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ABSTRACT

There are no effective treatment options for most patients with metastatic colorectal cancer (mCRQC).
mCRC remains a leading cause of tumor-related death, with a five-year survival rate of only 15%,
highlighting the urgent need for novel pharmacological products. Current standard drugs are based
on cytotoxic chemotherapy, VEGF inhibitors, EGFR antibodies, and multikinase inhibitors. The antibody-
based delivery of pro-inflammatory cytokines provides a promising and differentiated strategy to
improve the treatment outcome for mCRC patients. Here, we describe the generation of a novel fully
human monoclonal antibody (termed F4) targeting the carcinoembryonic antigen (CEA), a tumor-asso-
ciated antigen overexpressed in colorectal cancer and other malignancies. The F4 antibody was selected
by antibody phage display technology after two rounds of affinity maturation. F4 in single-chain variable
fragment format bound to CEA in surface plasmon resonance with an affinity of 7.7 nM. Flow cytometry
and immunofluorescence on human cancer specimens confirmed binding to CEA-expressing cells. F4
selectively accumulated in CEA-positive tumors, as evidenced by two orthogonal in vivo biodistribution
studies. Encouraged by these results, we genetically fused murine interleukin (IL) 12 to F4 in the single-
chain diabody format. F4-IL12 exhibited potent antitumor activity in two murine models of colon cancer.
Treatment with F4-IL12 led to an increased density of tumor-infiltrating lymphocytes and an upregulation
of interferon y expression by tumor-homing lymphocytes. These data suggest that the F4 antibody is an
attractive delivery vehicle for targeted cancer therapy.
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Introduction

Monoclonal antibodies have many pharmaceutical applica-
tions and are increasingly used for anti-cancer strategies."
Certain antibody-based therapeutics may allow immunologi-
cally “cold” tumors to become “hot,” boosting the antitumor
immune response.'* For example, a tumor-homing antibody
moiety may facilitate the delivery of immunostimulatory cyto-
kines to the neoplastic mass,'>”'” increasing the intratumoral
density and activity of T cells and natural killer (NK) cells
against malignant cells."®'” In the context of mCRC, carci-
noembryonic antigen (CEA) represents the most validated
accessible cell surface antigen for antibody-based pharmaco-
delivery applications. Immunohistochemical evaluations in
mCRC specimens have shown that CEA is overexpressed in
98.8% of tumors.”® CEA is a glycosylphosphatidylinositol-
anchored membrane protein consisting of seven Ig-like
domains [Supplementary Figure S1A].>' In healthy organs,
CEA expression is restricted to the apical surface of mature
enterocytes,””> making it virtually inaccessible for circulating
antibodies. In malignant cells, the polarity of CEA expression
is lost and the antigen becomes exposed to the vasculature and

Colorectal cancer (CRC) is the third most common cancer
worldwide, with almost two million newly diagnosed cases
per year." The introduction of extensive screening programs
led to earlier detection of CRC in many patients.” Nevertheless,
over 20% of patients are diagnosed after the malignant cells
have metastasized to other tissues, such as the liver, lungs,
lymph nodes, peritoneum, or soft tissues.” Unresectable meta-
static CRC (mCRC) is conventionally treated with a cocktail of
chemotherapeutic agents, often based on 5-fluorouracil, cape-
citabine, irinotecan, and/or oxaliplatin.* Patients with KRAS/
NRAS/BRAF wild-type tumors typically receive combination
regimens of antibody-based therapeutics targeting angiogenic
and tumor growth factors (e.g., anti-EGFR, anti-VEGF
antibodies).* Nonetheless, the prognosis for mCRC patients
remains very poor, with an overall survival rate of less than
15%, highlighting the urgent need for alternative treatment
strategies.” Immune checkpoint inhibitors have shown clinical
activity in various malignancies.ﬁ_11 However, activity in
mCRC patients is generally low, with exceptions made for

a small proportion of subjects with a high level of microsatel-
lite instability or changes to a mismatch repair gene who
benefit from treatment with checkpoint inhibitors."?

lymphatic system.>> This selective accessibility in cancer was
confirmed in numerous Nuclear Medicine studies, in which
radiolabeled CEA-targeting antibodies localized to tumor
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lesions with low background in healthy tissues.”* *° Shedding
of overexpressed CEA results in increased levels of the antigen
in circulation and CEA is widely used as a biomarker to
monitor response to treatment or disease recurrence.””*®
However, serum levels of CEA in mCRC patients are usually
in the sub-nanomolar or even sub-picomolar range and the
proportion of antibody therapeutics that may be trapped in
serum is believed to be minimal.””

A number of CEA-targeting biopharmaceuticals have
already been developed and tested in clinical trials, including
radiolabeled antibodies and antibody-drug conjugates.*>*
MEDI-565 (AMG 211) is a bispecific T-cell engager consisting
of a humanized anti-CEA antibody fused to the deimmunized
anti-CD3 antibody diL2K.*' The product showed promising
anti-cancer activity in preclinical models of cancer.’* However,
in clinical studies, the product did not induce objective
responses in patients suffering from gastrointestinal adenocar-
cinomas. The anti-tumor activity of MEDI-565 was likely
affected by high anti-drug antibody (ADA) titers that were
reported in most treated patients.”>** It is well known that
ADAs not only increase the risk of hypersensitivity reactions,
but can also alter the pharmacodynamic and pharmacokinetic
properties of protein-based therapeutics. It is therefore impor-
tant to generate fully human products which are not immuno-
genic in patients.

Here, we describe the generation and validation of a novel
fully human antibody (termed F4) specific to the N-terminal
domain of CEA (CEA(N)). The parental clone G9 was selected
from a synthetic human antibody phage display library, pre-
viously used to isolate novel antibodies against various
targets.”> > The high-affinity antibody F4 was isolated after
two rounds of affinity maturation, which were necessary in
order to achieve the desired performance in in vivo tumor
targeting applications. When the F4 antibody was fused to
murine interleukin (IL)-12 in single-chain diabody format,
the resulting F4-IL12 fusion protein induced significant
tumor growth regression in two murine models of cancer. Ex
vivo analysis of treated mice revealed an increase in tumor
infiltration of lymphocytes and an upregulation of interferon
(IEN) y expression by tumor-homing T cells. These data sug-
gest that the fully-human F4 antibody may serve as a delivery
vehicle for the generation of selective antibody-based cancer
therapeutics.

Results

Isolation and characterization of antibodies specific to
human CEA

CEA(N), used as a target for antibody phage display selection,
was expressed in Chinese hamster ovary (CHO) cells and
purified to homogeneity by affinity chromatography. An
AviTag® was introduced at the N-Terminus of the recombinant
antigen to allow site-specific biotinylation. SDS-PAGE and size
exclusion chromatography (SEC) confirmed that the antigen
was homogenous and of the expected size [Supplementary
Figure S1B].

The G9 antibody, specific to CEA(N), was isolated by
phage display technology from a large, fully human

synthetic antibody library. Binding kinetics were improved
by selecting new clones (F7 and F4) from affinity matura-
tion libraries based on the parental clone, with sequence
variability restricted to the complementarity-determining
region (CDR) 1 or CDR2 loops of the variable heavy
(Vyg) and variable light (Vi) domains [Supplementary
Figure S1C].

Monomeric single-chain variable fragment (scFv) pre-
parations of G9, F7, and F4 were analyzed by surface
plasmon resonance (SPR), revealing dissociation constant
(Kp) values of 640 nM, 50 nM, and 7.7 nM, respectively.
[Figure 1A and Supplementary Figure S2A]. The three
clones were subcloned into IgG and diabody format for
further characterization [Supplementary Figure S2B-CJ.
Binding to CEA(N) was retained, as evidenced by SPR
[Supplementary Figure S3A-B].

Characterization of anti-CEA antibodies by flow cytometry
and immunofluorescence

The binding of the new antibodies in IgG format to CEA on
the cell surface was confirmed by flow cytometry on the CEA-
transfected murine cell line CT26 and on the human colon
carcinoma cell lines LS174T and HT-29 [Figure 1B and
Supplementary Figure S3C]. G9 showed moderate binding to
CT26-CEA cells in high concentrations. The affinity-matured
antibodies showed improved binding with functional affinity
(Kp™P) values of 770 pM and 290 pM for F7 and F4, respec-
tively. No binding was observed on CEA-negative CT26 wild-
type cells [Figure 1B].

Immunofluorescence studies confirmed the binding of
G9, F7, and F4 to human CRC xenografts. On LS174T
tumor sections (high CEA expression), G9 showed a weak
signal, while F7 and F4 strongly stained the cognate antigen
[Figure 1C]. On the HT-29 tumor specimens (intermediate
CEA expression), F4 stood out as the best-performing anti-
body [Supplementary Figure S3D]. No signal was obtained
upon staining with the negative control antibody (KSF),
specific for an irrelevant antigen [Supplementary
Figure S3E].

F4 was further studied by immunofluorescence analysis on
a tissue microarray containing different human cancer samples
and their corresponding healthy tissues and on three addi-
tional human colon cancer sections. The previously described
antibody Sm3E was used as a positive control. The F4 antibody
detected CEA with a similar intensity to the one obtained with
the Sm3E antibody on lung, pancreatic, and all tested colon
tumors [Figure 2 and Supplementary Figure S4]. No signal was
obtained upon staining the healthy organs or using the nega-
tive control antibody KSF [Figure 2 and Supplementary
Figure S5].

Other CEA-related cell adhesion molecules (CEACAMs)
have highly conserved N-terminal domains to CEA, especially
CEACAMI, and CEACAMSG. The specificity of the F4 anti-
body to CEA was confirmed by flow cytometry on transiently
antigen-expressing CHO cells, as no binding was detected on
CEACAMI- and CEACAMS6-expressing cells [Supplementary
Figure S6].
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Figure 1. In vitro characterization of new anti-CEA antibodies. (a) SPR sensorgram of G9, F7, and F4 in a scFv format. Kp values were calculated to be 640 nM, 50 nM, and
7.7 nM, respectively. (b) Flow cytometry analysis with the new antibodies in IgG format on CEA-expressing CT26 cells and on CEA-negative CT26 wild-type cells. (c)
Immunofluorescence staining with IgG formats on the human colon adenocarcinoma xenograft LS174T. Anti-CEA antibodies were detected in green. Blood vessels
were detected by CD31 staining (red). 20x magnification, scale bars = 100 um.
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Figure 2. Immunofluorescence analysis of human cancer sections. Human tissue microarrays with cancer sections and corresponding healthy controls were analyzed by
immunofluorescence analysis with F4, the positive control Sm3E, and an irrelevant isotype control (KSF). Antibody binding was detected in green. Blood vessels were
detected with CD31 staining (red) and nuclei with DAPI (blue). 20x magnification, scale bars = 100 um.

Immunofluorescence-based biodistribution analysis isothiocyanate (FITC)-labeled IgG were injected intravenously

The tumor-homing properties of G9, F7, and F4 were evalu- into the lateral tail vein. Twenty-four hours post-injection,

ated by immunofluorescence-based biodistribution analysis in
LS174T tumor-bearing BALB/c nude mice. 200 pg fluorescein  for further examination by immunofluorescence. F4 was

mice were sacrificed, and organs and tumors were harvested
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Figure 3. Ex vivo immunofluorescence-based biodistribution analysis. Immunofluorescence analysis assessed tumor targeting of new anti-CEA antibodies in IgG format.
Two hundred micrograms of IgG-FITC were injected intravenously into LS174T-bearing mice. Tumors were excised 24 hours after injection. IgG-FITC was detected in
green; blood vessels were detected through CD31 staining (red). 20x magnification, scale bars = 100 um.

found to selectively localize in the tumor, while no signal
was detected in healthy organs. A similar result was
obtained with the positive control antibody Sm3E. Despite
an affinity of 50 nM, F7 showed only minimal uptake in the
tumor, indicating that high affinity is required to achieve
selective biodistribution [Figure 3]. The low-affinity anti-
body G9 and the KSF antibody, used as a negative control,
revealed no staining in all organs. In line with previous
studies performed by our group, the liver uptake of IgGs,
which is usually observed in radio-labeled biodistribution
studies with full-length IgGs, was not detectable in this

experiment.’>?°

Quantitative biodistribution with radio-labeled diabodies

The in vivo tumor-targeting performance of the selected anti-
CEA antibodies was further analyzed in a quantitative biodis-
tribution experiment using '*’I-labeled diabodies. Antibodies
were injected intravenously into LS174T tumor-bearing
BALB/c nude mice. After 24 hours, mice were sacrificed,
organs were harvested, and the radioactivity of the tumor,
blood, and organs was measured. F4 was able to selectively
localize in the neoplastic lesions, with a tumor-to-blood ratio
of more than 8:1. Consistent with the immunofluorescence-
based biodistribution experiment, modest accumulation in
tumors was observed for the G9 and F7 antibodies [Figure 4].

Therapy studies with F4 fused to IL12

Encouraged by the selective tumor-homing properties of F4,
we generated a fusion protein based on the F4 antibody in

single-chain diabody format, fused to the murine ILI12
[Figure 5A]. F4-IL12 expressed with a yield of 13 mg/L of
TGE, with clean bands in SDS-PAGE of the expected size
and no signs of aggregation in the SEC profile. The protein
showed excellent stability, exhibiting an unchanged SEC pro-
file after a four-day incubation at 37°C [Supplementary Figure
S7]. Retained functionality of the F4 and IL12 moieties was
shown by SPR on a CEA(N) coated sensor chip and in
a cellular IFNy release assay on isolated murine splenocytes
[Figure 5B-C]. The therapeutic efficacy of F4-IL12 was tested
in different murine models of colorectal cancer. In mice bear-
ing subcutaneous (s.c.) tumors of CEA-transfected CT26 cells,
three injections of 12 pg F4-IL12 led to significant tumor
regression with a complete response in 33% of tested animals.
No comparable results were achieved with untargeted IL12
(i.e., KSF-IL12) [Figure 5D-E]. These findings were confirmed
in two additional studies in the more aggressive C51 model,
with a dosing regimen of 3 x 12 ug and 4 x 6 pg, respectively,
resulting in significant tumor growth retardation compared to
mice treated with untargeted IL12 [Figure 5G-H and
Supplementary Figure S8A]. F4-IL12 was well tolerated, as
evidenced by the absence of body weight loss [Figure 5F-5I
and Supplementary Figure S8B].

Ex vivo tumor analysis after treatment with F4-IL12

To analyze the mechanism of action of F4-IL12, tumors were
excised 48 hours after the third injection, and infiltration of
lymphocytes into the tumor mass was assessed by immuno-
fluorescence. In both models, an increased density of NK cells
and CD4" T cells could be observed upon treatment with F4-
IL12. No signal was obtained when stained for regulatory
T cells. No increase in lymphocyte density was observed
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Figure 4. Quantitative biodistribution with radiolabeled anti-CEA antibodies in diabody format. Quantitative biodistribution analysis of radio iodinated anti-CEA
diabodies in BALB/c nude mice bearing subcutaneous LS174T colon adenocarcinomas. Organs were harvested 24 hours after intravenous injection, and radioactivity
was quantified. Results are shown as the percentage of injected dose per gram (ID/g (%)). Error bars = SEM; n = 4.

upon treatment with untargeted IL12, compared to mice trea-
ted with saline only [Figure 6A and Supplementary Figure 8C].

The tumor-homing T cells in the C51 model were addition-
ally analyzed by flow cytometry. Both CD4" and CD8" T cells
showed a significant increase in IFNy expression. Also, the
expression of PD-1, perforin, granzyme B, and the CD8+/CD4
+ T cell ratio was slightly increased (although not statistically
significant) [Figure 6B].

Discussion

Here, we described the generation and characterization of a novel,
fully human high-affinity antibody targeting the N-terminal
domain of CEA. The parental clone G9 was isolated by phage
display technology and showed specific binding to CEA, with a
Kp of 640 nM. After two rounds of affinity maturation, we iso-
lated the clone F4, which showed an almost 100-fold improve-
ment in affinity compared to G9, with a K, of 7.7 nM. F4 showed
excellent biophysical properties in vitro and selectively stained
CEA-positive cancer tissues in immunofluorescence.

CEA plays a crucial role in facilitating uncontrolled cell
proliferation and metastasis through several mechanisms,
including the dysregulation of transforming growth factor-f
signaling,38 inhibition of anoikis,>’ promotion of cell-cell
adhesion, and binding to fibronectin.*0~** Notably, all these
mechanisms are predominantly mediated by CEA(N).***>

Previous studies have demonstrated that inducing an immune
response to CEA(N) or employing CEA(N)-binding aptamers
can prevent tumor implantation in vivo.*”*® Thus, developing
antibodies that target CEA(N) may be attractive for cancer
therapy. However, the N-terminal domain is highly conserved
between CEA and other CEACAMs, particularly CEACAMI1
and CEACAMS6. As the expression of these molecules is less
tumor-specific,*>*? it is critical that CEA(N) targeting antibo-
dies are not cross-reactive. This was demonstrated by flow
cytometry on CHO cells expressing CEACAMI1 and
CEACAMS.

An ex vivo-based biodistribution analysis using FITC-
labeled IgG antibodies and a quantitative biodistribution
experiment with radiolabeled diabodies showed that a high-
affinity clone is needed to achieve selective tumor accumula-
tion. These results are in line with previous studies suggesting
that tumor uptake can be improved by increasing the affinity
to the single-digit nanomolar range.”’ Interestingly, it was
reported that increasing the affinity beyond the nanomolar
range does not add to tumor accumulation but, in contrast,
limits efficacious tumor penetration of antibodies as they get
trapped by antigens at the rim of the tumor.>

CEA is an attractive target for the treatment of mCRC, as
virtually 100% of patients are strongly positive for the
antigen.’”**7*® Although several CEA-targeting products
have shown great potential in preclinical models,'>'”**%?
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they were typically immunogenic and induced the develop-
ment of ADAs in many patients.”>**>* By focusing on the
development of fully human antibodies isolated from
a synthetic antibody library with short CDR3 loops, our
group has previously generated and studied in the clinic anti-
body-cytokine fusions proteins, which were not immunogenic
in patients.”>® It is likely that the low immunogenic potential
of those products may be due to the very low number of
mutations in germline gene segments and to the use of wild-
type cytokine sequences.

Recombinant human IL12 has been tested in the clinic
against different cancer indications.”’ ' However, systemic
administration of IL12 induced life-threatening toxicities
already at sub-optimal doses,’>®’ preventing the escalation
to therapeutically active regimens. It is becoming increas-
ingly clear that the conjugation of certain cytokine payloads

to a tumor-targeting antibody moiety capable of selective
homing to the neoplastic mass may represent an attractive
strategy to improve the therapeutic index of this class of
pharmaceuticals.”* Many antibody-cytokine fusions are
based on antibodies in IgG format. However, due to the
interaction with the neonatal Fc receptor, prolonged circu-
latory half-life may increase the exposure of pro-inflamma-
tory payloads to secondary lymphoid organs, thus enhancing
the risk of cytokine-mediated toxicity. A number of research
groups, including our own, have shown that antibody-frag-
ment-based pharmacodelivery strategies may allow prefer-
ential localization at the tumor site, both in mice and in
humans, reaching tumor:organ ratios as high as 20:1 twenty-
four hours after intravenous administration.®* ® In line
with those observations, the F4-IL12 fusion protein
described here exhibited promising anti-cancer activity in
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Figure 6. Ex vivo analysis of F4-IL12 treated tumor-bearing mice. (a) Analysis of tumor-infiltrating lymphocytes in CT26-CEA (left) and C51-CEA (right). Tumors were
removed 48 hours after the third injection and analyzed by immunofluorescence staining. Markers specific for CD4* T cells (CD4), CD8™ T cells (CD8), Natural killer cells
(NKp46), and regulatory T cells (Foxp3) were used (green). Vasculature was visualized through CD31 staining (red) and nuclei with DAPI (blue). 20x magnification; scale
bar = 100 um. (b) Phenotype analysis of CD4* and CD8" T cells in the tumor of treated C51-CEA bearing mice. Tumors were removed 48 hours after the third injection.
Bar plots show expression levels of IFNy, PD-1 (both in CD4* and CD8™ T cells), the ratio of CD4* and CD8" T cells, and expression of Perforin and Granzyme B in CD8*
T cells. Statistical differences were assessed between mice receiving saline, KSF-IL12, and F4-IL12. *p < 0.05; **p < 0.01 (regular one-way ANOVA test with Tuckey

posttest). Error bars = SEM; n = 3.

murine models of cancer at doses that were well tolerated. It
is important to note that there is no direct murine equiva-
lent of human CEA.%” Consequently, the potential on-target
side effects cannot be addressed with this study.

Ex vivo analysis of the neoplastic mass revealed that
mice treated with F4-IL12 had an increased count of
lymphocytes in the tumor and that tumor-homing
T cells were more active compared to an IL12 fusion
protein based on an antibody of irrelevant specificity in
the mouse (KSF-IL12). F4-IL12 is now being considered
for clinical development activities and may therefore
represent an attractive combination partner to boost the
activity of other immunomodulatory therapeutics, such as
checkpoint inhibitors or bispecific antibodies since the
performance of those pharmaceuticals relies on the pre-
sence of lymphocytes in the tumor.®®*”7% In general, the
fully human F4 antibody may represent a useful tool for
scientists who wish to use a non-immunogenic moiety as
a delivery vehicle to target CEA-positive tumors in
patients.

Materials and methods
Cell lines

CHO cells and the human colon adenocarcinomas LS174T,
HT-29 were obtained from the American Type Culture
Collection (ATCC). CEA-transfected CT26 and C51 cells
were kindly provided by Dr. Bajic.”> Cell lines were expanded
and stored as cryopreserved aliquots in liquid nitrogen. Cells
were grown following the supplier’s protocol and kept in
culture for no longer than 14 passages. The cell bank per-
formed authentication of the cell line before shipment. It
included: the evaluation of post-freeze viability, growth prop-
erties, and morphology, testing of mycoplasma contamination
and sterility, and an isoenzyme assay.

Cloning and Expression of recombinant CEA

The synthetic cDNA encoding CEA(N) (UniProtKB P06731,
position 35-150), flanked with an N-terminal AviTag
(GLNDIFEAQKIEWHE) and a C-terminal 6-Histidine tag
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was cloned into the mammalian cell expression vector
pcDNA3.1(+) (ThermoFisher Scientific). The protein was
expressed by polyethyleneimine (PEI)-induced transient gene
expression (TGE) in CHO cells and purified by affinity chro-
matography using Ni-NTA agarose resin (Roche). Purified
CEA(N) was dialyzed into phosphate-buffered saline (PBS;
pH 7.4). The protein quality was analyzed by SDS-PAGE and
SEC on a Superdex 75 Increase 75/150 GL column using an
AKTA Pure FPLC (GE Healthcare). Before the SDS-PAGE, the
protein was digested with PNGase F (New England BioLabs)
under denaturing conditions to remove N-glycans.

CEA(N) was site-specifically biotin labeled on its AviTag,
using BirA enzyme, following a previously described
protocol.”’ Biotinylation was validated through ELISA and
a band shift assay.

Selection of antibodies by phage display and affinity
maturation

Fully human monoclonal antibodies specific to CEA(N) were
isolated by antibody phage display. Biotin-labeled CEA(N) was
immobilized on streptavidin (SA)- (StreptaWells, Roche) or
avidin-coated wells (Avidin [Sigma] on MaxiSorp plates
[Sigma]). Antibodies specific to the CEA(N) antigen were
enriched by two rounds of biopanning from a synthetic
human scFv antibody library, as previously described by Viti
et al.”” Individual clones infected with isolated phage were
cultured, and scFv expression was induced by isopropyl B-
D-1-thiogalactopyranoside. Bacterial supernatants containing
antibody fragments were collected and screened by ELISA on
immobilized CEA(N). Positive clones were analyzed by
sequencing and used for further characterization. For each
antibody, scFv and IgG fragments were cloned into
a mammalian cell expression vector, expressed by TGE in
CHO cells and purified by affinity chromatography, using
protein A agarose (Thermo Scientific). Binding to the cognate
antigen was confirmed by SPR, immunofluorescence, and flow
cytometry analysis. The affinity of the best clone was improved
by two rounds of affinity maturation, following the protocol
described in Villa et al.”> Briefly, new phage libraries were
cloned by random mutagenesis of residues in the CDRI or
CDR2 loops of the Vi and Vi domains, and were subjected to
one round of biopanning. Positive clones were selected by
ELISA, and their binding kinetics were assessed by SPR.

Cloning, Expression, and Characterization of anti-CEA(N)
Antibodies

All anti-CEA(N) antibodies used in this study were cloned and
produced in-house. The DNA sequence of the positive control
antibody Sm3E was obtained from Graff et al.”* Genes for
human IgG1 and murine IgG2a antibodies were cloned into
the mammalian cell expression vector pMM137 (developed in-
house). Genes for antibody fragments and antibody-cytokine
fusions were cloned into the mammalian cell expression vector
pcDNA3.1(+). Antibodies were produced by PEI-induced
TGE in CHO cells, followed by purification to homogeneity
by protein A affinity chromatography. Quality control of the
produced antibodies was performed by SDS-PAGE and SEC

(Superdex 200 10/300GL or Superdex 75 10/300GL, GE
Healthcare).

Surface plasmon resonance analysis

Biotinylated CEA(N) was immobilized on an SA-sensor chip
with a density of 700 RU using a BIAcore X100 system
(Cytiva). Real-time binding interactions were tested with serial
dilutions of the antibodies at a flow rate of 10 ul/min.
Regeneration of the sensor chip was carried out by injecting
10 mM HCI. For the determination of the Kp, monomeric
preparations of scFv were used. Analysis of the binding
kinetics was performed on the BIAevaluation3.2 software.

Flow cytometry

LS174T cells, HT-29 cells, and CT26 cells were detached from
the cell culture plate using Accutase cell detachment solution
(Millipore). Cells were blocked for unspecific binding and
stained with the anti-CEA antibody (IgG1). KSF IgG, binding
to an irrelevant target, served as isotype control. Antibody bind-
ing was detected through a R-phycoerythrin (PE)-conjugated
goat anti-human IgG Fc antibody (Invitrogen; TB28-2).

To test cross-reactivity toward the N-terminal domain of
CEACAMI and CEACAMS6, CHO cells were transiently trans-
fected using PEI and pcDNA3.1(+) vectors encoding full-
length CEA (UniProtKB P06731), CEACAMI1 (UniProtKB
P13688), or CEACAMS6 (UniProtKB P40199). Flow cytometry
was performed 24 h after transfection. Briefly, cells were
stained with the antibodies F4, Sm3E, or a positive control
antibody (BioLegend; clone 5B2) in murine IgG2a format (50
nM). For detection, a PE-conjugated goat anti-mouse IgG
antibody (Invitrogen; 12-4010-82) was used.

All staining and washing steps were carried out in cold FACS
buffer (2% FBS, 2 mM EDTA in PBS; pH 7.4). Data was acquired
on a CytoFLEX cytometer (Beckman Coulter) and the CytExpert
software and processed with the FlowJo 10.4 software.

Immunofluorescence studies

Immunofluorescence analysis was performed on LS174T and
HT-29 xenografts harvested from mice, on patient-derived
colon cancer samples, and on a human tissue microarray
(Amsbio, T6235700-5). Before staining, samples were fixed
in ice-cold acetone. Sections were stained with FITC-labeled
anti-CEA antibodies (IgG) at a concentration of 50 nM in 2%
bovine serum albumin/PBS. KSF IgG-FITC, binding to hen
egg lysozyme, served as isotype control. For detection, rabbit-
anti-FITC antibody (Biorad; 4510-7804) and goat-anti-rabbit-
Alexa Fluor488 (Invitrogen; A11008) were used. Tissue vascu-
lature was visualized through CD31 (RD systems; RF3628 or
Invitrogen; 14-0319-82) staining using an Alexa Fluor594-
labeled secondary antibody (ThermoFisher; A11058 or
Invitrogen; A11032). For the visualization of cell nuclei,
DAPI (Invitrogen) was used. Slides were mounted with
a fluorescence mounting medium (Dako Agilent) and analyzed
with a Leika DMI6000B microscope (Leica Microsystems).
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Immunofluorescence-based biodistribution analysis

Eight weeks old female immunodeficient BALB/c nude mice
were obtained from Janvier. Five million LS174T cells were
injected subcutaneously into the right flank of each mouse.
Tumors were grown to reach a volume of approximately 200
mm’ (volume = length x width®/2). Two hundred pg of FITC-
labeled IgG antibodies were injected into the lateral tail vein.
The mice were sacrificed 24 hours post-injection. The organs
were excised and placed in a cryo-embedding medium
(Thermo Scientific). Cryostat sections (12 um) were stained
and detected with rabbit anti-FITC (Biorad; 4510-7804) and
anti-rabbit-Alexa Fluor488 (Invitrogen; A11008). Tissue vas-
culature was visualized through CD31 (RD systems; RF3628)
staining using an Alexa Fluor594-labeled secondary antibody
(ThermoFisher; A11058).

Quantitative biodistribution with radio-labeled diabodies

In vivo, tumor targeting was assessed by a quantitative biodis-
tribution. 5 x 10° LS174T cells were injected subcutaneously into
the right flank of eight weeks old female immunodeficient
BALB/c nude mice. Tumors were grown to reach a volume of
approximately 200 mm>. G9, F7, F4, and KSF antibodies in
diabodies format were radioiodinated with '*’I and chloramine
T hydrate and purified on a PD10 column (Cytiva). Radiolabeled
diabodies were injected into the lateral tail vein (n=4). Mice
were sacrificed 24 hours post-injection. Organs were excised and
weighed, and radioactivity was counted using a Packard Cobra
gamma counter (Packard, Meriden, CT, USA). Values are given
as the percentage of injected dose per gram (ID/g).

Cloning, expression, and in vitro characterization of
F4-IL12

The F4-IL12 fusion protein consists of the F4 antibody in
single-chain diabody format fused to murine IL12. The gene
was amplified by PCR and cloned into the mammalian cell
expression vector pcDNA3.1 (+). The fusion protein was
expressed in CHO cells, purified by affinity chromatography,
and characterized as described above. The biological activity of
IL12 was tested by an IFNYy release assay, as described by Puca
et al. 77° Binding to CEA was shown by SPR and flow cyto-
metry as described above.

Therapy studies

CT26-CEA cells or C51-CEA cells were implanted subcuta-
neously into the right flank of eight weeks old female BALB/c
mice. When tumors reached an average volume of 100 mm®,
mice were randomized to achieve similar tumor volumes
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between the study groups, and treatment was initiated by
three intravenous injections of the tested protein (every 48
hours). Tumor growth and body weight change were moni-
tored daily until the end of the study. Mice were euthanized if
tumors reached a diameter of >15 mm or formed ulcers. The
therapy studies were executed blinded.

Analysis of tumor-infiltrating lymphocytes

Eight weeks old female CT26-CEA and C51-CEA-bearing
BALB/c mice were treated with the tested proteins, as described
above. Forty-eight hours after the last injection, mice were
euthanized, and tumors were excised and analyzed by immuno-
fluorescence and flow cytometry.

For immunofluorescence, tumors were embedded in
a cryo-embedding medium. Cryostat tissue sections (12 um
thickness) of  each tumor were prepared.
Immunofluorescence staining was carried out as described
above. Tumor infiltrating lymphocytes were stained using the
primary antibodies rat anti-Foxp3 (Invitrogen; 7000914), rat
anti-NKp46 (BioLegend; 137602), rat anti-CD4 (Sino
Biological; 50134-R001), and rat anti-CD8 (Sino Biological;
50389-R208), respectively. For detection, the secondary anti-
body donkey anti-rat Alexa Fluor488 (Invitrogen; A21208) was
used. Vasculature was visualized through staining with goat
anti-mouse CD31 (RD System; AF3628) and donkey anti-goat
Alexa Fluor594 (Invitrogen; A21209) antibodies.

For flow cytometry analysis, tumors were digested in
RPMI (supplemented with 10% FBS, 1 mg/mL type II col-
lagenase, and 100 pg/mL DNase I) and filtered through a 70
pum cell strainer. Cell-surface staining was performed with
the following antibodies (all purchased from BioLegend):
CD45-FITC (C30-F11), CD4-PeCy7 (RM4-5), CD8-PerCP
(53-6.7), and PD-1-BV421 (RMP1-30) (Panel 1) or CD45-
FITC, CD8-PerCP, and NKp46-PE (Panel 2), followed by
cell fixation in 4% PFA. For intracellular staining, cells
were incubated with IFNy-APC (XMG1.2) (Panel 1) or
Granzyme B-APC (QA16A02) and Perforin-Pacific blue
(S16009A) (Panel 2) in a permeabilization buffer
(BioLegend). Cell viability was assessed with Zombie-NIR
(BioLegend). Data were acquired and analyzed as described
above.

Statistical analysis

Data were analyzed on Prism V.9.0 (GraphPad Software).
Statistical significance between multiple groups was evaluated
by one-way analysis of variance (ANOVA) followed by
Tukey’s posttest. Differences in tumor growth were compared
by two-way ANOVA followed by Tukey’s posttest. P < 0.05
was considered statistically significant.
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Abbreviations

ADA Anti-drug antibody

ATCC American Type Culture Collection
CDR Complementarity-determining region
CEA Carcinoembryonic antigen

CEACAM  Carcinoembryonic antigen-related cell adhesion molecule
CEA(N) N-terminal domain of CEA

CHO Chinese Hamster Ovary

CRC Colorectal Cancer

DAPI 4',6-diamidino-2-phenylindole
EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
FITC Fluorescein isothiocyanate

FPLC Fast protein liquid chromatography
IFN Interferon

IL Interleukin

Kp Dissociation constant

mCRC Metastatic colorectal cancer

Ni-NTA Nickel nitrilotriacetic acid

NK Natural killer

PBS Phosphate-Buffered Saline

PCR Polymerase Chain Reaction

PE R-phycoerythrin

PEI Polyethyleneimine

SA Streptavidin

scFv

SDS-PAGE

SEC
SPR
Vu
Vi

Single chain variable fragment

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Size exclusion chromatography

Surface plasmon resonance

Variable heavy

Variable light
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