52 ± 7.26

SNU‑C1 0.02 ± 0.01 24.99 ± 12.47

H508 0.15 ± 0.17 14.1 ± 7.56

SW1116 0.033 ± 0.03 38.03 ± 6.71

LS‑174 T 0.059 ± 0.09 26.67 ± 9.09

MKN‑45 0.02 ± 0.03 27.87 ± 6.31

SNU‑16 0.08 ± 0.11 20.92 ± 13.59

H2122 0.008 ± 0.005 25.5 ± 3.7
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Fig. 2 T‑cell activation marker analysis for CD69 (late activation marker) and CD25 (early activation marker) as well as cytokine release. T‑cell 
activation after 48 h of incubation in the TDCC assay was assessed using SK‑CO‑1, MKN‑45, and H2122. Cytokine and granzyme B release 
in supernatants from TDCC is exemplarily shown for SK‑CO‑1. BsAb, bispecific antibody
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Caspase3/7 signal induced by the apoptosis-inducing 
agent staurosporine were achieved by NILK-2301 at 5 µg/
mL after 60 h of co-culture (310.3 vs. 483.4 relative flu-
orescence units; Additional file  1: Table  S3). Increased 
apoptosis was visible also from the images taken at the 
end of the co-culture with 5 μg/mL NILK-2301 (Fig. 6B). 
No IFN-γ secretion was observed up to the highest tested 
NILK-2301 concentration of 5 µg/mL (data not shown).

Primary tumor tissue slices
NILK-2301 was tested on organotypic PDTCs from sur-
gical resections both in monotherapy as well as in com-
bination with checkpoint inhibitors. Across all PDTC 
specimens, responses of ≥ 10% were seen in 19/54 sam-
ples (35%) treated with NILK-2301 as single agent, 13/28 
samples (46%) treated with NILK-2301 + pembrolizumab, 
and 10/17 samples (59%) treated with the triple combi-
nation, i.e., NILK-2301 + nivolumab + ipilimumab (Fig.  7 
and Additional file 1: Table S4).

Of all 21 colon cancer specimens, three (14%) did not 
express CEACAM5 and five (24%) showed a high expres-
sion of CEACAM5. The combination of NILK-2301 

plus PD-1 inhibitor pembrolizumab showed effects in 
6/10 specimens (60%), compared to only 6/ 21 samples 
(29%) responding to NILK-2301 monotherapy. Of nine 
PDTCs treated with the triple combination (i.e., NILK-
2301 + PD-1 inhibitor nivolumab + CTLA-4 inhibi-
tor ipilimumab), six had a reduction of tumor vitality 
(67%). Of these, five tissue specimen (83%) showed high 
CEACAM5 expression. The effect of the triple combina-
tion was superior to the double combination in only two 
PDTCs. Overall, the administration of NILK-2301 plus 
PD-1 inhibitor mediated the highest efficacy in reducing 
tumor burden in colon cancer PDTCs.

Fourteen out of sixteen gastric cancer specimens 
(87.5%) expressed CEACAM5 and were potential candi-
dates for treatment with NILK-2301. Of all gastric cancer 
specimen investigated, 7/16 (44%) responded to single 
NILK-2301 treatment and 4/8 (50%) to the combina-
tion of NILK-2301 with pembrolizumab. Tumors with 
high CEACAM5 expression levels (6/14 samples; 43%) 
responded well to NILK-2301 monotherapy (4/6 speci-
mens; 67%), which was further enhanced in two PDTCs 
when combined with PD-1 inhibitor pembrolizumab.

Fig. 3 Induction of T‑cell proliferation. CD4 (upper panel) and CD8 (lower panel) T‑cell proliferation analysis after six days of co‑culture 
with CEACAM5‑positive cell lines SK‑CO‑1, MKN‑45, and H2122. BsAb, bispecific antibody
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The diversity of CEACAM5 expression was the highest 
in the investigated lung cancer specimen; 6/17 (35%) each 
did express high or no CEACAM5, respectively. Two 
of three tissues (67%) with high CEACAM5 expression 
responded to the triple immunotherapy combination. An 

effect of the triple combination could also be seen in a 
tissue with low CEACAM5 as well as in a tissue without 
CEACAM5 expression according to immunohistochem-
istry. A larger cohort could be investigated with NILK-
2301 monotherapy. Here, 5/11 (45%) CEACAM5-positive 

Fig. 4 Whole blood and PBMC cytokine release and T‑cell activation. A Cytokine release from whole blood induced by NILK‑2301 following 24 h 
of incubation. MEDI‑565 BiTE and cetuximab (Cetux) were used as control antibodies. Each dot represents the value measured for a given 
antibody and for a given donor. Measurements obtained with a given donor are pictured with the same color. No significant non‑target cell 
associated cytokine release as compared to control (PBS) was observed for NILK‑2301. B T‑cell activation and cytokine release from healthy 
donor PBMCs induced by NILK‑2301 after 48 h of incubation. Muromonab and cetuximab (Cetux) were used as control antibodies. As for whole 
blood, no significant non‑target cell mediated T‑cell activation or cytokine release as compared to control (PBS) or T‑cell activation was observed 
for NILK‑2301. Measurements obtained with a given donor are pictured with the same color. Asterisks denote significance to the level of *P < 0.05, 
**P < 0.01, ***P = 0.001, and ****P < 0.0001. ns, not significant
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Fig. 5 In vivo activity of NILK‑2301 in two xenograft models using NOG mice. LS‑174 T human PBMCs co‑grafting model (upper panel) and HPAF‑II 
PBMCs IV humanized model (lower panel). A, D Schematic representation of the experimental set up, and B, E tumor volume over time. C 
Tumor volume at day 21. F Tumor volume at day 18. Statistical analysis was performed on tumor volume at day 21 (LS‑174 T) or day 18 (HPAF‑II), 
respectively, using Mann–Whitney U test. *P < 0.05 and **P < 0.01. TV, tumor volume; D, day; GvHD, host‑versus‑graft disease; SC, subcutaneously; IV, 
intravenously
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PDTCs showed an effect (P = 0.0509). While one sam-
ple did not respond to any of the conditions, although 
CEACAM5 was highly expressed, a favorable effect of 
NILK-2301 was observed in the overall tumor fraction 
independent of CEACAM5.

Some specimens were stained for CD3 and CD68 to 
control for the presence of these cellular components 
regarding tumor response (Fig.  7D). Representative pic-
tures demonstrate CD3-expressing cells in regard to the 
observed abundancy.

Fig. 6 TDCC assay using HUB‑02‑B2‑055 colorectal cancer organoid model. A Mean background corrected Caspase3/7 fluorescence intensity 
from T0 (i.e., 0 h, baseline) to 60 h of co‑culture in the presence of anti‑CD3 and NILK‑2301 plotted per antibody condition for the following 
concentrations: 0.3 μg/mL (top panel), 1 μg/mL (middle panel) and 5 μg/mL (bottom panel). B Representative images at 60 h of co‑culture 
condition with 5 μg/mL NILK‑2301. Corresponding mean background corrected Caspase3/7 fluorescence intensity values with their standard 
deviations are shown in Additional file 1: Table S3. BF, brightfield. Scale bar 500 μm

Fig. 7 Overall tumor response in PDTC specimens. A Samples from all patient specimen and specimen expressing CEACAM5 with colorectal 
cancer, B gastric cancer, and C lung cancer. CEACAM5‑positive specimens according to immunohistochemistry are shown in the left‑hand panels, 
while specimens expressing high levels of CEACAM5 are shown in the right‑hand panels. A summary of the mean values of the normalized 
tumor responses is given in Additional file 1: Table S4. D HE stainings of one representative colon cancer specimen is given, together 
with the immunofluorescent staining against CD3 and CD68, counterstained with DAPI. HE bar = 250 µm; immunofluorescence bar = 50 µm

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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Pharmacokinetics
NILK-2301 shows cynomolgus anti-CD3 and Fc cross-
reactivity but none to CEACAM5. Cynomolgus monkey 
is therefore a partially relevant species to test PK as well 
as tolerability and to de-risk potential off-target binding 
of the anti-CEACAM5 arm of NILK-2301 in vivo. The PK 
profile of NILK-2301 was investigated in male and female 
cynomolgus monkeys after a single IV injection at 0.5 or 
10 mg/kg (groups 1 and 2) or a SC injection at 20 mg/kg 
(group 3).

The concentrations versus time profiles after IV and SC 
administrations are shown in Fig. 8 with PK parameters 
summarized in Additional file  1: Table  S5 (IV) and S6 
(SC).

Following an IV administration at 0.5 mg/kg, concen-
trations decreased steadily until the last time point. In 
the two female monkeys, a plateau was observed in the 
profile. Concentrations after 72 h tended to be lower in 
males compared to females.

After IV administration at 10  mg/kg, concentrations 
decreased steadily till the last time point and tended to 
be slightly higher in one male monkey.

Following SC administration at 20 mg/kg, quantifiable 
NILK-2301 concentrations were observed at pre-dose 
(since the same monkeys participated in both groups 2 
and 3) until the last time point. The absorption phase was 
variable with the peak concentration varying between 
73.8 and 170  μg/mL at 24–48  h post-dose. After reach-
ing the peak, concentrations gradually decreased with 

relatively similar elimination phase between the mon-
keys. Concentrations were slightly higher in males com-
pared to females.

Individual bioavailability (between groups IV 10  mg/
kg and SC 20 mg/kg) ranged from 75.5 to 172%, and bio-
availability calculated on median values was 112% and 
110% for IV at 0.5 and 10 mg/kg respectively. No trend 
between males and females was observed after IV admin-
istrations while AUCs tended to be higher and CL to be 
lower in males compared with females after SC admin-
istration. The predicted half-life in humans is 13.1 days.

PK data were confirmed in Tg32 human FcRn mice. 
NILK-2301 PK seemed to be dose-proportional for Cmax 
and AUC last for the 0.5 and 10  mg/kg dose levels (data 
not shown). CL values were 0.35–0.44  mL/h/kg and 
seemed consistent with the range reported previously 
for 17 monoclonal antibodies in wild-type mice (0.13–
2.19 mL/h/kg, median: 0.36 mL/h/kg) [48].

Tolerability
Doses of 0.5 and 10  mg/kg IV and 20  mg/kg SC were 
well-tolerated over the 6-week observation period in 
cynomolgus monkeys and did not lead to any in-life find-
ings or toxicological changes at the injection site, in body 
weights, food consumption or anatomical pathology. In 
addition, the 0.5 and 10 mg/kg groups, also evaluated for 
safety pharmacology, immunophenotyping, clinical phar-
macology changes, revealed no toxicological changes in 
any of these parameters.

Fig. 7 continued
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Fig. 8 NILK‑2301 concentrations versus time in cynomolgus monkeys. Animals received a single IV administration at A 0.5 mg/kg, B 10 mg/kg, or C 
20 mg/kg SC, respectively. The four differently colored curves represent the individual animals (two females [solid lines] and two males [dashed 
lines]). PK parameters are summarized in Additional file 1: Table S5 (IV) and S6 (SC). LLOQ, lower limit of quantification
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Likewise, NILK-2301 was well-tolerated in human 
FcRn Tg32 mice; no clinical signs, no weight loss, or 
mortality were observed following injections of 0.5 and 
10 mg/kg NILK-2301, respectively.

Discussion
Here, we describe a novel CEACAM5xCD3 BsAb, termed 
NILK-2301, constructed using the κλ body platform. This 
format is assembled by co-expressing one heavy chain 
and two different light chains, one κ and one λ, resulting 
in a BsAb that fully retains the sequence and architecture 
of human IgG antibodies [39]. The κλ-format presum-
ably conveys low antigenicity and concomitantly lower 
potential for induction of neutralizing ADAs. Besides, 
NILK-2301 contains additional inbuilt characteristics to 
limit unspecific activation and potential side effects. The 
molecule first binds with higher affinity to tumor cells 
(KD≈5 nM) as compared to T-cells (KD≈100 nM), limit-
ing unspecific T-cell activation. Secondly, Fc-mediated 
effector functions are abrogated by introduction of three 
mutations (“LALAPA”) [44–46], to convey a favorable 
safety profile in patients due to the lack of binding to 
activating FcγRs (i.e., no CD3 cross-linking). The binding 
to the FcRn is however maintained, to retain the typical 
half-life of IgGs in circulation.

Simultaneous binding of NILK-2301 to CEACAM5-
positive tumor cells and CD3ε-expressing T-cells leads to 
T-cell activation, proliferation, and secretion of cytokines 
and cytotoxic enzymes, ultimately leading to tumor cell 
killing. Overall, NILK-2301 showed promising in  vitro 
and in vivo activity, including data from 3D models, i.e., 
PDTCs from patients with colon, gastric or lung cancer 
and colorectal cancer organoids, which have been shown 
to be able to overcome the various limitations of standard 
in vitro 2D cultures and mouse in vivo models [49]. The 
tissue response rate in PDTCs expressing CEACAM5 is 
notable, given the short incubation time compared to 
duration of patient treatment and the effect size in this 
clinically relevant model system. Sixty percent of cultures 
from patients with colon cancer responded to NILK-
2301 plus pembrolizumab and about 45% of the tissue 
cultures of gastric cancer and lung cancer specimens, 
respectively, responded to NILK-2301 monotherapy. 
The effect of pembrolizumab alone was not investigated 
in the present study, however, the combined tissue 
response rate of 60% in colon cancer PDTCs for NILK-
2301 plus pembrolizumab in our study exceeded the 
overall response rate of 43.8% found for pembrolizumab 
monotherapy in microsatellite-instability-high advanced 
colorectal cancer patients [50]. Previous results in gastric 
cancer cultures demonstrated that the effect of the PD-1 
inhibitor nivolumab can be enhanced when combined 
with immune activators (e.g., CD3/CD28 T-lymphocyte 

activator ImmunoCult™), resulting in similar effect sizes 
to those found in the present study [51]. For comparison, 
the use of oxaliplatin at unphysiologically high concen-
trations (i.e., 100 μM) was equally effective as NILK-2301 
monotherapy [51]. NILK-2301 showed also positive 
effects on the overall tumor fraction of lung cancer sam-
ples, independent of CEACAM5 expression and should 
be further evaluated alone and in combination with 
immune checkpoint inhibition.

Likewise, NILK-2301 induced increased Caspase3/7 
signal, i.e., increased apoptosis, in colorectal cancer 
organoid models. Quantification of Caspase3/7 signal 
appeared as suitable surrogate readout for T-cell medi-
ated killing and activation in co-cultures of organoids 
and PBMCs. However, optimizations of the killing read-
out for future analyses might be required, given that a 
non-specific Caspase3/7 increase across all conditions 
has been observed using different organoid models (data 
not shown), potentially due to alloreactivity effects and/
or experimental conditions. When using an allogeneic 
PBMC donor in a co-culture assay for the first time it 
is thus important to assess its compatibility with the 
selected organoid model beforehand to avoid excessive 
non-specific organoid killing in the absence of antibod-
ies, reducing the assay window.

In vitro studies with NILK-2301 indicated that no rel-
evant animal species exists for nonclinical safety studies 
because the anti-CEACAM5 arm is not cross-reactive 
with cynomolgus and no CEACAM5 orthologs exist 
in rodents or other species commonly used in non-
clinical safety evaluations [52]. We and others have 
been unable to generate CEACAM5-specific relevant 
cynomolgus surrogate mAbs, and murine transgenic 
humanCEACAM5 x humanCD3 mice have been shown 
as inappropriate too [53]. Notwithstanding, NILK-2301 
shows cynomolgus anti-CD3 and Fc cross-reactivity. 
Cynomolgus monkey is thus a partially relevant species 
to test PK and tolerability of NILK-2301 in vivo, in which 
the anti-CD3 and Fc-binding as well as the potential 
off-target binding of the anti-CEACAM5 arm could be 
de-risked. In this model, the well-tolerated dose of NILK-
2301 was set at 10 mg/kg, i.e., the highest IV dose admin-
istered. Also, in human FcRn Tg32 mice, no FcRn-related 
or unspecific toxicity or treatment-related changes 
were observed. While cynomolgus and Tg32 mice were 
deemed relevant for hazard identification, given the lack 
of full cross-reactivity (and thus pharmacological activ-
ity), no standard toxicity studies were considered justified 
in these species.

Different molecules targeting CEACAM5 have already 
been tested or are currently in clinical trials [32–38]. Of 
these, CEACAM5-targeting T-cell engagers conveying 
the same mechanism of action are closest to NILK-2301 
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and can thus be taken as reference. These include 
the MEDI-565 BiTE (NCT01284231, NCT02291614) 
[29, 35, 37] as well as cibisatamab (NCT02324257, 
NCT02650713, NCT04826003) [28, 34, 54, 55] and 
RO7172508 (RG6123; NCT03539484) [38] based on 
the so-called 2:1 TCB format. BiTEs contain one sin-
gle chain variable fragment (scFv) with specificity for a 
tumor-associated antigen molecularly fused to another 
scFv with specificity for CD3 on T-cells; the molecular 
weight is approximately 54  kDa (twice the 27  kDa for 
scFv). MEDI-565 binds with a comparable  KD of 6 nM 
to the A2 domain of CEACAM5 (the same to which 
NILK-2301 binds) [29, 56]. One of the main disad-
vantages of BiTEs due to their format is the fast clear-
ance and short half-life, requiring continuous infusion, 
which has limited their use in routine clinical prac-
tice [57]. In contrast, cibisatamab (molecular weight 
approximately 192.78 kD) is an IgG-based TCB that 
incorporates bivalent binding to CEACAM5, a head-
to-tail fusion of CEACAM5- and CD3e-binding Fab 
domains as well as an engineered Fc region with com-
pletely abolished binding to FcγRs and C1q [28]. The 
molecule binds to the B3 domain of CEACAM5 with 
an affinity of  KD 5–16  nM (i.e., comparable to NILK-
2301). RO7172508 (RG6123) is likewise of 2:1 format 
with a humanized CEACAM5 binder to the A3-B3 
domain of CEACAM5 with very high monovalent affin-
ity  (KD 90  pM). Signs of clinical activity, e.g., reaching 
stable disease or increase in cytokine levels as pharma-
codynamics marker, have been seen with all three mol-
ecules; however, formal objective response could only 
be observed with cibisatamab. Partial responses were 
seen with monotherapy and further enhanced in combi-
nation with checkpoint inhibition (atezolizumab), with 
6% vs. 18% in patients receiving ≥ 60 mg cibisatamab flat 
dose [34]. CEACAM5-targeting T-cell engagers showed 
an acceptable and manageable safety profile with GI 
toxicity (on-target) being the main reported adverse 
event and dose-limiting toxicity. ADAs were found in 
approximately half of patients for all three molecules, 
and such ADA-mediated loss of exposure limited clini-
cal efficacy and, for example in the case of MEDI-565 
[37], precluded the definition of a therapeutic window, 
which may be due to the artificial formats (i.e., BiTE or 
especially 2:1 format).

Based on these findings, it can be assumed that a 
BsAb with presumably lower potential of ADA-forma-
tion, such as the so-called κλ body format used here 
[39], for which clinical evidence is given by ongoing 
clinical trials involving other BsAbs based on the same 
κλ body format, i.e., the CD19xCD47 BsAb NI-1701 
(TG-1801) [58] and MSLNxCD47 (NI-1801) [59], 
could be of significant therapeutic potential.

Given the mechanism of action of NILK-2301 com-
pared with other approved anti-cancer agents and 
the presumably non-overlapping toxicity profile, it 
is anticipated that NILK-2301 will combine favorably 
with other treatment modalities, e.g., immune check-
point inhibitors [34], co-stimulatory agents like tumor-
targeted 4-1BB agonists or CD28-BsAbs [60–62], or 
CD47-targeting BsAbs [63], in future clinical studies.

Conclusion
In conclusion, NILK-2301 combines promising preclini-
cal activity and safety with format-associated lower prob-
ability of ADA-generation and PK consistent with IV or 
SC applications, e.g., every one or two weeks. NILK-2301 
will enter clinical testing at the end of 2023 in patients 
with advanced colorectal adenocarcinoma.
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