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A B S T R A C T

Galectin-3-binding protein (Gal-3BP) has been identified as a cancer and metastasis-associated, secreted protein
that is expressed by the large majority of cancers. The present study describes a special type of non-internalizing
antibody-drug-conjugates that specifically target Gal-3BP. Here, we show that the humanized 1959 antibody,
which specifically recognizes secreted Gal-3BP, selectively localized around tumor but not normal cells. A site
specific disulfide linkage with thiol-maytansinoids to unpaired cysteine residues of 1959, resulting in a drug-
antibody ratio of 2, yielded an ADC product, which cured A375m melanoma bearing mice.

ADC products based on the non-internalizing 1959 antibody may be useful for the treatment of several human
malignancies, as the cognate antigen is abundantly expressed and secreted by several cancers, while being
present at low levels in most normal adult tissues.

1. Introduction

The use of cytotoxic agents is at the basis of the medical treatment
of cancer. Although these agents preferentially accumulate at the tumor
sites, a certain amount reaches healthy organs, causing cytotoxic side
effects. One possible solution to avoid or limit the lack of selectivity of
cytotoxic agents is to couple them to an antibody to form an Antibody-
Drug Conjugate (ADC) recognizing specifically a target antigen ex-
pressed at the cell surface that is unique to or expressed at higher levels
in cancer cell types than in normal tissues [1]. This makes the ADC
approach cell type specific and target specific. Unfortunately, several
technical difficulties have been encountered with the ADC approach. A
first drawback is that the targets have been limited to proteins/re-
ceptors that internalize upon ADC binding. In some cases, even though
the target for the ADC exists on the cell surface, internalization does not

occur [2]. Complicating this even further are the cases where the target
is expressed and internalization occurs, but the internalization is within
compartments where drug antibody dissociation does not occur, leaving
the drug ineffective [3]. Another difficulty encountered with the ADC
approach relates to how much active drug can be delivered inside the
cell. Indeed, payload distribution within the tumor is critical to predict
ADC-based therapy efficacy. Huge efforts in the field of ADC develop-
ment are addressed to generate novel compounds with ideal delivery to
the site of action to maximize efficacy [4].

Given all these constraints, it is not surprising that there are only a
few ADCs for application in oncology: Gemtuzumab ozogamicin
(Mylotarg®), brentuximab vedotin (Adcetris®), trastuzumab emtansine
(Kadcyla™), and Inotuzumab ozogamicin (Besponsa®) have been
available on the market. Therefore, there continues to be a need for
improved ADC that circumvents these requirements and/or overcome
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the difficulties and drawbacks of existing methods.
Recently, a type of ADC which do not need to be internalized by

cancer cells has been investigated. These non-internalizing ADCs target
antigens that are structural components of the environment sur-
rounding tumor cells. For example, reports have shown that ADCs
based on site specific disulfide linkage with thiol-drugs directed against
the alternatively spliced extracellular A domain of fibronectin, a com-
ponent of the tumor subendothelial extracellular matrix, can mediate a
potent anticancer activity in the mouse [5,6]. It has been postulated
that disulfide-based ADC products may release their payload upon
tumor cell death, in a process that can be amplified by the diffusion of
the cleaved cytotoxic drug into neighboring cells and by the subsequent
release of reducing agents (e.g. cysteine, glutathione) [7–11].

Galectin-3-binding protein (Gal-3BP, Uniprot ID – Q08380), also
known as 90 k or Mac-2-binding protein is a large oligomeric, highly
glycosylated protein that in humans is encoded by LGALS3BP gene
[12,13]. The protein was originally described by our group while
aiming to identify proteins secreted in vitro by human cancer cell lines,
such as CG-5 (breast cancer) [14,15], or independently as a ligand of
the lactose-specific S-type lectin, galectin-3 (formerly Mac-2) [16,17].

Accumulating evidence has shown that this protein may be involved
in cancer growth and progression. Notably, significantly elevated ex-
pression of Gal-3BP in the serum or tumor tissues has been found to be
associated with a poor clinical outcome in patients with a variety of
cancer types [18–22]. Although the mechanism underlying these ne-
gative influences of Gal-3BP on the prognosis of various cancers is not
well understood, it may be related to the multidomain nature of the
protein and its association with different ligands in different tumor
tissues. These interactions may support the well-characterized role of
the protein in mediating cell-cell and cell-extracellular matrix [23,24]
adhesion processes and, more recently, tumor angiogenesis [25,26].

Attempts to neutralize Gal-3BP functions have been investigated by
monoclonal antibodies specifically directed against the different do-
mains of the protein [27]. One antibody recognizing a conformational
epitope along the lectin binding domain of Gal-3BP, named SP-2 has
been generated and found to possess promising therapeutic activity in
several tumor xenografts [25].

In this article, we attempt to evaluate whether Gal-3BP is a suitable
target for non-internalizing ADC based cancer therapy. A humanized
version of the murine SP-2 antibody, 1959 was generated and succes-
sively engineered (hereafter named 1959-sss) through cysteine to serine
substitution into the hinge region allowing a site-specific, linker-less
thiol-drug coupling at the residual C-terminal cysteines of the light
chain. Three 1959-sss/based ADC products were obtained using as
payloads the maytansinoid thiol-derivatives DM1-SH, DM3-SH and
DM4-SH. We show that 1959-sss conjugated with DM3 (1959-sss/DM3)
or DM4 (1959-sss/DM4), but not with DM1 (1959-sss/DM1) mediated a
potent antitumor activity, including several cures, in a model of mel-
anoma xenograft. Additionally, we show that 1959-sss/DM3 was com-
pletely stable in vivo, when tested in immunocompromised mice.

2. Materials and methods

2.1. Cell lines

Melanoma (A375m), neuroblastoma (SKNAS), hepatocellular car-
cinoma (Hep-G2) cells and human fibroblasts (BJ) were purchased from
American Type Culture Collection (Rockville, MD, USA).
Neuroblastoma Kelly cell line was purchased from Sigma-Aldrich (St.
Louis, MO, USA). All cell lines were cultured< 3months after re-
suscitation. The cells were cultured using DMEM (A375m and SKNAS)
or EMEM (Hep-G2 and BJ) or RPMI (Kelly) media according to manu-
facturer's instructions, supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Invitrogen), L-glutamine, 100 units/ml penicillin,
and 100 μg/ml streptomycin (Sigma-Aldrich Corporation, St. Louis,
MO, USA), and incubated at 37 °C in humidified air with 5% CO2.

2.2. Generation of 1959-sss

The murine anti-Gal-3BP SP-2 antibody [25] was humanized by
CDRs grafting into an IgG1 scaffold as previously described [28,29].
Antibody variants were screened for antigen binding affinity by ELISA
and the lead candidate was selected and named 1959. For site-specific
conjugation, 1959 was engineered so that the cysteine residues of the
heavy chain in positions 220, 226, and 229, were mutated into serine
residues, as previously described (US 2008/0305044 A1) [30]. The full
amino acid sequences for 1959-sss are given in Supplementary Fig. 1.

2.3. ADC generation

1959-sss antibody was reduced using 60M excess of TCEP (Tris(2-
carboxyethyl) phosphine (Thermo Fisher Scientific), in phosphate-buf-
fered saline (PBS, Sigma-Aldrich), pH=7.4. The reaction was carried
out overnight at RT. The TCEP-reduced antibody in 100mM phosphate
buffer pH 7.4 was then incubated with 100M excess of DTNB (5,5′-
Dithiobis(2-nitrobenzoic acid; Sigma-Aldrich). The reaction was carried
out overnight at RT and stopped by passing the 1959-sss/DTNB mixture
through a G25 Sephadex column equilibrated in PBS/5% sucrose/10%
DMA (NN′ dimethyl acetamide, Sigma-Aldrich). The DTNB-derivatized
1959-sss antibody was then reacted with 10M excess of thiol-may-
tansinoids DM1-SH, DM3-SH, or DM4-SH in PBS/5% sucrose/10% DMA
overnight at RT. The reaction was stopped by adding 500M excess
iodoacetamide (Sigma-Aldrich). To eliminate unreacted free may-
tansinoid, the reaction mixture was passed through a G25 Sephadex
column equilibrated in PBS/5% sucrose/10% DMA in an isocratic way
with a flow rate of 1ml/min.

The final concentration of the ADCs was estimated by UV-VIS
spectrophotometry, using an extinction coefficient
ε280=1.6M−1 cm−1. The thiol-maytansinoids DM1-SH, DM3-SH and
DM4-SH were provided by Eisai (Eisai Inc, MA, USA).

2.4. Characterization of ADC

All ADC products were analyzed by SDS-PAGE and size exclusion
chromatography (Superdex200 10/300GL; GE Healthcare). Release of
free thiol-maytansinoids after the reduction with 60M excess TCEP,
was revealed by HPLC analysis using a C18 (Vertex plus, Knauer)
column eluting the drugs with a linear gradient 0–100% of 0.1% TFA to
0.1% TFA/80% Acetonitrile detecting at 254 nm. The amount of re-
leased thiol-maytansinoid was estimated by extrapolation from a cali-
bration curve obtained in the same conditions. After analysis of 500 μl
(0.3 mg/ml) of non-reduced and reduced ADCs, the Drug-Antibody
Ratio (DAR) calculated was 2.

Naked 1959-sss antibody and the ADCs were analyzed by HIC
chromatography on a MabPac-Hic-Butyl column (ThermoScientific)
equilibrated in 1.5M Ammonium sulfate, 50mM sodium phosphate
pH 7.0, 5% isopropanol. The elution was obtained with a linear gra-
dient 0–100% of 50mM sodium phosphate pH 7.0, 20% isopropanol,
1 ml/min.

Naked 1959-sss antibody and the ADCs were further characterized
by mass spectrometry performed by Toscana Life Sciences (http://
www.toscanalifesciences.org/it/). After desalting with a PD Spin
TrapG25, 2 μl of each sample were mixed with 2 μl of a s-DHB saturated
solution in 0.1% TFA in distilled water /acetonitrile (50:50). Mixtures
were deposited on a stainless-steel target and allowed to dry. Mass
spectra were acquired using an Ultraflex MALDI TOF/TOF (Bruker,
GmBH) in linear positive mode. In some measurements 1959-sss and
the ADCs were reduced with excess TCEP before the analysis.

2.5. Therapy studies

Homozygous Balb/c nu/nu athymic female mice (4–6-week old)
were purchased from Charles River Laboratories, Milan, Italy and
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maintained at 22–24 °C under pathogen-limiting conditions as required.
Cages, bedding, and food were autoclaved before use. Mice were given
a standard diet and water ad libitum and acclimatized for 2 weeks be-
fore start of the experiments. Housing and all procedures involving the
mice were performed according to the protocol approved by the
Institutional Animal Care and Use Committee (Authorization n° 629/
2015-PR).

Five million of exponentially growing A375m cells were implanted
s.c. into the right flank of the mice. When tumors became palpable
(approximately 150mm3), animals were randomly divided and in-
travenously injected. Doses and schedules are described in the in-
dividual figure legends.

Tumor volume was monitored twice a week by a caliper and cal-
culated using the following formula: tumor volume (mm3)= (length *
width2)/2. A tumor volume of 1.5 cm3 was chosen as endpoint for all
experiments after which mice were sacrificed and tumors dissected,
fixed with formalin and embedded in paraffin.

2.6. Biodistribution studies

1959-sss/DM3 accumulation in tumor tissue was evaluated by im-
munofluorescence analysis of A375m tumor xenografts. Animals
bearing A375m tumors (n=3) received a single injection of PBS (as a
control), or 1959-sss/DM3 at the dose of 10mg/kg and thereafter an-
imals were sacrificed 72 h later. Fresh tissues from heart, lung, kidney
and tumor were frozen in a cryo-embedding medium (OCT, BioOptica)
and cryostat sections were incubated with the following antibodies: rat
monoclonal anti-CD31 (550,274, BD Pharmingen) mixed with rat

monoclonal anti-CD105 (550,546, BD Pharmingen) at 1:40 dilution,
followed by secondary antibody (1:200 dilution) AlexaFluor-546 con-
jugated (A11081, Molecular Probes, Life Technologies) and AlexaFluor-
488 conjugated (1:200 dilution) anti-human IgG (A11013, Invitrogen,
Life Technologies). A mixture of antibodies against CD31 and CD105
was used to increase the probability of staining all of the tumor en-
dothelium as previously reported [31]. Nuclei were stained with
DRAQ5 1:1000 (62254, Alexis, Life Technologies). Images acquisition
was performed using Zeiss LSM 510 META confocal microscope.

2.7. LC-MS (Liquid Chromatography Mass Spectometry) analysis of
released payload in mice serum

For the evaluation of free thiol-maytansinoid in mice serum, CD1
nude mice were injected intravenously with 10mg/kg of 1959-sss/DM3
or equimolar amount of free DM3-SH. Blood samples were collected
thereafter at the following time points (3 animals per time-point):
1 min, 5min, 1 h, 24 h and 72 h. LC-MS analysis of the DM3-SH was
performed by LC-MS by Toscana Life Sciences (http://www.
toscanalifesciences.org/it/). Serum samples (100 μl) were treated with
200 μl of ACN:MeOH (50/50, v/v) in order to precipitate proteinaceous
materials. The supernatant was recovered by centrifugation at 4000 x g
for 20min at 4 °C, evaporated to dryness under nitrogen stream. 100 μl
of 0.1% formic acid in H2O:ACN (90:10, v/v) was added to each vial.
Samples (10 μl) were analyzed by HPLC-MS/MS using a CSH C18 130 Å
column (1mm×150mm, 1.7 μm, Waters), at 50 °C and with a flow
rate of 0.1 μl/min in gradient mode. Mobile phase A consisted of 0.1%
formic acid in water and mobile phase B of 0.1% formic acid in ACN.

Fig. 1. Generation and characterization of 1959-sss/ADCs. (A) Schematic representation of 1959-sss based-ADCs generation; (B) in vitro binding affinity of 1959
wild-type, naked and conjugated 1959-sss antibodies. ELISA was performed using as capture antigen the recombinant purified GAL3-BP protein and bound 1959
antibodies were detected by HRP-labelled goat anti-human IgG. Kd values of mAbs were calculated using GraphPad Prism 5.0 software and are shown in the table.
(C) Schematic representation and biochemical characterization of 1959-sss/DM3 by RP-HPLC, HIC-HPLC and MS. Free drug release was analyzed by inverse phase
HPLC and confirmed by mass spectroscopic analysis showing a shift of 780 Da in the light chains corresponding to DM3 molecular weight. DAR test chromatograms
revelead unconjugated 1959-sss (blue line) and 1959-sss/DM3 (green line). DAR=2. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The following gradient was used: 10% B for 1min, 10%–100% in 7min,
holding at 100% B for 1min and re-equilibration at 10% B for 10min.
For each sample the LC-ESI-MS/MS runs were performed in triplicate.
The detector was a Q-Exactive Plus mass spectrometer (Thermo
Scientific) operating in positive ion mode with the following para-
meters: capillary temperature, 320 °C; spray voltage, 2.7 kV; sheath gas
(nitrogen), 5, resolution, 70.000; AGC target, 2e5; Maximum IT,
100ms; Isolation window, m/z 2.0; Scan range, m/z 150–2000; NCE,
24. Parallel reaction monitoring (PRM)-based targeted mass spectro-
metry was used to quantitative determination of DM3-SH. The proto-
nated molecular ions at m/z 732.4909 was selected and the fragmen-
tation pathway yielding the ion at 700.4639 was monitored. The
acquisition software was XCalibur, version 3.0.63 (Thermo Scientific).
The detection limit of free DM3-SH in the assay resulted to be 10 ng/ml.

2.8. Toxicity studies in rabbits

The acute toxicity of the 1959-sss/DM3 was investigated following
intravenous injection of a single dose of 5mg/kg of the ADC to one
male and one female rabbit. The following investigations were per-
formed: clinical signs, body weight and macroscopic observation at
necropsy on Day 10. Rabbit specimens were fixed in 10% of neutral-
buffered formalin and embedded in paraffin. Five μm sections were
then cut and mounted on glass slides, and histological evaluation of the
tissues was performed by hematoxylin and eosin (H&E) staining. In
addition, blood sampling for toxicokinetic evaluation was performed at
the following time points: 0 (pre-dose) and 0.5 h, 1 h, 3 h, 6 h (Day 1),
24 h (Day 2), 48 h (Day 3), 120 h (Day 6) and 216 h (Day 10) after

dosing. The study was conducted by the Research Toxicology Centre
(RTC, Pomezia, Italy). Procedures and facilities were compliant with
the requirements of the Directive 2010/63/EU on the protection of
animals used for scientific purposes. The national transposition of the
Directive is defined in Decreto Legislativo 26/2014. RTC test facility is
fully accredited by AAALAC. Aspects of the protocol concerning animal
welfare have been approved by RTC animal-welfare body.

2.9. ELISA

Evaluation of the binding capacity of 1959, unconjugated 1959-sss
and corresponding ADCs to Gal-3BP was performed by ELISA. Ninety-
six well-plates NUNC were coated with human recombinant Gal-3BP
(2 μg/ml) overnight at 4 °C. After blocking with 1% BSA in PBS for 1 h,
increasing concentrations of antibodies were added and incubated for
1 h at RT. After several washes with PBS-0.05% Tween-20, anti-human
IgG-HRP (A0170, Sigma Aldrich) was added (1:5000) and incubated for
1 h at room temperature. After washes, stabilized chromogen was
added for at least 10min in the dark, before stopping the reaction with
the addition of 1 N H2SO4. The resulting colour was read at 492 nm
with an Elisa reader. Kd values were calculated using GraphPad Prism
5.0 software.

Circulating Gal-3BP in rabbit serum was measured by sandwich
ELISA provided by Diesse Diagnostica Senese Spa (Siena, Italy), fol-
lowing manufacturing instructions.

Fig. 2. 1959-sss-based ADCs show therapeutic activity againts melanoma A375m xenograft. Tumor growth and Kaplan-Meyer survival curves. (A) Melanoma A375m
xenografts were established by subcutaneous injection of 5×106 cells in immunodeficient CD1 mice. When tumors reached a volume of ~150mm3, mice were
randomly grouped and intravenously injected with 10mg/kg of naked 1959-sss, 1959-sss/DM1 or 1959-sss/DM3 daily for a total of 5 injections. n=5–6 mice/
group; *p= .0182; **p= .0011. (B) Established A375m melanoma xenografts were treated by intravenously injection with 10mg/kg of 1959-sss/DM3 daily or twice
weekly (t/w) for a total of five administrations, or with 10mg/kg 1959-sss/DM4 twice weekly (t/w). n=6 mice/group; **p= .0015; ***p= .0006. Control groups
received PBS. Survival curves evaluated by Kaplan-Meier and analyzed by the log-rank test using Graphpad Prism 5 software.
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2.10. Confocal imaging

Cells cultured under standard growth conditions were plated at 70%
of confluence on glass coverslips and after 24 h were incubated with
10 μg/ml of anti-Gal-3BP (1959) at 37 °C for 90min in PBS and 3% of
BSA. Afterwards the cells were washed in PBS, fixed in 4% paraf-
ormaldehyde, permeabilized and incubated with 1:200 AlexaFluor-488
conjugated anti-human IgG (A11013, Invitrogen, Life Technologies)
and Hoechst 3342. Confocal images were acquired using a Zeiss
LSM800 inverted confocal microscope system (Carl Zeiss, Gottingen,
Germany). A single focal plane of the images was acquired under non-
saturating conditions (pixel fluorescence below 255 arbitrary units) and
using the same settings for all samples.

2.11. Immunohistochemistry

For the evaluation of Gal-3BP in human specimens, five-micrometer
tissue sections of paraffin embedded blocks from eight invasive cancers
(i.e. breast, colon, lung, stomach, urinary bladder, thyroid, prostate,
and thymus; three cases examined for each tumor type), or corre-
sponding adjacent non-tumorous, were stained for the Gal-3BP protein
using the 1A4.22 monoclonal antibody [31]. Microwave pretreatment
(10min) in citrate buffer (pH 6.0) was performed for antigen retrieval.
The Vectastain ABC peroxidase kit (Vector Laboratories, Burlingame
CA) was used to detect the antigen. Endogenous biotin was saturated
with a biotin blocking kit (Vector Laboratories). Negative controls were
obtained using matched isotype control antibody.

2.12. Statistical analysis

For in vivo xenograft curves, P values were determined by Student's
t-test and considered significant for P < .05. For Kaplan Meier survival
analysis, a Log-rank (Mantel-Cox) test was used to compare each of the
arms. Experimental sample numbers (n) are indicated in the Figure
Legends. All statistical analysis was performed with GraphPad Prism
5.0 software.

3. Results

3.1. ADC generation and characterization

We aimed to develop linker-less non-internalizing ADCs targeting
Gal-3BP. As first step, the murine anti-Gal-3BP antibody SP2 was hu-
manized by CDR grafting as described previously [29] and in Materials
and Methods. The resulting lead candidate, named 1959, was succes-
sively engineered into 1959-sss, where the three cysteines of the hinge
region at 220, 226 and 229 are mutated into serine to allow site-specific
disulfide linkages with thiol–maytansinoids at the C-terminal cysteine
residue of each light chain (using a procedure published elsewhere)
[6,30]. Binding to human recombinant Gal-3BP was similar for the
three ADCs 1959-sss/DM1, 1959-sss/DM3, 1959-sss/DM4 and un-
conjugated 1959-sss. As determined by HIC, all ADC products displayed
a DAR equal to 2. Their purity was judged optimal, as evaluated by SDS-
PAGE, gel filtration, and mass spectrometric analysis (Fig. 1 and data
not shown).

Fig. 3. 1959-sss/DM3 elicits dose-dependent antitumor activity. Tumor growth and Kaplan-Meyer survival curves. (A) CD1 nude mice harboring melanoma A375m
tumors were treated with increasing doses of 1959-sss/DM3 ADC (1.1, 3.3 and 10mg/kg) for a total of five administrations twice weekly. n=5 mice/group;
*p= .034; ***p < .0001. (B) Therapeutic activity of free DM3 (0.03mg/kg), equivalent to the drug load on 1959-sss/DM3 at the dose of 3.3 mg/kg in A375m
melanoma tumors. n=5 mice/group; *p= .022; **p= .033. Control groups received PBS. Survival curves evaluated by Kaplan-Meier and analyzed by the log-rank
test using Graphpad Prism 5 software.
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3.2. Therapeutic activity

The therapeutic activity of the ADC products was analyzed in mice
harboring A375m human melanoma xenografts. In a first study, ani-
mals were treated daily for a total of 5 days at the dose of 10mg/kg
with either unconjugated 1959-sss, 1959-sss/DM1 or 1959-sss/DM3.
Whilst negligible activity was observed for both unconjugated antibody
and 1959-sss/DM1, a highly significant tumor growth inhibition asso-
ciated with a prolonged survival was detected for 1959-sss/DM3
(Fig. 2A).

A second study was conducted in which different schedules of ad-
ministration were evaluated. Mice harboring A375m human melanoma
xenografts were treated with 10mg/kg 1959-sss/DM3 daily or twice
weekly for a total of 5 injections. A further experimental arm included
animals receiving twice weekly injections of 10mg/kg 1959-sss/DM4.
As illustrated in Fig. 2B, a strong antitumor activity was confirmed in
mice treated with daily injection of 1959-sss/DM3. However, a superior
therapeutic activity, both in terms of tumor growth rate and survival
was observed when this ADC was given twice weekly. Additionally,
treatment twice weekly, but not daily was able to promote complete
remission (CR), as measured 148 days from the start of ADCs admin-
istration. Overall, 1959-sss/DM3 resulted to be more efficient than
1959-sss/DM4 (CR 83% vs 50%, respectively). Based on these results,
DM3-SH was chosen for further investigation.

We next evaluated the efficacy of 1959-sss/DM3 in a dose-response
experiment in which animals were injected with 10mg/kg, 3.3 mg/kg
and 1.1mg/kg of ADC twice weekly for a total of 5 injections. A quite

limited response was seen at the dose of 1.1mg/kg, but a significant
although not complete response was observed at the dose of 3.3mg/kg.
At the dose of 10mg/kg, 100% of mice survival was observed at
160 days after start of treatment (Fig. 3A), confirming the high efficacy
of this novel ADC. Importantly, 0.03mg/kg of free DM3-SH, equivalent
to the drug load of 3.3 mg/kg 1959-sss/DM3, had no effect on tumor
growth (Fig. 3B).

3.3. ADC stability and safety

Mice tolerated well treatment with 1959-sss/DM3, as no significant
body weight changes were observed in any of the above described ex-
periments (Supplementary Fig. 2). Moreover, the ADC was found to be
highly stable in vivo. MS analysis performed on serum of mice receiving
10mg/kg of 1959-sss/DM3 or 0.1 mg/kg DM3-SH as control, revealed
the presence of the free drug in the control animals (9–10 ng/ml) but
not in those receiving the ADC (below the detection limit, data not
shown).

As 1959 (and its engineered sss-variant) does not cross-react with
murine Gal-3BP and to rule out the potential toxicity due to targeting
the endogenous protein in healthy organs, we performed an exploratory
toxicology study in rabbits, which is the only species, among the 15
different examined which displayed cross-reactivity with 1959/SP-2
antibody (our unpublished data). To this end, a single i.v. injection of
1959-sss/DM3 at the dose of 5mg/kg was administrated in two rabbits,
one male and one female. Endogenous level of circulating Gal-3BP was
evaluated by ELISA and reported to be 350 +/− 17.4 ng/ml.

Fig. 4. 1959-sss/DM3 accumulates in tumor but not in normal tissues. (A) Representative images from tumor, heart, liver and kidney sections collected from mice
treated with a single intravenous injection of 1959-sss/DM3 at the dose of 10mg/kg or PBS (as control). After ADC was circulating for 72 h, mice tissues were excised
and subjected to immunofluorescence staining. 1959-sss/DM3 was detected with anti-human IgG (green); blood vessels were stained using anti CD31/CD105
antibodies (red); cells nuclei were stained by DRAQ5 (blue). Scale bars: 50 μm. (B) Staining of living tumor cells and BJ human fibroblasts with humanized 1959 anti-
Gal-3BP antibody for 90min at 37 °C followed by a fluorescent labelled secondary anti-human IgG antibody. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Importantly, no mortality or treatment-related toxicity signs were re-
corded during the study, and body weight resulted to be unaffected by
the ADC administration (Supplementary Fig. 3).

3.4. Biodistribution and immunofluorescence analysis

We performed a biodistribution experiment in nude mice harboring
xenografts of A375m using 1959-sss/DM3 at 10mg/kg or PBS (as a
control). Analysis of tissue staining 72 h after intravenous administra-
tion, revealed selective accumulation of the ADC at the tumor site,
which was not observed for the control animals (Fig. 4A). Moreover,
incubation of living tumor cells with the 1959 antibody (both wild type
or in the -sss form) at 37 °C for 90min followed by a fluorescent labelled
secondary antibody revealed an intense pericellular staining, indicating
translocation of the mature Gal-3BP protein across the membrane
(Fig. 4B). Staining was not observed in normal human fibroblasts. These
results indicated that the targeting of Gal-3BP by 1959-sss-ADCs oc-
curred closely to tumor cells.

3.5. Gal-3BP expression in tumors

Next, we aimed at evaluating the expression of Gal-3BP in human
tumors. To this end, an immunohistochemical analysis of Gal-3BP in
human tumors (n=24) versus non-tumorous tissues (n=16) from
individual patients was performed (Fig. 5A). Gal-3BP staining was cy-
toplasmic with diffuse and granular patterns (staining scale: Low/
Nil= barely detectable intensity; Moderate= intermediate intensity;
High= strong intensity). The Gal-3BP protein was upregulated in
cancers (i.e. breast, colon, lung, stomach, urinary bladder, thyroid,

prostate, and thymus) versus their tissues of origin with high statistical
significance (Fig. 5B). These data strengthen our previous findings
where Gal-3BP expression resulted to be highly expressed in melanoma
as compared with normal melanocytes [32]. This cancer-related ex-
pression included tissues of origin that were nil/low for Gal-3BP, which
suggests selective pressure to increase Gal-3BP expression.

4. Discussion

ADC-based therapy is proving a huge success in the field of clinical
oncology. Indeed, in addition to the four ADC already approved, there
are many other compounds being tested in clinical trials [33].

Classically, ADCs have been developed using monoclonal antibodies
with high internalizing capacity, in order to obtain an efficient delivery
of the conjugated drug within the target cell. Recently, numerous stu-
dies have shown that this type of ADC can also function when the an-
tibody does not internalize. The principle underlying this new approach
is based on the fact that because of the reducing conditions, the payload
can be released extracellularly, i.e. in the tumor microenvironment,
where it diffuses inside the tumor cells provoking their death. Indeed, in
the recent past several reports have documented that potent therapeutic
activity can be obtained by targeting tumor or stroma cells components
by non-internalizing ADC in different tumor models [5–8,32].

In the present paper, we confirm and extend these previous findings
that cancer cures can be obtained without antibody internalization, by
the targeted delivery of a suitable disulfide-linked ADC.

To the best of our knowledge, this is the first report of the induction
of long-lasting complete remission in a xenograft model of cancer, using
a non-internalizing ADC to a protein, such as Gal-3BP which is secreted

Fig. 5. Gal-3BP expression in human tumor tissues. A) Gal-3BP protein expression in a panel of human tumors (T) and non-tumorous tissues (N). Tissue sections were
immunohistochemically stained with the anti-Gal-3BP 1A4.22 antibody. Original magnification 40×. B) Gal-3BP protein expression levels in tumors or corre-
sponding non-neoplastic tissues(a); Fisher's exact test analysis of non-tumorous versus tumor expression profile (b). Two-tailed Fisher's exact tests was used to compare
protein expression levels in non-tumorous versus tumor samples.
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by cancer cells. Our ADC is based on an anti-Gal-3BP 1959 antibody
engineered to contain one cysteine residue per light chain, which was
coupled directly, without any linker to the thiol-containing drugs, DM1-
SH, DM3-SH and DM4-SH. This procedure afforded product homo-
geneity with a defined DAR of 2. The conjugation strategy used in our
study confirms previous works where linker-less ADC targeting alter-
natively spliced segments of the extracellular domain (EDA) of fi-
bronectin displayed potent therapeutic activity in different tumor
models [6,33].

Proteins such as Gal-3BP which are abundant and continuously se-
creted by tumor cells are easily accessible, which can significantly
improve the accumulation and persistence of macromolecular ADC
therapeutics at the site of disease. Following extravasation, ADCs which
have bound to Gal-3BP at high concentration, closely to tumor cells,
release the cytotoxic payloads which initiate tumor cell death. Released
payloads may diffuse within the tumor mass, thus potentially reaching
large numbers of cancer cells. The induction of tumor cell death may
lead to a release of thiol substances, e.g. glutathione and cysteine which
result in more drug release from the ADC, thus, triggering additional
release of drug in a self-amplifying fashion.

The striking difference between the potent in vivo activity of ADCs
containing DM3-SH or DM4-SH drugs and the low activity of the cor-
responding ADCs containing DM1 may be explained in terms of dif-
ference in the steric hindrance of the maytansinoid-based conjugates.
According to literature data [34, 35], more hindered disulfide con-
jugates give higher potency and release maytansinoids at a slower rate,
while are endowed with better stability. Also, antibody-maytansinoid
conjugates with steric hindrance on the maytansinoid side of the dis-
ulfide bond, as in the case of 1959-sss/DM3 and 1959-sss/DM4 pro-
duces a higher bystander killing activity. It remains to be seen, how-
ever, to which extent preclinical findings observed in tumor-bearing
mice may be predictive for the thiol-driven activation of ADCs in
human malignancies, as concentration of the reducing substances could
be different in the two species.

One aspect of relevance is the lack of cross reactivity of 1959 with
the murine Gal-3BP, i.e. the target of the ADC. Therefore, one could
speculate that serious toxicity issues may arise in the presence of the
endogenous target in normal/healthy tissues of humans. However, our
preliminary toxicity study in rabbits, a species cross reacting with 1959
antibody, seems to rule out such possibility, as no signs of toxicity were
seen when 1959-sss/DM3 was administered at 5mg/kg (corresponding
to a dose even higher than the active dose used in therapy experiments).

Overall the findings of this study are innovative and of potential
clinical relevance. They document that upon secretion, Gal-3BP loca-
lizes abundantly on cell surface, where is may become a suitable novel
target of non-internalizing ADCs. The results of the im-
munohistochemical analysis (Fig. 5) and literature data revealed high
expression of Gal-3-BP in several malignancies, including non- small
cell lung cancer [19], head and neck [36], breast cancer [37], prostate
cancer [38], ovarian cancer [39] melanoma [40], lymphoma and
neuroblastoma [41, 42], while being detectable at low level in most
normal adult tissues. Therefore, conjugates between the 1959 antibody
and the potent maytansinoid drugs, especially DM3-SH could be ap-
plicable to a wide range of tumor entities.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2018.12.018.
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