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ABSTRACT
Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6), a cell surface receptor, is 
expressed on normal epithelial tissue and highly expressed in cancers of high unmet medical need, 
such as non-small cell lung, pancreatic, and colorectal cancer. CEACAM receptors undergo homo- and 
heterophilic interactions thereby regulating normal tissue homeostasis and angiogenesis, and in cancer, 
tumor invasion and metastasis. CEACAM6 expression on malignant plasma cells inhibits antitumor activity 
of T cells, and we hypothesize a similar function on epithelial cancer cells.

The interactions between CEACAM6 and its suggested partner CEACAM1 on T cells were studied. A 
humanized CEACAM6-blocking antibody, BAY 1834942, was developed and characterized for its immu-
nomodulating effects in co-culture experiments with T cells and solid cancer cells and in comparison to 
antibodies targeting the immune checkpoints programmed cell death protein 1 (PD-1), programmed 
death-ligand 1 (PD-L1), and T cell immunoglobulin mucin-3 (TIM-3).

The immunosuppressive activity of CEACAM6 was mediated by binding to CEACAM1 expressed by 
activated tumor-specific T cells. BAY 1834942 increased cytokine secretion by T cells and T cell-mediated 
killing of cancer cells. The in vitro efficacy of BAY 1834942 correlated with the degree of CEACAM6 expression 
on cancer cells, suggesting potential in guiding patient selection. BAY 1834942 was equally or more 
efficacious compared to blockade of PD-L1, and at least an additive efficacy was observed in combination 
with anti-PD-1 or anti-TIM-3 antibodies, suggesting an efficacy independent of the PD-1/PD-L1 axis.

In summary, CEACAM6 blockade by BAY 1834942 reactivates the antitumor response of T cells. This 
warrants clinical evaluation.
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Introduction

Many cancers express immune checkpoint molecules (ICMs) 
to block T cell functions, limiting the efficacy of cancer 
immunotherapy.1–3 However, T cell function can be reacti-
vated through blockade of ICMs.4 For example, several 
approved drugs targeting the programmed cell death protein 
1/programmed death-ligand 1 (PD-1/PD-L1) axis have 
achieved impressive clinical responses in several cancer 
types.5 Still, most cancers do not respond to PD-1/PD-L1 
inhibitors or they develop resistance to them.

Carcinoembryonic antigen-related cell adhesion molecule 6 
(CEACAM6, CD66c, nonspecific cross-reacting antigen, NCA, 
or NCA-50/90) is a glycosylphosphatidylinositol (GPI)-linked 

cell surface protein that belongs to the CEACAM family of the 
immunoglobulin (Ig) supergene family.6,7 CEACAMs participate 
in the regulation of cell-cell adhesion, tissue formation, angiogen-
esis, apoptosis, tumor suppression, invasion, and metastasis for-
mation but can also act as pathogen receptors.8–10 They undergo 
homo- and heterophilic interactions with other CEACAMs, and 
CEACAM6 has been found to bind CEACAM5 and 
CEACAM8.6,7,11 Since neither CEACAM5 nor CEACAM8 pos-
sesses intracellular signaling domains or is expressed on T cells, 
other CEACAM ligands may mediate the T cell suppression 
observed with CEACAM6. Among them, CEACAM1 is found 
on activated T cells and one of the few CEACAM receptors 
containing intracellular immunoreceptor tyrosine-based 
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inhibitory motive (ITIM) domains for T cell signaling.11 Indeed, 
CEACAM1-CEACAM1 homophilic interactions between T cells 
and CEACAM1-expressing cancer cells can play a role in anti-
tumor T cell suppression, and binding of CEACAM1 by patho-
gens can lead to T cell inhibition.9,10

Human and mouse T lymphocytes in blood or lymph nodes 
generally express the main ITIM-containing CEACAM1-L iso-
forms CEACAM1–3 L and −4 L which are significantly upregu-
lated at the surface in response to interleukin-2 (IL-2).12 Apart 
from T cell inhibition, these isoforms may mediate adhesion of 
T cells to other lymphocytes or tumor cells, which contributes to 
their cytolytic function as well.12 The isoform expressed most 
dominantly on T lymphocytes is CEACAM1-L, while 
CEACAM1–3S and −4S isoforms are expressed in much lower 
amounts.13

Here, we investigated whether CEACAM6 represents an 
alternative ICM in immunotherapy-resistant human can-
cers which inhibit T cell responses independently of the 
PD-1/PD-L1 axis. CEACAM6 suppresses cytotoxic T cell 
responses against malignant human plasma cells14 and is 
expressed in cancer types largely resistant to PD-1/PD-L1 
blockade, including colon and pancreatic cancer.15–19 In 
these cancers, CEACAM6 levels correlate with tumor pro-
gression and adverse clinical outcome16,17,20–23 and 
CEACAM6 is more abundant than carcinoembryonic anti-
gen (CEA, CEACAM5) in breast, pancreatic, mucinous 
ovarian, gastric and large adenocarcinoma, whereas in 
prostate cancer, CEACAM6 and CEA are expressed in 
equal amounts.6,15 Furthermore, CEACAM6 is expressed 
on granulocytes and macrophages, which constitute 
a major component of immunosuppressive tumor 
microenvironments.24 Accordingly, CEACAM6 expression 
correlates with reduced T cell infiltration during colon 
cancer development.25 In healthy conditions, CEACAM6 
is expressed on myeloid cells in blood with the highest 
levels found on granulocytes,26 resident myeloid cells,24 

and epithelial cells in the lung27 and intestine,15,28 where 
it is often co-expressed with CEACAM1 and CEACAM515 

and it contributes to normal tissue homeostasis with 
CEACAM7 for which an inverse correlation of expression 
with CEACAM6 has been found.29 In cancer, this co- 
expression is deregulated, and indeed, CEACAM1, 
CEACAM5, and CEACAM6 are now considered valid 
clinical tumor biomarkers and promising therapeutic tar-
gets in melanoma, lung, colorectal, and pancreatic 
cancers.6,15,29

CEACAM6 orthologs exist in human and non-human 
primates but not in rodents,30,31 which precludes the 
option to study CEACAM6 interactions in vivo in mouse 
or rat models.

Here, we show that the interaction between CEACAM6 
on human solid cancer cells and CEACAM1 on activated 
tumor-reactive T cells suppresses the antitumor functions 
of T cells independently of the PD-1/PD-L1 axis. We 
further describe a humanized anti-CEACAM6 antibody 
BAY 1834942, which blocks this interaction and restores 
the antitumor activity of T cells in CEACAM6-positive 
cancers.

Methods

Antibody compounds and analysis tools

BAY 1834942 (anti-CEACAM6 antibody, human IgG2) was 
generated at Bayer AG (Germany) by immunizing mice with 
recombinant cynomolgus monkey CEACAM6 and subsequent 
humanization as described in detail in the Supplementary 
Methods.

The variable domains of the murine anti-CEACAM6 
antibody 9A6 (Aldevron)32,33 were cloned from its hybri-
doma to generate a human IgG2 chimeric antibody. The 
anti-PD-L1 (human IgG2) and the anti-PD-1 (human IgG4 
Pro) monoclonal antibodies (mAb) were generated at Bayer 
AG by cloning the variable domains of atezolizumab and 
nivolumab, respectively. The anti-CEACAM8 antibody 
(mouse IgM1 kappa, #555723) was purchased from BD 
Pharmingen. The anti-CEACAM5/6 antibody h16 C3 (as 
described in US20130189268,34 human IgG1,35,36), the anti- 
human CEACAM1 antibody (as described in 
WO2013054320,37 human IgG1 (TPP-3006) and human 
IgG2 (TPP-9145)) and isotype control antibodies TPP-1238 
(huIgG2), TPP-1240 (huIgG4-S228P), and TPP-754 
(huIgG1) were generated at Bayer AG. MAB2365 (an anti-
body against T cell immunoglobulin mucin-3 (TIM-3)) and 
its isotype control MAB006 are both recombinant rat IgG2a 
antibodies and were purchased from R&D Systems.

A list of additional tool antibodies used in the study can be 
found in Suppl. Table S1. In single experiments, antibodies 
were used as modified (chimeric) isotype versions, which is 
indicated accordingly.

Recombinant proteins

Recombinant human CEACAM1, −5, −6 proteins were pur-
chased from R&D Systems, human CEACAM3 was obtained 
from Sino Biological. Other recombinant human or cynomol-
gus CEACAM6 variants including Fc fusions and domain 
variants were produced as described in the Supplementary 
Methods.

Cell lines and primary immune cells

The cell lines used in this study are summarized in Suppl. 
Table S2. The cell lines were obtained between 2002 and 
2013 and authenticated using short tandem repeat DNA 
finger-printing at Leibniz Institute DSMZ-German 
Collection of Micro-organisms and Cell Cultures (DSMZ) 
before the experiments. For experimental studies, cell lines 
were harvested at 60–80% confluency. Detailed information 
about the cancer cell lines used and about their genetic 
modifications is provided in the Supplementary Methods.

The isolation of peripheral blood mononuclear cells 
(PBMCs) is described in the Supplementary Methods.

Tumor antigen-specific (i.e. survivin peptide-specific) T 
cells were generated from PBMCs of healthy donors as pre-
viously described.38,39 As survivin T cells do not express PD-1, 
PD1-expressing virus (influenza FluM1 peptide)-specific T 
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cells were used as effector cells for testing the efficacy of the 
anti-PD-L1 and anti-PD-1 antibodies. Their generation is 
described in the Supplementary Methods.

Tumor-infiltrating lymphocytes (TILs) from pancreatic 
cancer (University Hospital Heidelberg Biobank, kindly pro-
vided by Dr. Isabel Poschke at the German Cancer Research 
Center, DKFZ, Heidelberg), myeloma TILs, and lung cancer 
TILs were prepared as described in the Supplementary 
Methods.

Jurkat E6.1 cells (ATCC) and Jurkat T-REx (Bayer AG) cells 
were used to generate CEACAM1 knockout T cells for experi-
ments. The details of their generation are described in the 
Supplementary Methods.

Ethical statement

The studies on human samples were conducted according to 
the ethical principles of research with human participants 
(including the revised Helsinki Declaration). The study proto-
cols were approved by the local ethics committees with written 
informed consent obtained from each volunteer.

CEACAM6 protein expression in normal and cancerous 
tissues and leukocytes

CEACAM6 protein expression was determined in tissue 
microarray (TMA) slides of various primary tumor and normal 
tissue samples with the anti-human CEACAM6 antibody 9A6 
mIgG1 (Aldevron) and BAY 1834942 (or a mIgG2a variant 
thereof) by immunohistochemistry (IHC) as described in the 
Supplementary Methods. The paraffin-embedded samples 
were obtained from Provitro (Berlin, Germany), Asterand 
Bioscience (Royston, UK), and Indivumed (Hamburg, 
Germany). For comparison of CEACAM6 and PD-L1 expres-
sion in non-small cell lung cancer (NSCLC) tissue, samples 
were stained with an anti-PD-L1 antibody (1:150, Abcam, 
EPR11612) in a BOND automated staining system (Leica).

CEACAM6 expression in human leukocytes (monocytes, 
neutrophils and T cells) from whole blood of healthy volunteers 
(CRS Clinical Research Services Berlin GmbH, Berlin, Germany) 
and on human dissociated tumor cells and infiltrating neutro-
phils, macrophages and T cells from five colorectal cancer (CRC) 
and seven NSCLC patients (Conversant Bio, Inc. USA) was 
examined by flow cytometry. To analyze CEACAM6 expression 
in different cell populations of the CRC and NSCLC samples, the 
cells were analyzed by gating on cell-specific surface markers 
CD45 (for leukocytes), CD14 (for monocytes and macrophages), 
CD3 (for T cells) and CEACAM8 (for granulocytes). The mAb 
9A6 was used to assess CEACAM6 expression. The details of the 
analysis are described in the Supplementary Methods.

CEACAM6 RNA expression in various cancers

CEACAM6 mRNA expression was analyzed in primary tumor 
samples across 33 cancer types using The Cancer Genome Atlas 
(TCGA) database as described in the Supplementary Methods.

CEACAM6 silencing in various liquid and solid cancer cells 
by siRNA knockdown

Effects of CEACAM6 silencing were examined by small inter-
fering RNA (siRNA) knockdown and co-cultures of TILs and 
cancer cells. PANC-1-luc cells were generated by transfecting 
PANC-1 cells with a plasmid encoding the green fluorescent 
protein (GFP)-luciferase fusion protein (pEGFP-Luc plasmid) 
and the G418-resistance gene. The plasmid was kindly pro-
vided by Dr. Haase (LMU-Munich, Munich, Germany). The 
protein expression and mRNA levels of PD-L1 and CEACAM6 
were determined by Western blot and reverse-transcription 
PCR, respectively.

Wild-type and luc-transfected PANC-1 (2 x 103), KMM-1 (1 
x 104), and NCI-H23 (2 x 103) cells were transfected with 
siRNAs (Suppl. Table S3) with RNAiMAX (Thermo 
Scientific). The cytotoxicity of the siRNAs was measured by 
a luciferase-based assay and a chromium-51 assay.

The details of the protocols are described in the 
Supplementary Methods.

Selectivity and binding of BAY 1834942

The binding and selectivity of BAY 1834942 to recombinant 
human CEACAM1, −3, −5 and −6 (R&D Systems) and cyno-
molgus monkey CEACAM6 were determined with surface plas-
mon resonance (SPR) and enzyme-linked immunosorbent assay 
(ELISA) experiments as described in the Supplementary 
Methods.

Additionally, binding and selectivity were examined in 
HeLa cells transfected with human CEACAM1, −3, −5, −6, 
−8, −19) or cynomolgus monkey CEACAM6 receptors by 
flow cytometry. Wild-type and stably transfected HeLa cells 
were incubated with BAY 1834942 as primary antibody and 
with 9A6 as a positive control. Phycoerythrin (PE)-labeled 
anti-mouse or anti-human IgG antibodies (1:150 dilution, 
#115–115-164, #109–115-098, Dianova) were used as second-
ary antibodies. For the analysis of half-maximal binding con-
centration (EC50), the primary antibodies were used at 
increasing concentrations of 0.1 nM to 100 nM. EC50 values 
were determined by plotting the median fluorescence intensity 
signal against the concentration (logarithmic scale). Curve 
fitting of data was performed using GraphPad Prism 6.0. The 
details are described in the flow cytometry section of the 
Supplementary Methods

The interaction between recombinant CEACAM6 and 
CEACAM1 Fc fusion protein was tested by ELISA. 
CEACAM6-Fc (0.039–0.5 µg/mL) was added to CEACAM1- 
coated (without Fc, R&D #2244) microtiter plates for 1 h at 
37°C. Detection was performed with a secondary antibody 
(1:5000 goat anti-human IgG horseradish peroxidase, 
DIANOVA #109–035_098) for 1 h at 37°C and developed 
after incubation with substrate (R&D #DY999 A and B) and 
stopping solution (R&D #DY994). Plates were measured at 
450/540 nm with a Tecan Infinite M200 plate reader. 
Analysis was performed using Microsoft Excel and Graph 
Pad Prism 6. The details are described in the Supplementary 
Methods.
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The effect of BAY 1834942 on CEACAM6-CEACAM1 
interaction was analyzed in a similar setup as a competition 
ELISA using a range of BAY 1834942 concentrations. 
Therefore, a precomplex of CEACAM6-Fc (2 µg/mL) and 
increasing concentrations of BAY 1834942 was allowed to 
form at 37°C for 1 h before it was added to the CEACAM1- 
coated plates.

To analyze the binding of BAY 1834942 to human 
CEACAM6 in more detail, two mutants of the N-terminal 
domain 1 of human CEACAM6 were generated with changes 
at amino acid position 30 (Suppl. Table S4) and investigated 
alongside the wild-type domain. The details of the experiment 
are described in the Supplementary Methods.

Flow cytometry analyses for profiling of cancer cell lines, 
T cells, or TILs

The expression of various markers (e.g., CEACAM6, 
CEACAM5, CEACAM1, and PD-L1) on the surface of cancer 
cell lines, survivin T cells, virus-specific T cells and pancreatic 
cancer TILs was analyzed using flow cytometry on a FACS 
Array (BD) or FACSCanto II instrument (BD). Data were 
analyzed with FlowJo (V10.2) software (Tree Star). 
Determination of antibody binding sites on individual cell 
lines was done with the QIFI® kit (Dako) according to the 
manufacturer’s instructions. Method details can be found in 
the Supplementary Methods.

Effect of BAY 1834942 on cytokine release from 
co-cultures with potential target cancer cell lines

The efficacy of BAY 1834942 on T cell activity was assessed in 
co-culture assays. Survivin T cells, naïve PBMCs from healthy 
donors, or pancreatic cancer TILs were co-cultured with var-
ious CEACAM6-expressing or CEACAM6-negative cancer 
cells, and the subsequent levels of secreted cytokines (e.g. 
interferon-γ (IFN-γ), IL-2, and tumor necrosis factor-α 
(TNF-α)) were measured by IFN-γ ELISpot, sandwich ELISA, 
or Luminex multiplex analyses as described in the 
Supplementary Methods.

Analysis of T cell-mediated tumor cell killing

T cell-mediated tumor cell killing was analyzed in co-cultures 
of lung cancer cells with TILs in the presence of BAY 1834942 
using an impedance-based xCELLigence cytotoxicity assay 
according to manufacturer’s instructions (RTCA Device, 
ACEA Biosciences). Data were analyzed using RTCA Data 
Analysis software 2.0, Microsoft Excel 2010 and GraphPad 
Prism 6.

Effects of BAY 1834943 on cytokine secretion in 
combination with immune checkpoint molecule 
antibodies or CEACAM1 antibody

The efficacy of BAY 1834942 in combination with an antibody 
directed against CEACAM1 or antibodies inhibiting immune 
checkpoint molecules PD-1 or TIM-3 was studied in co-culture 
assays of 10,000 HCC2935 lung cancer cells with 20,000 FluM1 

peptide-specific T cells. The virus-specific T cells were stimu-
lated with the associated FluM1 peptide at 0.2 μg/mL. Anti- 
TIM-3 was used at 50 µg/mL, and all other antibodies at 30 µg/ 
mL. In the combination experiments, BAY 1834942 was 
applied approximately at its EC50 of 1 µg/mL to ensure the 
effects of other antibodies on the activation of T cells. The co- 
cultures were incubated at 37°C, 5% CO2 for approximately 
20 h and the IFN-γ cytokine secretion was measured in the 
supernatants by sandwich ELISA.

The virus peptide antigen specificity of the virus-specific T 
cells was confirmed with tetramer (F391–4A-E, ProImmune) 
staining and flow cytometry analysis before the co-culture 
experiments.

Effect of CEACAM6, CEACAM1 and BAY 1834942 on T cell 
signaling

The effects of CEACAM6 and CEACAM1 on T cell signaling 
were studied in CD3-preactivated human Jurkat T lympho-
cytes by immunoprecipitation (IP) and Western blot using 
zeta-chain-associated protein kinase 70 (ZAP70) (Cell 
Signaling) and pZAP70 rabbit antibodies (Cell Signaling) and 
donkey anti-rabbit antibodies (R&D Jackson 
Immunoresearch) for detection as described in the 
Supplementary Methods.

For immunosuppression, Jurkat cells were incubated for 
2 min with beads loaded with recombinant human 
CEACAM6 or -1 or huIgG1 Fc in the presence of anti-CD3 
antibody (OKT3, eBiosciences) before they were lysed and 
cleared for IP.

The role of CEACAM1 in BAY 1834942-induced effects on 
T cell activation (IL-2 secretion) was examined in a co-culture 
of 100,000 CEACAM1 knockout or wild-type Jurkat T cells 
(preactivated with anti-CD3 OKT3, 0.5 µg/mL, plate-bound, at 
37°C for 90 min) and 50,000 HCC2935 lung cancer cells in the 
presence of BAY 1834942 (40 µg/mL in X–vivo 20) or isotype 
control antibody and the bispecific epithelial cellular adhesion 
molecule (EpCAM)/CD3 antibody (10 ng/mL). IL-2 cytokine 
levels in supernatants were measured by ELISA. The Jurkat 
T cell CEACAM1 knockout generation has been described in 
the Supplementary Methods.

The ability of BAY 1834942 and of an anti-CEACAM1 
antibody to reconstitute T cell activity was assessed by measur-
ing IFN-γ cytokine levels in survivin T cells that had been pre- 
suppressed with beads loaded with CD3 antibody and recom-
binant human CEACAM6 and incubated for 20 h. Beads 
loaded with anti-CD3 antibody and huIgG1 Fc (Eureka) were 
used as a control. Details are described in the Supplementary 
Methods.

Statistics

Unless stated otherwise, all analyses were performed using the 
statistical programming language R (version 3.4.4). Validity of 
the model assumptions was checked for each fitted statistical 
model. All analyses, unless stated otherwise, were performed 
using a linear model estimated with generalized least squares 
that included separate variance parameters for each study 
group. In addition to the treatment effect, the models included 
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a fixed effect for each sample. Mean comparisons between the 
treatment groups were performed using the estimated linear 
model and corrected for family-wise error rate using Sidak’s 
method.

Exceptions to this pattern were the analyses of SW1116 and 
AsPC-1 co-culture assays, where separate models were fitted 
for anti-CD19 and anti-EpCAM data; as well as the analysis of 
cytokine release over the course of time, where each timepoint 
was treated as a continuous covariate resulting in linear regres-
sion lines to be fitted for each treatment group. Comparisons at 
different time points are based on this fitted model rather than 
only the data collected at those time points.

Synergy was investigated using a linear model estimated 
using weighted least squares that had a separate variance 
term for each group. 0 was used as the reference level for 
treatment effects.

Results

High CEACAM6 expression in colorectal, pancreatic, 
gastric and lung cancer

We analyzed CEACAM6 mRNA expression using the TCGA 
database (Suppl. Fig. S1A). CEACAM6 expression was high in 
over 75% of CRCs, NSCLCs, and pancreatic cancers. In these 
entities, over 50% of the samples exhibited the highest expres-
sion, defined as >600 transcripts per million (TPM). 
Accordingly, a systematic comparative IHC analysis of 697 
primary tumors revealed CEACAM6 expression at the highest 
frequency and intensity in CRC, NSCLC, gastric, gastroeso-
phageal junction (G-E junction), and pancreatic cancers 
(Figure 1(a–b)). A semi-quantitative immunohistochemical 
analysis of CEACAM6 and PD-L1 expression in NSCLC sam-
ples showed no correlation between CEACAM6 and PD-L1 
expression (Figure 1(c), Suppl. Fig. S1B).

The IHC analysis of normal tissues confirmed CEACAM6 
expression in the lung and colon, and on resident myeloid cells 
in the spleen, lymph nodes, and small intestine (Suppl. Fig. 
S1C). In the blood, CEACAM6 was expressed on granulocytes 
and weakly on monocytes while CEACAM6 staining on T cells 
did not reveal significant differences compared to negative 
controls (Suppl. Fig. S1D).

Flow cytometric analysis of dissociated cells from CRC and 
NSCLC tumors showed high variability in CEACAM6 expres-
sion levels on cancer cells, while the levels were consistently high 
in all samples on tumor-infiltrating granulocytes and, to a lesser 
extent, on macrophages (Figure 1(d)). No notable CEACAM6 
expression was detected on T cells in any of the samples. It 
should be noted that in sample #1, a heterogeneous stain of 
CEACAM6 on neutrophilic granulocytes was observed, which 
may indicate differences in the activation state, as CEACAM6 is 
known to be upregulated upon activation of granulocytes.40

CEACAM6 mediates immune suppression in solid tumors

To assess whether not only malignant plasma cells but also 
epithelial cancer cells use CEACAM6 to inhibit T cell activity, 
HLA-A2-positive, luciferase-transfected human cancer cells 

NCI-H23 (NSCLC) and PANC-1 (pancreatic cancer) were 
studied in conjunction with cytotoxic T cells and compared 
with luciferase-transfected malignant KMM1 plasma cells. The 
functionality of this reporter system was confirmed by reduced 
luciferase activity in transfected PANC-1-luc cells upon 
siRNA-mediated silencing of cell viability genes or upon 
knockdown of luciferase expression (Figure 2(a)).

The cancer cell lines were co-cultured with TILs derived 
from HLA-A2-matched patients with the corresponding can-
cer. The TIL populations from pancreatic cancer used in this 
study were already reported earlier.41 The CD4/CD8 composi-
tion of these TILs and of those derived from lung cancer and 
multiple myeloma are shown in Suppl. Fig. S2. All TIL cultures 
were highly enriched for T cells (>90%) and did not contain 
considerable amounts of monocytes, macrophages, or granu-
locytes. The maximum proportion of Treg cells observed was 
5.3% (data not shown).

CEACAM6 knockdown induced efficient cancer cell killing 
by TILs to an equal extent in both multiple myeloma (KMM-1) 
and solid cancer (NCI-H23 and PANC-1) cells, whereas no T 
cell killing (in KMM-1) or only low amounts of it (in NCI-H23 
and PANC-1) were observed in the mock-transduced cells 
(Figure 2(b–d)). When comparing CEACAM6 to established 
ICMs, CEACAM6 knockdown was more effective in inducing 
T cell-mediated cancer cell lysis even in cells that showed 
robust expression of PD-L1 (Suppl. Fig. S3) than the knock-
down of PD-L1, RCAS-1, or GAL-3 (Figure 2(e–f)).

Analysis of chromium-51 release in dying PANC-1 cells 
confirmed that CEACAM6 silencing by siRNA resulted in 
a stronger T cell-mediated cell lysis than PD-L1 silencing 
(Figure 2(g)). Notably, a similar increase in chromium-51 
release was also achieved by blocking CEACAM6 on the sur-
face of PANC-1 cells by mAb 9A6 (Figure 2(h)), suggesting 
that surface-located CEACAM6 mediates immune inhibition 
and represents a potentially therapeutic target.

BAY 1834942 is a humanized, CEACAM6-selective 
antibody blocking CEACAM6 interaction with CEACAM1

BAY 1834942, a humanized IgG2 isotype mAb against human 
CEACAM6, was generated to block the immune checkpoint 
function of CEACAM6. In contrast to murine anti-human 
CEACAM6-specific mAb (9A6), BAY 1834942 binds to 
human and cynomolgus monkey CEACAM6 with monovalent 
dissociation constants of KD of 13 nM and 31 nM, respectively, 
as determined by an SPR analysis using recombinant extracel-
lular domains (Figure 3(a), Suppl. Table S5) and ELISA 
(Figure 3(b), Suppl. Table S6). This binding profile was con-
firmed by flow cytometry in CEACAM6-transfected HeLa cell 
lines with full-length CEACAM6 variants. BAY 1834942 did 
not bind to wild-type HeLa cells (Figure 3(c–d), Suppl. Fig. S4, 
Suppl. Table S7). The half-maximal binding EC50 values for 
BAY 1834942 and for the positive control antibody 9A6 (with 
modified human IgG2 backbone) were determined by flow 
cytometry in a panel of CEACAM6-expressing cancer cell 
lines which show binding to authentic CEACAM6 on cancer 
cells (Figure 3(e)). For BAY 1834942, the EC50 values were in 
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the range of 0.15 nM (PA-TU-8902) to 5 nM (HCC2935), 
which were comparable to 9A6 (0.2 nM to 6 nM). The differ-
ences in EC50 of BAY 1834942 and 9A6 and in between differ-
ent cell lines tested may be due to different glycosylation 
patterns or the amount of CEACAM1 and CEACAM5 co- 
expressed in the cell lines.

BAY 1834942 was highly selective for human 
CEACAM6, as it was unable to bind to human 
CEACAM1, CEACAM3, or CEACAM5 (Figure 3(b), 
Suppl. Table S6). This was unexpected as the orthologous 
cynomolgus monkey CEACAM6 has 81% sequence iden-
tity with human CEACAM6 in its N-terminal domain, 

whereas the human paralogs CEACAM1, -3, or -5 show 
higher sequence identities with CEACAM6 (90%, 90%, 
and 89%, respectively). We studied this further by muta-
tional analysis and found that BAY 1834942 binds to the 
N-terminal domain 1 of CEACAM6 even when wild-type 
Ile30 is replaced by Leu (mimicking the respective residue 
at this position in cynomolgus monkey CEACAM6). 
However, the mutation of Ile30 to Phe (the respective 
residue in human CEACAM1, -3, and -5) completely 
abolished the binding (Suppl. Fig. S5). This indicates 
that BAY 1834942 exploits position 30 to a large extent 
to gain its selectivity and cross-reactivity profile.

Figure 1. Expression of CEACAM6 in cancerous tissues and blood cells. A. CEACAM6 expression in tissue sections of solid tumors as detected by immunohis-
tochemistry with mAb 9A6. CRC, colorectal carcinoma; NSCLC, non-small cell lung adenocarcinoma. B. Prevalence (%) of CEACAM6 expression in various cancer types as 
categorized by H-scores. H-score was calculated as 3 x (% tumor cells of staining intensity 3) + 2 x (% tumor cells of staining intensity 2) + 1 x (% tumor cells of staining 
intensity 1), range 0–300. ADC, adenocarcinoma; G-E, gastroesophageal; HNSCC, head and neck squamous cell carcinoma; RCC; renal cell carcinoma; SCC, squamous cell 
carcinoma. C. Comparison of CEACAM6 and PD-L1 expression in NSCLC (n = 50) as determined by H-scores. Using a 5% positivity cutoff for both parameters (CEACAM6- 
positive ≥ 5%; PD-L1-negative ≤ 5%), 26% of tumor samples can be considered positive for both targets. D. Representative histograms of CEACAM6 expression on 
dissociated CRC (samples #1 and #3) and NSCLC (samples #2 and #4) tumor cells as detected by flow cytometry using a phycoerythrin (PE)-labeled anti-CEACAM6 
antibody 9A6. Cells were gated according to cell-specific surface markers: epithelial cellular adhesion molecule (EpCAM, clone HEA-125, Miltenyi #130–098–113) for 
tumor cells), CD45 (clone H130, BioLegend, #304036) for leukocytes, CD14 (clone M5E2, BioLegend, #301830) for monocytes and macrophages, CD3 (clone SK7, BD 
Pharmingen, #560275) for T cells, and CEACAM8 (CD66b, clone G10F5, BioLegend #305107) for granulocytes.
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We also investigated the potential interaction between 
CEACAM6 and CEACAM1 on T cells. Binding of recom-
binant CEACAM6-Fc to CEACAM1-coated plates was 
blocked by BAY 1834942 in a dose-dependent manner 

(Figure 3(f–g)). In contrast, the antibody h16C3, earlier 
reported to bind CEACAM5/6,35,36 was found to be unable 
to interrupt the interaction of CEACAM1 and CEACAM6 
(Figure 3(g)).

Figure 2. CEACAM6 expression in tumor cells abrogates cytolytic capacity of tumor-infiltrating lymphocytes (TILs). 9A6 was used as the CEACAM6-specific 
antibody and scrambled, nonspecific RNA (scr) in (a-g) and an isotype control antibody in (h) were used as controls. A. Reduction of luciferase signal upon transfection 
with a mixture of siRNAs inducing cell death (siCD), ubiquitin C (UBC, a gene essential for cell survival), and firefly luciferase (siFLuc) in PANC-1-luc pancreatic cancer 
cells. Analysis was performed by a luciferase-based viability assay. B.-D. Effect of siRNA knockdown of CEACAM6 on T cell-mediated killing of (b) KMM-1-luc multiple 
myeloma, (c) PANC-1-luc, and (d) NCI-H23-luc NSCLC cancer cells. Cells were co-cultured with or without matched cytotoxic TILs and cancer cell survival was determined 
by measuring the remaining luciferase activity after 20 h. E.-F. Effect of siRNA knockdown of CEACAM6, PD-L1, RCAS-1, or GAL-3 on T cell-mediated killing of (e) NCI- 
H23-luc and (f) PANC-1-luc cancer cells. The experiment was conducted as in (b-d). G. Effect of siRNA knockdown of CEACAM6 or PD-L1 on T cell-mediated killing of 
PANC-1 cancer cells after a 6-h co-culture as determined by a chromium release assay. H. Effect of CEACAM6 blocking by anti-CEACAM6 antibody 9A6 on T cell-mediated 
killing of PANC-1 cancer cells after a 6-h co-culture as determined by a chromium release assay. Untreated wild-type PANC-1 cells and an isotype antibody were used as 
controls. Graphs show representative data of at least two independent experiments. Statistical analyses were performed using a linear model using weighted least 
squares that a had separate variance term for each group (a, b, d, e); ANOVA with homogeneous variance across all groups (c); pair-wise comparisons using Welch’s t- 
test and Bonferroni correction (f); or linear regression using log2 of ratio as a covariate (g, h). Stars denote statistically significant differences in comparison to control or 
vehicle. ***, p < .001. NSCLC, non-small cell lung carcinoma; RLU, relative light unit; siRNA, small interfering RNA; TIL, tumor-infiltrating lymphocyte.
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BAY 1834942 increases type 1 cytokine secretion and the 
cytotoxic capacity of tumor-specific T cells

The effect of CEACAM6 blockade on T cell activation was 
analyzed in co-cultures of CEACAM6-expressing tumor 
cells and tumor-specific T cells. BAY 1834942 increased 
the secretion of IFN-γ over 1.5-fold in co-cultures of T 
cells recognizing the tumor antigen survivin (survivin 
T cells) with various survivin-expressing cancer cells. 
These cancer cells included KS22.24 breast cancer, 
HCC2935 lung cancer, HPAC, HPAFII, and AsPC-1 

pancreatic cancer, as well as CEACAM6-transfected HCT- 
116 colon cancer cells (Figure 4, Suppl. Fig. S6A–C, 
Table 1). The magnitude of the effects correlated with the 
CEACAM6 expression levels on the cancer cells (Figure 4 
(a–e), Table 1) and did not correlate with co-expressed 
CEACAM1 or CEACAM5 on the same cell lines (Suppl. 
Table S8). In these settings, the efficacy (EC50) of BAY 
1834942 to induce cytokine release was in the range of 
0.28–3.4 nM (Figure 4(f–h), Suppl. Table S9), which was 
comparable to the EC50 values (0.15–5 nM) determined for 
CEACAM6-positive cells (Figure 3(d)).

Figure 3. Antibody-binding profile of BAY 1834942 as determined by ELISA and flow cytometry. A. Binding of BAY 1834942 to recombinant human and 
cynomolgus CEACAM6 that were coated on a CM5 sensor chip and analyzed by SPR. B. Selective binding of BAY 1834942 to recombinant human CEACAM6 and 
cynomolgus monkey CEACAM6 with absence of reactivity to human CEACAM1, −3, or −5 as determined by binding ELISA. C-D. Binding of BAY 1834942 and of a control 
antibody 9A6 (as huIgG2) to HeLa cells transfected with (b) human and (c) cynomolgus monkey CEACAM6 as determined by flow cytometry. No binding of BAY 1834942 
was observed on HeLa wild-type cells. E. The half-maximal binding (EC50) values for BAY 1834942 and the positive control antibody 9A6 as determined by binding to 
CEACAM6-positive cancer cells by flow cytometry. F. Dose-dependent binding of recombinant CEACAM6-Fc to recombinant human CEACAM1 (coated to plate, 1 µg/mL) 
by ELISA. Human IgG antibody as Fc-control is shown on the right. G. BAY 1834942 and 9A6, added as precomplex of recombinant CEACAM6-Fc (2 µg/mL) and antibody 
in concentration series from 0.01–100 nM at 25°C for 1 h, interrupted the interaction between CEACAM1 (coated to plate, 1 µg/mL) and recombinant CEACAM6-Fc as 
determined in a competition ELISA assay. For detection of bound CEACAM6-Fc in the presence of BAY 1834942, an anti-human IgG horseradish peroxidase (HRP) 
conjugate was used with Amplex Red (Life Technologies) as substrate. RFU, relative fluorescence unit.
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Further analysis revealed increased secretion of cytokines 
IFN-γ, IL-2, and TNF-α in co-cultures of survivin T cells 
and KS22.24 breast cancer cells (Suppl. Fig. S6D). When 
IFN-γ secretion was measured in co-cultures of HCC2935 
lung cancer cells over time, cytokine secretion occurred 
rapidly within 24 h and was sustained for up to 96 h 
(Suppl. Fig. S6E). These results were further supported by 
similar and dose-dependent observations in co-cultures of 
patient-derived TILs and HCC-2935 lung cancer cells 
(Suppl. Fig. S6F–G) and co-cultures of survivin T cells 
and CEACAM6-transfected HCT116 colon cancer cells 
(Suppl. Fig. S6H).

In addition to cytokine secretion, BAY 1834942 also 
increased T cell-mediated cytotoxicity dose-dependently in a 
co-culture of TILs and HCC2935 lung cancer cells with high 
CEACAM6 expression (Figure 4(i–j)). PD-L1 blockade showed 
no effect on tumor cell killing in this setting, possibly due to 
weak PD-1 expression in the employed TILs or because of the 
dominance of the immunosuppressive effect of CEACAM6 
(Figure 4(i)). Similar results were obtained with a second TIL 
preparation (Suppl. Fig. S6I–L).

Immunosuppression by CEACAM6 is mediated via 
CEACAM1 on activated T cells

The expression of different CEACAM receptors on activated 
T cells was studied to identify potential candidate receptors for 
CEACAM6. CEACAM1 was the only CEACAM receptor 
family member expressed on activated T cells (Figure 5(a)). 
Accordingly, combining BAY 1834942 with an anti-CEACAM 
1 antibody to block both CEACAM6 and CEACAM1 did not 
result in any further increase of IFN-γ secretion in a co-culture 
of virus-specific T cells and HCC2935 lung cancer cells (Figure 
5(b)). Furthermore, the effect of CEACAM6 blockade by BAY 
1834942 was dependent on the presence of CEACAM1 on 
T cells (Suppl. Fig. S7). We determined this by comparing 
the IL-2 secretion from activated, CEACAM1-expressing wild- 
type Jurkat T cells (Suppl. Fig. S8) with the secretion from 
CEACAM1 knockout Jurkat T cells co-cultured with HCC2935 
lung cancer cells (Figure 5(c)). Together, these data suggest 
that CEACAM6 and CEACAM1 (inter)act on the same axis 
and support the hypothesis that CEACAM1 on activated 
T cells is a receptor for CEACAM6. Indeed, both recombinant 
human CEACAM6 and CEACAM1 suppressed CD3-induced 
T cell receptor signaling of Jurkat T cells, as indicated by 
reduced levels of pZAP70, determined by IP and Western 
blot (Figure 5(d)). Blockade of CEACAM6 by BAY 1834942 
restored T cell activity in a dose-dependent manner, as evi-
denced by increased IFN-γ secretion by survivin T cells co- 
incubated with recombinant CEACAM6-loaded beads (Figure 
5(e)). Importantly, immunosuppression by recombinant 
CEACAM6-loaded beads was completely removed by antibody 
blockade of CEACAM1 on T cells, confirming that CEACAM1 
is the only relevant inhibitory receptor mediating the immu-
nosuppressive effects of CEACAM6 on T cells (Figure 5(f)).

We therefore confirmed CEACAM1 expression in human 
cultured or freshly isolated CD4 and CD8 T cells from various 
sources such as cultured PBMCs and TILs by flow cytometry, 
and by reanalysis of published single cell RNA data sets from 

malignant melanomas and lung cancers.42,43 CEACAM1 was 
expressed on all CD4 and CD8 T cells in in vitro-expanded TIL 
cultures. PBMCs showed comparable CEACAM1 induction on 
both CD4 and CD8 T cells 72 h after polyclonal stimulation at 
levels ranging between 5–40% (Suppl. Fig. S9A). High 
CEACAM1 expression was also found in largely pure CD8 
T cell cultures such as a survivin-specific CD8 T cell clone 
(Suppl. Fig. S9B). CEACAM1 mRNA-expressing T cells were 
present in 19/22 (86%) of melanoma samples and in 14/14 
(100%) of lung cancer samples. Their proportions ranged 
between 0–30% for CD8 and 0–45% for CD4 in CEACAM1- 
expressing cells. On average, 5–17% of the respective T cell 
subsets showed CEACAM1 mRNA expression. In general, 
CEACAM1 expression was higher in CD4 TILs from both 
cancer types, but considerable proportions of CEACAM1- 
expressing cells were also found in the CD8 compartment 
(Suppl. Fig. S9C).

BAY 1834942 shows equal or higher efficacy compared to 
the anti-PD-L1 antibody

We next compared the efficacy of BAY 1834942 to PD-L1 
inhibition in vitro in four different TIL cultures. In a flow 
cytometric analysis, all of these TILs showed CEACAM1 
expression but low PD1 expression (Figure 6(a–b)). In co- 
cultures of TILs from patients #31 and #34 and CEACAM6- 
and PD-L1-double-positive HCC2935 lung cancer cells, BAY 
1834942 increased IFN-γ secretion while anti-PD-L1 showed 
no effect in comparison to the isotype control (Figure 6(c–d)). 
Comparable results were obtained with all four batches of 
patient-derived TILs tested and also when using another cyto-
kine, granzyme B, as the readout (Suppl. Fig. S10A–E).

Enhanced efficacy with combination of BAY 1834942 and 
immune checkpoint inhibition

Finally, we tested the combination of BAY 1834942 with anti-
bodies against ICMs in a PD-L1/PD-1-positive system consist-
ing of virus-specific T cells and HCC2935 lung cancer cells that 
were loaded with the corresponding FluM1 virus peptide for 
T cell recognition. CEACAM6 and PD-L1 expression in 
HCC2935 cancer cells and the expression of ICM receptors 
CEACAM1, PD-1, and TIM-3 on virus-specific FluM1 T cells 
are shown in Figure 6(e–f) and Suppl. Fig. S11A. We detected 
significant, at least additive efficacy in terms of cytokine secre-
tion and thus, T cell activation, when BAY 1834942 was com-
bined with antibodies against PD-1 (p < .001) or TIM-3 
(p < .001) (Figure 6(g–h), Suppl. Fig. S11B).

Discussion

Here, we report on an immunosuppressive axis between 
CEACAM6 on epithelial tumor cells and CEACAM1 on 
tumor-reactive T cells and on its inhibition with the 
CEACAM6-specific antibody BAY 1834942.

Using in vitro analyses, we show that the CEACAM6/ 
CEACAM1 interaction can serve as an immunosuppressive 
mechanism in the interaction between human activated cyto-
toxic T cells and epithelial cancer cells. It is independent of the 
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Figure 4. Immunosuppression and efficacy of BAY 1834942 correlates with receptor density and is dose dependent. A-D. BAY 1834942-induced (30 µg/mL) 
increase in IFN-γ cytokine release in co-culture assays of 10,000 (a) SNU-C1 colon, (b) NCI-H1993 lung, (c) KS22.24 breast, or (d) CEACAM6-transfected HCT-116 colon 
cancer cells and 20,000 survivin T cells. Representative examples are shown in the figure. Full data set shown in Table 1. IFN-γ levels were measured by ELISA and fold 
change in the induction of IFN-γ levels over background is indicated with an arrow. The data were normalized to the mean of the isotype control-treated group. E. 
CEACAM6 expression in SNU-C1, NCI-H1993, KS22.24, and CEACAM6-transfected HCT-116 cells as analyzed by flow cytometry and presented as mean fluorescence 
intensity (MFI) after binding of CEACAM6 mAb (murine IgG2a variant of BAY 1834942 for use with the Qifi kit (Dako)). Full data set shown in Table 1. F.-H. Examples of 
dose-dependent cytokine secretion in co-culture of 10,000 (f) KS breast cancer, (g) HCC2935 lung cancer, and (h) CEACAM6-transfected HCT116 colon cancer cells with 
20,000 survivin T cells. BAY 1834942 and isotype control antibody were used at concentrations ranging from 0.6 ng/mL to 30 µg/mL. IFN-γ levels were measured with 
ELISA. I.-J. Effect of BAY 1834942 on the killing of HCC2935 lung cancer cells by TILs isolated from pancreatic cancer patients. EpCAM/CD3 bispecific antibody construct 
(0.25 ng/mL) was used as a T cell-engaging molecule and tumor cell killing was measured by loss of impedance with an Xcelligence instrument. (i) Co-culture of 10,000 
HCC2935 tumor cells and 50,000 TILs (TIL-12) with BAY 1834942, 9A6 anti-CEACAM6 mAb (huIgG2 variant), anti-PD-L1 antibody (huIgG2 variant) and isotype control 
used at 30 µg/mL. (j). Same co-culture as in (i) with BAY 1834942 used at doses 0.02–50 µg/mL and isotype control antibody (50 µg/mL) as a control. Statistical analysis 
in (a-d) was performed in comparison to the isotype control group using a linear model and corrected for family-wise error rate using Sidak’s method. ***, p < .001.
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Figure 5. Immunomodulatory characteristics of BAY 1834942. A. Analysis of CEACAM1, -5, -6, and -8 receptor expression on survivin T cells and virus-specific T cells 
by flow cytometry using anti-CEACAM1 (TPP-3006) and anti-CEACAM6 (BAY 1834942). All other antibodies as listed in Suppl. Table S1. B. Effects of combined antibody- 
mediated blockade of CEACAM6 and CEACAM1 on IFN-γ cytokine secretion. Co-culture of 10,000 FluM1 peptide-loaded HCC2935 cancer cells with 20,000 FluM1-specific 
T cells for 20 h. BAY 1834942 and CEACAM1 antibody (TPP-3006) were used at 30 µg/mL. In combination experiments, BAY 1834942 and isotype mAbs were used at 
1 µg/mL. IFN-γ levels were measured by ELISA. The isotype control antibodies (30 µg/mL) used were TPP-1238 (huIgG2 isotype control) and TPP-754 (huIgG1 isotype) 
control. The percentages indicate the fold differences in cytokine secretion. C. The effect of BAY 1834942 on IL-2 secretion in 100,000 CEACAM1 knockout Jurkat E6.1 or 
wild-type Jurkat E6.1 cells (both CD3-preactivated) after a 20-hour co-culture with 50,000 HCC2935 lung cancer cells in the presence of T cell engaging antibody 
construct EpCAM/CD3 (10 ng/mL) and either BAY 1834942 (40 µg/mL in X–vivo 20 medium) or TPP-1238 isotype control antibody. IL-2 levels in supernatants were 
analyzed by ELISA. The percentages indicate the fold differences in cytokine secretion. D. Recombinant CEACAM6 and CEACAM1 loaded on beads suppressed T cell 
signaling as determined from phosphorylated zeta-chain-associated protein kinase 70 (pZAP70, Tyr319) levels in CD3-activated Jurkat T cell lysates by immunopre-
cipitation and Western blot. HuIgG1 mAb Eureka was used as the Fc-isotype control. E. CEACAM6-suppressed cytokine secretion was reconstituted by BAY 1834942 in 
survivin T cells (100,000 cells) co-incubated for 20 h with 1 × 106 CEACAM6-loaded beads as determined by IFN-γ levels measured with ELISA. The CD3/CEACAM6 beads 
were pre-incubated with BAY 1834942 or an isotype control antibody at room temperature for 20 min. The colored closed circles denote reactions as follows: Black 
circles: beads coated with huIgG1; Yellow circles: beads coated with anti-CD3 and huIgG1; Orange circles: beads coated with anti-CD3, huIgG1, and CEACAM6-Fc; Green 
circles: beads coated with anti-CD3, huIgG1, and CEACAM6-Fc + increasing concentrations of isotype control TPP-1238 in solution; Blue circles: beads coated with anti- 
CD3, huIgG1, and CEACAM6-Fc + increasing concentrations of BAY 1834942 in solution. F. Reversal of CEACAM6-induced suppression of cytokine secretion as described 
in (e) using an anti-CEACAM1 (TPP-9145) antibody and an isotype control. The colored closed circles denote reactions as follows: Black circles: beads coated with huIgG1; 
Yellow circles: beads coated with anti-CD3 and huIgG1; Orange circles: beads coated with anti-CD3, huIgG1, and CEACAM6-Fc; Green circles: beads coated with anti-CD3, 
huIgG1, and CEACAM6-Fc + increasing concentrations of isotype control TPP-754 in solution; Blue circles: beads coated with anti-CD3, huIgG1, and CEACAM6-Fc + 
increasing concentrations of the anti-CEACAM1 antibody (TPP-9145) in solution. The anti-CEACAM1 antibody was pre-incubated with Jurkat cells; Pink circles: beads 
coated with anti-CD3 and huIgG1 + anti-CEACAM1 antibody (TPP-9145) in solution; Dark purple circles: beads coated with huIgG1 + anti-CEACAM1 antibody (TPP-9145) 
in solution. Statistical analysis for (b-c) was performed using a linear model and corrected for family-wise error rate using Sidak’s method. ns, non-significant; *, p < .05; 
***, p < .001.
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Figure 6. Effects of BAY 1834942 and anti-PD-1, anti-PD-L1 and anti-TIM-3 antibodies on IFN-γ cytokine secretion. Co-cultures of HCC-2935 lung cancer cells and 
tumor-infiltrating lymphocytes from pancreatic cancer patients were used in addition to combination experiments employing FluM1 virus-specific T cells. Antibodies 
were used at 30 µg/mL and EpCAM/CD3 bispecific antibody construct at 0.1 or 0.25 ng/mL as a T cell-engaging molecule. A.-B. Expression of CEACAM1 and PD-1 in TILs 
from (a) patient #31 and (b) patient #34 as determined by flow cytometry after gating on CD3-positive cells. The specific staining signals for anti-CEACAM1 (TPP-3006) 
and anti-PD1 are shown in blue and for the isotype controls in orange. C.-D. IFN-γ secretion (ELISA) from co-culture of 10,000 HCC2935 lung cancer cells and 20,000 TILs 
from (c) patient #31 and (d) patient #34. Statistical analysis was performed in comparison to the isotype control group using a linear model and corrected for familywise 
or false positive error rates using Dunnett’s or Sidak’s method. *, p < .01; ***, p < .001. E. Flow cytometry analysis of CEACAM6 and PD-L1 expression in HCC2935 lung 
cancer cells. The specific signals for BAY 1834942 and anti-PD-L1 are shown in blue and for the isotype control in red. F. Flow cytometry analysis of virus-specific T cells. 
Cells were gated on CD3 and CD8 and analyzed for CEACAM1 (TPP-3006), PD-1, and TIM-3 expression on day 14 after peptide induction. G.-H. Effects of BAY 1834942 on 
T cell activation in co-culture of CEACAM6-positive and PD-L1-positive FluM1-loaded HCC2935 lung cancer cells (10,000 cells) and virus-specific T cells (20,000 cells) in 
combination with inhibitory antibodies against checkpoint molecules (g) PD-1 (30 µg/mL), and (h) TIM-3 (50 µg/mL). For combination, BAY 1834942 was used at 1 µg/ 
mL. Data represent mean percent increase in IFN-γ cytokine secretion (ELISA) by T cells as compared to respective isotype control antibodies. Each symbol represents an 
independent experiment with colors symbolizing the same co-cultures used. The median and SD are indicated with horizontal lines. Statistical analysis was performed 
using a linear model and corrected for family-wise error rate using Sidak’s method. *, p < .05; **, p < .01; ***, p < .001.
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PD-L1/PD-1 axis and is active in several tumor entities resis-
tant to PD-1 blockade. We show that CEACAM6 suppresses 
antitumor responses such as cytokine secretion and T cell- 
mediated tumor killing in both PD-L1-positive and PD-L1- 
negative cancer cells and does this equally or more efficiently 
than PD-L1. While T cell inhibition by PD-L1 is mediated 
through PD-1, we show that T cell inhibition by CEACAM6 
is fully mediated through CEACAM1. Thus, the extent of 
CEACAM6-mediated immunosuppression is co-determined 
by the extent of CEACAM1 expression on T cells. Since 
CEACAM1 is transported to the cell surface upon stimulation 
of T cell receptors,11,12,44 it is likely that this axis acts particu-
larly on the small population of tumor-reactive cytotoxic T 
cells in the tumor microenvironment.45 An immunoinhibitory 
role for CEACAM1-CEACAM1 interactions through recruit-
ment of SHP phosphatases which impair not only T cell recep-
tor signaling but also TLR2-mediated immune cell activation,46 

has been well established. While we did not address the latter 
point in this study, we show that CEACAM6-CEACAM1 
interactions impair the T cell receptor-related phosphorylation 
of ZAP70. Besides, intrinsic CEACAM1 expression on CD8 
T cells in the absence of homo- or heterophilic in-trans inter-
actions may also play a supportive role in stabilizing lck signal-
ing, which is important for efficient T cell priming in situations 
of viral infections.47 The dissection of stimulatory and regula-
tory roles of CEACAM1 presence and crosslinking on T cells 
warrants further investigations.

We detected a considerable proportion of human cancers 
with high expression of CEACAM6 but low PD-L1 expression. 
Thus, it is conceivable that these tumors exploit CEACAM6 in 
addition to, or instead of, PD-L1 to achieve tumor immune 
resistance. However, our analyses were solely based on ex vivo 
cultured T cells which expressed high levels of CEACAM1. 
Whether CEACAM1 expression in tumor-infiltrating T cells 
in situ is sufficient to efficiently suppress T cell activity upon 
CEACAM6 binding, represents an important question that still 
needs to be systematically resolved. So far, publicly available 

RNA expression analyses from tumor-infiltrating single cells in 
human primary melanoma and lung cancers have revealed the 
presence of CEACAM1-expressing T cells in the vast majority 
of these tumors at highly variable proportions reaching up to 
30% (CD8 T cells) and 45% (CD4 T cells) in individual tumors. 
However, proportions of T cells expressing CEACAM1 iso-
forms reported to participate in T cell inhibition (CEACAM1L 
and CEACAM1S) may be lower. For example, a single cell 
mRNA analysis from CD4 breast cancer infiltrating T cells 
revealed altogether 13% CEACAM1-expressing cells, of which 
32% expressed isoform L (which contains two ITIM motifs), 
32% expressed isoform S (lacking ITIM motifs), and 36% 
expressed isoform C which represents a putatively secreted 
isoform of yet uncharacterized function.48 Thus, CEACAM1 
mRNA expression seems to be much lower than PD1 expres-
sion in TILs of these tumors and whether the observed expres-
sion levels per cell reach functional significance in situ remains 
to be elucidated. Therefore, our study does not provide proof of 
physiological relevance of CEACAM6-mediated immunosup-
pression during epithelial cancer progression.

In contrast to the high affinity interactions between other 
checkpoint inhibitors such as PD-1 and PD-L1, interactions of 
CEACAMs are of low affinity.13 A potential explanation is that 
in the immune synapse, many CEACAM molecules can inter-
act with each other at the same time. This hypothesis is in line 
with our observation that a high receptor density (higher than 
threshold) is required to suppress T cell activity effectively and 
may provide an alternative mechanism for checkpoint regula-
tion in tissues. Future studies addressing CEACAM protein: 
protein interactions and subsequent signaling cascades in the 
immunological synapse are warranted to clarify this question. 
Interestingly, the interaction of CEACAM6 with other recep-
tors including CEACAM1 was also found by others in peptide 
interaction assays.49

Based on the mouse mAb 9A6 (as positive control), we 
generated de novo BAY 1834942, a humanized, CEACAM6- 
selective high-affinity antibody capable of blocking the 

Table 1. Correlation of BAY 1834942 induced IFN-γ secretion with CEACAM6 expression in various human cancer cells, as determined by cytokine release assays on co- 
cultures with cancer cells (10,000 cells) and survivin T cells (20,000 cells).

Cell line Cell line origin CEACAM6 binding sites/cella CEACAM6 expression IFN-γ inductiond (n of experiments)

MFI a,b H scorec

HCC2935 lung adenocarcinoma >572,000 261,669 3 2.32 (n = 8)
AsPC-1 pancreatic adenocarcinoma >572,000 112,723 3 1.69 (n = 7)
HPAC pancreatic adenocarcinoma >572,000 103,416 3 1.58 (n = 6)
HCT-116-C6 colorectal carcinoma >572,000 101,799 3 2.39 (n = 13)
KS22.24 breast cancer >572,000 56,454 2 1.69 (n = 13)
HPAF-II pancreatic adenocarcinoma >572,000 35,170 3 1.61 (n = 5)
SW1116 colorectal adenocarcinoma 570,777 31,636 2 1.40 (n = 7)
NCI-H1993 lung adenocarcinoma >572,000 28,848 3 1.27 (n = 4)
NCI-H1437 lung adenocarcinoma 399,289 22,403 1 1.07 (n = 5)
BxPC3 pancreatic adenocarcinoma 74,513 4,627 1 1.17 (n = 5)
HT55 colon carcinoma 53,412 164 1 1.02 (n = 4)
A549 lung carcinoma 12,124 672 1–3 1.19 (n = 7)
PaTu 8902 pancreatic adenocarcinoma 5,400 303 0 1.00 (n = 3)
HCT-116 colon carcinoma <1,900 1 0 1.03 (n = 5)

aDetermined with QIFI kit (Dako), detection limit reached at 572,000 binding sites 
bMFI, median fluorescence intensity 
cCEACAM6 expression in cell pellets determined by immunohistochemistry. 0, negative; 1, low; 2, moderate; 3, high. 
dIFN-γ levels determined from co-culture assays of 10,000 cancer cells and 20,000 survivin T cells by ELISA. The values are means from multiple experiments and 

represent fold changes of IFN-γ secretion by T cells between BAY 1834942 and isotype control antibody TPP-1238.
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interaction of CEACAM6 with CEACAM1. BAY 1834942 and 
9A6 displayed slightly different EC50 values, e.g., with respect 
to NCI-H441 cells and in between the different cell lines tested, 
which may be due to differences in the glycosylation patterns 
or the amount of CEACAM1 and CEACAM5 co-expressed in 
these cell lines. BAY 1834942 recognizes a different domain in 
CEACAM6 than the other reported antibodies such as 
h16C3,35,36 and it represents the only human CEACAM6- 
specific antibody that cross-reacts with cynomolgus monkey 
CEACAM6, thus enabling preclinical development.

BAY 1834942 efficiently restores antitumor T cell activity 
against various human cancers with low or no PD-L1 expression, 
but it shows activity also against PD-L1 positive cancer cells to a 
comparable or even stronger degree than PD-L1 blockade, parti-
cularly in the case of low PD-1 expression on T cells. This finding, 
together with the observation of independent expression of 
CEACAM6 and PD-L1 in e.g. NSCLC, confirms that the 
CEACAM6/CEACAM1 axis is independent of the PD-1/PD-L1 
axis and points to the possibility that patients may benefit from 
treatment with a CEACAM6 antibody, even in settings where PD- 
1/PD-L1 inhibition is not effective. Nevertheless, we observed at 
least additive effects with a combination treatment with BAY 
1834042 and anti-PD-1 when T cells co-expressed both 
CEACAM1 and PD-1. The most pronounced effects were 
observed when combining BAY 1834942 with an antibody inhi-
biting the second-generation ICM TIM-3. Despite the obvious 
limitations of in vitro assay systems, these data suggest that the 
responses to other checkpoint inhibitors can be improved by anti- 
CEACAM6 blockade.

Interestingly, both CEACAM1 and PD-1 exploit a similar 
inhibitory signaling mode since both recruit SHP phosphatases 
to the T cell receptor complex resulting in dephosphorylation of 
downstream kinases.7,50 Thus, it is conceivable that the recruit-
ment of either of them to the immune synapse may sufficiently 
suppress T cell receptor signaling, leading to the rejection of the 
immune response against a tumor. Potentially, this mechanism 
might contribute to the insufficient sensitivity to anti-PD-1 immu-
notherapy sometimes observed in human cancers.

It remains to be evaluated whether anti-CEACAM6 thera-
pies may have advantages over CEACAM1-blocking 
approaches which are currently being evaluated in clinical 
trials.51 Conceptually, CEACAM6 targeting may improve 
tumor selectivity and the side-effect profile, since i) 
CEACAM1 binds also to itself, CEACAM5, CEACAM8, and 
most likely to other CEACAM family members as well.11 These 
CEACAMs are expressed by multiple cell types throughout the 
body and may protect the cells against autoimmune 
destruction11 and ii) CEACAM6 is normally expressed on the 
apical side of epithelial cells where it is not accessible for 
interactions with autoreactive T cells. In contrast, its expres-
sion on cancer cells is dysregulated and thus, it can translocate 
into the immune synapse with tumor-specific T cells.8 Since 
CEACAM6 can be co-expressed with other CEACAMs on 
tumor cells, it remains open whether CEACAM6 blockade by 
antibodies alone will be sufficient to restore antitumor immu-
nity in cancer patients. At least in our in vitro analyses, 
CEACAM6 was the dominant immunosuppressive 

CEACAM, as antitumor T cell reactivity could be efficiently 
increased upon CEACAM6 blockade even in the case of co- 
expression of other CEACAMs. Besides the immunostimula-
tory effects obtained by BAY 1834942 reported in this study, 
this antibody might also affect other properties of tumor cells 
and their microenvironment as far as they are mediated by 
CEACAM6. These were not subject of the present study and 
may require appropriate in vivo models.

Further preclinical validation of the immunotherapeutic 
potential of CEACAM6 blockade will indeed require in vivo 
efficacy studies with CEACAM6 antibodies. Unfortunately, 
these have not been possible due to the lack of a murine 
homologue of CEACAM6. Although a human CEACAM6- 
transgenic mouse has been developed,28 this cannot be used 
for studying the immunomodulatory function of CEACAM6 
as we were not able to detect an interaction between human 
CEACAM6 and murine CEACAM1 in our experiments (data 
not shown). An alternative approach of transplanting human 
CEACAM6-transfected murine tumor cells into human 
CEACAM1 transgenic mice47 might help to study tumor rejec-
tion in vivo, but it would not mimic the CEACAM6-expressing 
myeloid compartment in the tumor stroma. Other humanized 
mouse models, including CD34 stem cell transplantation mod-
els, still have major caveats, as important parameters that 
define tumor immune rejection – e.g., antigen presentation 
by murine antigen-presenting cells, availability and suitability 
of cytokines and chemokines, interaction of human immune 
cells with murine vasculature and others – are not well 
matched yet.52 Therefore, the physiological relevance of stem 
cell-based models for a humanized model is still questioned.53 

Furthermore, these models are highly variable and donor 
dependent. Thus, these models were not yet suitable for our 
study. Therefore, further assessment of the effects of 
CEACAM6 blockade in non-human primate models will be 
necessary before proceeding to clinical evaluation of BAY 
1834942.

Taken together, CEACAM6 is an immune checkpoint with 
high expression in various solid cancers. CEACAM6 suppresses 
the anticancer activity of T cells in vitro and tumor cell rejection 
through interaction with CEACAM1. Our results suggest 
a therapeutic potential for combining CEACAM6 blockade with 
other checkpoint inhibitors. BAY 1834942 can efficiently inhibit 
the CEACAM6/CEACAM1 interaction and thus these data war-
rant evaluation of its therapeutic potential in clinical studies.
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