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ABSTRACT
◥

Next-generation Trop-2–targeted therapy against advanced can-
cers is hampered by expression of Trop-2 in normal tissues. We
discovered that Trop-2 undergoes proteolytic activation by
ADAM10 in cancer cells, leading to the exposure of a previously
inaccessible protein groove flanked by two N-glycosylation sites.
We designed a recognition strategy for this region, to drive selective
cancer vulnerability in patients. Most undiscriminating anti–Trop-
2 mAbs recognize a single immunodominant epitope. Hence, we
removed it by deletion mutagenesis. Cancer-specific, glycosylation-
prone mAbs were selected by ELISA, bio-layer interferometry, flow
cytometry, confocal microscopy for differential binding to cleaved/

activated, wild-type and glycosylation site–mutagenized Trop-2.
The resulting 2G10 mAb family binds Trop-2–expressing cancer
cells, but not Trop-2 on normal cells. We humanized 2G10 by state-
of-the-art complementarity determining region grafting/re-model-
ing, yielding Hu2G10. This antibody binds cancer-specific, cleaved/
activatedTrop-2withKd< 10�12mol/L, and uncleaved/wtTrop-2 in
normal cells with Kd 3.16�10�8 mol/L, thus promising an unprec-
edented therapeutic index in patients. In vivo, Hu2G10 ablates
growth of Trop-2–expressing breast, colon, prostate cancers, but
shows no evidence of systemic toxicity, paving the way for a
paradigm shift in Trop-2–targeted therapy.

Introduction
Trop-2 (AC: P09758), also known as EGP-1, T16,MR23,MR54, is a

type-I transmembrane protein, encoded by the tumor-associated
calcium signal transducer 2 (TACSTD2/M1S1/GA733–1) gene (1–3),
a retrotransposon of the TROP1/TACSTD1/EPCAM gene (2, 4). The
extracellular domain of human Trop-2 (ECD, residues 27–274)
encompasses a cysteine-rich N-terminal region, which hosts a GA733
type 1 motif (residues 27–69) and a thyroglobulin type-1 domain
(residues 70–148), followed by a C-terminal domain devoid of
cysteines (residues 149–274; ref. 1). A single transmembrane helix
connects the ECD to a 26-amino acid (AA) intracellular tail, which
contains a HIKE motif (5) and two PKC phosphorylation sites at
Ser303 (6) and Ser322 (7) and drives downstream Ca2þ, PKC, and
AKT signaling (8–10).

Trop-2 induces tumor and cancer stem cell growth (11–14).
Upregulation of Trop-2 has been associated with poor prognosis
ofpancreatic, gastric,ovarian, lung, andcolorectalcancers (15,16), indi-
cating a key role of this molecule in tumor progression (12–14).

Most anti–Trop-2 mAbs, including MOv16 (17), cAR47A6.4.2
(18), 162–46.2 (17), Pr1E11 (19), and AbT16 (14), all bind to
the same immunodominant epitope (17) located within the
D146-L274 region (19). RS7, the parental mAb for Sacituzumab
Govitecan (SG; TRODELVY, IMMU-132; ref. 20), which was
approved by the FDA for patients with metastatic triple-negative
breast cancer (TNBC; refs. 21, 22) and urothelial carcinomas (23),
binds a corresponding region (24). The E1 mAb, which was
designed using more recent technology, was still found to
bind the same immunodominant epitope as the RS7, AbT16, and
162–46.2 mAb (14).
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The Rinat-Pfizer PF-06664178 anti–Trop-2 ADC was also shown
to bind the Trop-2 ECD immunodominant epitope, at AA 152–206
and 209–274. Despite early promise, PF-06664178 was ultimately
dropped because of excess toxicity and modest antitumor activ-
ity (25). As indicated, SG/TRODELVY/IMMU-132 shows an
impact in patients with TNBC (21, 22). Corresponding promise
was shown in patients with additional types of Trop-2–expressing
cancers. However, the SG half-life in plasma is 11 to 14 hours (26).
SG induces limiting side effects (21, 22), such as neutropenia and
diarrhea, which appear linked to ineffective retention of its SN38
payload in the circulation (20, 27).

Limited efficacy versus difficult-to-manage toxicity severely plague
current anti–Trop-2–targeted antibody therapy. In this context, a
major stumbling block for next-generation therapeutic strategies
remains the broad expression of Trop-2 in normal tissues (28). We
discovered that activation of Trop-2 for driving tumor progression
requires proteolytic activation by ADAM10 in cancer cells (14, 16).
Importantly, Trop-2 cleavage by ADAM10 was found not to occur in
normal tissues (14, 16).

This finding provided the potential for a cancer-only Trop-2–
targeting therapeutic strategy. A structure/function-instructed analy-
sis was conducted to identify the cleavage-activated, signal-triggering
region ofTrop-2. Accessibility-directed activation-site recognitionwas
then carried out to target cancer-exposed sites in order to exploit this
unique cancer vulnerability in patients (29, 30).

Materials and Methods
Trop-2 structure analysis

Initially, a homology model for the ECD thyroglobulin-like
repeat was constructed over the p41 splice variant of the MHC
class II–associated invariant chain (PDB ID 1ICF, chain I;
refs. 14, 31). The mature portion of human Trop-2, residues 27–
323 (Uniprot P09758 (TACD2_HUMAN) was subsequently mod-
elled as a cis-dimer analogous to the dimer in the crystal of human
Trop-1/EpCAM [PDB ID 4MZV (32), 45% sequence identity over
240 residues (1, 4)], and the dimer in the Nuclear Magnetic
Resonance (NMR)-derived model of the transmembrane region of
the rat p75 protein [PDB ID 4MZV, residues 278–298, 30%
sequence identity over 21 residues (33)]. These protein models
were used as templates. The cytoplasmatic domain of human Trop-
2, portion 299–323, was inherited from the NMR structure of the C-
terminus of Trop-2 (PDB ID 2MAE; ref. 34). The region 270–277 in
our homology model has arbitrary structure in that no good
homologous model is available (the Trop-1/EpCAM C-terminus
270–274 likely needs reorientation to point toward the membrane).
Twenty models were made, and the best-fitting one was selected; it
preserved the intramembrane helical dimer observed in rat p75.

Once the structures of the human Trop-2 ECD were pub-
lished (24, 35), the analysis was validated over the crystal structure
in PDB ID 7PEE (35). Structure files were from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB
PDB; RRID:SCR_012820). Swiss-PdbViewerDeepViewv4.0 (RRID:
SCR_013295) and PyMol (RRID:SCR_000305) were used for graphic
rendering of the 3D structures. N-glycosylation was added to Asn
residues N33, N120, N168, and N208 using the GlyProt server (ref. 36;
www.glycosciences.de/modeling/glyprot/php/main.php). The list of
residues at the interface between the N-terminal cleaved portion, the
Trop-2 transmembrane portion, and the area buried in this interface
were computed at the PISA server (www.ebi.ac.uk/pdbe/pisa/; www.
ebi.ac.uk/pdbe/prot_int/pistart.html).

Anti-ADAM10 cleaved/activated-trop-2 murine mAb
generation

Deletion mutants of Trop-2 ECD were generated frommammalian
tumor cell transfectants (human 293, MCF-7, murine L cells), bacu-
lovirus-expressing insect cells, yeast cells and Escherichia coli, purified,
and used as immunogen in Balb/c mice. Individual hybridoma clones
were generated and screened for production of mAb specific to cell
surface–expressed Trop-2 deletion mutants by ELISA on transfected
cell monolayers. The 10 top-binding hybridomas were further selected
for reactivity against living L cells transfected with full-length wild-
type (WT) Trop-2 by flow cytometry. Five in vivo Trop-2–reactive
hybridomas (1A9, 1B4, 2EF, 2G10, 4F6) were further assayed for
binding to L cells transfected with Trop-2 deletionmutants, to identify
their target regions. mAb isotype was determined by ELISA. The anti–
Trop-2 AbT16 and AR47A6.4.2 (International Depositary Authority
of Canada, Winnipeg, MB) and the irrelevant mAb p181Bg were used
as Trop-2–binding versus Trop-2–nonbinding control mAb, respec-
tively. mAb isotyping identified 2EF as IgG2b/k and 2G10 as IgG2a/k.
The 2EF-secreting hybridoma was cloned twice, to 2EF.22.21 to
increase stability of mAb production.

DNA transfection
Cells were transfectedwithDNA (37) in Lipofectamine 2000 or LTX

(Invitrogen) following the manufacturer’s instructions. Stable trans-
fectants were selected in G-418–containing medium.

Elisa
ELISA assay plates were coated overnight at 4�C with 100 mL/well

of 1 mg/mL recombinant human Trop-2–IgFc chimera protein
(rhTROP-2; R&D, catalog No. 650-T2–100), in 0.2 mol/L sodium
carbonate buffer (pH9.4).Well surfaces were blockedwith 300mL/well
of blocking buffer (2% skim milk in PBS, 0.05% Tween-20) for 30
minutes at room temperature. The plates were washed twice with wash
buffer (PBS, 0.05% Tween-20). Purified antibodies or supernatants
were added to the plates at serial threefold dilutions, starting from 5 to
10 mg/mL, 100 mL/well. All dilutions were performed in blocking
buffer. Antibody-containing plates were incubated for 1 hour at room
temperature. The plates were then washed three times with wash
buffer. Antibody binding was revealed with 100 mL/well of a 1:2,000
dilution of goat anti-human kappa-HRP (SouthernBiotech, catalog No.
2060–05) in blocking buffer, incubated for 30 minutes at room
temperature, and washed four times with wash buffer. Horseradish
peroxidase activity was revealed with 100 mL/well ABTS substrate
(AMRESCO, Solon, OH), activated with 20-mL 30% H2O2 per 10-mL
ABTS solution. The reaction was stopped with 100 mL per well 2%
oxalic acid. Absorbance was read at 405 nm.

Flow cytometry
Cell staining for flow cytometry was performed as described (38).

Fluorescence analysis and cell sorting were carried out on fluores-
cence-activated cell analyzers and sorters (FACS Aria III, Canto II,
Becton Dickinson, Sunnyvale, CA) after enrichment for expressing
transfectants with Magnetic Cell Sorting-MACS from Miltenyi Biotec
GmbH (Germany). To improve signal-to-noise ratios and the detec-
tion of transfectants stained with FITC-mAb, subtraction of cell
autofluorescence and displacement of FITC-stained cells in the red
channel were performed as described (39, 40). All Trop-2 transfectants
were selected for expression levels comparable with those of endog-
enously expressing human cancer cells (8, 41).mAbwere conjugated to
Alexa488, 546 or 633 (Life Technologies, Carlsbad, CA) for direct cell
staining.
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Immunofluorescence and confocal microscopy
Cells plated on glass coverslips were fixed with 4% paraformalde-

hyde in PBS for 20 minutes. Permeabilization and blocking were
performed in medium with 10% FCS and 0.1% saponin. Live cells
on glass coverslips were stained inmediumwith 10% FCS at 37�C for 5
minutes and fixed after staining. Slides were analyzed by immuno-
fluorescence (IF) with the LSM-510 META and LSM800 (Zeiss)
confocal microscopes. Three laser beams were used, emitting at
wavelengths of 488 nm (argon ion laser, 200 mW, 2%–5% applied
laser power), and 543 nm (diode laser, 1 mW, 50%–100% applied laser
power), 633 nm (diode laser, 5 mW, 50% applied laser power). HFT
488/543 or 488/543/633 beam-splitters were used, as needed for
multicolor fluorochrome-conjugated antibody analysis, with band-
pass emission filters 505 to 550 nm (green channel); long-pass 560 nm
(for two-color analysis), or band-pass 560 to 615 nm (for three-color
analyses) in the orange channel; or long-pass 650 nm in the deep-red
channel. HFT 488/543 and a band-pass of 505- to 550-nm filter in the
green channel were used for EGFP detection. Images were acquired in
Multiplex mode, that is, via sequential, separate acquisition of indi-
vidual laser lines/fluorescence channels to prevent cross-channel
fluorescence spill over. Detector gains of ≤770 V were applied to
minimize electronic noise. Amplifier gains were ≤2.8�. Images were
acquired as 1024�1024 pixel format, except where indicated. Images
were captured as averages of four sequential acquisitions, using a 40�/
1.2, 63�/1.4 oil DIC objective (Plan-Apochromat; Zeiss).

Hu2G10 generation
Construction of chimeric 2G10 IgG1/k-antibody. Total RNA was

extracted from 2G10 hybridoma cells using TRIzol according to the
manufacturer’s instructions and used as template for the synthesis of
the heavy- and light-chain variable region (VH and VL respectively)
full-length cDNAs via nested RT-PCR, using the SMARTer RACE
cDNA Amplification Kit with the universal primers provided and the
following specific primers:

2G10 VH R: reverse 50-GCCAGTGGATAGACCGATGG-30

2G10 VL F: forward 50-ACCAGCACTGATATTGATG-30

2G10 VL R: reverse 50-CTCCCTCTAACACTCATTCCTGTT-
GAAGC-30

2G10-VL-R3: reverse 50-CGTGTACGGCAAGTTATCAC-30

The 2G10 VH e VL were sequenced and PCR amplified with the
primers below, to include splice donor signals from the mouse germ-
line JH4 and Jk1 respectively:

2G10 VH CH-F forward: 50-GCAACTAGTACCACCATG-
GAATGGAACTGGGTC-30

2G10 VH CH-R reverse:
50- GGGAAGCTTGAGAGGCCATTCTTACCTGAGGAGACG-

GTGACTGAGGT-30

2G10 VL CH-F forward:
50-GCTGCTAGCACCACCATGTTCTCACTAGCTCTTCTCC-30

2G10 VL CH-R reverse:
50 -CGAGAATTCTTTGGATTCTACTTACGTTTGATTTCCAG-

CTTGGTC-30

The PCR fragments were purified and cloned as exons under aCMV
promoter upstream of humanG1 and k constant regions, to obtain the
pCh2G10 vector for mammalian expression of the chimeric 2G10
IgG1/k antibody (Ch2G10).

2G10 antibody humanization. The human Ig VH sequence AC:
X65888.1 and VL sequence AY043146.1 were chosen as acceptors for
humanization. The complementarity determining regions (CDRs)
sequences of 2G10 VH and VL were transferred to the corresponding

positions of the human sequences and humanized according to
predicted 3D structures. Two VH and eight VL were obtained
as optimized humanized versions. Combinatorial expression vectors
were transiently transfected into the human embryonic kidney cell line
HEK293 using Lipofectamine 2000. Antibodies were purified from cell
culture supernatants by protein-A affinity cromatography and Trop-2
binding was measured by ELISA as described. Vectors expressing the
two VH/VL combinations that gave the highest binding affinities,
comparable with Ch2G10 (VH1 and VL3, named pHu2G10–5; VH2
and VL3, named pHu2G10–6; patent application WO201608765)
were then transfected into mouse myeloma NS-0 cells by electro-
poration and seeded as single-cell clones in 96-well plates. Culture
supernatants were assayed for antibody production by sandwich
ELISA as described. Stable transfectants producing high levels of
the corresponding antibodies were adapted to grow in serum-free
Hybridoma SFM medium (Life Technologies). Antibodies were
purified from supernatants by protein-A affinity cromatography.

Stable hamster CHO-K1 transfectants were also obtained by elec-
troporation and single-cell selection as described above and adapted to
grow in serum-free SFM4CHO medium (HyClone). Higher yields of
Hu2G10 mAb were produced in CHO-K1 cells, hence these were
chosen as production hosts for the following steps.

Antibody-dependent cellular cytotoxicity assay
Jurkat NF-kB/NFAT [antibody-dependent cellular cytotoxicity

(ADCC) Reporter Bioassay, Core Kit, catalog No. G7010, Promega]
was used as effector/reporter cells. MCF-7 breast cancer cells were
used as targets. Briefly, MCF-7 target cells (25,000 cells/well) were
seeded in a white, flat-bottom 96-well assay plate (catalog No.
655001, Corning) in 100-mL RPMI medium with 10% FBS and
1% P/S. The day after, 37.6 mg of purified Hu2G10 mAb was diluted
in 200-mL ADCC assay buffer (96% RPMI1640 with L-glutamine,
4% low IgG FBS). Fivefold serial dilutions were prepared in ADCC
assay buffer for charting a dose–response curve. The medium was
removed from the assay plate and 25 mL of each mAb dilution was
added to different wells of the assay plate. Three nonclustered
replica wells were arranged for each mAb dilution, with negative
controls not receiving mAb. Jurkat NF-kB/NFAT effector/reporter
cells were then added to each well (75,000 cells/well in 25 mL of
ADCC assay buffer; effector to target cell ratio, E:T ¼ 3:1).
After 17 hours at 37�C, 5% CO2, the plate was equilibrated at
room temperature, 75 mL of Bio-Glo Luciferase Assay Reagent
(Catalog No. G7941, Promega) was added to each well. After
5 minutes of incubation, the plate was read in a Veritas microplate
luminometer (Turner Biosystems), with 0.5 seconds integration
time. Luminescence values were plotted against the Log10 of mAb
concentration and the mAb EC50 was calculated.

ADCC was also assessed using fresh human peripheral blood
mononuclear cells (PBMCs) as effectors and impedance-based real-
time analysis to measure target cell death (42) on an iCELLigence Real
Time Cell Analyzer (Acea Biosciences) system. PBMCs were isolated
from EDTA-blood from healthy donors by Ficoll-hypaque density-
gradient centrifugation, assessed for vitality by Trypan blue counting,
and cultured overnight at 1� 106 to 2� 106 cells/mL. Cells to be used
for ADCC assessment were collected and checked for vitality. Batches
with overnight loss of vitality <5% were resuspended in assay medium
(complete RPMI with IL2 100 u/mL) and added at a ratio of 10:1 to
monolayers of unlabelled target cells seeded 24 hours earlier in 16-well
plates with golden electrodes as impedance sensors. Immediately after,
the Hu2G10 mAb was added to each well at a final concentration of
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10 mg/mL. Control wells received only PBMCs and no antibody. Plates
were maintained in a humidified incubator at 37�C and 5% CO2. Cell
death was directly measured in real-time by impendance decrease,
consequent to target cell detachment. Impedence data were collected
every 3 minutes over a time span of 10 hours.

IHC
IHC of normal and neoplastic human tissues was performed as

previously described (43). Briefly, specimens were fixed in phosphate-
buffered formalin, pH 7.2 and embedded in paraffin. Five-micrometer
sections were mounted on silanized slides, deparaffinized, and rehy-
drated through graded alcohols to water. Endogenous peroxidase
activity was eliminated by incubation with 3% H2O2 for 5 minutes.
Antigen retrieval was performed bymicrowave treatment at 750W for
10 minutes in 1 mol/L urea buffer pH 8.0.

Sections were incubated for 30 minutes with the 162–46.2 anti–
Trop-2 mAb (ATCC clone HB187) ascites at 1:500 dilution or the
AF650 anti–Trop-2 goat pAb (R&D Systems). To control for non-
specific reactivity, the specific primary antibodies were replaced with
nonimmune serum or with isotype-matched immunoglobulins
(DAKO). Anti-mouse (K4001, EnVision kit; DAKO) and anti-goat
(K0679, LSAB kit; DAKO) secondary pAbs were used for signal
amplification, as appropriate. Slides were washed in TBS-Tween
20 and incubated for 10 minutes in 3,30-diaminobenzidine (DAKO).
Counterstaining was performed with hematoxylin. Slides were
mounted with Immunomount (Shandon).

Trop-2 expression was quantified by two independent observers as
percentage of stained cells and as intensity of staining. An IHC score
(H-score) was obtained (range, 0 to 12). Five classes of expression
prevalence were categorized: 0 (0% of positive cells), 1 (<10% of

Figure 1.

The Trop-2 protein target in cancer. A, Trop-2 protein expression in cancer. IHC analysis of Trop-2 protein expression in human breast cancer samples. Left, Staining
was performed with the 162–46.2 (HB187) murine mAb. Reactivity is prominent against intracellular Trop-2 deposits (43). Right, Staining was performed with the
AF650 anti–Trop-2 goat polyclonal antibody. Prevalent reactivity against the cancer cell-membrane Trop-2–activated form was observed (43). Bars ¼ 30 mm.
B, Frequency of Trop-2 expression in human tumors. The tumor classes analyzed are listed on theX-axis. The height of the red bars is in proportion to the frequency of
expression of Trop-2 (overall frequency on top of the bar). Absolute numbers of cases analyzed are listedwithin each frequency bar. C andD, 3D structure of Trop-2.
C, Side and top (i.e., extracellular) views of the model of a human Trop-2 dimer (35), truncated in the middle of the transmembrane helices (horizontal black bar). As
indicated by the arrows, the two views are related by a 90� horizontal rotation. A black circle and a black rectangle surround the groove between the glycans at N120
andN208 that becomesmore accessible uponADAM10 cleavage and rearrangement of theN-terminal ADAM10-cleaved subunit. Trop-2molecules in the dimer are in
green/cyan ribbons. ResiduesN120 andN208 are in blue sphereswith theN-glycans at these sites in blue sticks. TheN168 residue is in yellow spheres and its N-glycan
is in yellow sticks. The two N-terminal ADAM10-cleaved subunits (AA 27–87) are in red/magenta spheres. The N33-linked glycans on this portion of themolecule are
also in red/magenta sticks. The C73-C108 disulfide bridge that tethers the ADAM10-cleaved subunit to the rest of the protein is in black spheres. The groove residues
forming salt bridges or hydrogen bondswith the removedADAM10-cleaved subunits are in orange (footprint residues T88, G112, D221, Y224, Y225, E233, L235, Q237,
Y260). ResidueC108 (disulfidebonded toCys 73 in the small cleaved subunit) is also part of the samegroove region but is represented in black spheres in both panels.
Top, Pre-cleavageTrop-2 dimermodel. Bottom, Post-cleavageTrop-2 dimermodel,with apossible novel orientation of the twoN-terminal small subunits (AA27–87)
following ADAM-10 cleavage, preserving the C73-C108 disulphide bridge. D, Full-length Trop-2 ECD. The N-terminal subunit is in red. Surface sphere models versus
ribbon diagrams are provided for clarity.
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positive cells), 2 (10%–50% of positive cells), 3 (50%–80% of positive
cells), and 4 (>80% of positive cells). An intensity score classified
average intensity of positive cells as 1 (weak staining), 2 (moderate
staining), or 3 (strong staining). The positivity and intensity scores
were then multiplied to obtain a final H-score that ranked tumors for
overall expression of Trop-2.

Experimental tumors
Transformed cell lines and TROP-2 transfectants (37) were injected

subcutaneously (5 � 106 to10 � 106 cells) into 8-week-old female
athymic CD1-Foxn1 nu/nu mice (Charles River Laboratories, RRID:

IMSR_CRL:086). The tumor longest/shortest diameters (D/d) were
measured every 5 to 7 days. Tumor volumes were calculated as for an
ellipsoid (Dxd2/2; ref. 16). Treatment with anti–Trop-2 or irrelevant
(p181bg) mAb was performed by weekly intraperitoneal administra-
tion of 800 mg/mouse of antibody in PBS, for 4 weeks starting from the
day of the inoculation.

Study approval
Procedures involving animals and their care were conducted

in compliance with institutional guidelines, national laws, and inter-
national protocols (D.L. No.116, G.U., Suppl. 40, Feb.18, 1992;No.

Figure 2.

Generation and screeningofmAb targeting cancer-activated Trop-2.A,Flow-chart of the generation strategyof cancer-selective anti–Trop-2mAbs. Affinity-purified
multi-phyla–derived Trop-2 immunogenswere coinjected inBalb-Cmice, fromwhich hyridomaswere generated as described. Hybridoma clone culture supernatants
were screened by ELISA for mAb reactivity, using deletion mutant Trop-2–expressing transfectants as targets. Positive clones were then screened against native
Trop-2 by flow cytometry. Native Trop-2–binding mAbs were assigned to homogeneous groups by cross-competition assays. Cancer reactivity was validated by
multiplex IF analyses on frozen tumor tissue sections. B, Immunodominant recognition of Trop-2 [modified from (19)]. Left, Trop-2 schematics with indication of the
different structural domains along themolecule; residue numbering is according to NP_002344.2. Numbers indicate boundary AA residues. Bottom, Trop-2 deletion
mutant schematics; structural domains that were retained in each mutant are color-coded according to the full-length molecule. Right, Flow-cytometry analysis of
competition assays versus immunodominant-epitope-binding mAb. KM12SM/Trop-2 transfectants were stained with the Alexa488-labelled benchmark AbT16
mAb (17), either alone (blue profiles) or coincubated with a 10-fold excess of unlabeled anti–Trop-2 mAb, as indicated (red profiles). RS7 (55) and AR47A6.4.2 (18)
efficiently competed out AbT16, whereas 2G10 did not, indicating recognition of a different epitope. An irrelevant antibodywas used as negative control (black solid-
line profiles). C, Trop-2 recombinant protein immunogens. E. coli: the Trop-2 ECD synthesis was induced by IPTG and purified by 6His tag/Ni-NTA affinity
chromatography, under denaturing conditions in 6M urea/guanidinium; purified Trop-2 showed the expected 29 kD mw as a deglycosylated form.Yeast: The S150-
PA1 strain expresses gene the PDI1 disulfide-isomerase, which catalyzes the rearrangement of intrachain and interchain disulfide bonds, for native structure folding.
The SX21-PA2 expresses the PDI1 gene and TRX2 (thioredoxin II), for improved disulfide bond reduction and rearrangement. Sf9, L, 293T cells were allowed to reach
confluency in complete medium, then shifted to serum-free medium for the indicated time. Supernatants were collected and proteins were precipitated with
saturated ammonium sulfate. Trop-2 variants were purified under nondenaturing conditions via 6His tag/Ni-NTA affinity chromatography. Sequential elutions were
performed with NaCl step-gradients as described. The amount of secreted Trop-2 in each model system is indicated.
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8, G.U., July, 1994; UKCCCR Guidelines for the Welfare of Animals
in Experimental Neoplasia; EECCouncilDirective 86/609,OJ L 358. 1,
Dec.12, 1987; Guide for the Care and Use of Laboratory Animals,
United States National Research Council, 1996), following approval by
the Italian Ministry of Health (No. 723/2015-PR) and by the Animal
Protection Committee of the Beijing Experimental Animal Center
(Research Proposal Approval, June 30, 2015). Studies on human
samples were approved by the Italian Ministry of Health (RicOncol
RF-EMR-2006–361866, 2006).

Statistical analysis
Thex2 test was used for comparison of errors between experimental

data and fitted curves in Octet binding assays. Two-tailed Fisher exact
tests were used to compare protein expression levels in normal versus
tumor samples. EC50 values were calculated from dose–response data
fitted to a 4-parameter-logistic nonlinear regression model. Spearman
nonparametric correlation coefficients were computed for protein
expression levels in human cancer samples. ANOVA (44) and t test

implementing a post hoc Bonferroni correction were used to com-
paratively assess tumor growth curves. Data were analyzed using
Sigma Stat (SPSS RRID:SCR_002865) and GraphPad Prism (RRID:
SCR_002798).

Data availability
All relevant data are included in this article. The sequence data of

the Hu2G10–5 and Hu2G10–6 are described in the patent appli-
cation WO2016087651 available at https://patents.google.com/pat
ent/WO2016087651A1/en.

Results
3D-informed recognition of cancer-specific ADAM10-
processed Trop-2

Large-scale IHC analysis of human tumors (3,132 cases) was
conducted with the benchmark 162–46.2 mAb and with the R&D
goat pAb, which recognizes the activated form of Trop-2 (43). Cancers
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Figure 3.

Flow-cytometry analysis of ELISA-selected anti–Trop-2 mAb. A, Living L/Trop-2 transfectants expressing native Trop-2 at the cell surface were incubated with the
indicated mAb, followed by incubation wih a donkey anti-mouse antiserum conjugated to Alexa-488 fluorophores (red profiles); L cells transfected with the empty
vector were used to assess binding specificity (black profiles). The Alexa-488-tagged AbT16 anti–Trop-2 mAb (blue profile, top left) was used as benchmark. Five
of 10 ELISA-selectedmAbswere found to bind native Trop-2 in living cells in culture; their combined binding profiles are shown in the red-framed bottom-right panel.
B, Differential recognition of different ECD regions of the Trop-2 molecule by the five selected anti–Trop-2 mAbs. Trop-2 binding mAbs for each ECD region are
indicated (red circles).C,Cross-competion of the five selected anti–Trop-2mAbs. Flow-cytometry analysis of L/Trop-2 transfectants stainedwith Alexa-488-tagged
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of the breast (n ¼ 1,701), colon/rectum (n ¼ 413), stomach (n ¼ 82),
endometrium (n ¼ 25), lung (n ¼ 86), ovary (n ¼ 79), prostate
(n ¼ 75), pancreas (n ¼ 40), cervix (n ¼ 35), kidney (n ¼ 17),
thyroid (n ¼ 140), skin (n ¼ 55), pulmonary carcinoid (n ¼ 39),
and thymic epithelial tumors (n¼ 193) showed percent positivity for
Trop-2 in up to 91%of individual cases (cervix), supportingTrop-2 as a
major target in human cancer (12, 14, 16, 45). Lymphomas, melano-
mas, glioblastomas, and sarcomas did not express the Trop-2 protein
(Fig. 1A and B).

These findings lent support to using Trop-2 as a main candidate
for targeted anticancer therapy (46). We and others, though, had
shown that Trop-2 is highly expressed in several normal tis-
sues (9, 12, 14, 16, 17, 45), including epidermis, endometrium,
esophagus, tonsil, lung, kidney, salivary glands, and breast (9).
Importantly, the Rinat-Pfizer RN926 anti–Trop-2 mAb, which was
developed in the PF-06664178/Aur0101 ADC, showed high efficacy
in animal models that did not express human Trop-2. Follow-up
studies in clinical settings showed, however, intolerable skin rash
and mucosal lesions, as on-target/off-cancer toxicity due to the
expression of Trop-2 in these tissues (25). This confirmed that
toxicity of a highly potent ADC via on-target/off-cancer effects can
be an unsurmountable limiting factor for effective use as anticancer
therapy (47).

We thus set out to reach differential recognition of Trop-2 in
transformed versus normal tissues. Trop-2 molecules form stable
dimers (35) and higher-order multimers at cell–cell contacts (24, 48).
Hence, target epitopes at different sites in Trop-2 may become
differentially accessible to antibody binding in difficult-to-penetrate,
tightly packed cancer cell masses. We thus performed initial screening
assays on isolated cells and validated their performance on frozen
sections of in vivo growing xenotransplants.

We recently showed that Trop-2 undergoes ADAM10-mediated
proteolytic cleavage between residues R87 and T88, in the first loop of
its thyroglobulin domain. This cleavage occurs in most tumors,
including colon, breast, prostate cancers, whereas no Trop-2 cleavage
was detected in normal human tissues (14, 16). Proteolysis of Trop-2 at
R87-T88 triggers cancer cell growth and metastatic diffusion, via
inhibition of E-cadherin–mediated cell–cell adhesion (14, 16).

We thus constructed models of 3D structures of the Trop-2 ECD
(www.rcsb.org/) to inform mAb selection. The initial human Trop-
2 homology models (14) were validated on the crystal structures of
Trop-2 (Fig. 1C and D). The N-terminal small subunit, which is
severed from Trop-2 by ADAM10 cleavage at R87-T88 (14) was
found to possess a quasi-pyramidal shape, its base made by

residues belonging to the S71-S81 a-helix. Two ß-strands (T42-S45,
Q54-A57) elevate from this basis and are topped by a short orthogonal
a-helix. The interface between the cleaved N-terminal small subunit
and the groove amounts to about 1,200 Å2, as measured by the PISA
server, with residues involved in hydrogen bonds and salt bridges
between the two opposing surfaces. ADAM10 cleavage is predicted to
induce a profound rearrangement/opening up of the Trop-2 structure.
The 27–87 AA subunit was modeled to move away from the trans-
membrane-anchored region, while remaining covalently bound to it via
the Cys73-Cys108 disulfide bridge (Fig. 1C). Such displacement
revealed an elongated groove (largely unaccessible previous to cleavage)
containing the a-helix D218-K231 and the three loops G232-Q237,
G102-F114, and V131-G132 (Fig. 1D).

Generation of mAbs recognizing cleaved/activated cancer-
expressed Trop-2

We seeked to generate anti–Trop-2 mAbs with selective reactivity
against the groove region in cleaved/activated Trop-2 (Supplemen-
tary Methods). Most low-efficacy anti–Trop-2 mAbs recognize a
single immunodominant epitope (14, 17, 19), which is poised
between the N-terminal and the cysteine-free stem region at the
end of the ECD (Fig. 2; ref. 1). Hence, we removed these regions by
deletion mutagenesis, as previously described (19). These Trop-2
molecules lacking the immunodominant epitope were used for
hybridoma screening and epitope region mapping (Fig. 2).

The Trop-2 groove region exposed by ADAM10 cleavage is
flanked by the N208 and N120 glycosylation sites. Differential
glycosylation of cell surface molecules is known to occur in cancer
cells (49–51). Recognition of cancer antigens is frequently depen-
dent on target protein glycosylation (49, 52), possibly through
skewed immunization processes (50). Hence, to extend the target
portfolio of cancer-selective Trop-2–binding mAb, we immunized
mice with engineered target proteins expressing multi-phyla end-
glycosylation patterns, which encompassed mammalian tumor
cells (human 293 and murine L), baculovirus-expressing
insect cells, yeast cells, and nonglycosylated protein-generated in
Escherichia coli (Fig. 2).

Screening for cancer-specific anti–Trop-2 mAbs was performed by
ELISA, bio-layer interferometry, flow cytometry, and fluorescence
microscopy on cleaved/activated, WT and glycosylation site– or
proteolytic site–mutagenized Trop-2 (Fig. 2). The specificity of the
anti–Trop-2 mAb toward different ECD regions of the Trop-2 mol-
ecule was assessed by cell-based ELISA, using L cells transfected with
Trop-2 deletion mutants. The top 10 Trop-2–binding hybridomas

Figure 4.
Glycosylation-dependent binding and signaling of 2G10.A,Flow-cytometry analysis of 2G10binding towtTrop-2 in colon cancer cell lines. HT29 cells show lowTrop-2
cleavage; Colo-205 cells show low Trop-2 cleavage; HCT116 show high Trop-2 cleavage. Benchmark AbT16, 2EF anti-framework Trop-2 mAb and R&D anti–Trop-2
pAb were used to quantify Trop-2 molecules at the cell membrane. B,Western blot analysis of Trop-2 glycosylation mutants expressed in MTE 4–14 transfectants.
Single mutants are indicated; combination mutants were obtained, whereby two, three, or all four (quad.) glycosylated asparagine residues were substituted with
alanines. Vector: vector-alone, negative-control transfectant; wtTrop-2 transfectants: full-glycosylation control. mw: molecular weight markers are indicated on the
right.C, Flow-cytometry analysis of KM12SM transfectants for 2G10 binding to (left) wtTrop-2, (middle) proteolysis-resistantmutant, (right) glycosylation-null Trop-
2. Benchmark AbT16, 2EF anti-framework Trop-2 mAb were used to quantify Trop-2 molecules at the cell membrane. D, Flow-cytometry analysis of KM12SM
transfectants for 2G10 binding to single glycosylation site Trop-2mutants (N120A; N168A; N208A). Benchmark AbT16, 2EF anti-framework Trop-2mAbwere used to
quantify Trop-2 molecules at the cell membrane. E, MTE 4–14 transfectants for wtTrop-2, N33A, N120A, N168A, N208A Trop-2 mutants were assessed for in vivo
interactions at the cell membrane with CD9. Co-capping analysis was conducted, using the benchmark AbT16-Alexa488 anti–Trop-2 mAb and anti-CD9-Alexa633
mAb. IF analysis was performed in multiplex mode (Zeiss), whereby signals for each fluorophore were acquired independently. Co-caps of Trop-2 variants with CD9
are indicated by white arrowheads. Scale bars, 5 mm. F,Anti–Trop-2 Hu2G10-induced Ca2þ signaling (representative frames extracted from themovie S1) MTE 4–14
cells transfectedwith Trop-2 and the GFP-based Ca2þ indicator CMV-G-GECO1.2were subjected to cross-linking of Trop-2with theHu2G10mAb, and transient peak
of Ca2þ signalingwas recorded.G,Dynamic analysis formembrane translocation of PKCa-EGFP chimeraswas conducted onMDA-MB-231 breast cancer andOVCA-
432 ovarian cancer transfectants. Frames from confocal-microscopy recordedmovies are shown at time zero and at 30 sec-intervals after Trop-2 cross-linking with
Hu2G10. Signaling showed expected kinetics, with a lag time�30 sec, peak signaling at 60 to 240 seconds and signal waning at >720 seconds in MDA-MB-231 (9). In
OVCA-432, PKCa-EGFP membrane signals were shown to oscillate with a period of 30 to 60 seconds, before waning after 600 seconds.
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Figure 5.

Hu2G10 engineering and immunotherapy of Trop-2–expressing cancer xenografts. A, Flow-cytometry analysis of MTE 4–14/Trop-2 transfectants (top) and MCF-7
breast cancer cells stained with Alexa-488–labeled murine 2G10 mAb either alone (red) or competed out by progressively higher amounts of the indicated mAb
(murine 2G10, Ch2G10, Hu2G10–5, and Hu2G10–6). A reduction of fluorescence signal was a quantitative indicator of relative affinity, as the antibody pairs compete
for the same epitope of the Trop-2 molecule. Unstained controls are shown in black. (Continued on the following page.)
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were selected and further assessed by live cancer cell recognition by
flow cytometry. Five of the 10mAbs had the capacity to bind Trop-2 at
the cell surface under native conditions (Fig. 3A and B). The specific
reactivity of these mAbs was assessed by competition assays using
pairwise combinations of fluorophore-tagged mAbs and a 10-fold
excess of each of the other unlabeled mAb (Fig. 3C). These assays
showed cross-competition of A9, 1B4, 2G10, 4F6 with each other, but
not with 2EF. Together with the differential recognition of different
ECD regions of the Trop-2 molecule (Fig. 3B), this suggested that
two independent mAb families had been generated. Neither 2EF,
nor the 2G10 family mAb cross-blocked the AbT16 and RS7 bench-
markmAb, indicating no recognition of the immunodominant epitope
in the Trop-2 ECD (Fig. 3B).Most effective recognition of the cleaved/
activated form of Trop-2 by 2G10 led to its choice for prime
development.

Structure-function determinants of the cleavage-activated,
surface exposed, signal-triggering region of Trop-2

The 2G10 mAb was shown to bind Trop-2 in most cancer cell lines
and transformed cell transfectants (Fig. 4A). The binding of 2G10 was
shown to depend on Trop-2 proteolytic cleavage (Fig. 4C), first
indicating success of our strategy in selective recognition of cancer
cleaved/activated Trop-2 (14).

Four N-glycosylation site consensus sequences were identified in
the Trop-2 protein, atN33,N120,N168,N208 (1, 53). Individual siteN
to A mutagenesis revealed that all four sites were glycosylated.
Multiple-combination mutants were obtained until reaching a qua-
druple Trop-2 mutant that was completely devoid of glycosylation
(Fig. 4B andC). All glycosylation mutants were found to be efficiently
transported to the cell membrane. At the cell surface, individual
glycosylation site mutants were shown to retain interaction with
components of the macromolecular super-complex that drives
Trop-2 signaling (9), among them CD9. Co-capping, upon mAb
cross-linking, was shown for N33A, N120A, N168A, N208A Trop-
2 with CD9 (Fig. 4E), suggesting conserved dynamic interaction with
the Trop-2 signaling super-complex components and the cytoskele-
ton (9). This allowed the glycosylation site mutants to explore the
glycan dependency of Trop-2 recognition by 2G10 in living cells.

Flow-cytometry analysis of quadruple glycosylation-site Trop-2
mutants showed effective recognition by the benchmark/immunodo-
minant epitope-targeting AbT16 and by 2EF. On the other hand,
2G10 binding was entirely lost (Fig. 4C), indicating that the 2G10
target epitope is glycosylation-dependent. Individual glycosylation
mutants were then assessed. The N33A and N168A mutants
did not affect 2G10 binding, whereas N120A and N208A abolished
it (Fig. 4D). This finding suggested recognition of the N120-N208-
flanked activation-exposed Trop-2 groove. The region between the

N120 and N208 glycosylation sites was found to bind the cell–cell
tight-junction instructor claudin-7 (53), andmutagenesis at these sites
abolished claudin-7 binding (7, 53). These observations and the
activation-linked exposure of this region suggested it as an initiator
site of Trop-2 signaling.

We thus went on to ask whether the 2G10 mAb binding induced
Trop-2 signaling in vivo. MTE 4–14 transfected with the TROP-2 gene
and supertransfected with the R-GECO2 Ca2þ-signal reporter were
challenged with 2G10, and response was recorded by confocal time-
lapsemicroscopy (Movie S1). A wave of Ca2þ-signal was induced after
binding of Trop-2 with the 2G10 mAb. In these assays, 2G10
and Hu2G10 showed undistinguishable activation profiles and
were subsequently used interchangeably. Ca2þ signaling showed
expected kinetics (8, 9) with a lag time of 10 seconds after mAb
administration; peak signaling was reached after 30 seconds and
waned after 30 additional seconds. This was followed by signal
spreading to an adjoining cell (Fig. 4F), suggesting effective binding
and modulation of Trop-2 function by 2G10. Endogenous Trop-2–
expressing MDA-MB-231 breast cancer cells expressing the CMV-
G-GECO1 responded to 2G10 mAb binding over corresponding
time frames. The N-terminal ECD-targeting 2EF mAb did not
induce calcium signaling.

Activated PKCa is recruited to the cell membrane upon Ca2þ

signaling (9). Western blot analysis showed dynamic modulation of
phosphorylated/activated Ser657 PKCa and Ser473 AKT, after Trop-2
binding of 2G10, over 2- to 30-minute time frames (Supplementary
Fig. S1). Absolute levels of AKT remained unvaried. Neither Ser657
PKCa nor Ser473 AKT phosphorylation were modulated by 2EF.

Dynamic analysis for membrane translocation of PKCa-EGFP
chimeras (9) was conducted on MDA-MB-231 breast and OVCA-
432 ovarian cancer cells. PKCa-EGFP signaling showed a lag time�30
seconds, peak signaling at 60 to 240 seconds, and signalwaning at> 720
seconds inMDA-MB-231 (9). InOVCA-432, PKCa-EGFPmembrane
signals were found to oscillate with a period of 30 to 60 seconds, before
waning after 600 seconds (9) (Fig. 4G). The 2EF mAb was found to
induce no PKCa-EGFP translocation to the cell membrane.

Engineering of chimeric and humanized 2G10
To obtain mAbs that could be repeatedly administered to humans

without eliciting a human anti-mouse antibody (HAMA) response,
the 2G10 mAb was humanized. The first step was the construction of
the chimeric 2G10 (Ch2G10), where the 2G10 VH and VL were
engrafted onto humanG1 and k constant regions. The CDR sequences
of VH and VL were integrated into acceptor template human
sequences, and subsequent rounds of single AA substitutions were
carried out using their murine counterparts. These substitutions were
based on 3D structure analysis, which predicted their importance in

(Continued.) B, Top, Data from the (A) panel were plotted as (left) ratio of unlabelled mAb/labelled mAb versus mean fluorescence intensity or as (right) labelled
mAb/total mAb ratio versusmean fluorescence intensity. Theoretical curves are added in black for reference. Bottom left, PAGE analysis/Blue Coomassie staining of
purified Hu2G10–5 and Hu2G10–5 produced in CHO cells transfectants, showing lack of contaminants and correct molecular weight of heavy (HC) and light (LC)
chains. Molecular weight standards are indicated. Bottom, right, Competitive binding ELISA to characterize the affinity of Ch2G10, Hu2G10–5 and Hu2G10–6 to Trop-
2–Fc. Binding of mouse 2G10 antibody in the presence of various concentrations of Ch2G10, Hu2G10–5, or Hu2G10–6 was analyzed. Absorbance values (Y-axis) are
plotted at each antibody concentration tested (X-axis) in the figure. IC50 valueswere calculated usingGraphPad Prism.C,Hu2G10-mediatedADCC. Top, ADCCdose–
response curve following incubation of subconfluent MCF-7 cells with serial dilutions of the Hu2G10 mAb and effector Jurkat NF-kB/NFAT-reporter cells.
Luminescence data from the NF-kB/NFAT-reporter activation (three replica wells per data point) were plotted against mAb concentration, according to a 4-
parameter logistic nonlinear regressionmodel. The EC50was calculated using GraphPad Prism software. Error bars:� SEM. Inset: flow-cytometry analysis of Hu2G10
binding to target MCF-7 cells. Bottom, ADCC assessment using fresh human NK cells as effectors on target KMSM transfectant; impedance-based real-time analysis
was used to measure target cell death. Cell density values (Y-axis) were normalized at time 0 (treatment sdministration) and plotted over time. Each treatment was
perfomed in two replica wells, with measurements recorded every three minutes. D, Athymic nude or (bottom right) NSG mice were subcutaneously injected with
human breast, colon, prostate cancer cells as indicated. Injected mice were randomized (n¼ 16 per group) and treated with 800-mg mAb administred weekly until
sacrifice. Treatment begun when tumors reached an average volume of 0.1 cm3 or at the time of tumor cell injection, as indicated (red arrow). Mice in the control
groups received an irrelevant isotype-matched mAb. The AbT16 anti–Trop-2–immunodominant site mAb and 2EF was used as reference for anti–Trop-2
immunotherapy. Tumor volumes were plotted against time. Error bars: � SEM.
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correctly forming the antigen-binding surface of the 2G10monoclonal
antibody. This process was aimed at enhancing the binding affinity
toward the target (Fig. 5A). Two optimized humanized versions of the
2G10 antibody were selected: Hu2G10-5 and Hu2G10-6. These two
versions differed by only one amino acid residue but had similar
binding affinity to the target. Their binding affinity was marginally
lower than the original mouse 2G10 antibody, known as Ch2G10, as
determined by a competitive binding ELISA assay using Trop-2-Fc in
the presence of murine 2G10 (Fig. 5B). These were then stably
expressed in NS0 cells or CHO cells, and best producer CHO clones
were isolated and used for mAb production in vitro (Fig. 5B).

Hu2G10 binding affinity
Hu2G10–5, Hu2G10–6, and CH2G10 mAb binding to native

surface Trop-2 expressed by MTE 4–14 transfectants or MCF-7
breast cancer cells was assessed by flow cytometry, in competition
assays with the murine 2G10. Most reassuring, this finding showed
essentially unvaried binding abilities, with an IC50 value of 0.46 mg/
mL for Ch2G10, 1.1 mg/mL for Hu2G10–5, and 1.3 mg/mL for
Hu2G10–6 (Fig. 5A and B).

Octet assays were then performed using Bio-Layer Interferometry
formeasuring absolute binding parameters ofHu2G10 to recombinant
Trop-2, binding affinity constants and association/dissociation kinet-
ics. Recombinant uncleaved Trop-2 was bound by Hu2G10 with a Kd

of 3.16�10�8mol/L.Hu2G10 binding to the fully cleaved recombinant
Trop-2 showed a much tighter Kd of <1.0�10�12 mol/L (Fig. 6A).
Hence, Hu2G10 binds ADAM10-cleaved, cancer-expressed Trop-2
>10,000 fold better than WT/normal cell Trop-2. The on- and off-
binding kinetics of Hu2G10 for the uncleaved versus cleaved Trop-2
appeared vastly different. Amost notable feature was the essentially nil
dissociation rate of Hu2G10 once bound to the cleaved Trop-2 gen-
erated in cancer cells (Fig. 6A).

Trop-2 cleavage leads to hu2g10 binding to cancer cells in vivo
Cell confluency in culture was shown to heavily affect Trop-2

proteolysis in transformed cells (14), suggesting ADAM10 cleavage
in trans from contacting cells. High cell density and persistent
exposure to ADAM10 cleavage in tumors were thus predicted to
increase Trop-2 cleavage in vivo. We comparatively analyzed BxPc3
pancreatic cancer cells for AbT16, 2EF and 2G10 binding in cell
culture versus tumor xenotransplants (Fig. 6B). This showed a low
fraction of cleaved Trop-2 and of Hu2G10 binding under 2D culture
conditions. In vivo xenotransplanted BxPc3 cancer cells revealed
much more extensive Trop-2 cleavage and Hu2G10 binding. Mul-
tiplex confocal microscopy IF analysis of BxPc3 pancreatic cancer
xenografts showed much more extensive and prevalent Hu2G10
binding to cancer cells, as opposed to 2EF and to the immunodo-
minant epitope-binding AbT16. Corresponding findings were
obtained in the DU-145 prostate and KM12SM colon cancer

xenografts. This indicated not only high binding efficiency, but
also much more efficient access to target Trop-2 cleavage sites in
tumors (Fig. 6B). Parallel analysis of normal tissues showed no
Trop-2 cleavage and no detectable binding of Hu2G10 to normal
skin, breast, and endometrium (Fig. 6C).

ADCC by hu2g10
ADCC can mediate a large fraction of mAb anticancer effects (54).

The ADCC potential of Hu2G10 mAb was measured using as
effector Jurkat cells stably expressing the V158 (high affinity) FcgRIIIa
receptor and an NFAT response element upstream of firefly luciferase.
ADCC causes NFAT pathway activation with expression of the
luciferase reporter gene, then quantified by a luminescence assay.
MCF-7 breast cancer cells express endogenous Trop-2 at levels
corresponding to average amounts in primary human cancers (12)
and were used as target cells (Fig. 5C). Different amounts of purified
mAb (range, 10�4–10�9 g/mL) were added to monolayers of MCF-7
target cells, together with Jurkat effector cells, at 3:1 effector/target cell
ratios. The EC50 for the Hu2G10 mAb was 4.15 mg/mL (2.96–5.83 mg/
mL 95% confidence interval).

We strengthened these findings by assessing the ADCC elicited
by the Hu2G10 exploiting primary NK cells in PBMCs as effectors
and measuring cell death as final outcome. Highly sensitive and
specific real-time impedence-based measurement of cell death was
employed (42) (Supplementary Fig. S2). Efficient ADCC-dependent
killing was observed on target KM12SM/Trop-2 cells, while no killing
was observed on the KM12SM/vector or in the absence of the antibody
(Fig. 5C).We tested antibody specificity for the cleavedTrop-2 directly
on the proteolytically impaired Trop-2 mutant. While initial killing
was observed, after 2 hours, the cell population recovered and paralled
the control without mAbs (Fig. 5C). These results are consistent with
differential binding of the Hu2G10 mAb to the cleaved versus
uncleaved Trop-2. Initial killing suggests low background cleavage of
WT-like proteolytically impaired Trop-2 mutant under the high cell
density conditions of the assay.

Xenograft growth inhibition by hu2g10
The therapeutic efficacy of the Hu2G10 anti–Trop-2 mAb was

tested in vivo against human cancer xenografts in nude mice.
Xenograft-bearing mice (n ¼ 16 per experimental group) were
treated when tumors reached an average volume of 0.3 cm3 at the
time of mAb injection. Mice in the control group received an
irrelevant isotype-matched mAb. AbT16, murine 2G10 and 2EF,
AR47A6.4.2 and RS7, the parental antibody for SG/TRODELVY/
IMMU-132 (21, 22), were used as benchmarks for the activity of
Hu2G10 mAb.

Endotoxin-free Hu2G10 inhibited the growth of multiple Trop-2–
expressing tumors, including prostate cancer (DU-145), colon cancer
(HT29), and breast cancer (SKBr3; Fig. 5D). The anticancer activity of

Figure 6.
Hu2G10 recognition of cleaved/activated Trop-2 in cancer versus normal tissues. A, Affinity. Hu2G10 mAb absolute affinity was measured by Bio-Layer
Interferometry-based label-free binding as described. Association/dissociation kinetics are shown for the proteolysis-resistant (top) and the fully cleaved (middle)
Trop-2 ligands, plotted aswavelength shifts toward timewith (association) or without (dissociation) analytes. Numerical values are shown fromdata fitting routines.
Statistical analyses were conducted as described. B, Cancer cells. Top, Flow-cytometry analysis of BxPC3 pancreatic cancer cells growing in vitro or obtained by
collagenase IV treatment of xenografts from nude mice with the Alexa488 2G10 or benchmark AbT16, 2EF anti–Trop-2 mAb. The same cells were subjected to
Western blot analysis to assess the extent of Trop-2 cleavage in vitro versus in vivo. Bottom, Triple IF analysis of BxPc3 pancreatic, KM12SM colon, DU-145 prostate
cancer xenografts. Frozen sections were incubated with a mixture of anti–Trop-2 antibodies directly labelled with distinct Alexa-fluorophores: 2EF-Alexa488, 2G10-
Alexa546 andAbT16-Alexa633. IF analysiswas performed inmultiplexmode (Zeiss),whereby individual signals for eachfluorophorewere acquired independently, in
a sequentialmanner.C,Normal cells. Triple IF analysis of normal breast, endometrium, skin. Frozen sections fromnormal tissueswere stained and analyzed as above.
Inset: detail of triple IF analysis of normal skin. The 2EF and the cancer-specific 2G10 signal is shown; white arrows indicate specific areas of Trop-2 expression,
beneath the corneus layer.
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Hu2G10 was undistinguishable from that of the murine 2G10, vali-
dating the reliability of the humanization procedure.

The 2G10 mAb was not able to reduce DU-145 xenotransplant
growth in NGS mice (Fig. 5D, bottom right). NGS mice harbor a null
mutation of the g chain of the interleukin-2 receptor (IL2Rg) that
blocks the signaling pathway for interleukins IL2, IL4, IL7, IL9, IL15,
and IL21, thus resulting in the absence of functional NK cells. Also
macrophages and dendritic cells are defective in these mice, due to
alleles found in the NOD genetic background. Taken together with the
corresponding efficacy in nudemice, and the ADCC activity measured
in vitro, this suggests that mAb-driven ADCC is the main mechanism
of Hu2G10 anticancer activity in vivo.

We did not observe any adverse effect in treated mice as compared
with mice in the control group, as supported by normal behavior,
clinical appearance and lack of variation in body weight during
treatment (Supplementary Fig. S3).

The murine Trop-2 is not bound by 2G10 mAb (Supplementary
Fig. S3). Hence, we went on to assay Hu2G10 toxicity in primates.
Preliminary analysis of toxicity parameters in primates indicated
normal clinical appearance and behavior together with lack of vari-
ation in body weight during treatment (Supplementary Fig. S3),
supporting the safety of administration and the therapeutic potential
of Hu2G10 against Trop-2–expressing tumors.

Discussion
Advanced, high-potency Trop-2–targeted therapy for metastatic

cancer is urgently needed (27). However, next-generation
approaches are hampered by expression of Trop-2 in normal
tissues (9, 12, 14, 16, 17, 45), which can lead to unmanageable
toxicity (25). We discovered that Trop-2 undergoes proteolytic
activation by ADAM10 in cancer cells (14, 16). This exposes a
previously inaccessible protein groove, flanked by two glycosylation
sites. We designed a recognition strategy of such targets, for
exploiting selective cancer vulnerability in patients. We succeeded
in obtaining the 2G10 mAb family that selectively targets Trop-2–
expressing cancer cells.

Our strategy design was informed by structure-function analysis of
the Trop-2 ECD (14, 35). This led us to recognize that the N-terminal
small subunit, which is severed from Trop-2 by ADAM10 cleavage at
R87-T88 (14), masks a groove of the Trop-2 ECD and makes it largely
unaccessible in the WT/uncleaved conformation. After ADAM10-
mediated cleavage, the N-terminal small subunit only remains bound
to the core Trop-2 structure via the Cys73-Cys108 disulphide bridge,
and a profound rearrangement of the Trop-2 structure takes place,
enabling targeting of the groove thus uncovered. Through selective
immunization and screening strategies, we succeeded in generating the
2G10mAb family that recognizes this region in anADAM10 cleavage-
dependentmanner. The requirement for glycosylation at flanking sites
supported the effective recognition of the cleavage-exposed target
groove in Trop-2.

Trop-2 activation-site mutagenesis allowed to explore functional
correlates, following transport to the cell surface and interaction
with the macromolecular assembly that drives Trop-2 signaling (9).
Trop-2 is required for the stability of the tight junction proteins
claudin-7 and claudin-1, which are often dysregulated or lost in
carcinogenesis. Trop-2 phosphorylation plays a role in the decrease
or mislocalization of claudin-7. Furthermore, Trop-2 is phosphor-
ylated at Ser-322 by PKCa (7, 9), and this phosphorylation
enhances cell motility and decreases claudin-7 localization to

cellular borders (7). N120A and N208A Trop-2 mutagenesis
showed that these glycan sites are critical for binding to claudin-
7 (53). This and the selective modulation by 2G10 of Ca2þ signaling,
AKT phosphorylation at Ser473, PKCa phosphorylation at Ser657,
and the dynamic recruitment of PKCa at the cell membrane in
cancer cells suggest that 2G10 targets a critical site for Trop-2
function. From a higher perspective, 2G10 thus appears to target the
cancer-specific Trop-2 form, through recognition of the signal-
trigger region for tumor progression and metastatic diffusion. This
may provide selective pressure for association of the antibody with
advanced and progressing cancers, for promising therapeutic appli-
cations in patients.

The Hu2G10 showed an extremely high affinity (Kd < 1.0�10�12

mol/L) for the cancer-specific, cleaved/activated Trop-2. Uncleaved
wtTrop-2 was bound by Hu2G10 with a Kd of 3.16�10�8 mol/L, for a
10,000-fold lower affinity than for the cancer variety. For comparison,
the Kd of HuRS7 is 1.2�10�9 mol/L (55), that is, RS7 has a �1,000
lower affinity for Trop-2 than 2G10 and does not show differential
recognition of normal versus transformed cells. Our findings of high
differential binding to the Trop-2 tumor isoform by Hu2G10 and the
absence of detectable binding of Hu2G10 to normal tissues, skin,
breast, and endometrium, strongly support the potential for a high
therapeutic index of Hu2G10 in patients.

Multiplex confocal microscopy analysis of BxPc3 pancreatic, DU-
145 prostate, and KM12SM colon cancer xenografts showed much
more extensive and prevalent Hu2G10 binding to cancer cells, as
opposed to benchmark immunodominant epitope-binding mAb. This
indicates not only high binding efficiency, but alsomuchmore efficient
access toTrop-2 target sites in tumors. Consistently,Hu2G10 showed a
powerful antitumor activity in multiple Trop-2–expressing preclinical
tumor models, including prostate cancer (DU-145), colon cancer
(HT29), breast cancer (SKBr3).

Recent findings support Hu2G10 as a strong candidate for next-
generation ADC (29, 30), for enhanced selectivity and efficiency of
payload delivery into tumor cells, while reducing the systemic toxicity
caused by binding of normal cells. The lack of Hu2G10 toxicity in
in vivo animal models and the selective recognition of cleaved/acti-
vated Trop-2 in cancer cells pave the way for a Hu2G10 mAb-led
paradigm shift in Trop-2–targeted therapy.
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