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Abstract

Metastasis and chemoresistance in colorectal cancer are mediated by certain poorly differentiated 

cancer cells, known as cancer stem cells, that are maintained by Notch downstream signaling 

initiated upon Notch cleavage by the metalloprotease ADAM10. It has been shown that ADAM10 

overexpression correlates with aberrant signaling from Notch, erbBs, and other receptors, as well 

as a more aggressive metastatic phenotype, in a range of cancers including colon, gastric, prostate, 

breast, ovarian, uterine, and leukemia. ADAM10 inhibition, therefore, stands out as an important 
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and new approach to deter the progression of advanced CRC. For targeting the ADAM10 

substrate-binding region, which is located outside of the catalytic domain of the protease, we 

generated a human anti-ADAM10 monoclonal antibody named 1H5. Structural and functional 

characterization of 1H5 reveals that it binds to the substrate-binding cysteine-rich domain and 

recognizes an activated ADAM10 conformation present on tumor cells. The mAb inhibits Notch 

cleavage and proliferation of colon cancer cell lines in vitro and in mouse models. Consistent 

with its binding to activated ADAM10, the mAb augments the catalytic activity of ADAM10 

towards small peptide substrates in vitro. Most importantly, in a mouse model of colon cancer, 

when administered in combination with the therapeutic agent Irinotecan, 1H5 causes highly 

effective tumor growth inhibition without any discernible toxicity effects. Our singular approach 

to target the ADAM10 substrate-binding region with therapeutic antibodies could overcome the 

shortcomings of previous intervention strategies of targeting the protease active site with small 

molecule inhibitors that exhibit musculoskeletal toxicity.
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1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in the USA. A 

subgroup of cancer cells with stem cell-like properties, known as cancer stem cells (CSCs) 

initiate and sustain tumor growth and promote metastasis and chemoresistance in CRC [1]. 

A key determinant of the CSC phenotype is activation of Notch receptor signaling. Ligand-

activated Notch signaling involves sequential cleavage of the extracellular and intracellular 

domains by ADAM10 metalloprotease (functioning as alpha-secretase) and γ-secretase 

activity, respectively, to modulate downstream transcription of target genes [2]. In addition 

to Notch receptor signaling, EGFR/erbB signaling that is essential for the development and 

metastasis of CRC, is also dependent on ADAM10 activity [3]. Notch signaling, and CSCs 

are also associated with drug resistance, and inhibition of Notch signaling is widely reported 

to increase sensitivity to both chemo- and targeted therapies [4-9]. However, targeting Notch 

using pan-specific γ-secretase inhibitors [10] is hampered by intestinal toxicity, reflecting 

the diversity of γ-secretase targets [11]. Nevertheless, Notch-specific inhibitory monoclonal 

antibodies (mAbs), avoiding this toxicity, have validated Notch inhibition as a promising 

anti-cancer therapeutic approach [12].

The ADAM (‘A Disintegrin And Metalloprotease’) proteases catalyze the release of cell 

surface proteins implicated in Notch, erbB, cytokine, chemokine and adhesion receptor 

signaling, thereby activating key oncogenic pathways, and are recognized targets for 

therapeutic intervention [2,3]. ADAMs are transmembrane proteins with an N-terminal pro-

domain, followed by metalloprotease (M), disintegrin (D), cysteine-rich (C), transmembrane 

and cytoplasmic domains [13]. Their proteolytic specificity does not simply rely on a typical 

substrate cleavage signature, but also on non-catalytic interactions of substrates with the 

ADAM C domain to align the substrate and the protease domain for effective cleavage 

[14-16]. ADAM10 is principally involved in activation of Notch [17], and Eph [14,16] 
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receptor signaling, while both ADAM10 and its close relative ADAM17 (TNFα-activating 

enzyme, or TACE) activate erbB/EGFR receptors via shedding of their ligands with differing 

specificities [3]. Previous attempts to deter oncogenic pathways by developing small 

molecules inhibitors targeting the protease active site of ADAM10 and ADAM17 failed due 

to musculoskeletal toxicity thought to be from inhibiting certain matrix metalloproteinases 

(MMPs) [18,19]. Studies developing more specific antibody-based inhibitors have been 

limited to ADAM17, confirming effects on EGFR/erbB signaling and cell proliferation in 

vitro [20,21] and in vivo [22], while prior to our work, no inhibitory/therapeutic ADAM10 

mAb has been developed to the best of our knowledge. We previously identified the ligand-

recognition region in ADAM10, (D+C domain region) and generated murine monoclonal 

antibodies (mAbs) against it [23]. One of the most potent anti-ADAM10 mAb, 8C7, 

inhibited Notch activity, as well as reduced the shedding of the erbB2 ectodomain and 

the expression of multiple cell-surface receptors, in mouse models of CRC, without any 

evidence of non-target toxicity. Remarkably, 8C7 selectively targeted CSCs by recognizing 

an active form of ADAM10, preferentially present in tumors as compared to normal tissue 

[24]. Consistent with its specificity, 8C7 was most effective in inhibiting tumor relapse when 

combined with chemotherapy [24]. Here we report the generation and characterization of 

a fully human anti-ADAM10 monoclonal antibody, 1H5, that binds to a similar ADAM10 

epitope, preferentially recognizes ADAM10 on cancer cells, and inhibits Notch cleavage and 

proliferation of cancer cells in cell-based assays. Most importantly, in preclinical studies 

with the colon cancer cell line COLO205, 1H5 causes over 80 % tumor growth inhibition in 

combination with the chemotherapeutic agent, Irinotecan.

2. Materials and methods

Cell lines:

The triple-negative breast cancer (TNBC) cell line MDA-MB-231 was cultured in 

Dulbecco’s Modified Eagle Medium (DMEM), 10 % Fetal Bovine Serum (FBS), 1 % 

Penicillin/Streptomycin (P/S) and 2 mM L-Glutamine whereas SKBR-3 was grown in 

McCoy’s 5a, 10 % FBS and 1 % P/S. The ovarian carcinoma cell line OVCAR-3 was 

cultured in RPMI-1640, 10 % FBS, 1 % P/S, 10 mM HEPES and 0.2 units/ml Insulin while 

SKOV-3 was grown in DMEM, 10 % FBS and 1 % P/S. The lung adenocarcinoma cell line 

HCC-827 and the COLO205 cell line (made up of epithelial cells from ascitic fluid derived 

from a 70-year-old, Caucasian man with colon cancer), were cultured in RPMI-1640, 10 

% FBS and 1 % P/S. The glioma cell line U-87 MG was propagated in Eagle’s Minimum 

Essential Medium, 10 % FBS and 1 % P/S All these cell lines described above were 

purchased from American Type Culture Collection (ATCC). The LIM1215 colon cancer cell 

line [25], was purchased from Cell Bank Australia and cultured in RPMI1640 with 2 mM 

L-Glutamine, 25 mM HEPES, 10 % FBS, 0.6 μg/ml Insulin, 1 μg/ml Hydrocortisone and 10 

μM Thiolglycerol. The cell lines were regularly tested for mycoplasma contamination and 

subcultured according to the instruction manual.

Expression and purification of the ADAM constructs:

The human ADAM10 cDNA and the human ADAM19 cDNA were purchased from 

GenScript. The bovine ADAM10 cDNA and the human ADAM17 cDNA were gifts from 
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Dr. Carl Blobel, Hospital for Special Surgery, New York. The bovine ADAM10 extracellular 

domain, ECD, (20–646) as well as the D+C domains (455–646) were cloned, expressed, 

and purified from HEK293 cells using a custom made pcDNA™ 3.1+ vector [14]. The 

constructs were fused to a removable Fc-tag at the C-terminus. The C-terminal Fc-tag was 

used to facilitate protein-A affinity chromatography and removed by thrombin cleavage 

afterwards. Likewise, we purified the human ADAM19 D+C construct (438–646) using 

this mammalian expression system. The human ADAM10 ECD (20–650), human ADAM10 

D+C (455–650), human ADAM17 ECD (20–655) and the human ADAM17 D+C (482–

648) were cloned into a custom-made pMA152a baculovirus vector [26]. pMA152a is 

based on the pAcGP67B vector (BD Biosciences) with an incorporated removable Fc-tag 

(human). Secreted recombinant proteins were produced by baculovirus-infected Hi5 insect 

cell following the protocol provided by BD Biosciences. The proteins were purified from the 

culture supernatants of the insect cells using protein-A. Size-exclusion chromatography was 

performed as the final step to obtain all the purified recombinant proteins described here.

Generation of 1H5:

The bovine ADAM10 D+C was used as an antigen to pan a large naïve human Fab library. 

For panning, two ICAT5 and ICAT5–1 phage libraries were pre-blocked with 3 % skim-milk 

in PBS (w/v) for 1 h at 25 °C. Blocked phages were incubated with 100 nM biotinylated 

human ADAM10 D+C for 1 h at 25 °C. Bound phages were separated by streptavidin coated 

magnetic beads (Invitrogen, 11–205-D) and washed 10 times with 1 ml of PBS pH 7.4 

containing 0.1 % Tween-20 (w/v). Elution of bound phages was conducted by adding 1 μM 

of non-biotinylated antigen or 8C7 for O/N at 4°C. For 2nd and 3rd rounds of panning, 

reduced concentration (50 nM and 5 nM respectively) of biotinylated ADAM10 D+C was 

applied to pan out high-affinity Fab binders. After 3 rounds of panning, binding of 192 

individual clones were analyzed in ELISA, and the selected clones after rescue of pCAT2 

plasmid DNA, were sequenced. 1H5 Fab and IgG were purified as described previously 

[27].

Competitive ELISA to gauge relative bindings of 1H5 (human mAb) and 8C7 (murine mAb) 
to immobilized ADAM10 D+C domains construct (antigen):

The wells were coated with 100 ul of ADAM10 D+C (concentration 2 ug/ml). After three 

washes with PBS, the wells were blocked with 4 % non-fat dry milk. Varying concentrations 

of 1H5 (human) or 8C7 (murine) mAbs were added to the wells and incubated for 1 hr. Goat 

anti-human IgG cross-adsorbed secondary antibody conjugated to HRP, Invitrogen, (1:2000 

dilution) was used to detect the binding of 1H5 to immobilized ADAM10 D+C antigen. 

Rabbit anti-mouse IgG cross-adsorbed secondary antibody conjugated to HRP, Invitrogen, 

(1:2000 dilution) was used to detect binding of 8C7 to ADAM10 D+C. Cross-adsorption 

ensured that the secondary antibodies maintained their desired species reactivity as shown in 

the graph (1H5/anti-murine secondary or 8C7/anti-human secondary). Color was developed 

using the TMB substrate kit (Thermo Scientific) and data was recorded at 450 nm. For 

the competition assay, we used a mixture of 1H5 and 8C7 at a 1:1 molar ratio. The final 

concentration of each mAb in the mixture was the same as when added individually. The 

mixture was added to the wells and incubated for 1 hr. Relative binding of 1H5 or 8C7 (in 
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the mixture) to ADAM10 D+C was detected using goat anti-human IgG or rabbit anti-mouse 

IgG secondary (cross-adsorbed, 1:2000 dilution) conjugated to HRP.

Alamar Blue cell viability assay:

The cancer cells (colon/breast/ovarian/glioma/lung-adenocarcinoma) were harvested in the 

log phase of growth (after 3 days of culturing), adjusted to 5 × 104 cells/ml, and allowed to 

adhere and grow for 24 h in 96-well cell culture plates. The cells were then treated with test 

agent, in this case, the human anti-ADAM10 mAb 1H5 and allowed to grow for additional 

38 h. Cells not treated with the mAb were used as a control. Alamar Blue (Bio-RAD 

Laboratories) (10 % of the well volume) was added aseptically. Cultures containing Alamar 

Blue were incubated for 6 hrs and cell proliferation was measured spectrophotometrically by 

absorbance at 570 and 600 nm. Cell viability was calculated using the following formula:

Percentage difference between treated and control cells.

((O2 x A1) − (O1 x A2) X 100) ∕ ((O2 x P1) − (O1 x P2))

O1 = molar extinction coefficient (E) of oxidized alamarBlue® (Blue) at 570 nm, O2 = 

E of oxidized alamarBlue® at 600 nm, A1 = absorbance of test wells at 570 nm, A2 = 

absorbance of test wells at 600 nm, P1 = absorbance of positive growth control well (cells 

plus alamarBlue® but no test agent) at 570 nm, P2 = absorbance of positive growth control 

well (cells plus alamarBlue® but no test agent) at 600 nm [28].

Sandwich ELISA to quantitate total Notch1 and NICD1 (Notch intracellular domain) in 
lysates of COLO205 cells untreated and treated with the human mAb 1H5:

The COLO205 cells were harvested in the log phase of growth (after 3 days of culturing), 

adjusted to 5 × 104 cells/ml, and allowed to adhere and grow for 24 h in 6-well cell 

culture plates (Greiner bio-one). The cells were treated with 5 μg/ml of 1H5 mAb and 

harvested after 10, 18 and 36 h of treatment. We used the PathScan® total Notch1 sandwich 

ELISA kit to measure total Notch1 according to the manufacturer’s protocol (Cell Signaling 

Technologies). Briefly, the cells harvested at different time points were resuspended in 1X 

lysis buffer containing 1 mM PMSF, sonicated on ice and centrifuged for 10 min (x14,000 

rpm) at 4 °C. The supernatant, which is the cell lysate was used for further study. We added 

100 μl of the lysates (diluted to 1 mg/ml) from the different time intervals to the microwells 

(in quadruplicate) coated with a Notch1 rat antibody. This antibody captures the total 

Notch1 (cleaved plus uncleaved) from the lysates. After extensive washing, a Notch1 rabbit 

antibody was added to detect the total captured Notch1 protein. To detect NICD1, we used 

PathScan® cleaved Notch1 (Val1744) sandwich ELISA Kit (Cell Signaling Technologies). 

Here, a cleaved-Notch1 rabbit detection antibody (Val1744) was used instead, to detect 

endogenous levels of Notch1 that is cleaved at Val1744. Anti-rabbit IgG, HRP-linked 

antibody was used in both cases to recognize the bound detection antibody. Color was 

developed using the TMB substrate. The data was recorded at 450 nm. Lysates from 

untreated cells served as controls. Comparison of Notch levels between treated and untreated 

groups was performed using independent t test. Total notch levels did not significantly differ 
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between the two groups (A), p = 0.162. On the other hand, the mAb-treated group showed 

significant decrease of the cleaved notch levels when compared with the untreated control 

(B), p < 0.001. This demonstrates the unique capacity of the mAb to selectively inhibit notch 

cleavage.

In vivo antitumor efficacy studies:

The COLO205 cells were grown in monolayer culture, harvested by trypsinization, and 

implanted subcutaneously into the right flank of 6- to 8-week-old female athymic nude mice 

(n = 4). Approximately 10 million cells were injected per mouse. Mice were randomized 

into 4 mice per group (4 groups). When tumors reached 100–150 mm3, the anti-ADAM10 

mAb 1H5, Irinotecan were injected intraperitoneally. Sterile PBS was used as a control. 

Tumor volume was determined by external caliper and calculated by the modified ellipsoidal 

formula: V = ½ (Length × Width2). Antitumor efficacy was calculated as (1-dT/dC) X100, 

where dT is the final tumor volume minus the starting tumor volume from the treatment 

group and dC is the final tumor volume minus the starting tumor volume of the control 

group [29]. Error bars were calculated as SEM. The mouse body weight and general health 

were monitored daily, and the experiments were carried out in accordance with Association 

for Assessment and Accreditation of Laboratory Animal Care and MSKCC Institutional 

Animal Care and Use Committee guidelines.

Cell-based ELISA assays to measure the binding of the anti-ADAM10 mAbs 1H5 and 
mAb1427 to cancer cell lines:

Cellular ELISA [30] was performed to measure the binding of the anti-ADAM10 human 

mAb 1H5, relative to the binding of the commercial anti-ADAM10 mAb1427 (monoclonal 

mouse IgG2B Clone # 163003, R&D), to ADAM10 expressed on the cell surface of colon 

cancer cell lines LIM1215 and COLO205 as well as to HEK293 cells and HEK293 cells 

transfected with full-length human ADAM10. Briefly, 5 × 104 cells/well were immobilized 

on 96-well ELISA plates (Greiner bio-one) with 1 % paraformaldehyde for 2hrs at 37° C. 

The plate was washed thrice with PBS and blocked for 2 hrs at room temperature with 4 

% non-fat dry milk. The anti-ADAM10 mAbs were then added in varying concentrations. 

Mouse mAb conjugated to HRP and recognizing human IgG was used as a secondary 

antibody (Abcam) to detect 1H5 binding to ADAM10 expressed on the cells. For the 

commercial mAb1427 recognizing human ADAM10, we used goat anti-mouse IgG (H+L) 

secondary antibody conjugated to HRP (Thermofischer Scientific). Color was developed 

using the TMB substrate kit (Thermo Scientific). The data was recorded at 450 nm.

Fluorescent Peptide Cleavage Assay:

The purified anti-ADAM10 mAbs 1H5, 8C7 as well as the commercial anti-ADAM10 

mAb1427 (R&D), were buffer-exchanged into 25 mM Tris, pH 9.0, containing 2 μM ZnCl2, 

and 0.005 % (w/v) Brij-35. ADAM10 ECD-antibody or ADAM10 ECD-inhibitor (GM6001) 

complexes were formed at a 1:1 molar ratio prior to the assay. The assay was carried out by 

mixing 50 μM of a fluorogenic peptide substrate Mca-PLAQAV-Dpa (R&D Systems Cat# 

ES003) with ADAMlO-antibody/inhibitor complexes at 37°C and monitoring the progress 

of the enzymatic reaction by fluorescence emission (excitation 320 nm and emission 405 

nm) over a time course of 1 h using a SpectraMax M5. ADAM10 ECD (bovine or human) 
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alone was used as positive control. The substrate peptide contains a highly fluorescent 

7-methoxycoumarin group and a quencher group, 2,4-dinitrophenyl. ADAM10 cleaves 

the amide bond between the fluorescent and the quencher group causing an increase in 

fluorescence (R&D Systems, Cat Number ES003) [31,32]. The peptide was derived from 

TNFalpha.

Statistical Analysis:

The data from all in vitro and cell-based assays described, including Alamar blue, 

fluorescent peptide cleavage and ELISA-based assays, are representative of triplicate 

determinations and two independent experiments. Statistical analysis was performed using 

IBM SPSS version 29. P values were calculated using either one-way ANOVA with a 

Dunnett’s multiple comparison post hoc test, or one- or two-tailed independent t test 

analysis as indicated on each figure. A p value of < 0.05 was considered significant.

Crystallization and structure determination:

A bovine ADAM10 fragment containing the disintegrin and cysteine-rich domains 

(ADAM10(D+C), residues 455–646) was produced as described previously. [14] The 1H5 

Fab fragment was prepared by digesting 1H5 with papain at pH 6.5 (enzyme/substrate 

ratio 1:100) for 2 h at room temperature. The final purification was performed using gel 

filtration chromatography (SD-200 column, 20 mM Hepes, and 150 mM NaCl, pH 7.5). The 

protein eluted as a monomer of ~50 kDa. For crystallization, ADAM10 (D+C) was mixed 

with the 1H5 Fab at 1:1 molar ratio (final concentration 22 mg/ml) in a buffer containing 

20 mM HEPES, 150 mM NaCl, pH 7.4. The complex was crystallized in a hanging drop 

by vapor diffusion at room temperature against a reservoir containing 0.1 M BICINE, 

pH 8.5, 20 % PEG10,000. The initial thin plate like crystals were optimized using streak 

seeding. Sizeable crystals, in the space group P21221, were obtained and data was collected 

at Argonne National Laboratory, Chicago. The structure was determined using molecular 

replacement with the ADAM10(D+C)/8C7-F(ab′)2 structure as a search model (PDBID 

5L0Q). The ADAM10/1H5 structure model was built with the program Coot and refined 

with PHENIX_Refine. The final structure was validated with PROCHECK. The accession 

number for the deposited structure is PDB 8GH4.

3. Results

Generation of a fully human anti-ADAM10 mAb. We used a recombinant bovine ADAM10 

D+C domain construct (ADAM10(D+C), Fig. 1A) in a phage displayed Fab library screen 

to identify an ADAM10 specific fully human antibody. We conducted three rounds of phage 

panning with ICAT5 and 5–1 Fab libraries constructed previously [27] and identified a 

dominant clone named 1H5 after 192 single clone analysis (Fig. 1B). After purification 

of 1H5 Fab, we confirmed that it bound to ADAM10(D+C) in a concentration dependent 

manner. In addition, competitive ELISA experiments with the murine 8C7 IgG demonstrated 

that 1H5 binds a similar epitope region in ADAM10 (Fig. 1B). Additional ELISA 

experiments (Fig. S1) document that both 1H5 and 8C7 efficiently bind to ADAM10 D+C 

when added alone, and that 1H5 outcompetes 8C7 when added at a 1:1 molar ratio mixture. 

Using cross-adsorbed secondary antibodies, we ascertained that there were no cross-species 
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reactivity as evidenced from the 1H5/anti-murine secondary or 8C7/anti-human secondary 

plots.

1H5 inhibits proliferation of colon cancer cell lines in Alamar Blue assays:

As ADAM10 is thought to control cell proliferation via activation of Notch and EGFR/

HER2 signalling [2,24], we performed Alamar blue cell viability assays to evaluate the 

anti-proliferative potential of the fully human anti-ADAM10 1H5 mAb using a variety of 

cancer cell lines that are either Notch or EGFR/HER2 dependent. These included colon, 

breast, ovarian, glioma and lung adenocarcinoma (non-small cell lung cancer or NSCLC). 

The colon cancer cell lines LIM1215 and COLO205 display high levels of Notch receptors 

[33]. The triple-negative breast cancer cell line MDA-MB-231 has high EGFR expression, 

while SKBR-3 overexpresses HER2 [34]. The epithelial ovarian cancer cell line OVCAR-3 

represent high-grade serous carcinoma (HGSC) type, while SKOV-3 belongs to the non-

HGSC type [35]. Notch1 is known to be activated in glioblastoma and it has been shown that 

targeting Notch1 suppressed growth and proliferation of U-87 MG in vitro and in xenograft 

models [36]. EGFR signaling plays a crucial role in non-small cell lung cancer (NSCLC) 

occurrence and progression and is increased in over 45 % of the tumor lesions from NSCLC 

patients [37]. Our objective was to evaluate if the 1H5 mAb can inhibit the proliferation 

of these cancer cell lines. The Alamar blue assays show that 1H5 is more efficient in 

inhibiting Notch-dependent cancer cell lines, including LIM1215, COLO205 and U-87MG 

(60–70 % inhibition at 20 μg/ml), as compared to EGFR/HER2 dependent lines, such as 

MDA-MB-231, SKBR-3, OVCAR-3, SKOV-3 or HCC-827 (25–45 % inhibition at 20 μg/ml, 

Fig. 2).

1H5 inhibits Notch cleavage in COLO205 cells:

As previously mentioned, ligand-activated Notch signaling requires sequential cleavage of 

Notch by ADAM10 (which is the α-secretase for Notch) and by γ-secretase, releasing the 

Notch intracellular domain (NICD) in the cytoplasm [2]. To confirm that 1H5 blocks Notch 

processing, we evaluated the levels of cleaved and total (cleaved plus uncleaved) Notch1 in 

COLO205 cells using sandwich ELISA (PathScan®, Cell Signaling Technologies) following 

the manufacturer’s protocol (Materials and Methods). The detection antibody for cleaved 

notch specifically recognizes the cleaved (at Val1744) NICD1, while the detection antibody 

for total Notch1 binds the intracellular region in both cleaved and uncleaved Notch1. The 

results shown on Fig. 3 document that treatment with 1H5 significantly inhibits Notch1 

cleavage without affecting the total Notch1 levels.

1H5 causes tumor growth inhibition of the colon cancer cell line COLO205 in vivo and 

is most effective in combination with chemotherapy. We determined the in vivo anti-tumor 

efficacy of human 1H5 mAb in a mouse model of CRC using xenografted COLO205 

cells. Our previous results with the murine anti-ADAM10 mAb 8C7 showed that 8C7 

inhibited tumor growth in combination with irinotecan, a chemotherapeutic drug used for the 

treatment of CRC [24]. In the same light we investigated the effect of the mAb 1H5 alone 

and in combination with Irinotecan. In the combination treatment (Fig. 4), we recorded 83 

% tumor growth inhibition compared to 54 % (mAb alone) and 48 % (Irinotecan alone). 

There was no loss in mouse weight or presence of visible diarrhea. 1H5 also binds equally 

Saha et al. Page 8

Biomed Pharmacother. Author manuscript; available in PMC 2023 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



well to human and mouse ADAM10 in ELISA-based assays (data not shown). This indicates 

that despite ADAM10 manifesting ubiquitous expression profile, the 1H5 mAb selectively 

targets the tumor cells without any significant side effects or toxicity.

1H5 binds the ADAM10 C domain disrupting the ADAM10 MP-C domain autoinhibitory 

interactions. The crystal structure of the ADAM10 extracellular domain revealed its 

‘closed’, auto-inhibited conformation, where the MP and C domains are in contact, partially 

obscuring the catalytic cleft, and the substrate-interacting C domain region [31]. Importantly, 

our previously determined crystal structure of the murine anti-ADAM10 mAb 8C7 bound 

to the isolated ADAM10 D+C domain region showed that 8C7 binds a defined epitope in 

the substrate-interacting C domain [24], which would be inaccessible in the auto-inhibited 

ADAM10 conformation. To address how the fully human mAb 1H5 binds ADAM10, and 

compare it to 8C7, we determined the structure of ADAM10(D+C) in complex with the 

isolated Fab fragment of 1H5 at 3.8 Å resolution (Fig. 5, Supplementary Table S1 and Fig. 

S2). The structure reveals that 1H5 binds ADAM10 at an epitope similar to 8C7 (Fig. S2) 

but with a distinct recognition strategy and approaching angle (Fig. 5A and B).

Formation of the 1H5 Fab/ADAM10 (D+C) complex buries ~791 Å2 of surface area in each 

molecule. The antibody complementarity determining regions (CDRs) target the C domain 

of ADAM10 as expected, via residues on the first and third CDR of the light chain (CDR-L1 

and L3) and heavy-chain CDR-H1–3. The center of this interface is formed by embedding 

of three hydrophobic ADAM10 residues, V641 and F642 and P628, into a hydrophobic 

groove defined by 1H5 CDR-L1, L3 residues (Y32, L92, K93, and F96) and CDR-H1, H3 

and framework residues (W33, W47, Y50 and Y58). Adjacent to this hydrophobic core, 

CDR-H3 residues D95 and D98 form salt-bridges with ADAM10 residue R646. There are 

multiple hydrogen bonds in the surrounding regions that further stabilize the interaction, 

including hydrogen bonds between R644 (ADAM10) and Y33, Y50 and T56 (CDR-H1 and 

H2); between K59 (ADAM10) and Y58 (CDR-H2); and between D590 (ADAM10) and Y33 

(CDR-H1). The data also reveals that the ADAM10(D+C) structure in the 1H5/ADAM10 

complex is very similar to that in the 8C7/ADAM10 complex structure [24], as well as 

in the structures of the unbound ADAM10(D+C) [14] and ADAM10(ECD) [31]. Indeed, 

the 1H5-bound and 8C7-bound ADAM10 D+C structures can be superimposed with a 

root-mean-square deviation (r.m.s.d.) of 1.675 Å between 185 Cα atoms (Fig. 5B).

Importantly, binding of 1H5, like 8C7, would not be compatible with the autoinhibited 

ADAM10 conformation, as it would sterically clash with the D+C region-interacting 

M domain in the autoinhibited state [31] (Fig. 5C, see also Fig. 8). Consistent with 

these observations, 1H5 binds the isolated recombinant ADAM10 D+C region with a 

of 3.3 nM, and the full recombinant ADAM10 ECD, which predominantly adopts the 

autoinhibited conformation in solution [31], with a KD of ~200 nM (as measured by biolayer 

interferometry, data not shown). For comparison, the murine 8C7, binds the ADAM10 D+C 

region with a KD of 14 nM and the ADAM10 ECD, with a KD of ~100 nM [23].

1H5 recognizes an activated ADAM10 conformation present on cancer cells. To verify, 

the human 1H5 preferentially recognizes the tumor specific ADAM10 conformation, we 

employed an ELISA-based assay. The cell-based ELISA experiments were performed as 
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previously reported for the anti-ADAM17 mAb D8P1C1 [38], which provides more details 

for this approach. We measured human 1H5 binding to two human colon cancer cell lines 

relative to the binding of a commercial mAb (mAb1427). MAb1427 was shown previously 

to not be conformation specific [23,24]. The cell-based ELISA results clearly document 

that 1H5 binds to tumor-expressed ADAM10 approximately fourteen-fold better than to 

ADAM10 expressed on HEK293 cells (Fig. 6).

1H5 stabilizes the activated ADAM10 conformation and augments the cleavage of peptide 

substrates. Consistent with its binding to activated ADAM10, the murine mAb 8C7 was 

previously shown to enhance the ADAM10 catalytic activity in a fluorogenic peptide 

cleavage assay [31]. Using the same assay, we evaluated the effect of the human mAb 

1H5. We used purified active human and bovine ADAM10 ECDs for these assays. The pro-

domains of the human and bovine ADAM10 are removed during secretion of the proteins 

into the culture medium and the final recombinant products consist of the MP, D and C 

domains (confirmed by N-terminal sequencing). We included the commercial, conformation 

non-specific, anti-ADAM10 mAb1427, the murine anti-ADAM10 mAb 8C7 (that recognizes 

both human and bovine ADAM10), and the broad-spectrum metalloprotease inhibitor 

GM6001, in our assays. These results establish that: (i) 1H5 binding stabilizes activated 

ADAM10 and promotes the ADAM10 enzymatic activity (human or bovine); (ii) 1H5 is 

more efficient in augmenting the cleavage of substrate peptides than 8C7 (approximately 

two-fold); (iii) the commercial mAb1427 has no effect on substrate cleavage; (iv) the broad-

spectrum inhibitor that is known to bind to the protease domain provides marginal inhibition 

(Fig. 7). Overall, these results validate our structural observations with ADAM10 D+C 

bound to either 1H5 or 8C7, confirming that 1H5 binding relieves ADAM10 autoinhibition 

thus enhancing the catalytic activity of the enzyme towards peptides in vitro (Fig. 8).

4. Discussion

ADAM10 overexpression correlates with aberrant signaling from Notch, erbBs, and other 

receptors, as well as a more aggressive, metastatic phenotype in a range of cancers including 

colon, gastric, prostate, breast, ovarian, uterine, and leukemia [40-42]. As such, ADAM10 

overexpression, has been shown to induce metastases of human HCT116 CRC cells in mice 

[40], suggesting that its inhibition may have potent antitumor effects. Current anti-colorectal 

treatments, predominantly relying on surgery, radiation and conventional chemotherapeutics, 

are not curative and commonly result in drug-resistant disease relapse. Almost half of 

all colorectal cancer patients will develop recurrent disease. Surgically resected cases of 

colorectal cancer (CRC) are known to have a 40 %–60 % recurrence rate in the first 3 years 

after surgery with the majority in the second year. Lymph node metastasis and/or adjacent 

organ involvement in stage II is said to have a recurrence of 20 %–30 % and stage III 50 

%–80 % recurrence after surgery [43].

We set out to target the metalloprotease ADAM10, which is not only essential for ligand-

activated Notch signaling but also controls other pathways deregulated in cancer, including 

signaling from erbB receptor tyrosine kinases. Attempts to inhibit ADAM10 with small-

molecule inhibitors directed at its catalytic site failed clinical trials due to lack of specificity 

and efficacy, as well as dose-limiting toxicity. We previously proposed a novel, alternative 
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strategy based on our discovery of a unique ADAM10 substrate recognition module outside 

the catalytic domain (thus avoiding side-effects and toxicity associated with catalytic-site 

targeting) [14] and raised murine ADAM10 specific monoclonal antibodies (mAbs) [23]. 

One of these mAbs, 8C7, recognized an activated conformation of ADAM10 present 

in the cancer stem cells that are characterized by elevated Notch activity. Consequently, 

8C7 treatment inhibited Notch signaling and tumor relapse in pre-clinical models without 

exhibiting any dose-limiting toxicity in animals.

As part of our venture to translate anti-ADAM10 mAbs into clinic, we now report a fully 

human mAb, isolated from a new phage displayed Fab library screen, named 1H5, which 

binds to a similar epitope on the C substrate-binding domain of ADAM10 as the murine 

mAb 8C7. The data reported here shows that 1H5 preferentially recognizes ADAM10 

present on cancer cells by binding to its activated conformation, and not to the autoinhibited 

conformation present in normal tissues [24,31]. Consequently, 1H5 activates the ADAM10 

ECD in vitro and promotes its enzymatic activity towards small peptides in a FRET-based 

assay. The reason that 1H5 binding inhibits Notch cleavage, but activates small-peptide 

cleavage, is presumably due to its interference with the ADAM10-Notch interactions 

required for the formation of a productive enzyme-substrate complex, which also involve 

substrate/C-domain contacts. It should be noted that while the ADAM10 D and C domains 

(D+C) are considered important for interactions with, and cleavage of, many ADAM10 cell-

surface substrates [23,24,31,39,44] (similar observations have also been reported for other 

ADAMs [15,45,46]), the exact substrate-binding region on ADAM10 is not well defined 

for any substrate and might be different for different substrates. Indeed, while 1H5 inhibits 

Notch cleavage (Fig. 3), it does not inhibit the cleavage of another ADAM10 substrate, 

APP, in cell-based assays (Fig. S3), indicating that 1H5 binding affects cleavage of different 

cell-surface-attached ADAM10 substrates, differently. This selective inhibition of oncogenic 

Notch signaling highlights the rationale behind targeting the substrate-binding ADAM10 

D+C domains for therapeutic intervention (vs. targeting the proteinase domain) and likely 

contributes to the lack of side effects and low toxicity of both 1H5 and 8C7 in animal 

studies. In a sense, 1H5 acts similarly to the tetraspannins [39] in that it binds and stabilizes 

the activated ADAM10 conformation, while also selectively modulating (downregulates or 

upregulates) the cleavage of specific substates (Fig. 8).

Most importantly, in combination with chemotherapy, 1H5 prevents tumor growth in a 

CRC preclinical model without any discernible toxicity effects. 1H5 has only human 

antibody sequences in its framework and complementarity determining regions (CDRs), 

rendering it more favorable for clinical trials in human patients. We envisage that the 

mAb-mediated ADAM10 inhibition represents a novel and effective way to specifically 

inhibit drug-resistance and metastasis in CRC. Interestingly, it was recently reported that 

ADAM10 cleavage of PD-L1 is a mechanism for developing resistance to immunotherapy 

[47], suggesting that, in the future, 1H5 could also be evaluated in combination with PD-

(L)1 inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) SDS-PAGE profile of the purified bovine (b) ADAM10 disintegrin + cysteine-rich 

domain construct (D+C), used as an antigen to screen a large naïve human Fab library. (b) 

indicates bovine protein, (h) indicates human protein. (B) Characterization of fully human 

1H5 Fab. Binding profile of individual Fab binders (left) and binding of 1H5 Fab (middle) to 

ADAM10 D+C. Competitive ELISA with the murine 8C7 antibody demonstrating that 1H5 

Fab (15 nM fixed concentration) binds to a similar ADAM10 epitope (right). (C) Pull-down 

experiment showing that ADAM10 D+C (b) binds to protein A Sepharose bead-bound 

murine 8C7 and human 1H5. Lane 1: Low molecular weight standards (Bio-Rad). Lane 2: 

bead bound murine 8C7 IgG + ADAM10 D+C. Lane 3: bead bound human 1H5 IgG + 

ADAM10 D+C. Lane 4: bead bound ADAM10 D+C without any pre-bound mAb. Lane 5: 

ADAM10 D+C input. (D) Human 1H5 IgG binds specifically to immobilized human (h) 

and bovine (b) ADAM10 D+C, but not to human ADAM17 D+C or human ADAM19 D+C. 

Wells were coated with the ADAM D+C constructs and ELISA was performed as described 

in the Materials and Methods.
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Fig. 2. 
Alamar blue cell viability assays with multiple cancer cell lines. Percent growth inhibition 

is shown for (A) colon (COLO205, LIM1215), (B) breast (MDA-MB-231, SKBR-3), (C) 

ovarian (SKOV-3, OVCAR-3) and (D) glioblastoma (U87-MG) and non-small cell lung 

cancer (HCC-827) tumor cell lines treated with human 1H5. The data represent mean of 

triplicate determinations and two independent experiments, and the bar plots show the effect 

of treatment of mAbs on cancer cells relative to the control, mean ± SEM (described in 

Materials and Methods).
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Fig. 3. 
1H5 inhibits Notch cleavage. Sandwich ELISA was used to measure the levels of total (A) 

and cleaved (B) Notch1 in COLO205 cells upon treatment with 1H5. The data represent 

mean of triplicate experiments, and the bar plots show the effect of treatment with 1H5 

relative to untreated control, mean ± SEM. Comparison of notch levels between treated 

and untreated groups was performed using independent t test. Total Notch1 levels did not 

significantly differ between the two groups (A), p = 0.162. On the other hand, the mAb-

treated group showed significant decrease of the cleaved Notch1 levels when compared with 

the untreated control (B), p < 0.001.
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Fig. 4. 
Anti-tumor effect of 1H5 in a colon cancer xenograft model. 6–8 weeks old female athymic 

nude mice were used. 5 million COLO205 cells per mouse were implanted (subcutaneous 

with Matrigel). Four groups were used (n = 4) for the experiment. When tumor volumes 

reached ~100 mm3, the four groups were injected as follows: (Group 1) sterile PBS (as 

a control). (Group 2) Irinotecan (i.p.) 20 mg/kg, three doses, once a week starting day 

12. (Group 3) 1H5 (i.p.) at a dose of 30 mg/kg, biweekly (total 7 doses) starting day 7. 

(Group 4) Irinotecan (20 mg/kg, i.p., once a week starting day 12, total three doses) + 

continued 1H5 treatment (30 mg/kg, i.p., biweekly, total 7 doses). (A) Mean tumor volume 

± 1 SD from day 7–35. 83 % tumor growth inhibition was recorded for the Group 4, 

treated with Irinotecan+ 1H5, 54 % for mAb alone (Group 3) and 48 % for Irinotecan 

alone (Group 2). No change in mouse weight or presence of diarrhea was observed in 

any of the groups. (B) Independent t test analysis showed significant difference in tumor 

volume reduction (day 35) between PBS and all treatments (with mAb and chemotherapy 

alone: p = 0.002; with combined treatment: p < 0.001). Significant tumor volume reduction 

differences were also observed between chemotherapy alone and combined treatment (p < 

0.001), and between mAb treatment alone and combined treatment (p = 0.004). ANOVA 

with Dunnett multiple comparison post-hoc analysis likewise showed statistically significant 

tumor volume reduction between all treatment regimens vs. PBS control (all are p < 0.001), 

as well as between combination therapy and monotherapy (vs. chemotherapy p = 0.004; vs. 

mAB p = 0.011). In both analyses, the difference between mAb treatment and chemotherapy 

was not statistically significant. In the box and whiskers plot, the black horizontal lines 

indicate the average value, the top and bottom of the boxes, the interquartile range, and the 

whiskers, the range. Color coding on Panel B is the same as on Panel A.
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Fig. 5. 
Crystal structure of the 1H5/ADAM10 (D+C) complex. (A). Overall structure of the 

ADAM10(D+C)/1H5 complex shown in ribbon view, as well as binding interface 

comparison (zoom-in insets) with the ADAM10(D+C)/8C7 structure showing a similar 

epitope region with distinct recognition strategies (see also Fig. S2 for epitope comparison). 

(B). Superimposition of the mAbs, 1H5 and 8C7, in complex with the ADAM10 D+C 

domain, illustrating the different antibody approaching angles. ADAM10 is shown as 

ribbons (green: 1H5 bound; grey: 8C7 bound). The antibodies are shown as molecular 

surfaces (1H5: nontransparent orange and blue; 8C7: semi-transparent yellow and cyan). (C) 

Overlay of the ADAM10 D+C (in green) / 1H5 (in orange and blue surface representation) 

complex and the ADAM10 ECD (in magenta) structures showing a partial overlay 

(indicated with the black circle) of 1H5 with the M domain in the autoinhibited ADAM10 

conformation.
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Fig. 6. 
1H5 preferentially binds to the activated, tumor cell-specific conformation of ADAM10. 

Cellular ELISA was performed to gauge the binding of 1H5, relative to the binding of 

the control anti-ADAM10 mAb1427 (commercial, R&D systems) to ADAM10 expressed 

on the cell surface of colon cancer cell lines LIM1215, COLO205, as well as HEK293 

cells and HEK293 cells transfected with human ADAM10. MAb1427 bind equally well 

to the activated (tumor-associated) and the autoinhibited conformation of ADAM1023,24. 

The graph show the 1H5/mAb1427 signal ratio observed for the noted cell line relative to 

the 1H5/mAb1427 signal ratio observed for the untransfected HEK293 cells. Specifically, 

on the Y axes is plotted the value of: (A(1H5)/A(mAb1427))/(A(1H5-HEK)/A(mAb1427-

HEK)) where A(1H5-HEK) is the signal for 1H5 using the untransfected HEK293 cells; 

A(mAb1427-HEK) is the signal for the mAb1427 using the untransfected HEK293 cells; 

A (1H5) is the signal for 1H5 using the cells that are being evaluated; A(mAb1427) is the 

signal for mAb1427 using the cells being evaluated. 1H5 binds to ADAM10 on tumors 

approximately fourteen-folds better than to ADAM10 on HEK2923 cells. The data represent 

triplicate determinations and two independent experiments, mean ± SEM; P < 0.001 by 

unpaired two-tailed independent t test (cancer cell lines vs. HEK293 cells).
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Fig. 7. 
(A) SDS-PAGE profile of purified human (h) and bovine (b) catalytically active ADAM10 

extracellular domains (ECD). (B and C) FRET-based peptide cleavage assays. The data 

shows that 1H5, similar 8C7 (but even more efficiently), promotes cleavage of a short 

peptide substrate by ADAM10. The data represent mean of triplicate determinations and two 

independent experiments (mean fluorescence ± SEM). Maximum dispersion was within 10 

% of the mean value. Bovine or human ADAM10(ECD)-antibody complexes were formed 

at 1:1 molar ratio prior to the assay, and the assay was carried out in the presence of 50 

μM of a fluorogenic peptide as described in the Materials and Methods section. GM6001 is 

a MMP inhibitor, which was also used as a control. Statistical analysis revealed significant 

difference/increase in peptide cleavage (fluorescence) between the 1H5 and 8C7 treated and 

untreated ADAM10 samples (p < 0.001, for both 1H5 and 8C7 treatment, one way ANOVA 

with a Dunnett’s multiple comparison post hoc test), as well as between the 1H5-treated and 

8C7-treated ADAM10 samples (p = 0.003, two-tailed independent t test). Treatment with 

the control mAb1427 or the GM6001 inhibitor did not significantly change the ADAM10 

enzymatic activity (p > 0.05).
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Fig. 8. 
Schematic representation of a proposed mechanism for ADAM10 activation and interactions 

with substrates and the 1H5 antibody. In the autoinhibited conformation, which is the 

predominant conformation of the ADAM10 ectodomain observed in solution [31], the 

cysteine rich domain partially occludes the ADAM10 active site, hindering substrate 

binding. In the open ADAM10 conformation, the active site is fully accessible for substrate 

binding [39]. In addition to interacting with the active site, ADAM10 cell-surface substrates 

also interact with the D+C region of the molecule, which is required for substrate 

selection and/or proper substrate positioning for productive cleavage. The open ADAM10 

conformation can be stabilized by binding of substrates, such as Notch, or other regulatory 

molecules, such as tetraspanins. The latter not only regulate the activity of ADAM10 by 

stabilizing the open conformation, but also selectively enhance the cleavage of certain 

substrate, while downregulating the cleavage of other substrates [2,3,14,31,39]. The 1H5 

mAb, in this regard, acts in a similar fashion to the tetraspannins: it (i) selectively binds and 

stabilizes the activated, open ADAM10 conformation; and (ii) it selectively downregulates 

the cleavage of certain ADAM10 substates (Notch), while upregulating (or not affecting) the 

cleavage of other substrates (e.g., peptides, APP).
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