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ABSTRACT 
 

Background: The role of Carcinoembryonic Antigen-related Cell Adhesion Molecule 1 (CEACAM1) as 

a recently characterized immune-checkpoint inhibitor as well as marker for tumor progression and 

metastasis development of several solid tumors, makes it an attractive target for Cancer 

Immunotherapy. Herein, we describe the development and characterization of DIA 12.3, a new fully 

human IgG1 antibody against CEACAM1, which derives from the previously developed anti-CEACAM1 

single chain variable fragment (scFv) antibody, termed DIATHIS1. Methods: Bicistronic vectors were 

designed for IgG1 and IgG4 antibody expression and stable cell lines were developed for their 

production. In vitro assays were performed to evaluate the physico-chemical properties of the 

antibodies and their biological activity. In addition, the mutated mtN297A IgG1 was developed in 

order to reduce the effector functions of the antibody Fc region and, thus, to prevent excessive 

cytotoxicity. After antibody DOTAylation and radiolabeling with 64Cu, PET experiments with NOD-SCID 

gamma (NSG) mice and hCEACAM1 or hCEA double transgenic mice were performed to evaluate the 

in vivo tumor targeting and biodistribution of 64Cu-DOTAylated-DIA 12.3 antibody. Results: The 

current project was focused on the IgG1 antibody, since it showed better structural and functional 

performances compared to IgG4. More in detail, we found that DIA 12.3 antibody purified by Protein 

A Affinity Chromatography has a high-purity grade monomeric formulation, with structural as well as 

biological stability eight months after the purification and of storage at 4°C. ELISA assays revealed 

that DIA 12.3 is able to bind hCEACAM1 antigen with a linear activity and high affinity. Flow cytometry 

analyses demonstrated high antibody immunoreactivity with hCEACAM1 expressed on the cell 

surface membrane of human metastatic melanoma, bladder and colon cancer cell lines. Furthermore, 

cytotoxic assays displayed the capability of DIA 12.3 to enhance the Natural Killer (NK)-92 cell-

mediated cytotoxicity against metastatic melanoma, bladder, colon and head&neck cancer cells. 

ELISA and flow cytometry assays showed that the N297A mutation does not affect the antibody 

binding ability, but it results in reduced stimulation of NK cell-mediated tumor killing, as expected. 

DIA 12.3 and mtN297A DIA 12.3 antibodies also show strong binding activity to CEACAM1 antigen on 

neutrophil cell surface, without inducing toxicity or triggering unnecessary activation of neutrophils. 

Biodistribution analyses revealed the specific localization of the radiolabeled DIA 12.3 antibody to 

hCEACAM1-positive xenograft in NSG mice. Conclusion: These findings highlight the potential of DIA 

12.3 antibody as a candidate in Immunotherapy treatments of CEACAM1-expressing solid tumors and 

indicate the need for further in vitro and in vivo evaluation of DIA 12.3 pharmacokinetic and 

pharmacodynamic profile. 
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1. INTRODUCTION 

 

 

1.1 The Human Carcinoembryonic Antigen (CEA) family  

 

The Carcinoembryonic Antigen (CEA) family belongs to the glycosylated immunoglobulin superfamily 

(IgSF) (1). The human CEA family is encoded by 18 genes and 11 pseudogenes located on 

chromosome 19q13.2. These proteins are subdivided into the CEA-related cell-adhesion molecules 

(CEACAMs; Fig. 1.1) and the pregnancy-specific glycoproteins (PSGs) on the basis of protein 

homologies and developmental expression patterns. The structure of CEACAMs consists of one N-

terminal immunoglobulin variable (IgV)-like domain, followed by a variable number of Ig constant 

(IgC)-like domains. While PSGs are secreted proteins, CEA family members can be secreted, 

glycosylphosphatidylinositol (GPI)-anchored or transmembrane proteins with a short or long 

cytoplasmic tail which can contain immunoreceptor tyrosine-based inhibition motifs (ITIMs), 

immunoreceptor tyrosine-based switch motifs (ITSMs) or immunoreceptor tyrosine-based inhibition 

motifs (ITAMs) (2). Figure 1.1 summarizes the structural organization of human CEACAMs, the 

number of known splice isoforms and the distribution of their orthologs in mammalian species 

(Fig.1.1, 3). 

CEA family members have a wide tissue distribution. They are expressed in columnar epithelial cells 

of the colon, in mucous neck cells and mucous cells of the stomach, in squamous epithelial cells of 

the tongue, esophagus and cervix, in secretory epithelia of sweat glands and in prostatic epithelial 

cells (4). In addition to the expression in epithelia, CEACAM1 can be found also on granulocytes, 

lymphocytes and endothelial cells. CEACAM6 is expressed on granulocytes and monocytes, while 

CEACAM3 and CEACAM8 are found exclusively on granulocytes (4). 

Different CEA family members play diverse functions according to the various signaling motifs within 

their cytoplasmic domains and the modes of membrane anchorage. In general, CEACAMs mediate 

cell–cell adhesion and they are critical modulators of several cellular processes in physiological as 

well as pathological contexts, ranging from the shaping of tissue architecture to the regulation of 

insulin homeostasis and T-cell proliferation. Furthermore, CEACAMs work as receptors for host-

specific viruses and bacteria in mice and humans (5). 

More in details, CEACAMs mediate intercellular binding by homophilic (CEACAM1, CEACAM5 and 

CEACAM6) and/or heterophilic (CEACAM1–CEACAM5, CEACAM5–CEACAM6 and CEACAM6–

CEACAM8) interactions (4), which involve the extracellular domains (Fig.1.1) (6).  
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Fig. 1.1. Overview of the human CEA family members. The known splice isoforms of the different CEA 

family members and the distribution of their orthologs in mammalian species are here represented. 

Species abbreviations: c, cow; d, dog; e, elephant; h, human; m, mouse; o, opossum; r, rat (3). 

 

1.2 Insights into CEACAM1 

 

1.2.1 CEACAM1 expression, structure and splicing 

 

Carcino Embryonic Antigen-related Cell Adhesion Molecule 1 (CEACAM1) is a unique member of the 

CEA family. It is the most well preserved CEA family member across species, with orthologues in 

mammal species (7) and it has the widest distribution in humans (8). In particolar, CEACAM1 is 

expressed by epithelial, endothelial, lymphocytes and myeloid cells (8). Amongst the human CEA 

family, CEACAM1 gene undergoes the most extensive alternative splicing, resulting in the production 

of 12 splice variants. All the variants contain the IgV-like domain (which is conserved among CEA-

family members) followed by up to three IgC2-like domains (A1, B, A2) and/or Alu sequences (Alu), a 

transmembrane domain and a signaling cytoplasmic tail containing a long (L) or a short (S) domain 

(Fig. 1.2, 9). 

Each splicing isoform differs from the others by the number of extracellular domains, the membrane 

anchorage and/or the length of the cytoplasmic tail, based on the inclusion or absence of exon 7, 
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respectively. For example, CEACAM1-4 is the isoform with four extracellular immunoglobulin like 

domains; CEACAM1-4L is the CEACAM1-4 isoform with a long cytoplasmic tail, while CEACAM1-4 with 

a short cytoplasmic tail is known as CEACAM1-4S (9). The differential splicing of exons encoding the 

cytoplasmic and transmembrane domains affects the type of cellular response induced by CEACAM1 

binding. CEACAM1 isoforms with a long cytoplasmic tail, contains two ITIMs, generally involved in the 

transmission of inhibitory signals. By contrast, ITIM sequences are not present in CEACAM1 isoforms 

with short cytoplasmic tails, but they contain sequences able to bind tropomyosin and globular actin 

(10), indicating an interaction of CEACAM1 short isoforms with the cytoskeleton. The abundance of 

CEACAM1 expressed by the cells and the relative ratio of long to short isoforms are not static but can 

vary depending on the cell type, growth phase and activation status (11).  

 

 

 
 

Fig. 1.2. Schematic representation of human and mouse CEACAM1 isoforms. Each human isoform 

contain the N-terminal IgV domain, up to three IgC2 domains (A1, B, A2) and/or an Alu sequence (Alu), 

a transmembrane sequence and a short (S) or long (L) cytoplasmic tail. All the four mouse 

isoforms contain the N-terminal IgV domain, followed by one or three IgC2 domains, a 

transmembrane domain and a short or long ITIM-containing cytoplasmic tail. The IgV domain contains 

the homophilic and heterophilic binding surface indicated in red. The brown circles depict the 

glycosylation sites, while the ITIM tyrosines are represented by black circles (9). 

 

1.2.2 CEACAM1 homophilic and heterophilic interactions 

 

The N-terminal IgV domain of CEACAM1 acts as the extracellular binding site and determines the 

CEACAM1’s unique homophilic and heterophilic binding profile. In the hCEACAM1 IgV domain there 

are 108 amino acids organized in 9 beta strands (ABCC’C”DEFG) that fold inside the conserved IgV 

anti-parallel tertiary structure (12) of IgV-containing proteins, such as T cell receptor (TCR) (13), T cell 

inhibitory and mucin domain containing protein 3 (TIM-3) (14), and programmed cell death protein 

1 (PD-1) (15). On the opposing site, ABED and GFCC’C” faces are linked by an internal salt bridge (R64 

: D82). Furthermore, important is the protrusion of the CC’ loop on hCEACAM1, where the side chains 

of key residue important for ligand binding, such as F29, Y34, V39, D40, R43, Q44 are exposed (9, Fig. 

1.3). 
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Mutagenesis analysis of hCEACAM1 highlighted the critical role of the GFCC’C” interface, in particolar 

of the CC’ loop (residues Y34, V39, D40, R43, Q44) (16), in determining the homodimerization of the 

hCEACAM1 IgV domain (17). 

 

 

 
 

Fig. 1.3. Homodimeric structure of hCEACAM1 IgV. B: Residues involved in the homophilic interactions 

between hCEACAM1 IgV and one of its ligands PDB ID 4QXW (left). C: Representation of the 

homophilic interacting residues within the GFCC’C” surface (9) 

 

 

1.2.3 CEACAM1 intracellular dimerization 

 

CEACAM1 is mainly found as a cis-homodimer at the level of epithelial-cell surface (18). The dimeric 

form influences the ability of the receptor to recruit signaling molecules, such as SRC-family kinases 

and the SH2 domain-containing protein tyrosine phosphatase (SHP1) (19). Following CEACAM1 

binding, the balance between monomeric and dimeric forms affects cellular responses (Fig. 4, 20). 

The dimeric state is dependent on the intracellular calcium ion (Ca2+) concentration. At high Ca2+ 

concentration the binding of Ca2+ -loaded calmodulin to the cytoplasmic domain of both CEACAM1 

short and long isoforms results in the dissolution of cis-dimers in vitro (21). The complex interplay 

between dimerization and differential CEACAM1 signaling under various cellular activation states, 

makes it difficult to assess the CEACAM1 functions (21). 

Besides the formation of cis-dimers, CEACAM1 is also involved in trans-homophilic interactions (22). 

While CEACAM1 monomers can be involved in homophilic intercellular binding (23), it remains 

unclear whether cis-dimers must dissociate before mediate intercellular binding. The protein-protein 

intercellular interactions mediated by CEACAM1 are trans-homophilic interactions via N-terminal 

domains (23) (Fig. 1.4). The presence of multiple IgC2 domains seems to increase the affinity of 

homophilic binding (23). In addition, the capability of the receptor to be involved in intercellular 

binding is also governed by signals transmitted from the cytoplasmic domain, as suggested by 

different pharmacological agents which are known to affect CEACAM1 distribution in the cells (24). 

 

The GFCC’C” face of IgV domains expressed by CEACAM1, CEACAM3, CEACAM5, CEACAM6 and 

CEACAM8 share more than 90% of similarity and they might interact with each other to form of 

GFCC’C”-mediated CEACAM family heterodimers (25). However, CEACAM5 IgV is the CEACAM family 
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member that shares the highest sequence homology with CEACAM1 IgV. Indeed, biochemical studies 

showed that only CEACAM5, commonly named CEA, binds to CEACAM1 with high affinity (25).  

Differently from CEACAM1 and CEACAM5, CEACAM3 and CEACAM6 present two specific CC’ loop 

sites, where substitutions at position 43 (R43S) and 44 (Q44L) reduce the potential heterophilic 

binding to CEACAM1 (26).  

CEACAM8 shares an arginine at position 43 with CEACAM1, but it has a unique substitution at position 

44 (Q44R) (25). The sequence variability in the CC’ loop weakens both CEACAM1-CEACAM6 and 

CEACAM1-CEACAM8 heterophilic interactions, which result to be 100-fold weaker than CEACAM1 

homophilic interactions (25).  

 

 

 
Fig. 1.4. Representation of monomeric, homodimeric and heterodimeric states of CEACAM1-L and 

CEACAM1-S. A: Besides the intercellular binding mediated by the monomeric forms, it is possible that 

cis-dimers can also bind in trans. The balance between the monomeric and dimeric forms is influenced 

by the expression level of each isoform. B: The binding of CEACAM1 4S and CEACAM1 4L to Ca2+ -
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bound calmodulin results in the dissociation of CEACAM1 dimers. C: CEACAM1-L can be 

phosphorylated on the tyrosine residues in the two ITIMs within the cytoplasmic domain, resulting in 

the recruitment of the SH2-domain-containing protein tyrosine phosphatase 1 (SHP1).  Although these 

phosphorylated tyrosine residues are spaced to allow the recruitment of SHP1, steric hindrance 

between the adjacent long cytoplasmic domains in CEACAM1-L homodimer is proposed instead to 

allow SRC-family protein tyrosine kinases (PTKs) to bind through their single SH2 domain (20). 

 

 

1.3 The functions of CEACAM1 in the immune compartments 

 

CEACAM1 modulates the innate and adaptive immune response and it has tumor-associated 

functions in many compartments of the immune system (fig. 1.5, 27). Especially studied in T and NK 

cells, CEACAM1 is a recently characterized inhibitory immune checkpoint that suppresses the signal 

transmission on immune cells via two ITIMs (28). Even if less investigated, CEACAM1 plays a 

functional role also in B lymphocytes (29) and in neutrophils (30).  

 

 
 

Fig. 1.5. Summary of CEACAM1 functions in immune cells: In T cells, CEACAM1-L acts as inhibitory 

receptor by recruiting SHP-1 to the phosphorylated ITIMs of CEACAM1-L cytoplasmic domain. This 

leads to the change of the T cells activation threshold, resulting in decreased immunosurveillance in 

tumors. Opposite to CEACAM1-L, CEACAM1-S promotes T cell activation and regulatory functions. 

CEACAM1 also co-operates with TIM-3 expressed on the T cell surface, promoting the inhibition of T 

cell activation. NK Cells: the homophilic interactions between CEACAM1-L expressed on the surface of 

NK cells and CEACAM1 on tumor cells, block the NK-mediated tumor cell killing, independently of MHC 

class I status. B cells: upon the activation of the B cell receptor (BCR), CEACAM1-L on B cells is 



8 
 

phosphorylated on the ITIM domain, resulting in the SHP-1 recruitment and dephosphorylation of 

PI3K, which stimulates the activation-induced cell death of B cells. Neutrophils/ granulocytes: in 

monocytes the CEACAM1 homophilic binding results in the cell survival, since it activates PI3K, which 

in turn promotes the activation of Bcl-2 and inhibition of caspase-3. CEACAM1 expressed on the 

granulocyte surface promotes granulopoiesis and inhibits granulocyte-mediated angiogenesis and 

apoptosis (27) 

 

 

1.3.1 T cells 

 

CEACAM1 is the only member of the CEACAM family to be expressed on T cell surface (31). While it 

is not expressed on resting T cells, CEACAM1 expression levels increase on activated T cells by IL-2 

stimulation (31). Both the CEACAM1-S and CEACAM-L isoforms can be expressed at different ratio on 

T cells with opposite effects on their activation and functions, suggesting that T cell functions are 

regulated in a tunable fashion by CEACAM1-L and CEACAM1-S isoforms. However CEACAM1-L is 

more expressed on T cells than CEACAM1-S, except with the intestinal tissues where CEACAM1-S 

dominates over the CEACAM1-L expression (32).  

While CEACAM1-S positively stimulates T cell activation and mediates regulatory activities (33), 

CEACAM1-L acts as an inhibitory receptor by downregulating T cell activation and functions (34). The 

CEACAM1-L isoform exerts its inhibitory function by the two cytoplasmic domain ITIMs, which are 

not present in CEACAM1-S (34). ITIMs in CEACAM1-L cytoplasmic domain are phosphorylated by a 

variety of Src-related tyrosine kinases, resulting in the recruitment of the tyrosine phosphatases SHP-

1 and SHP-2, which de-phosphorylate several tyrosine residues within receptor tyrosine kinases or 

adaptor proteins expressed at the cell surface, leading to their inactivation (36).  

More in detail, CEACAM1 is biochemically associated with the TCR/CDR complex (37), and it works as 

an immune checkpoint inhibitor of T cell signaling via ITIMs motifs, protecting T cells from prolonged 

activation (37). Following T cell activation, p56lck kinase phosphorylates the two ITIMs tyrosine 

residues, leading to the association with SHP-1 in the proximity of the T cell receptor (TCR) signaling 

complex (38). The recruited SHP-1 dephosphorylates the TCR CD3-ζ chain and TCR-associated protein 

kinase 70 kDa (ZAP-70), inhibiting the activation of the TCR signaling complex (Fig. 1.6, 20). The final 

result is the inhibition of different effector functions, including T cell proliferation, production of Th1 

and Th2 cytokine and cytotoxicity (36). 

On T cells CEACAM1 is co-expressed with TIM3, an heterophilic ligand of CEACAM1 (39). Together 

they work as activation-induced inhibitory molecules involved in T cell tolerance by inducing T cell 

exhaustion (40). CEACAM1-TIM3 biochemical interaction stimulates TIM3 inhibitory functions by 

facilitating TIM-3 maturation and expression on the T cell surface and, as consequence, TIM-3-

mediated signaling. CEACAM1 can also interacts in trans with TIM3. This suggests that heterophilic 

interactions between TIM3 on T cells and CEACAM1 on tumor cells may result in T cell 

downregulation via TIM3 activation on T cells.  PDL-1 is another heterophilic ligand with which 

CEACAM1 synergistically cooperates to induce an inhibitory effect on T cell functions (41). In a study 

conducted by Zhang et al., tumor-infiltrating CD8+ T lymphocytes in colon cancer patients showed 

the maximal T cell exhaustion when TIM-3 and CEACAM1 are co-expressed, suggesting that CEACAM1 
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and TIM-3 are markers of high T cell exhaustion (42). Taken together, CEACAM1-L is an immune 

checkpoint inhibitor on T cells that shows promising results for cancer immunotherapy.  

 

 
 

Fig. 1.6. CEACAM1-L on T cells: Following activation of the TCR/CD3 complex on T cells, the SRC-family 

protein tyrosine kinase phosphorylates tyrosine residues in the ITIMs of cis-dimers of CEACAM1-L, 

cytoplasmic domain of the CD3ζ and ZAP70. Recruitment of phosphorylated ZAP70 to the TCR–CD3 

complex results in the activation of protein kinase C (PKC), which leads to the phosphorylation of serine 

residues of CEACAM1-L and to the calmodulin-dependent disruption of CEACAM1-L cis-dimers by 

intracellular calcium flux; activation of RHO GTPase promotes the actin-dependent cytoskeletal 

rearrangements and the subsequent recruitment of CEACAM1-L into lipid rafts. The trans homophilic 

interactions between the monomeric CEACAM1-L on T cell surface and monomeric CEACAM1 on the 

cell surface of an antigen-presenting cell (APC) leads to the recruitment of SHP1, that in turn 

dephosphorylates ZAP70, resulting in the inhibition of TCR–CD3 complex signaling. SHP1 

dephosphorylates also CEACAM1-L, causing the AP2-mediated internalization of CEACAM1-L and, as 

consequence, blocking the inhibitory signaling (20). 
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1.3.2 Natural Killer (NK) Cells 

 

Natural killer (NK) cells are immune cells involved in the innate defense against viral infections and 

tumor development, through their cytotoxic-mediated killing of virus-infected and tumor cells (43). 

NK cytotoxic action is determined by the balance between signaling mediated by surface activated 

receptors and inhibitor molecules (killer-cell immunoglobulin-like receptors, KIRS) (43). The inhibitor 

molecules recognize class I major histocompatibility complex (MHC) proteins expressed on the 

surface of opposing cells (43) and the inhibitory signal is mediated by the ITIMs located within the 

cytosolic domain of inhibitor receptors (43). The NK killing is restricted to cells that don’t express the 

MHC on cell surface, while virus-infected or tumor cells express MHC proteins, and the interactions 

between MHC and KIR result in the inhibition of NK cell mediated cytotoxicity (44). CEACAM1 has 

been recently identified as an inhibitory co-receptor on NK cells which mediates inhibitory signaling 

independently from the MHC complexes (45). CEACAM1 is overexpressed on NK cells upon their 

activation by interleukin-2 (IL-2), IL-12 and IL-18 (46). It has been observed that CEACAM1 is 

overexpressed on the NK cell surface in patients with transporter associated with antigen processing 

(TAP2) deficiency. TAP2 protein mediates the loading of peptides onto MHC class I complexes and as 

consequence, the TAP2 deficient patients don’t express surface MHC-peptide (47). When the MHC 

class I molecules are not exposed on the surface because of the lack of TAP-2, NK cell-mediated killing 

is activated. Thus, CEACAM1 overexpression on NK cells is a compensatory mechanism which confers 

protection against NK mediated cytotoxic activity and autoimmune disease (47). However, it has been 

observed that soluble CEACAM1 can block CEACAM1 homophilic interactions, enhancing NK-

mediated cytotoxicity (48). Thus, the NK-mediated cell killing may be dependent on the ratio of 

membrane-bound and soluble CEACAM1 (48).  

Furthermore, tumor cells that lack the MHC protein expression rely on the interaction with CEACAM1 

on NK cells to escape from NK mediated tumor killing (45). This has been confirmed by the 

observation that CEACAM1 and CEACAM5 expressed on melanoma cells are involved in homophilic 

and heterophilic interactions, respectively, with CEACAM1 expressed on NK cells, leading to the 

inhibition of the NK-mediated cytotoxic activity (49). Importantly, mutagenesis studies revealed 

that R43 and Q44 found on the GFCC’C” surface are two crucial residues that mediate the inhibitory 

functions of CEACAM1-L on NK cells (50).  

NKG2D is one of the activating receptors on NK cells which recognizes specific stress-inducible 

activating ligands (51). NKG2D binds the adapter molecule DAP10 in human and mouse cells (52). The 

formation of the NKG2D-DAP10 receptor complex results in the recruitment of the growth factor 

receptor binding protein 2 (Grb2), a guanine nucleotide exchange factor Vav1, and the p85 subunit 

of the phosphatidylinositide kinase (PI3K), leading to the transduction signaling that triggers anti-

tumor cytotoxic responses (53). However, previous studies have shown that CEACAM1 expressed on 

tumor cells inhibits the NK-mediated immune surveillance (54) (Fig. 1.7, 55). Following the in trans 

homophilic CEACAM1 interactions, CEACAM1 on NK cell surface dimerizes and physically associates 

with the NKG2D activating receptor, leading to the SHP-1 mediated dephosphorylation of the guanine 

nucleotide exchange factor Vav1. This results in the inhibition of NKG2Ds ability to induce the 

cytolysis of CEACAM1-expressing target cells (56). Another mechanism through which tumor cells 

evade the NK cell-mediated killing is by downregulating the expression of NKG2D ligands (NKG2DL) 
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on tumor cell surface (56). Studies revealed that tumor cells increase NKG2DL surface expression in 

response to CEACAM1 silencing.  In addition, Markel and his group (57) provided evidences that the 

homophilic interactions between CEACAM1 on tumor cells and CEACAM1 on NK cells via the N-

terminal domain are a mechanism exploited by melanoma cells to escape from NK cell–mediated 

killing independently of MHC class I recognition (57). Upon activation, NK cells express the TIM-3 

which cooperates with CEACAM1. More in detail, CEACAM1 regulates TIM-3 mediated tolerance and 

exhaustion (58). Moreover, it has been observed that the blockage of both CEACAM1 and TIM-3 in 

murine colon cancer model increases the antitumor response compared to the administration of 

single inhibitors (58).  

Taken all together, these findings reveal that CEACAM1 expression enables tumor cells to escape 

from NK-mediated killing.   

 

 

 
Fig. 1.7. CEACAM1 effects on NK cell - mediated cytotoxicity against tumor cells. The binding between 

the activating receptors on NK cells with activating ligands on malignant cells triggers the NK-

mediated cytotoxic activity, resulting in the cytokines release and cell lysis. CEACAM1 expressed upon 

cytokines stimulation of NK cells, interacts with CEACAM1 on tumor cells, blocking the cytolytic 

function of NK cells (55). 
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1.3.3 Neutrophils 

 

1.3.3.1 CEA family in neutrophils 

 

Neutrophils are the most abundant innate immune cells in bone marrow as well as peripheral blood 

and they play a key role in the first line of defense against infections. Despite their short-half life of 

6-20 hours to avoid needless tissue damage, neutrophils outnumber mononuclear leukocytes in 

inflammatory sites by 2 orders of magnitude, highlighting their major influence on the local and 

systemic long-term immune response (59). 

CEACAM1, CEACAM3, CEACAM6 and CEACAM8 modulate neutrophil responses to bacterial 

pathogens. While CEACAM3 is constitutively expressed on human neutrophils, CEACAM1, CEACAM6 

and CEACAM8 are expressed at low levels on resting neutrophils. Following neutrophil activation, 

these members are transported from intracellular granules to the cell surface (60). CEACAM3 has a 

major role in activating neutrophils in response to the bacterial pathogens: following ligation by 

bacterial pathogens, it acts as an activating receptor via ITAMs, leading to bacterial internalization 

and killing (61). CEACAM3 expression mediates neutrophil activation and results in neutrophil 

degranulation and oxidative burst (61). However it has been observed that CEACAM3 also regulates 

the long-term cytokine release, enhancing the overall inflammatory response in bacterial infection 

by the subsequent attraction of additional immune cells (62). 

Despite the major role of CEACAM3 in the human neutrophil response against bacteria, CEACAM1 

also mediates pathogen binding and promotes phagocytosis without significantly activating 

neutrophils (63).  

Among the other members, CEACAM1 is abundantly expressed on neutrophils and it is frequently 

used as receptor for Gram-negative pathogens, by mediathing the inhibition of the host immune 

response (64). It has been observed that CEACAM1 activation upon ligand binding leads to the 

increasing of the phosphorylation and activation of SHP1 and ERK1/2, causing the blockage of caspase 

3-mediated pathways. This results in the delay of the spontaneous and Fas ligand-induced apoptosis 

of neutrophils in rats (65). These findings suggest that CEACAM1 activation may prolong the 

neutrophil half-life and consequently the neutrophil functions during the inflammatory reaction. On 

the other hand, CEACAM1 inhibition can promote neutrophil apoptosis (65). 

Furthermore CEACAM1 is a negative regulator of neutrophil granulopoiesis (66). Granulocyte-colony 

stimulating factor receptor (G-CSFR) is an essential regulator of granulopoiesis and binding of the 

ligand G-CSF to G-CSFR results in the phosphorylation of signal transducer and activator of 

transcription (STAT3), that in turn promotes neutrophil production. CEACAM1 acts as a co-inhibitory 

receptor of G-CSFR via ITIM and SHP-1, leading to downregulation of STAT3 activation. As a 

consequence, it has been observed that CEACAM1 -/- mice developed neutrophilia because of the 

elevated G-CSFR-Stat3 signaling (66). 

Shively and his group showed that CEACAM1 also downregulates the neutrophil production of 

interleukin-1B (IL-1B) induced by IL-6 and LPS (67). LPS Gram-negative bacteria express 

lipopolysaccharide (LPS), an endotoxin that interacts with toll-like receptor-4 (TLR4) on neutrophils. 

LPS stimulation leads to phosphorylation of CEACAM1 on ITIMs, followed by recruitment of SHP-1 

that prevents the activation of syk kinase, a critical mediator in IL-B1 production. As a result, the IL-
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B1 production is inhibited. On the contrary, an hyper production of IL-1b was observed in neutrophils 

negative for CEACAM1 expression. These findings suggest that while CEACAM1 normally regulates 

the inflammatory response at the site of infection preventing hyper-inflammation, in the case of 

Gram Negative pathogens which bind to neutrophils, inflammation is further attenuated, favoring 

the infectious process (67). 

 

 

1.3.3.2 Dual role of neutrophils in cancer 

 

Neutrophils have a dual role in diseases, since they exert both defensive and harmful functions (68). 

Infact, besides their anti-pathogen and tissue regenerating functions, neutrophils are involved in 

different pathogenesis (68). The complex and controversial role of neutrophils in cancer initiation, 

growth and metastasis, relies on their cell plasticity and potential ability to undergo cell 

reprogramming (Fig. 1.8, 68).  

On one hand neutrophils have inhibitory effects on cancer. They exert anticancer cytotoxic effects by 

producing Reactive Oxygen Species (ROS), such as H2O2 and NO, resulting in the inhibition of cancer 

growth (68). ADCC is another mechanism by which neutrophils kill cancer cells and it is mediated by 

the neutrophil expression of Fcϒ receptors (69, 70). It has been observed that treatments with anti-

CD52 mAb (alemtuzumab) and anti-CD20 mAb (rituximab) in mouse lymphomas have reduced 

efficacy when neutrophils are depleted (71). Furthermore, neutrophils produce chemokines that 

recruit T- and NK cells to indirectly kill cancer cells (72). Neutrophils are also involved in the metastasis 

development and in fact, it has been observed that neutrophil depletion facilitates metastasis (85). 

At early tumor stages, neutrophils acquire the characteristics of the antigen-presenting cells (APCs), 

allowing the stimulation of T cell proliferation that protects against the formation of tumor metastasis 

(73). Primary tumor cells secrete CCL2 cytokine and G-CSF that activate the cytotoxic functions of 

neutrophils. Studies showed that neutrophils migrate from primary breast tumor sites into the lung 

where they exert inhibitory effects on the arrival and colonization of metastatic cancer cells (74). 

Moreover, neutrophil expression of thrombospondin 1, IL-1β and the receptor tyrosine protein 

kinase MET, blocks cancer cell mesenchymal-to-epithelial transition, resulting in the inhibition 

of metastasis development (75).  

 

However, mature neutrophils can be reprogrammed by tumor microenvironment to shift their 

anticancer properties to cancer-promoting ones (76). Neutrophil reprogramming may explain the 

heterogeneity of neutrophil subsets found in cancer patients. Studies revealed that mature 

neutrophils are reprogrammed into multipotent progenitors in the presence of a chemical cocktail 

(77), which support cancer growth and metastasis development. In fact, a high number of neutrophils 

in the peripheral blood of cancer patients has been observed and the neutrophil-to-lymphocyte ratio 

(NLR) has been shown to be a tumor prognostic marker which correlates with poor prognosis in 

several solid malignancies (78). Neutrophils provide a link between inflammation and cancer: they 

are a crucial component of inflammation which plays an important role in promoting cancer initiation 

(79). Neutrophils recruited to inflammatory sites drive oncogenic transformation through different 

mechanisms. Neutrophil release of genotoxin DNA substances, like ROS and reactive nitrogen species 
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(RNS), increases DNA instability (80). Furthermore, a shift of neutrophil functions to 

immunosuppression facilitates cancer development. In this context, arginase 1 (ARG-1) released by 

neutrophils depletes arginine in T cells, causing the inhibition of CD3-mediated T cell activation and 

proliferation. In addition, the expression of the H+ pumping ATPase on neutrophil cell surface, causes 

cancer acidosis which may lead to immune escape, by inhibiting the activity of T cells and NK cells. 

Furthermore, neutrophil-mediated recruitment of macrophages and Tregs in the tumor initiation 

site, contributes to create an immunosuppressive environment that helps the cancer progression 

(81). Neutrophils exert the tumor promoting properties also in the process of metastasis 

development, from the origin of the premetastatic niche to the growth of metastases. Before the 

arrival of cancer cells, neutrophils accumulate in distant organs where they form the premetastatic 

niche (68). Aggregation of neutrophils have been observed in the lungs prior to the development of 

metastasis in mouse models of melanoma and breast cancer, and it was associated with pulmonary 

metastasis development in both cases (82). Furthermore it has been observed that neutrophils also 

mediate the formation of premetastatic niche in ovarian cancer metastasis (83). In the early stages 

of metastasis, neutrophils release angiogenic factors such as MMP-9, which degradates the 

extracellular matrix that, in turn, releases the VEGF, resulting in the acceleration of angiogenesis 

(84).  Neutrophils also direct cancer cells to endothelial cells, allowing cancer cells to enter and be 

guided into the bloodstream (72). This occurs through the release of cathepsin G, a neutrophil-

derived serine protease, which is able to promote cell migration, enhances E-cadherin-mediated 

intercellular adhesion and cancer cell aggregation, promoting the entry of cancer cell into blood 

vessels (85). Furthermore, neutrophil extracellular traps (NETs) released by activated neutrophils 

have been observed to participate in the development of cancer metastasis. NETs are large 

extracellular complexes composed of chromatin, cytosolic and granule proteins (86). NETs are able 

to trap circulating cancer cells (CTCs), helping them to reach and promote their adhesion to distant 

sites (87). The interaction between neutrophils and CTCs promotes cell cycle progression and 

enhances the metastatic potential of CTCs (88). Several studies showed that ROS produced by 

neutrophils stimulate NETs production, and the direct interaction between NETs and cancer cells 

activates neutrophils, facilitates the migration of cancer cells, promotes the anchoring of cancer cells 

to endothelial cells, and promotes the extravasation of cancer cells from blood vessels (89, 90, 91). 

Mass spectrometry analyses revealed that among the NETs associated proteins, CEACAM1 is the 

most promising candidate involved in capturing cancer cells and promoting NET-induced metastasis. 

In fact, CEACAM1 expressed on NETs helps the adhesion and migration of colon carcinoma cells in 

vitro and in vivo, and it enhances in vivo metastasis development. These results have been confirmed 

by Rayes et al. who demonstrated that the blockage of CEACAM1 decreases adhesion, migration, and 

metastasis of colon carcinoma cells, identifying CEACAM1 as a potential marker and target for novel 

therapeutics aimed to inhibit the pro-metastatic interactions between NETs and cancer cells (92).  

 

Taken all together, neutrophils represent a promising target immune cell population for anticancer 

therapy. However, neutrophils’ controversial role in cancer due to their plasticity, requires further 

investigation and should be considered in cancer therapy.  
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Fig. 1.8. Dual role of neutrophils due to their plasticity in cancer.  A) Neutrophils with cancerogenic 

effects: 1) Neutrophils can promote cancer initiation by producing ROS, NO, microRNAs and MMP9, 

which are responsible to induce DNA damage and gene mutation. Furthermore, neutrophils eliminate 
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senescence through IL-1RA. They also mediate immunosuppression by releasing Arg-1 that inhibits 

CD3-mediated T cell activation and proliferation, and by creating an acidic environment that makes T 

and NK cells inactive against cancer cells. 2) Neutrophils release cytokines and NETs, thus stimulating 

cancer cell progression.  3) Neutrophils promote metastasis development by releasing cytokines that 

allow the formation of the premetastatic niche in distant organs. MMP9 released by neutrophils 

induces angiogenesis by promoting the VEGF production from degraded ECM. Neutrophils produce 

HMGB1 and TNF, which help cancer cells to migrate toward blood vessels. Cathepsin G is released by 

neutrophils and it induces intravasation through the activation of IGF-1. NETs interact with cancer 

cells, allowing their survival in the peripheral blood and facilitating their extravasation. In addition, 

MMP9 and NE within NETs contribute to the metastasis formation by waking up dormant cancer cells 

in distant organs.  

B) Neutrophils with anti-cancer properties. 1) Neutrophils produce H2O2 and NO to exert antitumor 

cytotoxic effects. Furthermore, neutrophils kill cancer cells by ADCC triggered by antibody therapy. 

Cancer cells are indirectly killed by leukocytes recruited by neutrophil-released chemokines. C) 

Neutrophil reprogramming: during cancer progression, cancer cells and stromal cells release various 

cytokines that may be responsible for the conversion of neutrophils’ properties from anti-cancer into 

pro-cancer ones (68). 

 

 

1.4 The multipurpose targeting of CEACAM1 in cancer therapy 

 

Besides the previously described functions in various compartments of the immune system, 

CEACAM1 is an attractive target for cancer immunotherapy also because it has established functions 

in several solid tumors. Infact, CEACAM1 is a therapeutic target for cancer treatment and CM24, an 

anti-CEACAM1 monoclonal antibody, is being testing in ongoing phase I/II clinical study for the 

treatment of advanced solid tumors in combination with nivolumab (NCT04731467). In contrast to 

the decreased expression at the early tumor stages, CEACAM1 is overexpressed at the metastatic 

stages of several solid tumors (Fig. 1.9, 93), including melanoma (94), bladder cancer (95), pancreatic 

cancer (96), colon cancer (97) and Non Small Cell lung cancer (NSCLC) (98). CEACAM1 overexpression 

positively correlates with tumor progression, angiogenesis, metastasis development and overall 

survival, making CEACAM1 an important tumor biomarker (Fig. 9) (93). Moreover, CEACAM1’s role in 

promoting tumor progression is further supported by the interplay between CEACAM1 and the 

immune cells as previously seen. 
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Fig. 1.9. CEACAM1 expression in different types of solid cancers. The graph shows the expression of 

CEACAM1 in normal tissues, early stages of carcinomas, advanced carcinomas and metastatic stages 

for melanoma (A), colorectal (B), lung (C), pancreatic (D) and bladder (E) cancers. The numbers within 

the columns represent the percentages of patient samples positive for CEACAM1 expression (93). 

 

Like previously described, it has been observed that the homophilic interactions between CEACAM1 

expressed on tumor cells and CEACAM1 on NK cells inhibit NK-mediated killing independently of MHC 

class I recognition and also interfere with the production of the interferon-γ (IFN-γ) by NK cells and 

tumor-infiltrating lymphocytes (TILs) (45, 49). These findings are confirmed by in vivo studies: in 

mouse cancer model, CEACAM1 silencing results in the upregulation of NK cell activating ligands 

expressed on tumor cell surface (99). Thus, a monoclonal antibody specifically targeting CEACAM1 

would lead not only to the direct inhibition of CEACAM1 overexpressing tumor cells, but also to the 

rescue of the immune system activation, resulting in the increased anti-tumor response (93). Such 

an antibody would represent a powerful therapy to treat local as well as metastatic tumor (93).  
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1.4.1 CEACAM1 in Melanoma 

 

Normally, CEACAM1 is not expressed on melanocytes (100). However, Egawa et al. observed an 

increased expression of the CEA protein family on acquired and congenital melanocytic nevi (101). 

Immunohistochemical studies performed by Gambichler’s group revealed that CEACAM1 expression 

progressively increases from benign nevi to dysplastic nevi and even more to melanomas (102). In 

metastatic melanoma, 89% of lesions express CEACAM1 and the expression positively correlates with 

tumor progression (103). Several studies demonstrated the prognostic value of serum levels of 

soluble CEACAM1 in melanoma diagnosis and progression, suggesting that it could be a useful 

prognostic and predictive tumor marker (104). Higher CEACAM1 levels in the blood correlate with 

decreased patient survival and failure response to immunotherapy (105). 

Besides its role as prognostic biomarker, the relationship between CEACAM1 overexpressing tumor 

cells and immune cells is well established in melanoma patients, where a high number of circulating 

NK and CD8+ cells overexpress CEACAM1 (106). In vitro studies on a mouse melanoma cell line 

demonstrates that the CEACAM1 4-L isoform downregulates the expression levels of NKG2D ligands 

on cell surface (107). In line with these results, in vitro studies of melanoma cells co-incubated with 

tumor-infiltrating lymphocytes (TILLs) revealed that surviving melanoma cells acquired resistance 

against TIL-mediated anti-tumor response by increasing the CEACAM1 expression on their cell 

surface (108). In vivo studies showed that the efficacy of TIL cell transfer therapy has limits in 

melanoma patients due to the homophilic CEACAM1 interactions between melanoma and TILs cells 

that result in the reduction of TILs’ functions (108). A therapy able to specifically target CEACAM1 

could represent a powerful tool to restore the anti-tumor immune system response. Infact, the 

increased expression of CEACAM1 at the advanced stages of melanoma and its relationship with the 

immune system compartments, together with the established success of the immunotherapies in 

metastatic melanoma, highlight the need of anti-CEACAM1 monoclonal antibodies to treat 

metastatic melanoma patients (105). One example is MRG1, a murine IgG1 anti-CEACAM1 

monoclonal antibody developed by Markel’s group, which was shown to act as potent inhibitor of 

CEACAM1 homophilic interactions and to enhance the T cell response against melanoma cells in vitro 

as well as in SCID/NOD mice bearing human melanoma xenografts (109).  

 

 

1.4.2 CEACAM1 in Colorectal cancer (CRC) 

 

The first studies of CEACAM1 were conducted in the colorectal cancer (CRC)(110). However 

CEACAM1’s role in CRC remains controversial. It was initially identified as a tumor suppressor, since 

it was found to be downregulated in the early stages of CRC (111). CEACAM1 downregulation has 

been reported in more than 85% of early stages of colorectal adenomas and carcinomas (112). By 

contrast, specific anti-CEACAM1 antibodies showed high binding to high-grade adenocarcinomas and 

metastatic CRC tissues (113). In addition, the increased CEACAM1 expression at the advanced stages 

of CRC positively correlates with invasiveness and metastatic spread (114). However, the correlation 

between CEACAM1 and tumor invasiveness has not been observed in other studies (115). 
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Consistent with the observation that CEACAM1 expression increases the tumor aggressiveness and 

downregulates the immune system anti-tumor response, Huang YH’s group demonstrated that 

CEACAM1-deficient mice exhibited protection from colorectal neoplasia (116). These results are 

confirmed by the findings that CEACAM1, together with TIM3, is higher expressed on circulating CD8+ 

T cells and TILs from CRC patients compared with normal tissues (117). Furthermore, double-positive 

(CEACAM1+TIM3+) T cells within CRC tumors showed a significant decrease in IFNγ production (117). 

Therefore, anti-CEACAM1 monoclonal antibodies should be considered as therapeutic agents also for 

metastatic CRC patients, because of the direct effect on tumor cells as well as the capability to block 

the inhibition of immune cell functions in CRC. To date, CC4 and WL5 are promising novel murine 

anti-CEACAM1 mAbs that showed reactivity to colon cancer cells and capability to enhance the 

immune cell-mediated cytotoxicity (118, 119). 

  

 

1.4.3 CEACAM1 in bladder and prostate cancer  

 

Immunohistochemical studies carried out by Ferrer’s group revealed that CEACAM1 is highly 

expressed on epithelial cells from the luminal surface of transitional epithelium in non-malignant 

bladder tissues (120). By contrast, tumor cells became negative for CEACAM1 expression at the early 

tumor stages, while the endothelial cells of immature blood vessels growing into the epithelial layer 

containing tumor cells were found to express CEACAM1 (120). CEACAM1 is still overexpressed by the 

endothelial cells of blood vessels associated with the tumor mass also in the invasive bladder cancer, 

suggesting that CEACAM1 inhibition could have anti-angiogenic effects in this tumor (120). In 

conclusion, these studies suggest that concomitantly with a downregulation of CEACAM1 in bladder 

cancer cells, its expression appears to be upregulated in endothelial cells of tumor-associated blood 

vessels (120). However, differently from endothelial cells, epithelial cells remain CEACAM1 negative, 

correlating with high expression of VEGF-C (120). Infact, when CEACAM1 is silenced, an increase in 

the blood vessel formation was observed. On the other hand, a reduction in tumor growth was 

recorded in several bladder cancer cell lines upon CEACAM1 overexpression (120).  

Similar findings were observed in prostate intraepithelial neoplasia by Tilki’s group (121). In fact, 

epithelial dysplastic cells were found with lower CEACAM1 expression levels, while it was upregulated 

in adjacent endothelial cells, concomitantly with an increased expression of VEGF-A, -C, and -D. This 

suggests that CEACAM1 expression by endothelial cells may promote angiogenesis (121). Ergün and 

coworkers confirmed these results by demonstrating that the change in CEACAM1 expression 

stimulates proangiogenic activities of fibroblasts which are factor-dependent, including neocapillary 

formation, proliferation and chemotaxis, leading to the activation of angiogenesis (122). They 

observed high levels of CEACAM1 during the angiogenic activation not only at the endothelial cell 

surface level but also in the supernatant, suggesting a possible release of soluble CEACAM1 protein 

into body fluids during the activation of the angiogenesis (122). Based on these findings, western blot 

analyses performed by Tilki’s group on 135 urinary samples, lead to the conclusion that higher urinary 

levels of CEACAM1 are associated with advanced stages of urinary bladder carcinoma (123). These 

evidences highlight the potential role of CEACAM1 as a biomarker also in bladder cancer.  
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In conclusion, these data suggest that the downregulation of CEACAM1 in the dysplastic epithelium 

is one of the earliest events occurring during the switch from non-invasive to invasive and 

vascularized tumor (124). Also, these findings support the previous hypothesis of CEACAM1's role as 

tumor suppressor in the normal epithelia (125). On the other hand, CEACAM1 downregulation by 

epithelial cells results in the increase of the expression of proangiogenic factors (126) which in turn 

triggers the endothelial CEACAM1 upregulation (120), promoting invasiveness and metastasis 

development.  

 

 

1.5 An overview of Cancer Immunotherapy 

 

Tumor cells can escape the attack of the immune system through different mechanisms, such as by 

down-regulating the expression of tumor antigens, overexpressing proteins that allow immunity 

escape, recruiting immune regulatory cells or by releasing immune inhibitory factors (127).  

In recent decades, Cancer Immunotherapy has attracted attention as promising therapeutic 

approach to treat various tumors, such as melanoma, NSCLC, breast cancer, colorectal cancer and 

pancreatic cancer (128). Immunotherapy is the biotherapy that sensitizes the patient’s immune 

system to fight cancer with increased selectivity and reduced side effects (129). By stimulating the 

patient’s antitumor immune response, immune cells can play a crucial role in tumor surveillance and 

clearance. Firmly established as a pillar of cancer care which has improved patients survival and 

quality of life, Immunotherapy is the prevalent cancer treatment in recent years and ongoing clinical 

trials (130). Cancer Immunotherapy has several advantages over non-specific cancer therapy 

methods, such as chemotherapy, radiotherapy and surgery. Infact, tumor-targeting immune cells can 

reach distant areas from the primary tumor site, such as metastasis and cancer stem cells, which are 

impossible to reach by surgery. Furthermore, the specificity in tumor targeting by immune cells allows 

to reduce the side effects, which instead represent an important drawback of chemotherapy and 

radiotherapy (131). There are different Cancer Immunotherapy approaches to enhance the immune 

system response against cancer: adoptive cell therapy, cancer vaccines, immuno-modulators and 

monoclonal antibodies (Fig. 1.10, 132). 
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Fig. 1.10. Immunotherapy approaches for cancer treatment (132) 

 

Adoptive cell therapy (ACT) is a rapidly growing area of clinical investigation consisting in removing 

patients’ or donors’ immunological effector cells, growing and modifying them to overexpress genes 

involved in tumor treatment, and reinfusing the modified cells into the patient (132).  There are 

currently three different types of ACT: ACT with tumor-infiltrating lymphocytes (TIL), ACT using 

genetically engineered T cell receptor (TCR) gene therapy and ACT with chimeric antigen receptor 

(CAR) modified T cells (132). While TIL therapy involves expansion of a heterogeneous population of 

T cells found in the patient’s tumor, CAR T cells and TCRs involve expansion of a genetically modified 

T-cell specifically against tumor antigens (132). Although the use of other immune cell types such as 

NK cells is also an area of current research, efforts are still required to overcome obstacles and make 

this an effective anti-cancer therapy (132). Despite the successful results in hematologic malignancies 

(134), the role of ACT in solid tumors is growing but it is still in its early stage. 

 

Cancer vaccines are used as an approach to prevent or treat cancer. The most used type is peptide-

based vaccines, which contain immunogenic epitopes derived from tumor-associated antigens (135). 

The final goal of therapeutic cancer vaccines is to stimulate antitumor T cells by immunizing patients 

against tumor-associated antigens, destroy the tumor and prevent relapse (135). Vaccines are usually 

administered with dendritic cells (DCs), which are used as adjuvants to increase the effectiveness 

thanks to their ability to initiate and support immune response (135). With the growing knowledge 

on the structure of tumor-associated antigens, the interest in cancer vaccines is increasing. The most 

observed clinical benefit of therapeutic cancer vaccines is the prolonged survival (136). However, the 

lack of cancer eradication could be mainly explained by the suboptimal vaccine design and the 

immunosuppressive tumor microenvironment (137). 
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Immuno-modulators can be distinguished in cytokines and immune checkpoint inhibitors. Cytokines 

are important regulators of innate and adaptive immunity. They regulate proliferation, 

differentiation, effector functions, and the survival of leukocytes and mediate the communication 

among immune system cells. In light of their functions, cytokines have been exploited in the 

treatment of cancer (138). Interleukin-2 (IL-2) has been approved for the treatment of advanced 

melanoma and metastatic renal cancer. Interferon-alpha (IFN-α) is used to treat patients with cell 

leukemia, follicular lymphoma, chronic myeloid leukemia and acquired immune deficiency syndrome 

(AIDS)-related Kaposi sarcoma (139). The efficacy treatment of other cytokines, including IL-7, IL-12, 

IL-15, IL-18, IL-21, have been studied in clinical trials (138). However, combinatorial treatments of 

cytokines with anti-cancer monoclonal antibodies are being investigated in clinical trials to further 

stimulate the antitumor immune responses (139). Immune checkpoint inhibitors (ICIs) are a novel 

class of monoclonal antibodies that target immune checkpoint receptors, such as CTLA-4, PD-1, LAG-

3, TIM-3 or inhibitory ligands, such as PD-L1, expressed on immune cells and tumor cells. By 

stimulating the immune system to elicit an anti-tumor response, ICIs have improved the treatment 

of a wide range of cancers, including metastatic melanoma, non-small lung cancer and renal cell 

carcinoma (140).  

Antibody-based immunotherapeutics have revolutionized cancer therapy, enabling the treatment of 

previously untreatable types of cancer (166). They are the most approved cancer immunotherapy 

methods and the number of mAbs receiving approval from the FDA and entering in the clinic is 

increasing (141). Table 1.1 shows the FDA approved mAbs used in cancer therapy and the antigens 

against which they are directed (142). The role of mAbs and ICIs is further discussed more in detail 

below. 
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Table 1.1. mAbs approved by FDA for cancer treatment according to the year of approval (142). 
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1.5.1 Monoclonal antibody-based Immunotherapy: antibody structure and mechanisms of action  

 

The intact antibody molecule consists of two heavy chains and two light chains which are paired 

together by disulfide bonds (Fig. 1.11, 143).  Each light chain consists of one variable domain (vL) and 

one constant domain (cL), while the heavy chains have one variable domain (vH) and a different 

number of constant domains (cH) (144). From a functional point of view, the antibody structure can 

be divided into three functional subunits, two Fragment antigen binding domains (Fabs) and the 

crystallizable fragment (Fc). The two Fabs are linked to the Fc by the hinge region that confers 

conformational flexibility to the Fabs with respect to the Fc. Both the two Fabs contain identical 

antigen-binding sites, and they are responsible for the binding of the antibody to specific target 

antigens. The variable region of the Fab is composed of a pair of vH and vL. In contrast, the Fc region 

binds to a variety of receptor molecules expressed on the effector cells, governing the effector 

function profile (144).  

 

 
Fig. 1.11. Scheme of full intact antibody structure. vH, heavy chain variable domain; vL, light chain 

variable domain; cH, heavy chain constant domain; cL, light chain constant domain (143). 

 

Since the beginning of their development, mAbs were focused on targeting tumor-associated 

antigens (TAAs) to directly kill tumor cells (145). Infact, mAbs specifically against TAAs which are 

important for the growth, survival and invasiveness of the tumor, represent a specific treatment tool 

able to induce tumor cell death through various mechanisms (Fig. 1.12, 146). mAbs directly kill tumor 

cells by binding and blocking growth factor receptors, resulting in the inactivation of signal pathways 

involved in the cancer cell proliferation, or they can act as vector bearing toxic drugs or radioisotopes 

to deliver toxic payloads (147). The indirect mechanisms involve the components of the host immune 

system and they rely on the affinity of the antibody Fab region to specifically target the antigen, as 

well as the ability of the Fc region to recruit components of the host immune system (148). The 

indirect mechanisms can be distinguished in: complement-mediated cytotoxicity (CDC) that requires 

the complement activation, antibody-dependent cellular phagocytosis (ADCP) that facilitates tumor 

cell phagocytosis by macrophages, and antibody dependent cell-mediated cytotoxicity (ADCC) (148). 
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Fig. 1.12. Mechanisms of action of antibodies against tumor antigens. Antibodies mediate tumor cell-

killing via different mechanisms: (1) antibody-dependent cell-mediated cytotoxicity (ADCC); (2) 

antibody dependent cell-mediated phagocytosis (ADCP); (3) complement-dependent cytotoxicity 

(CDC), (4) blockage of signaling pathways in tumor cells and (5) formation of immune complexes, 

resulting in the tumor antigen cross-presentation by dendritic cells (DCs) (146). 

 

ADCC is the main mechanism of action of many mAbs with strong affinity to the Fc receptors (FcR) 

expressed on effector cells (149). In the ADCC process, antibodies act as a bridge that links the 

effector cell to a target cell: they first opsonize the target cell by binding specific antigens on target 

cell surface via their Fab, while through their Fc portions they bind to the Fc receptors (FcR) on 

effector cells. Once the recruited effector cells have been activated, they can induce the killing of 

target cells via nonphagocytic mechanisms, through three key mechanisms: release of cytotoxic 

granules, Fas signaling and production of reactive oxygen species (149). 

NK cells, monocytes, macrophages, neutrophils, eosinophils, and dendritic cells are FcγR receptors 

expressing immune cells and, thus, they are capable of inducing the ADCC (150). 

FcγRs are the most important FcR class involved in tumor cell clearance by myeloid cells and they can 

be distinguished in activating FcγRI (CD64), FcγRIIA (CD32A), FcγRIIIA (CD16A) which transduce 

activating signals through ITAMs, and inhibitory FcγRIIB (CD32B) and FcγRIIIB (CD16B) receptors, 

which instead deliver inhibitory signals through ITIMs (151). FcγRI is expressed by macrophages, DCs, 

neutrophils and eosinophils (152), while FcγRIIIA is expressed by NK cells, DCs, macrophages and mast 

cells, and it is required for NK cell-mediated ADCC (152). FcγRIIB can be found on myeloid and B cells, 
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while FcγRIIIB is exclusively expressed on human neutrophils (150). Upon the antibody binding to the 

effector cell, tyrosine within the ITAMs on the FcR receptors are phosphorylated by cellular src 

kinases. Following activation, the effector cells polarize and exocytose their cytotoxic granules in 

calcium-dependent manner (153). Perforin and Granzyme are two key components of the granules 

which are released during ADCC to induce cell death. Perforine creates pores within the target cell 

membrane, facilitating the entry of the granzyme B and other cytolytic substances released by 

effector cells into the target cells, resulting in DNA fragmentation and apoptosis of the target cell (Fig. 

1.13, 154). Another mechanism through which effector cells mediate target cell death is by 

upregulating Fas ligand expression, aimed to cause apoptosis in the target via Fas signaling (155).  

Examples of mAbs whose mechanism of action relies on ADCC include rituximab, trastuzumab, 

cetuximab and pertuzumab (156). 

 

 

 
 

Fig. 1.13. NK cell-mediated ADCC to kill target cells. The Fab fragment of a mAb binds to the antigen 

on the target cell, while the Fc portion interacts with the FcγRIIIA expressed on the NK cell. Following 

the antibody binding, Syk/src family kinases phosphorylate the ITAMs in the FcγRIIIA receptor, 

resulting in the release of cytotoxic granules containing granzymes and perforins. By creating pores in 

the target cell surface, perforins help granzymes to enter into the target cells, triggering the apoptosis 

of the target cell (154). 

 

Despite the promising development of antibodies targeting TAAs, in recent years, an important shift 

toward immunomodulatory antibodies which target non-tumor cells in the TME instead of cancer 

cells has been recorded (157). The first clinical used antibody targeting the TME was specifically 

against VEGF, aiming to block tumor angiogenesis (158). An important breakthrough in antibody 

therapy are the ICI antibodies, which target immune checkpoint inhibitors on immune cells to 

reactivate them to kill tumor cells. T cells are the major immune effector cells that mediate anti-

tumor immunity, and PD-1/PD-L1 and CTLA-4 inhibitory receptors on patients' T cells represent the 

target against which the most recently developed ICIs antibodies are directed (159). 
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T cell activation requires the recognition of a specific MHC-presented antigenic peptide by the T cell 

receptor TCR and a co-stimulatory signal from a co-receptor expressed on the target cell (160). T cell 

activation is blocked when the only TCR signal is present. Other types of suppressive signals on T cells 

are mediated through the inhibitory receptors CTLA-4 and PD-1 on T cells that bind B71/2 and PD-L1 

ligands, respectively, on antigen presenting cells (APCs). However, to inhibit anti-tumor T cell 

response, cancer cells express B71/2 and PD-L1 ligands. Therefore, antibodies blocking the inhibitory 

receptors on T cells or their ligands on tumor cells can kill tumor cells by enhancing the tumor-specific 

T cell response (161). 

Research is now focused on expanding the use of ICIs to treat different cancers in combinations with 

other immunotherapies and to develop immunomodulatory antibodies targeting other known T cell 

suppression pathways (162). 

 

1.5.2 Antibody subtypes for tumor Immunotherapy 

 

In the evolution of antibody repertoires, while highly variable Fabs are emerging, the sets of constant 

heavy chains are limited (163). The type of heavy chains define the five human antibody isotypes: 

IgA, IgD, IgE, IgG, and IgM, and it governs the antibody functional and pharmacokinetics properties 

(Fig. 1.14, 164). Furthermore, antibody isotypes differ in the glycosylation patterns and, in particolar, 

in the amounts of N-glycosylation. While all IgG isotypes are N-glycosylated at position N297, which 

is hidden within the protein, other isotypes are N-glycosylated in different more exposed sites (165). 

In addition, the length of the hinge region, the number and orientation of disulfide bonds vary among 

isotypes, resulting in variable flexibility between the two Fab arms and between Fab and Fc regions 

(165). These differences in the hinge region affect the antibody binding to Fc receptors, and thus, the 

Fc-mediated effector functions, as well as particular sets of effector functions mediated by the 

variable antigen binding (166). Infact, the limited scenery of the constant heavy chains endows the 

variable antigen binding regions with particular sets of effector functions (165). 
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Fig. 1.14. Structure of antibody isotypes. Human antibodies can be classified into five different 

isotypes: IgG, IgA, IgM, IgE and IgD. IgG and IgA can be further divided into the subclasses IgG1, IgG2, 

IgG3, IgG4, and IgA1 and IgA2, respectively. All isotypes have a similar overall structural organization. 

While the light chain contains one variable domain and one constant domain, the heavy chain contains 

one variable domain and a different number of the constant domain: IgG, IgA and IgD contain three 

constant domains (cH1–3), while IgE and IgM four (cH1–4). All the antibodies of the same 

isotype/subclass contain the identical constant domains (164).  

 

As previously described, the anti-tumor effects of mAbs and their treatment efficacy rely on different 

mechanisms of actions, which in turn involve both the Fab arm and Fc‐mediated effector functions 

(165). Therefore, the choice of the optimal antibody isotype for therapeutic applications is dictated 

by the intended mechanism of action and is a critical point for the therapeutic success of mAbs 

(165).  Currently, many mAbs show therapeutic efficacy in the clinic only in subsets of patients, 

confirming that the optimal isotype selection and the Fc optimization during the antibody 

development may be crucial to improve the patient outcome (164).  

The IgG class represents the most commonly used mAb-based cancer immunotherapy in clinic, due 

to its longer half-life and stability into the bloodstream (167). IgG class can be further subdivided into 

IgG1, IgG2, IgG3, IgG4 subclasses. Up to now, most of the approved mAbs in cancer treatment are of 

IgG1 isotype (Table 1.2, 168). From in vitro experiments, IgG1 showed higher capability than other 

isotypes to induce mononuclear cell-mediated ADCC (169). Both IgG1 and IgG3 are highly activating 

with strong Fc-mediated effector functions, due to their capability to bind to all FcRs, but to the 

activating ones with higher affinity (170). However, IgG3 is not selected as therapeutic mAb because 

its longer hinge region and polymorphic nature are responsible for the increasing risk of unstability 

and immunogenicity (171). Most of the effector functions mediated by IgG1 occur via FcγRIIIA 
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expressed on macrophages and NK cells, resulting in the triggering of ADCC and ADCP (172). On the 

contrary, IgG2 has limited effector functions, due to its overall poor binding to most FcRs. Also IgG4 

is considered a poorly activating isotype because it binds to most activating FcRs and to the inhibitory 

FcγRIIB receptor with similar affinity (170).  

 

 
Table 1.2. List of approved mAbs for cancer therapy and their isotypes/subclasses (168) 

 

 

Human IgG antibodies also show favorable biotechnological characteristics. In fact, they can be 

expressed at high protein yield in transfected cells, purified by protein A affinity Chromatography, 

and can be stored in specific formulations to increase the stability. These features allow to obtain 

optimal therapeutic agents in compliance with the Good Manufacturing Practice (GMP) (173).  

The choice of IgG subclasses strongly depends on the nature of the target. In case of therapeutic 

mAbs targeting antigen expressed on tumor cells, IgG1 should be the primary antibody format, 

especially when the Fc-mediated effector function is the main mechanism of action to kill tumor cells 

(168). Carefully strategies have to be considered to select the isotype in the case of targets expressed 

by immune cells, in order to avoid to kill them (168). For targets on normal effector immune cells, 

like PD-1 which is expressed on CD8 T lymphocytes, IgG4 should be the first choice, since it has weak 

affinity to all FcγRs and, thus, it will not trigger detectable Fc-mediated effector functions able to 

eliminate the PD-1-expressing CD8 T lymphocytes (168). For this reason, all the currently approved 

antibodies targeting PD-1 are in the IgG4 format. On the contrary, IgG1 should be preferred to target 

ICPs expressed in immunosuppressive cells, such as Treg, in order to deplete them via ADCC/ADCP 

(174). The approved Ipilimumab is an IgG1 antibody targeting CTLA-4, which is expressed on Treg, 

thus enabling the elimination of Treg from TME (174). As an alternative, some mutations can be 

introduce in the Fc portion of IgG1 antibodies to reduce their affinity for the FcγRs. In particular, 
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N297A mutation was among the first one to be described in order to reduce the antibody effector 

functions, such as ADCC (175). 

 

 

1.5.3 Targeting CEACAM1: DIATHIS, a human antibody fragment 

 

Advances in molecular biology and genetic engineering techniques have enabled the development of 

various antibody fragments with potential applications in Cancer Immunotherapy and with different 

pharmacological properties, such as single-chain variable fragments. The scFv is composed of the 

variable regions of the heavy and light chains of the intact immunoglobulins, paired by a peptide 

linker of 10-25 amino acids (Fig. 1.15, 176). 

 

 
 

Fig. 1.15. Comparison of the structures of antibody and antibody fragments. As already seen, the full-

length antibody consists of two Fab fragments and one Fc fragment. In contrast, the scFv and the 

single-domain antibody (sdAd) contain only the antigen-binding domains. The scFv is composed of the 

vH vL regions, while the sdAd contains only the vH region (176). 

 

ScFv antibodies show altered physico-chemical features. Due to their smaller size (approximately 25-

30 kDa) compared to the full lenght immunoglobulin (150 kDa), scFv antibodies show higher ability 

of intratumor penetration, providing better opportunities for solid tumor treatment. Also, their short 

circulation time in the bloodstream makes them suitable for tumor imaging with low background 

signals. Furthermore, given the lack of Fc fragments, scFvs do not trigger ADCC, ADCP and CDC, and, 

thus, they are mainly used in anti-tumor immunotherapy to block immune checkpoints targets (176).  

In light of the structural advantages of scFv fragments, DIATHEVA s.r.l., in collaboration with the 

Istituto Superiore di Sanità, developed a human antibody targeting CEACAM1 in the scFv format, 

called DIATHIS1 (177). scFv DIATHIS1 was originated from the human scFvE8 antibody, which in turn 

was first isolated from a human scFv displayed phage library (178) by bio-panning approach against 

the CEA family antigens and then subjected to the affinity maturation process as previously described 
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(179). DIATHIS showed binding activity to CEACAM1/3/5 antigen expressed on the surface of 

melanoma cells, by immunofluorescence and flow cytometry studies (177). In addition, co-incubation 

experiments of effector NK cells with melanoma cells treated with the antibody revealed that DIATHIS 

enhances the NK cell-mediated cytotoxicity against melanoma cells (180). 

However, besides the better penetration into solid tumor tissues, the structure of the scFv is 

responsible for several drawbacks.  Antibody fragments lack the Fc domain, which is important to 

stabilize full-size antibodies. Compared to the parental mAbs, the scFv fragments show lower 

thermostability and a higher tendency to aggregate, therefore increasing the risk of immunogenicity 

(181). 

Furthermore, given their size and the lack of the Fc fragment, scFvs have a very short half life (0.5-

30h) (182). The rapid renal clearance represents a drawback for therapeutic applications and can 

entail the need for more frequent and higher doses into patients, resulting in lower efficacy and 

higher costs. On the contrary, mAbs size (150 kDa) exceed the renal clearance threshold (∼70kDa), 

avoiding them from being eliminated through the kidneys and increasing their serum half-lives (21-

24 days). Moreover, the antibody retention in the bloodstream is further increased by the interaction 

of the Fc portion of IgGs with the neonatal Fc receptor (FcRn) expressed on the surface of several cell 

types, including vascular endothelium cells, monocytes and macrophages as well as with barrier sites 

such as the glomerular filter in the kidneys (183). In fact, FcRn plays a crucial role in IgG homeostasis. 

Most serum proteins undergo pinocytosis and gradual acidification in endosomes, with subsequent 

fusion with lysosomes and hydrolysis. Differently, upon binding of IgGs to FcRn at low pH, FcRn acts 

as a protective carrier that transports IgG away from the lysosome and back to the cell surface, where 

the IgGs dissociate at neutral pH (184).  

Considering all these findings, this PhD project was driven by the main goal to convert DIATHIS1 into 

the fully intact format, aiming to bypass the limits linked to the scFv format and to develop a 

therapeutic agent with superior pharmacodynamic and pharmacokinetic profiles.  
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2. OBJECTIVES 

 

This project was aimed to: 

 

1) Develope human cell lines for the stable production of fully human intact anti-CEACAM1 

mAbs; 

 

 

2) Perform comparative structural and functional analyses of anti-CEACAM1 IgG1 and IgG4 

antibodies to select the best antibody subclass as therapeutic agent; 

 

 

3) Characterize the final human antibody-producing cell line;  

 

 

4) Adapt the cell line to the growth in suspension; 

 

 

5) Evaluate the in vitro antibody efficacy;  

 

 

6) Assess the in vivo binding properties of the antibody in NSG and Tg(CEACAM1)-Tg(CEA) 

transgenic mice. 
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3. MATERIALS AND METHODS 
 

 

3.1 Cells 

HEK293 cells, metastatic bladder cancer cell lines (TCC-SUP and 5637) and Natural Killer (NK)-

92 cells were from DSMZ (Germany).  Metastatic melanoma cell line (MelC), originating from 

human metastatic melanoma specimens, was obtained from the Department of Therapeutic 

Research and Medicines Evaluation, Pharmacogenetics (ISS Rome, Italy). Metastatic colon 

cancer cell line (HT29) was obtained from Mario Negri Institute of Milan (Italy). Human breast 

cancer (MDA-MB-231) cell line was from ATCC. Murine breast cancer (E0771) cell line was 

obtained from professor Saul Priceman (Beckman Research Institute, City of Hope, Duarte, 

California). Murine bladder cancer (MB49) cell line was from professor Hua Wu (Beckman 

Research Institute, City of Hope, Duarte, California). HEK 293 cells were cultured in DMEM 

medium supplemented with 10% of inactivated fetal serum bovine (FBS, Sigma), 1mM L-

glutamine (Carlo Erba), glucose and 1mM non-essential amino acids (Gibco). MelC and 5637 

cells were cultured in RPMI 640 medium supplemented with 10% of FBS and 1mM L-

glutamine.  TCC-SUP cells were cultivated in DMEM medium with 20% of FBS and 1mM L-

glutamine. NK-92 cells require the presence of IL-2 (75 IU/ml, R&D system) for their in vitro 

growing in α MEM medium supplemented with 10% FBS and 2mM L-glutamine. HT29 cells 

were cultivated in McCoy’s medium with 10% FBS and 1mM L-glutamine. MDA-MB-231, 

E0771 and MB49 cells were cultured in DMEM medium (Corning) supplemented with 10% of 

FBS (Sigma) and 1X GlutaMAX (Corning). All cells were grown at 37 °C in a 5% CO2 humidified 

incubator and with 1X antibiotic-antimycotic solution (Corning). 

 

3.2 Construction of the bicistronic vector for the antibody expression 

The encoding gene sequences of scFv Diathis Light Chain (LC), IgG1 Heavy Chain (HC) and IgG4 HC 

were cloned into three separate pcDNA 3.1 (-) vectors (Genscript).  In particular, the designed hinge 

region-encoding gene sequence of the IgG4 antibody contains the S228P mutation to abolish the Fab-

arm exchange process. For both IgG1 and IgG4 subclasses, the bicistronic vector for the simultaneous 

expression of the HC and LC genes was constructed as follow: the expression cassette bearing the 

CMV promoter, LC encoding gene and the polyA chain was amplified by PCR with the primer CMV 

BglII Fw, containing the sequence of the BglII restriction site, and the primer BGH PA NruI Rev, bearing 

the NruI restriction site sequence. The amplified expression cassette of the LC gene as well as the 

pcDNA 3.1 (-) vector bearing the IgG1 or IgG4 HC encoding gene, were digested by BglII (10U/µl) and 

NruI (10U/µl) restriction enzymes (Thermo Fisher) for 2,5 hours at room temperature (RT). The 

digested insert and vector were mixed and ligated by T4 ligase (10U/µl, Thermo Fisher) for 1 hour at 

RT. The ligation reaction was then transformed in E. coli DH5α competent cells. 
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In vitro mutagenesis of the developed bicistronic vector for the IgG1 antibody expression was 

performed by using the GenArt Site-Directed Mutagenesis System (Thermo Fisher), according to the 

the manufacturer’s instructions. Briefly, primers were designed to introduce the N297A substitution 

in the Fc region of the wild type IgG1-expression plasmid. PCR was performed on the plasmid DNA 

(20ng/ml) using the AccuPrime™ Pfx DNA Polymerase supplied by the kit. The PCR product was then 

transformed in E. coli DH5α competent cells. High Resolution Melt (HRM) analyses were performed 

to screen the mutant transformed competent cell colonies. The insertion of the desired mutation 

was confirmed by sequencing. 

 

 

3.3 Development of the antibody-producing stable cell line 

Human Embryonic Kidney (HEK) 293 cells were used for the stable cell transfection to generate the 

IgG1 and IgG4 antibody-producing cell lines. The day before transfection, HEK293 cells were seeded 

at the final density of 10x105 cell/ml in DMEM medium in wells of a 6 multiwell plate. The bicistronic 

vector was linearized by enzymatic digestion with ScaI (10U/µl, Thermo Fisher) for 4 hours at 37°C. 

The digested product was purified by the QIAquick PCR Purification kit (QIAgen). 1 µg of linearized 

DNA was mixed with basic DMEM medium and gene cellin (EuroBio). The mixture was incubated 15 

minutes at RT to enable the formation of DNA-liposomes complexes and then gently added drop by 

drop to each well. 48 hours after the transfection, 0,5 µg/ml of the selection antibiotic G418 (Roche) 

was added to the transfected cell culture medium. Following two weeks of antibiotic selection, 100 

µl of surnatant collected from each cellular pools were screened by ELISA assays against the human 

recombinant N-terminal + A1 constant Ig-like domains of CEACAM1 antigen (DIATHEVA s.r.l.). The 

cellular pool with the highest absorbance value was diluted by limiting dilution method in DMEM with 

0,5 µg/ml G418 in three 96 multiwell plates, in order to theoretically seed 0.5 cell into each well. 

After 15 days of G418 selective pressure, 100 µl of supernatant collected from each grown clone 

were tested by ELISA assay, to identify the highest antibody-producing clone. The selected clone was 

in turn subjected to the single cell cloning, and following two weeks of antibiotic selection, the final 

best performing sub-clone was selected by ELISA test. 

 

3.4 ELISA assay 

96-well plates (High Binding, Thermo Fisher) were coated with 100 µl/well of 1 µg/ml of human N-

terminal + A1 domain fragment of CEACAM1 antigen diluted in PBS1X and incubated at 37°C for 16–

17 hours. Plates were washed five times with PBS1X containing 0,05% v/v of Tween-20 (TPBS) and 

then blocked with 150 µl/well of PBS1X containing 1% w/v of bovine serum albumin (PBSB) for 1 hour 

at 37°C. Upon five TPBS washes, coated plates were stored at 4°C. Coated plates were equilibrated 

at RT the day of the assay. 100 µl of each surnatant collected from the cellular transfected pools were 

added to the wells of CEACAM1 antigen-coated 96-well plate. For the antibody titration, the antibody 

was diluted in PBSB and 100 µl/well of serial antibody dilutions ranging from 100 µg/ml to 0,00038 

µg/ml were added to the coated antigen. The plate was incubated for 90 minutes at 37°C. Following 
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five TPBS washes, 100 µl/well of mouse anti-Human Fc antibody (Meridian) diluted 1:500 in PBSB 

were added to the wells and incubated 1 hour at 37°C. 30 minutes after the addition of 100 µl/well 

of ABTS substrate (Surmodics), the absorbance values were recorded at 405 nm on a microplate 

reader. 

 

3.5 Antibody purification by Protein A Affinity Chromatography 

The stable cell clone expressing the antibody was maintained in culture for 9 days starting from an 

initial density of 2.5x105 cells/ml. The first two days the incubator was set at 37°C, and the other 

seven at 30°C. Then, cell supernatants were collected and centrifuged at 1660 x g for 20 minutes 

using a centrifuge (Thermo Scientific). Protein A Affinity Chromatography was used for the antibody 

purification. 1 ml MabSelect PrismA protein A resin (Cytiva) was equilibrated with five column 

volumes (CV) of 0.1M phosphate buffer with 5 mM EDTA pH 7.8. Cell supernatant was diluted 1:2 in 

phosphate buffer with 10mM EDTA pH 7.8. The diluted supernatant was loaded into the column and 

at 1ml/min flow rate. Column was washed with different buffers in the following order: 5mM EDTA 

phosphate buffer, 5mM EDTA phosphate buffer with 0.65M NaCl pH 7.8, 5mM EDTA phosphate 

buffer with 0.65M NaCl and 5% (v/v) IPA, pH 7.8. The antibody was eluted in 0.1 M Sodium citrate, 

0.15M NaCl and 2% (v/v) glycerol (pH 3). The antibody was neutralized with 2M Tris and its 

concentration was determined by recording the absorbance value at 280 nm. A buffer exchange with 

PBS was performed by using a centrifugal filter with a cut-off of 30kDa (Merck Millipore). 

 

3.6 Reducing and non reducing SDS-PAGE 

5 µg of the antibodies were diluted in Sample Buffer with or without ꞵ-mercaptoethanol to analyze 

the antibody at the reducing and non reducing conditions, respectively. Samples were boiled for 5 

minutes, loaded on a 10% of polyacrylamide gel and ran at 100 V. The samples were visualized by 

staining with Coomassie brilliant blue. 

 

3.7 Size Exclusion- High Performance Liquid Chromatography (SEC-HPLC) 

Size Exclusion-High Performance Liquid Chromatography (SEC-HPLC) was used to evaluate the 

antibody structure. SEC was performed with the HPLC Jasco LC-4000 system using a TSK Gel 

G3000SWxLL x I.D. column equilibrated with 0.1mol/L Na2SO4 + 0.05% NaN3 in 0.1mol/L Phosphate 

buffer, pH 6.7 at a flow rate of 0.5-1 ml/min. 100 µl of purified antibodies were injected into the 

column and the measurement of the absorbance at 280nm was used to detect the antibody. In order 

to estimate the antibody molecular wight, the system was calibrating by proteins of known molecular 

weight to build a standard curve: BSA 67,000 Da, Ovalbumin 43,000 Da, Ribonuclease 13,700 Da, 
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Aprotinin 6,512 Da, Vitamin B12 1,355 Da. Results were analyzed by using the software ChromNAV 

Ver.2-Spectra Manager. 

 

3.8 Endotoxin level assessment 

Limulus amebocyte lysate (LAL) gel clot assay was used to semiquantitatively determine the l 

endotoxin level contained within the purified antibody formulation by following the manual’s 

instructions. Briefly, dilutions of the antibody in endofree water were prepared and 1ml of each 

dilution was added to separate tubes containing the Limulus Amebocyte Lysate. The tubes were 

incubated 30 minutes at 37°C without lids. After incubation, each tube was inverted 180°C. The 

antibody sample was considered negative for the presence of the endotoxins in case there was no 

formation of a solid clot after the tube inversion.  

 

3.9 Adaptation of adherent cells to the suspension growth 

The antibody producing stable cell line was adaptated to the growth in suspension in serum-free 

chemically defined medium (CDM4HEK, Cytiva). To do so, a sequential method was applied, which 

consists in gradually switching the cells from the serum-supplemented medium into the serum free 

medium (SFM) in several steps: 

 

Passage % serum supplemented medium (DMEM) % serum-free medium (CDM4HEK) 

1 75 25 

2 50 50 

3 25 75 

4 12,5 87,5 

5 6,25 93,75 

6 3,125 96,87 

7 1,56 98,43 

8 0,78 99,22 

 

At each step, cells were counted by Trypan Blue Exclusion method and seeded to the final density of 

5x105
 cell/ml in the proper combination of media. Cells were kept in the same media conditions at 

least for 2 passages. Cells were passaged to the following step only if >90% of viability was recorded. 

Starting from the passage in 25:75 serum supplemented:SFM, cells were put on the orbital shaker at 

100 rpm at 37°C to facilitate the adaptation process. To ensure a complete cell adaptation, cells were 

carried for 6-7 passages in 100% SFM medium. 
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3.10 Development of stable hCEACAM1 or hCEA-expressing murine bladder cancer and murine 

breast cancer cell lines 

 

3.10.1 Transfection of murine bladder and breast cancer cells  

Murine bladder cancer (MB49) and murine breast cancer (E0771) cells were transfected with 

plasmids by using the Lipofectamine 3000 Transfection Reagent kit (Thermo Fisher Scientific), 

according to the manufacturer’s instructions. The day before transfection, cells were plated at the 

final density of 1x105 cell/well in DMEM medium in wells of a 24-well plate. 1 µg of hCEACAM1 or 1µg 

of hCEA expression plasmids (Beckman Research Institute, City of Hope, Duarte, California) and 2 µl 

of P3000 reagent were diluted in 50 µl of DMEM. 0,75µl of lipofectamine 3000 were diluted in 25 µl 

of DMEM. 25 µl of each dilution mixture were mixed together 1:1 and the final volume was incubated 

15 minutes at RT. 50 µl of the final mixture were added drop by drop into each well. 72 hours after 

the transfection, the selective antibiotic Geneticin (Gibco) was added to the transfected MB49 and 

E0771 cells at the final concentration of 1 µg/ml or 0.5 µg/ml, respectively.  

 

3.10.2 Flow cytometry analysis for the screening of the transfected cellular pools 

Following two weeks of antibiotic selective pressure, the cellular transfected pools were screened by 

flow cytometry analysis. For each pool, 5x105 cell/ml were washed with PBS and centrifuged at 310 x 

g for 5 minutes. Cells were resuspended in 100 µl of PBS and incubated with or without 5µl of aCC1 

(anti-hCEACAM1 antibody, R&D) or aCEA (anti-hCEA antibody, R&D) 30 minutes on ice. After the 

staining, cells were washed and resuspended in 500 µl of PBS. Samples were analyzed into the Flow 

Cytometer (BD LSRFortessa X-20) by recording a total of 10,000 events. 

The pools with the highest percentage of hCEACAM1 or hCEA expressing cells were cultured in DMEM 

with Geneticin. When reached the confluence in T25 flasks, cells were FACS sorted. 2x106 cell/ml 

were harverested, washed and stained with 5 µl of CC1 or aCEA antibodies. Samples were then 

washed, resuspended in 1ml of PBS and sorted by the cell sorter (BD FACSAria FUSION). After purity 

assessment, sorted cells were expanded in DMEM with Geneticin. 

 

3.11 In vitro efficacy studies 

 

3.11.1 Evaluation of DIA 12.3 binding activity by flow cytometry analysis  

Flow cytometry analyses were carried out to test the reactivity of the antibody against human 

CEACAM1 antigen expressed on the surface of tumor cells, including metastatic melC, HT29, TCCSUP 

and 5637 cancer cells. The day prior to the flow cytometry test, tumor cells were plated at the final 

density of 5x105 cell/ml in 3 ml/well of their medium in wells of a 6 multi-well plate. The day of the 
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assay, the media was aspirated from each well, cells were washed twice with PBS1X and incubated 

for 90 minutes at 37°C alone or with the antibodies diluted in PBS1X with 1% w/v of BSA. Following 

the treatment, cells were collected in FACS tubes, washed with 3 ml/tube of PBS1X and centrifuged 

for 8 minutes at 260 x g. Supernatants were aspirated and cells were resuspended again in 3 ml of 

PBS1X for a second wash. Cells were then resuspended in 500 µl of PBS1X containing 0.5% w/v of BSA 

and 1:1000 (v/v) diluted FITC goat anti-Human Fc secondary antibody (Abcam) and incubated for 1 

hour at 37°C. After the staining, samples were washed, resuspended in PBS and analyzed with a Flow 

Cytometer (Becton-Dickinson, NJ).  

 

3.11.2 Lactate Dehydrogenase (LDH) cytotoxicity assay to assess NK cell-mediated cytotoxicity 

To evaluate the capability of the antibody to affect the NK-92 cell cytotoxicity against tumor cells, we 

performed LDH-Glo™ Cytotoxicity Assays (Promega). This assay is a bioluminescence method that 

quantifies the enzymatic activity of the lactate dehydrogenase (LDH), a widely used marker of 

cytotoxicity, which is released in the cell culture surnatants upon cell membrane destruction. Target 

tumor cells were harverested, washed and resuspended at the final density of 2x105 cells/mL in basic 

DMEM with 5% v/v of FBS. Target cells were incubated alone or in the presence of the anti-CEACAM1 

antibodies for 30 minutes at RT. Meanwhile, NK-92 cells were firstly diluted at 2x106 cell/ml in basic 

RPMI medium with 5% v/v of FBS and then serially diluted ranging routinely from 1x105 to 1x103 cells. 

50 µl/well of each NK-92 cell suspension dilution were seeded in 96 white walled assay plates, in 

triplicate.  Following the antibody treatment, 50 µl/well of the target cell suspension were then added 

to the effector NK-92 cells at increasing effector/target cell ratio ranging from 1:1 to 10:1 in 

triplicate. Positive controls were used by adding 2 µl/well of TritonX-100 to determine the maximum 

LDH release, while triplicate wells without cells were set up to serve as negative control to determine 

the culture medium background. The plate was incubated for 4 hours at 37°C. 5 µl of supernatants 

from each well were collected and diluted in 95µl of LDH Storage buffer. The diluted samples were 

then stored at -20°C and the day of the assay they were further diluted in the LDH Storage Buffer to 

fit the linear range of the assay. 50µl of the diluted samples were transferred into a 96-well opaque, 

non transparent assay plate. 50 µl of the LDH Detection Reagent were then added in each well and 

the plate was incubated at RT for 60 minutes.  Luminescence was recorded from 30 to 60 minutes 

after the addition of the LDH reaction agent. The % of cytotoxicity was calculated as follows:  

100 × (Experimental LDH Release – Medium Background) / (Maximum LDH Release Control – 

Medium Background). 

 

 

3.11.3 Human Neutrophil isolation and enrichment 

Fresh blood samples were obtained from healthy donors at City of Hope Blood Donor Center (Duarte, 

California). The blood was mixed with an equal volume of 0,9% NaCl (Cytiva) with 3% of dextran and 

incubated 20 minutes at RT to allow the differential sedimentation of red blood cells (RBCs). The 
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leukocyte-rich and RBC poor plasma layer was saved and centrifuged 10 min at 250 x g at 5°C. The 

cell pellet was resuspended in a volume of 0,9% NaCl equal to the starting volume of blood. The cell 

suspension was then layered above 10 ml of Hypaque-1077 (Sigma) and centrifuged 40 minutes at 

400 x g at 20°C, with no brake. After the aspiration of the top and the hypaque layers, the 

RBC/neutrophil pellet was subjected to the hypotonic lysis in 10 ml of cold 0,2% NaCl for 20 seconds 

to remove the remaining RBCs. The isotonicity was restored by adding 10 ml of ice-cold 1,6% NaCl. 

Cells were then centrifuged 6 minutes at 250 x g at 5°C and the pellet was resuspended in ice-cold 

PBS. The isolated sample was enriched with neutrophils by using the EasySep Human Neutrophil 

Isolation kit (StemCell). Briefly, the cell suspension was resuspended to a final concentration of 5 x107 

cell/ml in PBS + 2% FBS and 1mM EDTA. Human Neutrophil Enrichment Cocktail was added to the 

tube at 50 µl/ml and incubated at 4°C for 5 minutes. Following the addition of Nanoparticles at 40 

µl/ml cells, the cell suspension was further incubated at 4°C for 3 minutes. The recommended 

medium was added to bring the suspension to a total volume of 2,5ml and the tube was then placed 

into the magnet for 5 minutes. The suspension was poured off into a new tube. In this way the 

magnetically labeled unwanted cells remained bound inside the original tube, held by the magnetic 

field. The purity of the enriched neutrophil population was assessed by flow cytometry using the APC-

conjugated mouse monoclonal antibody against CD66b (Biolegend). In total, 10,000 events were 

recorded.  

 

3.11.4 Apoptosis detection of neutrophils 

FITC Annexin V Apoptosis Detection kit with Propidium Iodide (PI) (Biolegend) was used for the 

apoptosis detection of neutrophils upon the incubation with or without 10 µg/ml of DIA 12.3 antibody 

in RPMI at 37°C, at the following time points: 0, 1, 2, 16, 18 and 20 hours. After the antibody 

treatment, neutrophils were washed with PBS and resuspended in Annexin Binding Buffer at the final 

concentration of 1x106 cell/ml. 100µl of cell suspension were incubated with 5µl of FITC Annexin V 

and 10µl of Propidium Iodide Solution 15 minutes at RT in the dark. After the addition of 400 µl of 

Annexin V Binding Buffer to each tube, the samples were analyzed by flow cytometry with proper 

machine settings. In total, 10,000 events were recorded per each time point. 

 

3.11.5 Detection of neutrophil-released NO2
- 

Isolated neutrophils were harverested, washed, counted and resuspended at the density of 2x106 

cell/ml in RPMI medium. Neutrophils were then serially diluted to 1x106 cell/ml and 2x105 cell/ml. 

Tumor cells were harverest, counted and resuspended at the final density of 2x105 cell/ml in RPMI 

medium. 50µl of neutrophil suspension were seeded with 50µl of tumor cell suspension in the wells 

of a 96-multiwell plate at the following effector:target cell ratios, in duplicate: 10:1, 5:1, 1:1. For each 

effector:target cell ratio, three different treatment conditions were tested: 
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• Neutrophils pre-treated with or without 10 µg/ml of DIA 12.3 for 30 minutes at 37°C 

and then co-incubated with hCEACAM1-expressing MDA-MB-231 cells for 4 hours at 

37°C; 

• hCEACAM1-expressing MDA-MB-231 cells pre-treated with or without 10 µg/ml of DIA 

12.3 for 30 minutes at 37°C and then co-incubated with neutrophils for 4 hours at 

37°C; 

• Neutrophils and hCEACAM1-expressing MDA-MB-231 cells were co-treated with or 

without 10 µg/ml of DIA 12.3 for 4 hours at 37°C. 

Following the treatment, the Griess Reagent System (Promega) was used to detect NO2- produced 

and released by neutrophils into the cell culture medium.  

In order to accurately quantify the NO2
- levels in the experimental samples, a nitrate standard 

reference curve was prepared by performing 6 serial twofold dilutions (50 µl/well) of a 100 µM nitrite 

solution. 50 µl of the Sulfanilamide Solution were added to the wells containing 50 µl of each 

experimental sample in duplicate and 50 µl of the dilution series for the Nitrite Standard reference 

curve. The plate was incubated 10 minutes at RT, protected from the light. 50 µl of NED Solution were 

dispensed to all the wells and the plate was again incubated for 10 minutes at RT in the dark. The 

absorbance values from each well were recorded at 520nm within 30 minutes in a plate reader. 

 

3.12 Ex vivo studies 

 

3.12.1 Extraction of immune cells from hCEACAM1 Knockout and hCEACAM1 Transgenic mice 

CEACAM1 Knockout (KO) and Tg(hCEACAM1) mice were anesthetized and dissected to collect a 2mm 

approx. piece of the spleen and the blood by cardiac puncture. Blood samples were lysed to remove 

RBCs, by mixing the samples with sterile water five times. The lysis reaction was neutralized by adding 

PBS2X. The cell suspension was centrifuged at 350 x g for 5 minutes and the pellet was resuspended 

in PBS. The spleen was placed into the cell strainer previously rinsed with 2.5 ml of PBS. The spleen 

was mashed by using the plunger base of a syringe. PBS was poured on the filter until the spleen was 

completely mashed. The suspension was then centrifuged at 350 x g for 5 minutes and the pellet was 

resuspended in Red Blood Cell Lyses Buffer (Sigma). After 5 minutes of incubation at RT, the lyses 

reaction was stopped with PBS and the cell suspension was spinned down at 350 x g for 5 minutes. 

The final pellet was resuspended in PBS. 

 

3.12.2 Enrichment of murine neutrophils 

Neutrophils from the collected murine blood sample were enriched by using the Mouse Neutrophil 

Enrichment Kit (Stemcell). The cell suspension was resuspended to a final concentration of 5x107 
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cell/ml in PBS + 2% FBS and 1mM EDTA. After the addition of 50 µl/ml of Normal Rat serum and 50 

µl/ml of Mouse Enrichment cocktail, cells were incubated at 4°C for 15 minutes. Cells were then 

centrifuged at 300 x g for 10 minutes and the pellet was resuspended in the recommended medium 

with 50 µl/ml of Biotin Selection Cocktail. After 15 minutes of incubation at 4°C, 150 µl/ml of D 

Magnetic Particles were added and the suspension was incubated at 4°C for 10 minutes. The 

recommended medium was added to bring the cell suspension to a final volume of 2,5 ml and the 

tube was then placed into the magnet for 3 minutes. The cell suspension was poured off into a new 

tube. In this way the magnetically labeled unwanted cells remained attached to the tube, held by the 

magnetic field.  

 

3.12.3 hCEACAM1 expression studies by flow cytometry  

100µl of lysed blood, enriched neutrophil and spleen cell suspension deriving from the CEACAM1 KO 

mouse and Tg(hCEACAM1) mouse were separetely stained with three mixtures of antibodies:  

-antiCD19-FITC, antiCD11b-PE, antiCD3-Pecy7, antiLy6G-BV605 (all Biolegend), DIA 12.3; 

-antiCD19-FITC, antiCD11b-PE, antiCD3-Pecy7, antiLy6G-BV605, aCC1 (R&D); 

-antiCD19-FITC, antiCD11b-PE, antiCD3-Pecy7, antiLy6G-BV605. 

Following 30 minutes of incubation on ice, cells were washed with PBS and incubated with anti-

human Fc antibody (1:2000, R&D) for other 30 minutes on ice. A total of 10,000 events were acquired 

in the live gate on the flow cytometer. 

 

3.13 In vivo studies 

 

3.13.1 Animal experiments 

Animal studies were performed in accordance protocol 91037 approved by the City of Hope 

Institutional Animal Care and Use Committee, in accordance with the National Institute of Health 

Office of Laboratory Animal Welfare guidelines. 

 

3.13.2 NSG mice 

5x106 cell/ml of human breast cancer cells from parental, hCEACAM1 and hCEA-expressing MDA-MB-

231 cell lines were harverested, washed twice with PBS and resuspended in 250µl of PBS and 250µl 

of matrigel (Corning). For each cell line, 50µl of cell suspension (500 000 cells) were injected into the 

mammary fat pad of eight week-old NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ (NSG) female mice (Jackson 

Laboratory) (n=3), previously anhestetized with isoflurane.  
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3.13.3 Transgenic mice 

Double transgenic mice expressing hCEACAM1 and hCEA antigens were developed by Dr. Shively’s 

group (185). 4x106 cell/ml of murine bladder cancer cells from parental, hCEACAM1 and hCEA-

expressing MB49 cell lines were harverested, washed twice with PBS and resuspended in 360µl of 

PBS and 40µl of matrigel. For each cell line, 50µl of cell suspension (500 000 cells) were 

subcutaneously injected into eight week-old transgenic male mice (n=1 for parental cells, n=2 for 

hCEACAM1+ or hCEA+ MB49 cell lines), previously anesthetized with isoflurane. 

 

3.13.4 Antibody conjugation to DOTA molecule and radiolabeling 

20-fold excess of DOTA-NHS (220 nmol, Macrocyclics, TX) in 4.5µl of H2O was added to 1.65mg (11 

nmol) of Dia 12.3 antibody in 2.5 ml of PBS1X, and the pH was adjusted to 7.36 with 0.1N NaOH. The 

reaction solution was rotated at the RT under Argon overnight. Then the reaction mixture was 

dialyzed against the PBS1X buffer with five times and sterile filtered. Dota conjugation was confirmed 

by Instant Thin Layer Chromatogram (ITLC) performed by the Radiopharmacy Department at City of 

Hope. 100 µg of DOTA-DIA 12.3 was radiolabeled with 1 mCi or 10 mCi of 64CuCl2 in 0.1 M HCl at pH 

4.5 by adjusting the pH with 0.2, ammonium acetate. The product was purified by Size-Exclusion 

Chromatography by the Radiopharmacy Department at City of Hope.  

 

3.13.5 PET Imaging and Biodistribution studies 

Three weeks after the MDA-MB-231 cell injection, tumor-bearing NSG mice were injected into the 

tail vein with a single intravenous dose in the range of 113-120 µCi of 6,4 μg/mouse of 64Cu-DOTA-

labeled DIA 12.3 in 1% human serum albumin–buffered saline, after receiving a single intraperitoneal 

injection of 1 mg in 0.1ml of PBS of intravenous immunoglobulin (IVIG) 2 hours beforehand. In the 

second PET experiment with NSG mice, DOTA-DIA 12.3 was radiolabeled with 10 mCi of 64CuCl2 in 0.1 

M HCl at pH 4.5. 6,4 μg/mouse of 64Cu-DOTA-labeled DIA 12.3 with 100 µCi of product per 10 µg + 

30 μg/mouse of unlabeled DIA 12.3 antibody were injected in NSG mice. Two weeks after the MB49 

cell injection, tumor-bearing Tg(hCEA)-Tg(hCEACAM1) mice were injected into the tail vein with a 

single intravenous dose in the range of 113-120µCi of 6,4 μg/mouse of 64Cu-DOTA-labeled DIA 12.3 

+ 30 μg/mouse of unlabeled DIA 12.3 antibody in 1% human serum albumin–buffered saline. Shortly 

before scanning, mice were anesthetized with isoflurane and then imaged in a prone position on a 

GNET PET/CT scanner (SOFIE BIOSCIENCES) at various time points post injection (4, 24 and 44-48 

hours post injection). Images were reconstructed as previously described (186) by using AMIDE 

software. Immediately after completion of the final scan, mice were sacrificed and dissected for 

biodistribution analyses. The tumor and various major organs (blood, liver, spleen, kidneys, lungs and 

carcass) were excised, weighted and assayed for radioactivity using an automatic calibrated gamma 

counter (Wizard). The percentage of injected activity dose per gram of tissue (%ID/g) was calculated 

for each specimen.  
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4. RESULTS AND DISCUSSION 
 
 

4.1 Development of the antibody-producing stable cell line 

In this project, DIATHIS1, a human anti-CEACAM1 antibody previously developed by DIATHEVA s.r.l., 

in collaboration with the Istituto Superiore della Sanità (Rome, Italy), in the single chain variable 

fragment format (scFv), was converted into a fully intact IgG1 and IgG4 antibodies, aiming to 

circumvent the scFv fragment limits due to their small size and the lack of the Fc fragment. For this 

aim, a bicistronic vector for the simultaneous expression of the Light Chain (LC) and the IgG1 or IgG4 

Heavy Chain (HC) encoding genes, was created as illustrated in the scheme (Fig. 4.1). In the final 

construct, the expression of the heavy as well as the light chain was driven by the CMV promoter. 

The N-terminal portion of the two genes was fused with a peptide signal sequence (SP) that enabled 

the exportation of the antibody in the culture medium. The vector contained the neomycin resistance 

gene allowing the selection of positive clones with the addition of G418 to the culture media. 

 

 

Fig. 4.1. Schematic representation of the bicistronic vector for the IgG antibodies expression: three 

separate pcDNA 3.1 (-) vectors were used to clone the encoding gene sequences of scFvDiathis LC, 

IgG1 and IgG4 HC. (A) The expression cassette bearing the CMV promoter, scFvDIATHIS1 LC encoding 

gene and the polyA chain, was amplified by PCR in order to add the sequence of BglII and NruI 

restriction sites, upstream and downstream the LC gene, respectively. The PCR product and the vector 

bearing the IgG1 or IgG4 HC encoding gene were both digested by BglII and Nru restriction enzymes. 

The digestion was followed by the ligation reaction to finally develop the bicistronic vectors for the 

simultaneous expression of the LC and the HC.  

 

Once confirmed by sequencing the correct sequences of the genes encoding the full lenght IgG1 and 

IgG4 antibodies, the vectors were used for the stable transfection of the HEK293 cells. After two 

weeks of antibiotic selective pressure, the harvested cellular pools were tested with an ELISA assay 

for the antibody titer against the N-terminal + A1 domain fragment of CEACAM1 antigen (Fig. 4.2a). 



44 
 

The highest antibody-producing cellular pools were subjected to limiting dilution cloning. The highest 

expressing clones among the 24 IgG1-producing clones and 19 IgG4-producing clones were identify 

(Fig. 4.2b). The selected clones were subcloned by limiting dilution and the ELISA screening allowed 

to identify the #12.3 and #2.1 as final stable cell lines for the production of IgG1 and IgG4 antibodies, 

respectively (Fig. 4.2c). 

 

 

 

 

 

Fig. 4.2. Development of stable cell lines expressing anti-CEACAM1 IgG1 and IgG4 antibodies. The 

barplots show the absorbance values obtained by ELISA assays on 100 µl of the supernatants collected 

a 

b 

c 
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from the transfected cellular pools (a), clones (b) and subclones (c) for the production of the IgG1 

(blue) and IgG4 (orange) antibodies. 

 

4.2 Structural and biological comparison between IgG1 and IgG4 anti-CEACAM1 antibodies 

For preliminary studies, IgG1 and IgG4 antibodies were purified by Protein A Affinity Chromatography 

from 250 ml of supernatant collected respectively from the HEK293 cell subclone #12.3 and #2.1. The 

protein yield obtained for the IgG1 antibody (10,48 mg per 1L of surnatant) was about 10 fold higher 

compared to IgG4 (1,9 mg/L).  

Structural analysis on fresh purified antibodies by SEC-HPLC revealed that both the subclasses had a 

monomeric conformation with a high purity degree, with a lack of molecular aggregates (Fig. 4.3). 

SDS-PAGE under reducing conditions confirmed the correct molecular size of two bands 

corresponding to the heavy and the light chains, for both IgG1 and IgG4 antibodies (Fig. 4.4). Despite 

the structural integrity highlighted by SEC-HPLC analysis, the SDS-PAGE under non reduced conditions 

revealed the presence of additional species of the antibodies for both the subclasses, such as dimers 

of the heavy chains, suggesting the incomplete formation of H-L disulfide bonds. These findings 

suggested that the optimization of the purification protocol is needed to increase the purity of the 

final purified product.  

 

 

Fig. 4.3. SEC-HPLC analysis of IgG1 and IgG4 antibodies. Chromatograms were obtained by using 

TSKgel G30 00SWxl resin in isocratic condition. The molecular weights were calculated based on a 

standard curve obtained by calibrating the system with molecules of known molecular weight: 

a b 
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thyroglobulin 660 kDa, gamma-globulin 150 kDa, ovalbumin 44.3 kDa, ribonuclease A 43.7 kDa, 4-

aminobenzoic acid 13.71 kDa. 

 

Fig. 4.4. SDS-PAGE analysis of purified IgG1 and IgG4 antibodies. 5µg of purified antibodies were 

loaded on a 10% polyacrylamide gel and analyzed by SDS-PAGE under reducing (a) and non reducing 

conditions (b). Order of loading samples: MW marker, IgG1, IgG4. 

 

However, IgG1 antibody showed higher structural stability than IgG4, after eight months of storage 

at 4°C. In fact, differently from IgG1, IgG4 antibody showed the presence of a band with a molecular 

weight higher than the band corresponding to the heavy chain, in non reduced SDS-PAGE analysis 

performed eight months after the purification (Fig. 4.5). Furthermore, IgG4 formed aggregates that 

precipitated and were visible by eyes (data not shown). 

 

 

Fig. 4.5. SDS-PAGE analysis of IgG1 and IgG4 antibodies eight months after the purification. 5µg of 

IgG1 and IgG4 antibodies stored at 4°C were analyzed on 10% polyacrylamide gel. Order of loading 

samples: marker, IgG1, IgG4. 

a b 
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These results are in line with previous findings showing that IgG4 has lower thermostability than IgG1 

and that more likely undergoes aggregation and thermal denaturation, due in part to differences in 

the disulfide bond network between the heavy chain and the light chain of IgG1 and IgG4 (187, 188). 

Although the two subclasses share high degree of amino acidic sequence similarity in the constant 

region of both heavy chain and light chain, they show differences in the hinge region in terms of 

length and flexibility. In fact, IgG4 has a hinge region shorter and with lower flexibility than IgG1. 

Furthermore, it is known that IgG4 undergoes to a process called Fab-arm exchange, where a half 

molecule (composed by one heavy and one light chain) dissociates and interacts with an other half 

molecule to form a full antibody (187, 188). To prevent this problem, the known S228P mutation was 

inserted in the hinge region of the anti-CEACAM1 IgG4, since it has been reported to be able to 

abolish the Fab-arm exchange. However, the observed IgG4 instability and tendency to form 

aggregates during months after the purification, may be also due to a partial reduction of the Fab-

arm exchange. In fact, studies revealed that the reverse mutation P228S (the corresponding residue 

found in IgG1) in IgG1 did not induce Fab-arm exchange, suggesting that this dynamic process does 

not exclusively depend on the hinge region (188). 

To evaluate the binding activity, serial dilutions of the IgG1 and IgG4 antibodies ranging from 100 

µg/ml to 0,00038 µg/ml were tested by ELISA titration assay on 96 multi-well plates coated with 1 

µg/ml human N-terminal + A1 domain fragment of CEACAM1 antigen. Results showed that both IgG1 

and IgG4 antibodies bound the antigen in a dose-dependent manner, but IgG1 showed a higher 

binding activity compared to IgG4 at equal doses. (Fig. 4.6). 

 

 

 

Fig. 4.6. Antibody titration by ELISA assay. The binding activity of serial dilutions of purified IgG1 and 

IgG4 to N-terminal + A1 domain of human CEACAM1 antigen was tested by ELISA titration assay. The 

concentration values were log-transformed before performing the nonlinear regression on GraphPad 

Prism. Absorbance values are presented as mean +/- S.D of duplicate measurements. 
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Flow cytometry analyses were performed to assess the ability of the two antibody subclasses to 

recognize and bind CEACAM1 antigen naturally expressed on the surface of metastatic melanoma 

(MelC) and colon cancer cells (HT29). The results showed that IgG1 antibody was more 

immunoreactive than IgG4 against CEACAM1 on the tumor cell surface. In fact, at equal doses and 

for all the tested doses, the percentages of cells bound by IgG1 and the values of the Mean 

Fluorescence Intensity (MFI) were higher than IgG4, suggesting the higher affinity of IgG1 to the 

target (Fig. 4.7).  

 

 

 

 

a 
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Fig. 4.7. Assessment of the IgG1 and IgG4 reactivity on tumor cells by flow cytometry analysis. 

Different doses of the antibodies were tested for the binding to human CEACAM1 antigen naturally 

expressed on the cell surface of advanced colon adenocarcinoma cells (HT29) (a) and metastatic 

melanoma cancer cells (MelC) (b). For both the tumor cell lines, the MFI values are represented in the 

bar graphs.  

 

The stability of the biological activity for the two antibodies was evaluated eight months after the 

purification by ELISA titration (Fig. 4.8). Results highlighted that the storage at 4°C did not affect the 

functional stability, since IgG1 as well as IgG4 antibodies preserved a similar binding activity to 

CEACAM1 antigen.  

b 
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Fig. 4.8. Evaluation of the biological stability of IgG1 and IgG4 by ELISA titration assay. The binding 

activity of the IgG1 (a) and IgG4 (b) was assessed after eight months of storage at 4°C. Absorbance 

values are presented as mean +/- S.D of measures in duplicate. 

 

These preliminary results highlighted the superior performance of IgG1 antibody compared to IgG4. 

In fact, the same purification protocol by protein A affinity Chromatography, allowed to obtain IgG1 

at a higher protein yield than IgG4 antibody. Furthermore, IgG1 antibody showed higher binding 

activity to the target and better structural as well as biological stability. These pre-results represent 

features that make the IgG1 antibody a better therapeutic agent and for this reason IgG1 was 

selected as the antibody subclass for the following studies of this project. From now on, the anti-

CEACAM1 IgG1 antibody will be referred with the name of its producing subclone (#12.3), DIA 12.3. 

 

a 

b 
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4.3 Optimization of the antibody production protocol  

Endotoxins are lipopolysaccharides (LPS) present on the outer membrane of gram-negative bacteria. 

Following cell lysis, they are released into the circulation (189). Commonly found in the environment, 

endotoxin represents the most significant pyrogen in parenteral drugs and medical devices. If present 

in the bloodstream they may cause septic reactions with a variety of symptoms such as fever, 

hypotension, nausea and shock (189), while high concentrations can lead to serious collateral effects. 

The acceptable level of endotoxin contamination in injectable drug products has been established by 

FDA to be 5 EU/Kg/hr (190). 

In order to purify a final product suitable for future therapeutic applications, the purification process 

has been optimized to reduce the endotoxin contamination. All the glassware were treated with 1M 

NaOH for 2 hours. After washes with GMP water, the glassware was incubated at 250°C for 1 hour. 

All the purification buffers were prepared with GMP water and sterile filtered using filters with a 

0.22μm pore size. Furthermore, to increase the purity of the antibody and further reduce the 

contamination with endotoxins, the purification protocol during the protein A chromatography was 

implemented with several washing steps. After the samples loading, the column was washed with 

phosphate buffer added with 0.65M NaCl, followed by another washing steps with phosphate buffer 

with 0.65 NaCl and 5% (v/v) Isopropanol (IPA). Prior to the antibody elution with sodium citrate at pH 

3.0, an additional washing step with 0.1M sodium citrate at pH 5.0 was added to eliminate mAb 

fragments or unfolded mAbs that bind to protein A with lower affinity (Fig. 4.9). This protocol resulted 

in a purified antibody with a purity determined by SDS-PAGE and SEC-HPLC ≥ of 95% and with a 

reduced endotoxin level in the final product lower than 10 EU/ml.  

 

 

 

 
 

Fig. 4.9. Chromatogram of DIA 12.3 elution by Protein A Affinity Chromatography. After the column 

washing, two elution steps were performed: pH 5 buffer containing 0.1M sodium citrate with 2% (v/v) 

glycerol and 5mM EDTA was used to separate the non-specific mAbs contained in the supernatant 

from DIA 12.3 antibody. This latter was eluted with 0.1 M sodium citrate, 2% (v/v) glycerol and 5mM 

EDTA at pH 3. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/outer-membrane


52 
 

4.4 Characterization of the subclone #12.3 

In order to confirm the homogeneity of DIA 12.3 antibody-producing cell line, the subclone #12.3 was 

subjected to the limiting dilution and plated in three 96-multiwell plates under the pressure of the 

selective antibiotic G418 for two weeks. The grown clones were then tested in ELISA to evaluate the 

presence of non-antibody producing cell subpopulations. All the clones were positive to the binding 

to CEACAM1 antigen, suggesting that the cell line was exclusively composed of antibody producing 

cells (Fig. 4.10). The heterogeneity in the various absorbance values could reflect the different growth 

rate among the clones. In fact, the low values of absorbance were recorded for the small-size clones. 

 

Fig. 4.10. Evaluation of the monoclonality of the subclone #12.3 by ELISA assay. The graph shows the 

absorbance values of the 50 clones grown 15 days after subjecting the subclone #12.3 to the limiting 

dilution. All the values are higher than the blank (red line). 

 

Furthermore, the stability of the cell line for the antibody expression was also evaluated over 

prolonged periods of culture in absence of the selective antibiotic. The single cell clone method was 

applied and ELISA assays were performed on the grown clones, 15 days after each day of the limiting 

dilution, at 20th, 40th and 60th day (Fig. 4.11). All the grown clones produced the antibody at all the 

tested time points, leading to the conclusion that there was not any onset of negative cells unable to 

produce the antibody during the 60 days of cell culture, despite the cells were not subjected to the 

antibiotic selective pressure.  
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Fig. 4.11. Stability studies of antibody production from the subclone #12.3 by ELISA assay. The graphs 

report the absorbance values of the clones grown on the 20th (a), 40th (b) and on the 60th day (c) of 

culture without the pressure of the selective antibiotic. All the values are higher than the blank (red 

line). 

a 

b 

 

c 
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4.5 Adaptation of the subclone #12.3 to the growth in suspension 

The HEK293 cells of the subclone #12.3 grow in adhesion and, thus, they require the Fetal Serum 

Bovine (FBS) in the culture medium (191). In fact, the FBS provides attachment factors, besides 

nutrients and hormones for mammalian cells (191). However, the presence of the FBS has several 

disadvantages. Therefore, the subclone cells were adapted to the growth in suspension in CDM4HEK 

medium, a chemically defined medium devoid of FBS, for the following reasons: 

• to reduce the intrinsic variability among different lots of the culture medium, aiming to 

guarantee the reproducibility in the processes and results;  

• to obtain a final product for safe therapeutic applications with no collateral reactions due to 

the presence of components of animal origin in the medium;  

• to scale up the production process enabling the increase in the protein yield; 

• to reduce the antibody production costs. 

The cells were adapted to serum-free suspension through the sequential adaptation protocol, which 

consists in culturing the cells with a progressive reduction of the medium with the FBS while 

increasing the FBS-free medium, until reaching the 100% of FBS-free medium. During this procedure, 

cell morphology, growth rate, viability and antibody titer were monitored (Fig. 4.12). 

 

 

 

a 
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Fig. 4.12. Cell adaptation to the suspension growth: monitoring of the cell viability (a) and antibody 

titer (b) during the various steps of the adaptation protocol to the suspension growth. Cell viability 

was assessed by Trypan Blue Exclusion method. To evaluate the antibody titer, 100µl of surnatant 

collected from the cell culture at each step of the adaptation process, were tested on a 1 µg/ml 

CEACAM1 antigen-coated 96-well plate by ELISA assay. Absorbance values are presented as mean +/- 

S.D. of measures in triplicate. 

 

In particular, the cell growth was not affected by the adaptation process, as highlighted by the 

recorded viability values which are higher than 90% at each step (Fig. 4.12a). A slight reduction in the 

cell viability was observed during the last adaptation steps but it was recovered in 100% serum-free 

medium. Furthermore, ELISA assays on the supernatants collected during each step of the adaptation 

process, confirmed that the antibody production was not affected, as similar values of the antibody 

titer were recorded during the overall process (Fig. 4.12b).  

One of the critical steps of the adaptation process is the difficulty in culturing the suspension adapted 

cells once they have been thawed. In order to evaluate if the subclone #12.3 cells were successfully 

adapted to grow in suspension, the cell growth and the viability were monitored every day after 

thawing the cellular stock. The recorded values of the cell viabilty were higher than 90% from the day 

1 after thawing, while a slight decrease in the viability was recorded from day 9 (end of the stationary 

phase and beginning of the death phase). These observations confirmed the success of the 

adaptation process (Fig. 4.13).  

 

b 
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Fig. 4.13. Confirmation of the successful adaptation process: evaluation of the cell growth (a) and 

viability (b) of the subclone #12.3 cells upon thawing to confirm the adaptation to the suspension 

growth. Cell density and viability were assessed everyday by trypan blue exclusion staining. 

 

In addition, the suspension adapted cells integrated the antibody expression cassette in their genome 

as shown by the agarose gel after PCR (Fig. 4.14a), and they produced DIA 12.3 antibody at the similar 

level recorded for the adherent cells (Fig. 4.14b). 

 

 

Fig. 4.14. Evaluation of the antibody expression and production: the 100% suspended subclone #12.3 

cells integrated the antibody expression cassette (a) and did not alter the titer of the antibody 

production (b). 

 

 

 

a b 

a b 
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To determine the protein yield, the adapted subclone #12.3 cells were cultured for 9 days in 

CDM4HEK medium on the shaker at 100 rpm. The cell growth and viability were daily evaluated up 

to the day of collection of 1L of supernatant. DIA 12.3 antibody was purified by Protein A Affinity 

Chromatography, obtaining a protein yield equal to 16 mg of antibody per 1L of supernatant. The 

previous yield recorded by purifying the antibody from the adherent subclone #12.3 cells was equal 

to 10 mg (Table 4.1). Therefore, the adaptation to the growth in suspension allowed to increase the 

protein yield by 1.6 fold. A further increase could be obtained by improving the cell proliferation with 

the addition of cell boosters to the serum-free medium in feed-batch cultures. 

 

mAb Cells 
Growth 

conditions 
Yield (mg/L) 

 

IgG1 

  

Adherent subclone  

#12.3 cells 

2 days at 37°C +      

7 days at 30°C 
10 

Suspended subclone 

#12.3 cells 

9 days at 37°C on 

the shaker at 100 

rpm 

16 

 

Table 4.1. Comparison of the protein yield between the adherent subclone #12.3 cells and the 100% 

serum-free adapted cells. 

 

4.6 DIA 12.3: in vitro efficacy studies 

4.6.1 Evaluation of DIA 12.3 binding on tumor cells 

We investigated the ability of DIA 12.3 antibody to bind CEACAM1 antigen on a wider panel of tumor 

cell lines, including metastatic melanoma, bladder cancer and adenocarcinoma colon cancer cell 

lines. In fact, CEACAM1 is known to have an oncogenic role at the metastatic stages of these tumors, 

and its overexpression positively correlates with tumor progression, metastasis development and 

overall survival. Flow cytometry results confirmed the dose-dependent immunoreactivity of DIA 12.3 

to CEACAM1 antigen at the cell surface level of the analyzed tumors (Fig. 4.15). 
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Fig. 4.15. Assessment of DIA 12.3 binding on tumor cells by flow analysis: MelC, TCCSUP, 5637 and 

HT29 cells were treated with or without 20 and 10 μg/ml of DIA 12.3 antibody. The graphs showing 

the MFI values are reported on the right.  

 

4.6.2 Antibody effects on NK cell-mediated killing of tumor cells 

As previously mentioned in the Introduction Chapter, tumor cells exploit the homophilic interactions 

via N-terminal domain which involves CEACAM1 on tumor cells and CEACAM1 on NK cells to escape 

from NK cell–mediated killing (49). Thus, the ability of the antibody to block the homophilic 

interactions and to rescue the NK cytotoxic activity against melanoma cells was evaluated as 
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mechanism of action. Antibody Dependent Cellular Cytotoxicity (ADCC) assays based on the 

bioluminescence method were performed by quantifying the LDH enzymatic activity in the cell 

culture supernatants. Upon 30 minutes of treatment with 20 or 10 μg/ml of DIA 12.3 antibody, 

melanoma cells were co-incubated with NK cells at different effector:target cell ratios, ranging from 

10:1 to 1:1, for 4 hours at 37°C. The luminescence values recorded at each effector:target cell ratio 

were higher upon treatment of melanoma cells with the antibody compared to the untreated cells 

(Fig. 4.16 a). In fact, results showed that DIA 12.3 antibody was able to enhance the NK cell-mediated 

cytotoxicity, at each E:T cell ratio tested (Fig. 4.16b). Furthermore, DIA 12.3 treatment demonstrated 

to render also bladder, colon and head&neck tumor cells more vulnerable to NK-cell mediated killing 

(Fig. 4.17). 

 

 

 

a 

b 
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Figure 4.16. Cytotoxicity assay. MelC cells treated with or without 20 or 10 μg/ml DIA 12.3 antibody 

were co-incubated with NK cells at effector:target cell ratios ranging from 10:1 to 1:1. Luminescence 

was recorded after 30 minutes incubation at RT. A) Plot of the Relative Luminescence Units (RLU) 

values recorded for each E:T cell ratio. B) Plot showing the % of NK cell mediated cytotoxicity 

calculated upon antibody treatment in comparison with the basal NK cytotoxic activity against 

melanoma cells. The % of cytotoxicity was calculated as follows:  

100 × (Experimental LDH Release – Medium Background)/(Maximum LDH Release Control – Medium 

Background). 

 

 

Figure 4.17. Cytotoxicity assay. MelC, TCCSUP, 5637, HT29 and head&neck cancer cells were treated 

with or without 20 µg/ml of DIA 12.3 antibody, and then co-incubated with NK cells at 10:1 

effector:target cell ratio. Luminescence was recorded after 60 minutes of incubation at RT. The plot 

shows the % of NK cell-mediated cytotoxicity calculated upon antibody treatment in comparison with 

the basal NK cytotoxic activity against melanoma cells. The % of cytotoxicity was calculated as 

follows:  

100 × (Experimental LDH Release – Medium Background)/(Maximum LDH Release Control – Medium 

Background). 

 

Although their clinical success, many antibody-based therapies are often effective only in subsets of 

patients. Considerable efforts has been made to achieve efficacy in larger patient populations. 

Modulating the ability of antibodies to interact with the immune system cellular components by the 

Fc engineering represents one area of interest (192). For cases where mAbs are intended to bind 

target expressed not only on tumor cells, but also on immune cells, it may be desiderable to reduce 

the effector functions in order to prevent the death of target expressing immune cells and an 

enhanced cytotoxic response (192). The IgG binding to FcγRs can be affected by several 

modifications. The N297A mutation was among the first substitutions to be observed to reduce the 

FcγR-binding (175). This mutation eliminates the glycosylation site at N297, resulting in the reduction 

of effector functions, such as CDC and ADCC (175). 
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For these reasons, in situ site directed mutagenesis of DIA 12.3 was performed to obtain the mutated 

N297A DIA 12.3 antibody. Binding studies by ELISA and flow cytometry assays revealed that the 

N297A mutation did not affect the antibody binding activity to the N-terminal + A1 domain of human 

CEACAM1 antigen (Fig. 4.18). By contrast, LDH assay confirmed that the N297A mutation negatively 

affected the ability of the antibody to enhance the effector functions, as a reduction in the NK cell-

mediated cytotoxicity was recorded upon cell treatment with mtN297A DIA 12.3 with respect to DIA 

12.3 antibody, at all the E:T cell ratios (Fig. 4.19). 

 

 

 

Fig. 4.18. Comparison of the binding activity between DIA 12.3 and mtN297A DIA 12.3 antibodies. The 

binding activity of DIA 12.3 and its mutated form was assessed by ELISA titration assay (a). Absorbance 

values are presented as mean +/- S.D of measures in triplicate. FACS analysis were carried out on melC 

cells treated with 20 or 10μg/ml of DIA 12.3 or mtN297A DIA 12.3 antibodies (b). 

 

a 

b 
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Fig. 4.19. Comparison of the effector functions between DIA 12.3 and mtN297A DIA 12.3. MelC cells 

treated with or without 20 or 10 μg/ml of DIA 12.3 or mtN297A DIA 12.3 antibodies were co-incubated 

with NK cells at effector/target cell ratio ranging from 10:1 to 1:1. Luminescence was recorded after 

30 minutes incubation at RT. The plot shows the % of NK cell mediated cytotoxicity calculated 

following antibody treatment with respect to the basal NK cytotoxic activity against melanoma cells. 

 

 

4.6.3 Neutrophil enrichment 

In addition to NK cells, we investigated the effects of DIA 12.3 on neutrophil-mediated antitumor 

response. In fact, besides being the most abundant circulating immune cells, neutrophils are the first 

line of defense against infection and cancer (59). Among the anti-cancer cytotoxic effects, ADCC is 

one mechanism by which neutrophils kill cancer cells (69, 70). 

Flow cytometric analyses that assess the purity of neutrophils isolated from healthy donors’ fresh 

blood after the enrichment procedure are shown in Fig. 4.20. Staining with anti-CD66b antibody used 

as surface marker for neutrophil identification revealed the high purity of the neutrophil cell 

suspension. Results also showed that DIA 12.3 as well as mtN297A DIA antibodies strongly recognized 

and bound CEACAM1 antigen expressed on cell surface of more than 96% of the neutrophil 

population, similar to the commercial anti-CEACAM1 antibody (Fig. 4.20 d,e). 
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Fig. 4.20. Neutrophil staining and binding analysis by flow cytometry. Dot plot of freshly isolated 

neutrophils after the enrichment protocol (a). Unstained (b) and CD66b-stained (c) neutrophils. 

Binding profiles of DIA 12.3 and mtN297A DIA antibodies (10 µg/ml) on neutrophils (d) in comparison 

with the commercial anti-CEACAM1 antibody (e). 
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4.6.4 Evaluation of neutrophil apoptosis and NO production after antibody treatment 

 

To test the potential toxicity of DIA 12.3 antibody on neutrophils, the spontaneous neutrophil 

apoptosis was evaluated at 0, 1, 2, 16, 18 and 20 hours after the treatment with or without DIA 12.3 

(Fig. 4.21). The cell surface expression of phosphatidylserine (PS) is an early marker for apoptosis and 

it can be detected by staining with FITC annexin V. Propidium Iodide (PI) staining can discriminate 

between early apoptotic (annexin V-positive, PI-negative) and late apoptotic (annexin V-positive, PI-

positive) cells (193). Double-staining revealed that the majority of neutrophils were early apoptotic 

cells after 16 hours of incubation at 37°C (Fig. 4.21 a). The % of late apoptotic cells also increased 

after this period, concomitantly with the reduction of cell viability (Fig 4.21 b, c). Notably, a higher 

number of late apoptotic cells at time 0 compared to the following time points was observed, 

suggesting that the incubation of neutrophils in RPMI medium at 37°C might exert a positive effect 

on the viability of enriched neutrophils. 

Importantly, results also showed that the rate of living, as well as apoptotic cells, was not altered 

after the treatment with DIA 12.3 antibody compared with the untreated samples, suggesting that 

the antibody reacts with neutrophils without interfering with general cellular processes such as 

apoptosis.  

 

 

 

 
 

a 
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Fig. 4.21. Detection of spontaneous apoptosis in human neutrophils. Neutrophils were cultured for 0, 

1, 2, 16, 18 and 20 hours in RPMI medium with or without 10 μg/ml of DIA 12.3 antibody at 37°C. At 

the end of each time point, neutrophils were double stained for FITC-annexin V and PI. The graphs 

show the % of early apoptotic (a), late apoptotic (b) and living cells (c) of three independent 

experiments. Bars are representative of the mean of triplicate values +/- SD.  

 

 

A well studied neutrophil-mediated mechanism to limit tumor progression is through the production 

of reactive oxygen and nitrogen species (ROS and RNS) (194, 195). Among the RNS, nitric oxide (NO) 

is an important signaling molecule released by the activated neutrophils.  

To assess if DIA 12.3 antibody triggers NO production, antibody treatments were performed on 

neutrophils co-cultured with CEACAM1-expressing breast tumor MDA-MB-231 cells at different 

effector:target cell ratios (Fig. 4.22). Neutrophil-produced NO was indirectly evaluated by measuring 

the concentration of nitrite (NO2
− ), a stable and nonvolatile product of NO released by neutrophils 

in the supernatants, according to the Griess reaction. 

No statistically significant differences in the absorbance values were observed between the 

untreated neutrophils and the negative control (only medium) for none of the tested effector:target 

cell ratios, confirming the lack of NO production by unactivated neutrophils. Furthermore, no 

b 

c 
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alteration in the absorbance levels following the incubation with the antibody was observed, 

suggesting that DIA 12.3 antibody does not induce neutrophil-mediated NO production. These 

findings are in line with what observed from neutrophil staining with antibody against CD66b, a well 

known marker for neutrophil activation (196). Neutrophils were CD66b positive soon after the 

enrichment protocol (t=0, Fig. 4.23a) and at 1, 2 and 18 hours after the incubation with or without 

the antibody, suggesting that the steps during isolation and enrichment procedures might activate 

neutrophils (Fig.4.23b, c). However, treatment of neutrophils with DIA 12.3 did not lead to an 

increased activation compared with the untreated samples (Fig. 4.23d), confirming that the antibody 

does not interfere with the physiological cellular processes of neutrophils. Interestingly, an increased 

level of activation was observed after 1 and 2 hours of incubation in the culture medium at 37°C, 

regardeless the antibody treatment, in concordance with the previously observed reduction of the % 

of late apoptotic cells. Thus, in addition to the increase of cell viability, incubation of neutrophils in 

cell culture medium at 37°C also contributes to promote neutrophil activation.  

 

 
 

Fig. 4.22. Analysis of NO levels released by neutrophils in culture supernatants. Neutrophils were co-

cultured with CEACAM1+ MDA-MB-231 cells at 10:1, 5:1 and 1:1 effector:target ratios. For each 

effector:target cell ratio, three different treatment conditions were tested: 1) neutrophils or 2) tumor 

cells alone pre-treated with or without 10 µg/ml of DIA 12.3 for 30 minutes at 37°C and then co-

incubated 4 hours at 37°C with tumor cells or neutrophils, respectively; neutrophils and tumor cells 

co-treated with or without 10 µg/ml of DIA 12.3 for 4 hours at 37°C. Then the supernatants were 

subjected to nitrite assay according to the Griess reagent system. Bars are representative of duplicate 

values +/- SD.  
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Fig. 4.23.  Evaluation of DIA 12.3 antibody effects on neutrophil activation. Isolated and enriched 

human neutrophils were incubated for 1, 2 and 18 hours in RPMI medium at 37°C in absence (b) or 

presence (c) of 10 µg/ml of DIA 12.3 antibody. Following each time point, neutrophils were then 

stained with anti-CD66b antibody. Comparison of MFI values related to CD66b+ cells after treatment 

with or without DIA 12.3 is shown (d). 
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4.7 In vivo Imaging 

 

4.7.1 DIA 12.3 DOTAylation and binding to hCEACAM1 and hCEA antigens in tumor cells  

 

In order to radiolabel DIA 12.3 with the positron emitter 64Cu, the antibody was conjugated to the 

chelate DOTA as previously described (186). Instant thin layer chromatogram (ITLC) showed that the 

efficiency of DOTA conjugation was higher than 96% (Fig. 4.24). In order to confirm that the 

DOTAylation did not affect the binding ability of the antibody, DIA 12.3 and DOTAylated-DIA 12.3 

were tested on hCEACAM1 and hCEA-expressing MDA-MB-231 cells. Results showed overlapped 

binding profiles of the antibody to hCEACAM1 as well as hCEA antigens, in which the % of tumor cells 

bound to DIA 12.3 or DOTAylated-DIA 12.3 were similar to that recorded for anti-CEACAM1 and anti-

CEA commercial antibodies (Fig. 4.25).  

 

 

 
 

Fig. 4.24. Instant thin layer chromatogram (ITLC) analysis of DOTAylated-DIA 12.3 antibody. 

Chromatogram from ITLC analysis of DOTAylabeled antibody revealed the presence of two peaks, 

region 1 and region 2, corresponding to DOTAylated-DIA 12.3 and unconjugated DIA 12.3 antibodies, 

respectively. The table indicates the % of each peak. 
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Fig. 4.25. Binding profiles of DIA 12.3 and DOTAylated-DIA 12.3 antibodies on MDA-MB-231 cell lines. 

hCEACAM1 (a) and hCEA (b)-expressing MDA-MB-231 cells were incubated with or without 10 μg/ml 

of DIA 12.3 and DOTAylated-DIA 12.3 antibodies, anti-CEACAM1(a) or anti-CEA (b) commercial 

antibodies.  

 

 

 

4.7.2 Studies in NSG mice 

 

4.7.2.1 Radiolabeling and PET Imaging of 64Cu-DOTAylated-DIA 12.3 in female NSG mice bearing 

breast tumor xenografts  

 

Radiolabeling of DOTAylated-DIA 12.3 antibody gave a product that was 60% labeled with 64Cu 

radioisotope (Fig. 4.26). To evaluate the antibody tumor-targeting, antigen-negative (Parental), 

hCEACAM1- and hCEA-positive human breast orthotopic tumor xenografts were established in 

mammary fat pads of female NSG mice. Because of technical issues encountered during the PET scan 

procedure, we were not able to obtain reliable images (data not shown). However, results from 

biodistribution analysis 46 hours post-injection showed uptake levels of almost 10% of antibody 

injected (ID) dose/g in hCEACAM-positive tumors (Fig. 4.27). At the same time point, the % ID/g in 

a 

b 
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hCEA-positive tumors was similar to the value recorded in the parental tumors, suggesting the higher 

in vivo binding specificity of the antibody to hCEACAM1 than hCEA antigen. Furthermore, the uptake 

of 64Cu-DOTAylated-DIA 12.3 antibody by the CEACAM1-positive tumor was higher than in normal 

organs, with the exception of the lung and kidneys. 

 

 

 

 
 

Fig. 4.26.  ITLC analysis of 64Cu-DOTAylated-DIA 12.3 antibody. Chromatogram from ITLC analysis of 

radiolabeled antibody revealed the presence of two peaks, region 1 and region 2, corresponding to 
64Cu DOTAylated-DIA 12.3 and unlabeled DOTAylated-DIA 12.3 antibodies, respectively. The table 

indicates the % of each peak. 
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Fig. 4.27. Antibody biodistribution analysis of NSG mice bearing breast tumor xenografts. Organs and 

tumors from female NSG mice bearing parental, hCEACAM1- or hCEA-positive human breast tumor 

xenografts were assayed for radioactivity 46 hours after the via tail vein injection of 6,4 µg/mouse of 
64Cu-DOTAylated-DIA 12.3 antibody. Bars represent the mean +/- S.D. of the percentage of the 

antibody injected dose per gram of tissue (% ID/g) in various organs and tumors from mice injected 

with each cell line (n=2 mice per cell line).   

 

 

Efficiency of the radiolabeling of DOTAylated-DIA 12.3 antibody for the second PET experiment was 

higher than the first one, resulting in 95% of radiolabeled antibody (Fig. 4.28). 

However, results from the previously described PET with NSG mice underlined the need to increase 

the dose of the injected antibody in order to enhance the antibody tumor uptake. For the same 

reason, the protocol was optimized by increasing the specific radioactivity of the labeled antibody 

from 1 mCi to 10 mCi of 64CuCl2 per 100 µg of DOTA-DIA 12.3. Therefore, 30 μg/mouse of unlabeled 

DIA 12.3 were injected in addition to 6,4 μg/mouse of 64Cu-DOTA-labeled DIA 12.3 with 100 µCi of 

product per 10 µg. Differently from the previous PET experiment, PET images of mice at 46 hours 

post-injection showed a clear enhancement in the uptake levels of the antibody in the antigen-

positive tumors compared to the parental tumor (Fig. 4.29a). Furthermore, results from 

biodistribution analysis displayed that the % ID/g in hCEACAM1-positive tumors was about 13% 

compared to 8% reached in the hCEA-expressing tumors at the same time point (Fig. 4.29b), 

confirming the DIA 12.3 specificity in the in vivo targeting of hCEACAM1-positive tumors. 
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Fig. 4.28.  ITLC analysis of 64Cu-DOTAylated-DIA 12.3 antibody. Chromatogram from ITLC analysis of 

radiolabeled antibody revealed the presence of two peaks, region 1 and region 2, corresponding to 
64Cu DOTAylated-DIA 12.3 and unlabeled DOTAylated-DIA 12.3 antibodies, respectively. The table 

indicates the % of each peak. 
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Fig. 4.29. PET imaging of female NSG mice bearing parental, hCEACAM1 and hCEA-positive human 

breast tumor xenografts. Mice bearing parental, hCEACAM1 or hCEA-positive human breast tumor 

MDA-MB-231 cells were imaged 46 hours after the via tail vein injection of 6,4 µg/mouse of 64Cu-

DOTAylated-DIA 12.3 antibody + 30 μg/mouse of unlabeled DIA 12.3 (a). Biodistribution analysis of 

the antibody 46 hours post-injection (b). Bars represent the mean +/- S.D. of the % ID/g in various 

organs and tumors from mice injected with each cell line (n=3 mice per cell line).   

 

 

4.7.3 Studies in transgenic mice 

 

4.7.3.1 Development of stable hCEACAM1- or hCEA-expressing murine bladder cancer and breast 

cancer cell lines for imaging studies in transgenic mice 

 

To study DIA 12.3 antibody tumor targeting in syngeneic and immunocompetent mice, we generated 

two mouse cell lines expressing hCEACAM1 or hCEA antigens. After two weeks of cell culture under 

the antibiotic selective pressure, MB49 cellular pools with the highest % of hCEACAM1 and hCEA-

positive cells were identified (Fig. 4.30a,e) and selectively sorted to high purity. Firstly, cell debris 

were excluded from the whole cell population by creating a gate using forward and side scatter 

parameters, which serve as indicators of relative particle size and complexity. Then doublets were 

excluded from the sort by examining the relative signal height vs. signal area of cells in this gate. Live 

single cells positive to the hCEACAM1 and hCEA staining were gated for sorting (Fig. 4.30 b,f). Each 

b 
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sorted population was greater than 99% pure (Fig. 4.30 c,g) and confirmed the antigen expression 

two weeks after the expansion (Fig. 4.30 d,h). 

 

 
Fig. 4.30. Strategy to develop hCEACAM1 or hCEA-expressing MB49 cell lines. The selected cellular 

pools (a, e) were subjected to cell sorting using the sorting channel to isolate only the positive cell 

subpopulations (b, f). A small amount of each sorted sample was re-analyzed in order to assess the 

purity (c, g). The expression of hCEACAM1 and hCEA antigens was evaluated two weeks after the 

expansion of the sorted cell populations (d, h). 

 

 

The transfected pool of hCEACAM1-expressing E0771 cells was not sorted, since 99.0% of the cells 

expressed hCEACAM1 after two weeks of antibiotic selection (Fig. 4.31a). In addition, almost 100% 

of cells kept the expression of hCEACAM1 antigen during the following weeks (Fig. 4.31b).  

 

 

 
Fig. 4.31. Strategy to develop hCEACAM1 murine breast cancer cell lines (E0771). Results from flow 

cytometry analysis on hCEACAM1-transfected E0771 cells stained with or without anti-CEACAM1 

commercial antibody (a). The hCEACAM1 antigen expression was assessed after two weeks of cell 

culture (b). 

 

a b 
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4.7.3.2 DIA 12.3 binding to hCEACAM1 and hCEA antigens in murine bladder cancer cells 

 

The previously transfected murine bladder cancer MB49 cells were used for PET studies described 

below. Firstly, flow cytometry analyses were performed in order to assess the antibody binding 

activity to hCEACAM1 and hCEA antigens expressed by MB49 cells. Results confirmed that the 

parental cells do not express neither of the antigens (Fig. 4.32a). More than 99% of the hCEACAM1-

expressing cells were bound to DIA 12.3 and commercial anti-CEACAM1 antibodies (Fig. 4.32b). 

Furthermore, DIA 12.3 bound hCEA-positive cells with a higher % than the aCEA commercial antibody 

(Fig. 4.32c). 

 

 

 
Fig. 4.32. Evaluation of hCEACAM1 and hCEA expression on parental and transfected MB49 cell lines. 

Parental, hCEACAM1 and hCEA-expressing murine MB46 cell lines were stained with or without 10 

µg/ml of DIA 12.3 antibody, aCC1 and aCEA commercial antibodies. 
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4.7.3.3 Evaluation of hCEACAM1 expression and DIA 12.3 reactivity to murine immune cells from 

Tg(hCEACAM1) - Tg(hCEA) and CEACAM1 KO mice 

 

Immune cells were isolated from the spleen and the blood collected from CEACAM1 knockout (KO) 

mice and Tg (hCEACAM1) - Tg(hCEA) mice developed by professor Shively and his group (185). The 

expression levels of hCEACAM1 antigen on T cells, B cells, neutrophils and myeloid cells were 

determined by staining with DIA 12.3 and the commercial anti-CEACAM1 antibody as control. In 

parallel with the spleen and the blood-derived immune cells, expression studies were performed on 

the neutrophil-enriched sample obtained from the collected whole blood. Results shown in Fig. 4.33 

confirmed that the immune cells from the knockout mouse do not express hCEACAM1 antigen (Fig. 

4.33a, b, c). By contrast, neutrophils derived from the transgenic mouse are the immune cells 

expressing the highest levels of hCEACAM1 in all the analyzed samples (Fig. 4.33d, e, f). However, a 

differential CEACAM1 expression can be observed between neutrophils derived from the spleen, 

blood and neutrophil-enriched samples. In fact, more than 60% of splenic neutrophils were positive 

stained cells, while blood-derived and enriched neutrophils showed 25% and 35% of positivity, 

respectively. Considering that CEACAM1 expression is lower on resting neutrophils, these findings 

are in line with the observation that blood-circulating neutrophils are activated to a lesser extent than 

the splenic neutrophils (197). The staining also showed that DIA 12.3 antibody specifically recognized 

hCEACAM1 expressed on the neutrophil cell surface, but with lower affinity than the commercial 

antibody, despite the previously described results. Taken all together, these preliminar results 

suggest that the Tg(hCEACAM1) - Tg(hCEA) mice represent a valuable animal model to study the 

effects of the antibody treatment on the crosstalk between tumor and immune cells. 
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Fig. 4.33. CEACAM1 expression pattern on murine immune cells. Spleen and blood-derived immune 

cells and the enriched neutrophil suspension from the whole blood, all derived from hCEACAM1 KO (a) 

and Tg (hCEACAM1) (b), were stained with 10 μg/mL of DIA 12.3 or anti-CEACAM1 commercial 

antibodies. Samples were processed to assess the antibody binding pattern profiles by flow cytometry 

studies.  

 

4.7.3.4 Radiolabeling and PET imaging of DOTAylated-DIA 12.3 antibody in male Tg (hCEACAM1) – 

Tg(hCEA) mice bearing murine bladder xenografts 

 

Radiolabeling of DOTAylated-DIA 12.3 antibody resulted in a final product 95.23% labeled with 64Cu 

(Fig. 4.34). Considering the better antibody tumor uptake observed in the last PET experiment with 

NSG mice, and given the high efficiency obtained from the antibody radiolabeling, the injected dose 

of DIA 12.3 antibody was increased by adding 30 μg/mouse of unlabeled DIA 12.3 to 6,4 μg/mouse 

of 64Cu DOTAylated-DIA 12.3 antibody also in the transgenic mice. However, no significant differences 

in the % of the antibody ID/g were observed between the parental and the hCEA or hCEACAM1-

positive tumors at 46 hours post-injection (Fig. 4.35), suggesting that the “cold” antibody might have 

played a blocking effect by preventing the binding of the radiolabeled antibody to hCEACAM1 and 

hCEA antigens. These results are in contrast with the previously discussed in vitro binding activity of 

DIA 12.3 antibody on antigen-negative and hCEACAM1 as well as hCEA-positive MB49 cells used for 

the injection. Furthermore, the recorded values of 6-8% of the antibody ID/g into the antigen-

negative as well as positive tumors, suggest that the Enhanced Permeability Retention (EPR) effect 

might have been the only component that contributed to the antibody tumor uptake in this case. In 

fact, macromolecular compounds can be trapped into the tumor mass for a prolongued period of 

time due to the high permeability of the tumor vessels (198), resulting in a background % of antibody 

tumor uptake of approximately 5%, depending on the type of solid tumor.  

Taken together, these results indicate that the dose of the radiolabeled antibody, the 

radiolabeled/unlabeled antibody ratio and the radioactivity of the 64Cu, may represent all possible 

parameters to be optimized in order to achieve the best imaging conditions of DIA 12.3 antibody with 

the human CEACAM1 and CEA double transgenic mouse model.  
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Fig. 4.34: ITLC analysis of 64Cu-DOTAylated-DIA 12.3. Chromatogram revealed the presence of two 

peaks, region 1 and region 2, corresponding to 64Cu DOTAylated-DIA 12.3 and unlabeled DOTAylated 

DIA 12.3 antibodies, respectively. The table indicates the % of each peak. 
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Fig. 4.35. Antibody biodistribution analysis in Tg (hCEA) - Tg (hCEACAM1) mice bearing murine bladder 

tumor xenografts. Organs and tumors from transgenic mice injected with parental, hCEACAM1 or 

hCEA-positive murine bladder tumor MB49 cells were assayed for radioactivity 46 hours after the via 

tail vein injection of 6,4 µg/mouse of 64Cu-DOTAylated-DIA 12.3 antibody + 30 μg/mouse of unlabeled 

DIA 12.3 antibody. Bars represent the mean +/- S.D. of the %ID/g in various organs and tumors from 

mice injected with each cell line (n=2 mice for hCEA or hCEACAM1 cell lines and n=1 mouse for the 

parental) 
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5.  CONCLUSION AND FUTURE PERSPECTIVES 

 

Cancer Immunotherapy is a promising therapeutic approach that has revolutionized cancer 

treatment and improved the patient’s quality of life in the last decades. Differently from the 

traditional cancer treatments, Immunotherapy relies on tumor-targeting immune cells which can 

reach distant area from the primary tumor site, allowing the long term control of cancer with reduced 

side effects (131).  

Monoclonal antibody (mAb)-based cancer therapy represents the most successfully Immunotherapy 

approach for an increasing number of hematologic as well as solid tumors in the last decades. Indeed, 

mAbs have become one of the largest classes of approved pharmaceuticals for cancer treatment 

(142). High antibody affinity and specificity against the tumor-specific antigens (TSAa) and tumor-

associated antigens (TAAs) are the main reasons at the core of the success of monoclonal antibodies 

as cancer therapeutics. Besides the antibody capability to spare healthy tissues, antibody engineering 

that relies on the structural and functional flexibility makes antibodies suitable therapeutic agents 

with broad therapeutic uses in cancer (199).  

CEACAM1, a unique member of the CEA family, is an attractive target for cancer immunotherapy 

because of its involvement in tumor progression and metastasis development. Overexpression of 

CEACAM1 was observed in the advanced stages of several solid tumors, such as melanoma, bladder 

cancer, thyroid cancer, pancreatic cancer and colon cancer (200). CEACAM1 overexpression in these 

malignancies positively correlates with tumor progression and metastasis development, highlighting 

its role as tumor marker (93). 

In addition, CEACAM1 has been established as an emerging immune checkpoint inhibitor expressed 

on activated immune cells, such as T cells, NK cells and neutrophils, by mediating the downregulation 

of the immune responses (93).  

On NK cells, CEACAM1 is a negative co-receptor which mediates inhibitory signaling independently 

from the MHC complexes (45). The binding between the activating receptors on NK cells and the 

activating ligands on tumor cells, triggers the NK-mediated cytotoxic activity, leading to cell lysis. 

However, following the homophilic interactions between CEACAM1 expressed by NK cells and 

CEACAM1 on tumor cells via N-domain, CEACAM1 on NK cell surface dimerizes and physically 

associates with the NKG2D activating receptor, resulting in the inhibition of NKG2D-mediated 

cytolysis of CEACAM1-expressing tumor cells (56). 

DIATHIS1 is a fully human anti-CEACAM1 antibody developed in the scFv format in GMP setting by 

DIATHEVA s.r.l. in collaboration with the Istituto Superiore della Sanità (177). Immunofluorescence 

and flow cytometry studies revealed that DIATHIS strongly bound to CEACAM1 antigen expressed on 

the surface of melanoma cells (177). Furthermore, DIATHIS1 was found to enhance the NK-cell 

mediated cytotoxicity against melanoma cells in co-incubation experiments at different 

effector:target cell ratios (180).  
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However, despite the scFv antibody fragments show better penetration into solid tumors than intact 

antibodies, the lack of the Fc domain and their reduced size are responsible for several drawbacks. 

With respect to full size antibodies, the lower stability, higher tendency to aggregate, shorter half-life 

and faster renal clearance of scFv antibody fragments, may result in the therapeutic requirement of 

higher and continuous antibody doses to reach the desired effects (181, 182). In order to overcome 

the limits of scFv fragment format and to make DIATHIS1’s properties more suitable for therapeutic 

applications, the current project was focused on the convertion and characterization of the full size 

anti-CEACAM1 antibody format.  

In the present study, the bicistronic vectors for the expression of IgG1 or IgG4 anti-CEACAM1 

antibodies were created and used to develope stable antibody-producing clones in HEK293 cells. 

Antibody purification by Protein A Affinity Chromatography allowed to obtain IgG1 with a higher yield 

than IgG4 antibody. SEC-HPLC analyses revealed that the two antibodies were high-pure monomers 

of 150kDa. However, the observation of incompleted forms of IgG1 and IgG4 antibodies by non-

reducing SDS-PAGE analyses highlighted the need to optimize the purification protocol. For istance, 

the introduction of further purification steps following the Protein A affinity chromatography might 

increase the purity of the final purified product.  

Analyses of the purified antibodies after eight months of storage at 4°C revealed the higher structural 

stability of IgG1 than IgG4 antibody. In fact, contrarily from IgG4, precipitated aggregates and other 

bands besides the ones corresponding to the heavy chain and the light chains were not observed. 

These findings are in line with the observations that IgG4 is less stable and more prone to aggregate 

than IgG1, mainly because of the differences in the length, flexibility and amino acidic sequence of 

the hinge region (187, 188). Furthermore, despite IgG4 contained the S228P mutation in the hinge 

region that is known to abolish the Fab-arm exchange, it appeared to be insufficient to stabilize the 

antibody and prevent its aggregation, making the IgG4 production and manufacturing difficult.  

Antibody functional characterization by ELISA and flow cytometry assays revealed that despite both 

the subclasses had a good and linear binding activity to human CEACAM1 antigen, IgG1 showed 

higher immunoreactivity than IgG4 at equal tested doses. Importantly, the binding profile of IgG1 as 

well as IgG4 antibodies was not altered eight months after the purification, confirming the antibody 

stability during the storage at 4°C. Taken all together, these preliminar results demonstrated the 

better performances of IgG1 antibody, termed DIA 12.3 from its producing cell subclone, than IgG4, 

and thus it was selected as therapeutic agent for the pre-clinical studies of the current project.  

Characterization of the antibody expression by the final subclone #12.3 highlighted the homogeneity 

of the subclone, since it was exclusively composed of antibody-producing cell subpopulations. 

Furthermore, the subclone showed stability in the antibody expression up to 60 days in the absence 

of the antibiotic for the selective pressure in the culture medium. In order to circumvent the 

drawbacks due to the presence of FBS in the culture medium, the subclone #12.3 was successfully 

adapted to the suspension growth in a serum-free chemically defined medium, enabling also to 

increase the final protein yield. Although cell growth and viability were not negatively affected during 

the adaptation process, supplementing the cell culture medium with cell boosts that contain nutrient 
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elements may be a valuable approach to support the manufacturing process and further increase the 

final product yield.  

 

Concerning the in vitro antibody efficacy, DIA 12.3 showed the ability to bind to CEACAM1 antigen 

on metastatic melanoma cells, bladder and colon cancer cells in dose-dependent manner. However, 

further in vitro studies are needed to add to our understanding of the antibody binding properties. 

To this end, Immunofluorescence analysis might provide evidences of the antibody localization on 

tumor target cells. In addition, Immunohistochemistry studies would be required to assess the cross-

reactivity of the antibody on normal samples and the specificity on a larger panel of solid tumors, 

including head&neck, prostate, pancreatic and non-small cell lung (NSCLC) cancers. These studies will 

be of considerable interest to define all the possible target tumors for which DIA 12.3 might act as 

effective therapeutic agent. Coinciding with this purpose, positive results were observed by LDH 

cytotoxic assays. In fact, NK cells exhibited higher killing activity following antibody treatment of 

melanoma cells, compared to the cytotoxicity observed against untreated melanoma cells. However, 

in order to prevent excessive cytotoxic response also due to the killing of CEACAM1-expressing 

immune cells in addition to tumor cells (198), an anti-CEACAM1 antibody with reduced effector 

functions was developed by introducing the N297A substitution in the Fc fragment of DIA 12.3 

antibody. Although the binding activity to CEACAM1 remained unalterated, the mutated antibody 

showed reduced ability to improve NK-cell mediated killing of melanoma cells, as expected. 

It was shown that TIM3 and PD-1 are heterophilic ligands that cooperate with CEACAM1 to induce T 

cell exhaustion and function inhibition, by heterodimeric interactions with CEACAM1 on tumor cells 

(40, 41). Therefore, it would be interesting to evaluate whether combinatorial treatments of tumor 

cells with DIA 12.3 and TIM3 or PD-1 inhibitors induce synergistic effects in cancer cell killing, with a 

greater success rate than the antibody monotherapy. 

In addition to NK cells, this project investigated the possibility to exploit the potential of neutrophils 

as effector cells with tumor suppression functions. Besides being the most abundant circulating 

immune cells and the first line of defense against infections (59), the attention to neutrophils has 

increased in recent years due to their controversial but undeniable dual role in suppressing and 

promoting cancer (68). Among the anti-cancer cytotoxic effects, ADCC is one mechanism by which 

neutrophils kill cancer cells (69, 70). Differently from resting neutrophils, CEACAM1 was expressed 

on neutrophil cell surface upon their activation and it was recognized by DIA 12.3 and mtN297A DIA 

antibodies. Investigation of the spontaneous neutrophil apoptosis and the activation following 

antibody treatment, confirmed the safe applications of the antibody with neutrophils. In fact, no toxic 

effects, alteration of neutrophil activation or neutrophil-mediated NO production were observed 

upon treatment with DIA 12.3 antibody. Furthermore, in line with their well known short half-life, 

these results confirmed that in vitro experiments with neutrophils have to be performed within the 

first hours after neutrophil isolation and enrichment, and not later than 16 hours, because of the 

drammatic drop of cell viability. In addition, these results showed that neutrophil incubation in 

culture medium at 37°C for 1 or 2 hours contributed to enhance cell viability and, as consequence, 

neutrophil activation. Working with neutrophils implies efforts, because of their known sensitivity, 

inhability to proliferate and limited lifespan. Therefore, all these preliminar results are useful 

considerations to take into account to perform the next in vitro efficacy experiments, which will be 
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aimed to test the efficay of DIA 12.3 antibody to alter the neutrophil-mediated killing of tumor cells 

in a CEACAM1 antigen-restricted manner. 

DIA 12.3 antibody was successfully DOTAylated for in vivo tumor imaging purposes, without affecting 

the antibody binding activity. The first PET imaging was performed on NSG mice bearing breast tumor 

xenografts to evaluate the tumor-targeting of the radiolabeled 64Cu-DOTAylated-DIA 12.3 antibody. 

To optimize the protocol based on the first results, in the second PET experiment a higher doses of 

antibody was used, by injecting unlabeled DIA 12.3 in addition to the 64Cu-DOTAylated DIA 12.3 

antibody, together with the increased radioactivity of this latter. The higher tumor uptake of DIA 12.3 

into the CEACAM1-positive tumor compared to the parental and the CEA-positive tumors  46 hours 

post-injection suggested the in vivo binding specificity of DIA 12.3 to CEACAM antigen.  

The in vivo tumor targeting of the antibody was investigated also in fully immunocompetent double 

transgenic mice expressing hCEACAM1 and hCEA antigens from Dr. Shively’s lab at the Beckman 

Research Institute (City of Hope, Duarte, Ca) (185). However, in contrast with the strong antibody 

binding activity observed in vitro on antigen negative and hCEACAM1- or hCEA-positive murine MB49 

cells, results from in vivo imaging with the same cell lines revealed a similar uptake of the antibody in 

the parental compared to the hCEACAM1- or hCEA- expressing tumours. This discrepancy might be 

probably due to the blocking effect of the unlabeled antibody that competed with 64Cu-DOTAylated-

DIA 12.3 to bind the target antigens. Furthermore, in all the tumors the antibody uptake was not 

higher than the backgroung % of the ID/g that is due to the EPR effect. Therefore, optimization of the 

imaging protocol will be required to better use this valuable Tg(hCEACAM1) - Tg(hCEA) mouse model. 

In fact, it would be extremely interesting to study in the future the effects of DIA 12.3 antibody on 

the in vivo cross talk between the tumor and the immune compartment. 
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