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Abstract: The anti-human Delta-like 4 (DLL4) monoclonal iaotdy

MMGZ01 has a high affinity to hrDLL4 and arreste tbLL4-mediated
human umbilical vein endothelial cell (HUVEC) ph&yye, promotes
Immature vessels, and effectively reduces breasteracell growth in
vivo. To develop a much more effective therapy, wenjugated
MMGZ01 with two small-molecule cytotoxic agentse.j. monomethyl
auristatin E (MMAE) and doxorubicin (DOX), with f#rent linkers to
generate antibody—drug conjugates (ADCs), i.e., NMAGvc-MMAE

(named MvMO03) and MMGZ01-GMBS-DOX (named MGDO3)atlare

more potent therapeutic agents than naked antibloelgpeutic agents.
The produced anti-DLL4 ADCs can be effectivdisected against DLL4
and internalized. Then, the release of MMAE or DX the cytosol

can induce G2/M or GO/G1 phase growth arrest atiddeath through
the induction of apoptosis. In vitro, MvM0O3 was iy potent and
selective against DLL4 cell lines. The anti-DLL4 BB, particularly
MvMO3, showed more potent anti-tumour activity tHaocetaxel, which
Is an inhibitor of the depolymerisation of microtiés, in two xenograft
breast cancer tumour models. Our findings inditdade anti-DLL4 ADCs

have promising potential as an effective therapyfeast cancer.
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1. Introduction

Delta-like 4 (DLL4), which is a key ligand in theol¢h signalling
pathway, is dramatically confined to the vasculadahelium and is
more highly expressed in the tumour vasculaturen tima normal
tissues [1-2]. The over-expression of DLL4 has be&Emtified in
many types of cancers, including breast cancer [Zncreatic
carcinoma [4], T-ALL leukaemia [5], glioma [6], lder cancer [7]
and gastric cancer [8An anti-DLL4 antibody, i.e., OMP-21M18, has
been in a phase | clinical trial that was approlgdhe FDA in 2010
and has been shown to inhibit tumour growth andedese cancer
stem cell (CSC) frequency in minimally passaged drrenograft
models [9].

Antibody-drug conjugates (ADCs) are a class of drtigat use
monoclonal  antibodies  (mAbs) to  specifically target
tumour-associated antigens as vehicles to deliwealently attached
small-molecule cytotoxic agents into cancer cell®][ and ADCs
have been shown to be more potent and promisinggdbatic agents
than naked antibody therapeutic ageBtsveral ADCs have entered
clinical trials for the treatment of a variety airhan cancers [11-12].
Currently, there are two ADCs that are clinicalppeoved by the U.S.

Food and Drug Administration (FDA), i.e., Adcetiasid Kadcyla,



both of which are stochastically conjugated withalfrmolecule
cytotoxic agents through either cysteine or lysiasidues [13-14].
Adcetris, which is an SGN-35, is an anti-CD30 amdj3-monomethyl
auristatin E (MMAE) conjugate [15Kadcyla (T-DM1) consists of
the amino acid residue lysine in trastuzumab calipleth the
microtubule poison maytansinoid DM1 (a derivatiientaytansine)
through a non-reducible thioether linkage [16-18jeatment with
Kadcyla prolonged overall survival by 5-6 monthshwan objective
response rate of 44 %. Although these results mceugaging, they
also reveal the limited efficacy of ADCOn the one hand, certain
ADCs, including T-DM1, are highly heterogeneous dige the
conjugation sites. On the other hand, the amoursin@dll-molecular
toxin that is released into the cytoplasm certaddyermines the cell
killing potency of the ADC, which may explain theck of activity of
T-DM1 in tumours expressing low levels of HER2 [1Bherefore, it
is likely that an enhancement in ADC-mediated maéization and
lysosomal trafficking could significantly improvénda cytoplasmic
delivery of small molecule toxins, which may resultthe killing of
cancer cell populations that express a broadererahtarget proteins,
such as CD30 and HERZ2.

MMAE, which is a synthetic analogue of the natupabduct

dolastatin 10, was synthesized by replacing thenastérminal valine



of auristatin with a protected form of monomethyiva [20]. The
highly stable peptide linker valine-citrulline (vc)which was
selectively cleaved by lysosomal enzymes aftermalezation [21],
was used to produce vc-MMAE. In additioboxorubicin (DOX),
which is another microtubule inhibitor, was couplgtdh the linker
Gamma-maleimido-butyryloxy Succinimide Ester (GMBSp
synthesize GMBS-DOX.

In the present study, we used a novel anti-humarnL4DL
monoclonal antibody (MMGZ01), which was previouggnerated
using the hybridoma technique in our laboratoryhwiite expected
anti-angiogenesis and anti-tumour effects [22]déwelop the ADC
drugs MMGZ01-vc-MMAE (named MvMO03) and
MMGZ01-GMBS-DOX (named MGDO03). These drugs wereees
and evaluated in a series of in vitro and in vixpeximents, and the
novel ADC drugs were found to have anti-tumoun\diiéis that were
superior to those of the naked antibody. Furtheemahe ADC
coupled with MMAE showed higher anti-tumour actvihan that
coupled with DOX. Thus, these ADCs have a therapgatential in

treating breast cancer.

2. Materials and methods

2.1 Materials



Human umbilical vein endothelial cells (HUVECS) weabtained
from the American Type Culture Collection (ATCC)hd human
breast adenocarcinoma cell lines (MCF-7 and MDA-RME-) and
HEK-293T cells were preserved in our laboratory. &l lines were
cultured under medium conditions as recommendeth&ysuppliers
and incubated in an atmosphere of 5 %, @037 °C using standard
cell culture techniques. The BALB/c nude mice (féané weeks old)
were obtained from Yangzhou University ComparatMedicine
Centre, Yangzhou, China. All animals were treatelioWing the
standards of Comparative Medicine Centre of Yangzbaiversity
and all animal experiments were carried out in edaace with the
Animal of the Ministry of Health of the People’s jablic of China

(Document No. 55, 2001).

2.2 Preparation of the anti-DL L4 antibody MM GZ01 and ADCs

To determine and obtain the ADC products with thenoal drug /
monoclonal antibody ratio (DAR), MMGZ01 was patifateduced
with tris (2-carboxyethyl) phosphine hydrochlorid€@CEP « HCI,
Thermo Scientific, USA) of various concentratioAster incubation,
the buffer was exchanged by elution using SephaaoskeSephadex
G-25 FF with PBS containing 1 mM diethylenetriamjpentaacetic

acid (DTPA, Energy Chemical, Shanghai, China). dtalt GMBS



(Thermo scientific, USA) dissolved in dimethyl shitpxide (DMSO)

were added to the DOX ¢ HCI solution (Cayman CherdiSA) and

incubated. The drug linker (ve-MMAE (Chemicals, 8fhai, China)
and GMBS-DOX) dissolved in DMSO was then mixed dapiwith

the conjugation reaction mixture using a volumewglalted to yield a
solution containing 10 mol drug linker / 1 mol dady. The DAR of
the ADCs was determined to be approximately 4:% iiixture was
placed on ice for 1 h prior to the exchange bulfferelution using
Sepharose and Sephadex G-25 FF equilibrated arckminated by
centrifugal ultrafiltration. The conjugates wereenthfiltered under
sterile conditions and stored at -80 °C until udge characterization

of the ADC products was analysed by Western blgttin

2.3 Hydrophobic interaction chromatography (HIC) analysis
The ADCs were analyzed by HIC using an Agilent 12(RLC

system (Wilmington, DE, USA). The chromatograplaparation was
performed on a TSK-GEL Butyl-NPR column (4.6 x 3&jmarticle
size 2.5um; TOSOH; Tokyo, Japan) with a mobile-phase gradien
elution. For MvMO03, the mobile phases were 20 mMbghate and
1.5 M ammonium sulphate at pH 7.0 in deionized wédelvent A)
and 75 % (v/v) 20 mM phosphate and 25 % (v/v) isppnol at pH

7.0 in deionized water (solvent B). For MGDO03, thebile phases



were solvent A as above and 70 % (v/v) 20 mM phasphand 30 %
(v/v) isopropanol at pH 7.0 in deionized water ysoit B). All
solutions were delivered at 0.6 mL/min. The UV d&tn
wavelength was 280 nm and the gradient was statetD % of
solvent B and then increased to 100 % of solveav& 20 min. The

DAR was determined by a peak area integration.

2.4 Endocytosis and transport of MM GZ01 or ADCs

To assess the internalization of drugs in vitroyftytometry and
confocal microscopy analyses were performed in HOYEHUVECs
were divided into eight testing groups and eaclugnwas incubated
with 200 nM drug. The groups timed at 0, 2, 5,3®, 40, 60 and 90
min were immediately placed on ice, and the intezagon was
terminated. The flow cytometry assay followed theocpdures
described above. The internalization percentagén(&énalization) =
[(MFI timex — MFlpackground / (MFltimeo — MFlyackground] X100. MFI is an
abbreviation of mean fluorescence intensities.

We used a fluorescence microscope to directly obsdhe
internalization effect. Drugs were labelled witle tisible fluorescent
dye Rhodamine B (Beyotime Institute of Biotechnglo§hanghai,
China). HUVECs were cultured overnight and therubated with 1

uM of RhB-drugs for 2 h. After washing, observatiomgere



performed under a laser confocal microscope (Olsnpi1100).
Moreover, the free drugs (50M) was mixed with RhB-drugs (IM)

to evaluate the competitive blocking [23].

2.5 Western blotting assay

ThehrDLL4 was separated by SDS-PAGE and electrotramesfe
onto PVDF membranes (Millipore, Billerica, USA). &hreatment
method of the membranes and the detection method @escribed

previously in Xu et al. [22]. Finally the proteiigntity was detected.

2.6 ADCs affinity assay

The DLL4-binding capacity of the drugs was measuusdhg
ELISA. The procedures were described previouslXinet al. [22].
The absorbance of each well was read at 450 nmaaeference of

630 nm using a plate reader.

2.7 Evaluation of cell killing ability of ADCsin vitro

Cells were seeded at a density of 5000 cells/wedl 96-well plate
in triplicate. After incubation, the cells weredted with ADCs (1280,
640, 320, 160, 80, 40, 20, 10, 5, and 1 nm) ford84and 72 h. Then,
the MTT solution was added to each well. MMGZ01, WM

(Selleckchem, Houston, USA) and Docetaxel were @sedontrols.



The absorbance of the solution was quantified & &7d 630 nm
using a multiwall plate reader. In addition, thaibitory rates were
expressed as the mean + standard deviation (Sjplitate data

points.

2.8 Flow cytometric analysis of ADC binding

In total, 4 x 16 cells were resuspended per sample in PBS
containing 2 % FBS. Then, the cells were incubataith drugs,
followed by FITC conjugated goat-anti-mouse IgG H{&angon
Biotech, Shanghai, China). The cells were analyseall individual
detections. The binding assay was performed usiBD &ACS flow
cytometry, and the obtained data were processed UdbwJo 7.6

software.

2.9 Induction of apoptosis by ADCs

Cells (3 x 18) were incubated with different treatments. Eadh ce
sample was stained with annexin V-fluorescein isatranate (FITC)
and propidium iodide (PI) to differentiate the pigtions of early
apoptotic cells (annexinYPI), late apoptotic cells (annexin'API")
and necrotic cells (annexin/2I") (Sangon Biotech, Shanghai, China).
The percentage of apoptotic cells was calculatethassum of the

percentages of the early apoptotic cells and ladpt@tic cells.



2.10 Evaluation of ADCsin thecell cycle

The cells were treated as described above. Aftatidin, each
sample was stained with Pl solution (Beyotime BibteShanghai,
China) and detected using flow cytometry with a B&alibur (BD
Biosciences, USA). The cell populations at the AQQ/6 and G2/M

phases were quantified using the Modfit analysfis\soe.

2.11 Evaluation of the anti-tumour efficacy of ADCs in xenogr aft
tumour models

Tumour cells (1 x 1) were subcutaneously injected as a Matrigel
suspension into six-week-old female nude BALB/c enfyangzhou
University Comparative Medicine Centre, YangzhoWhin@) that
were used for all xenograft models. The animalsewemdomly
assigned into treatment groups with a mean tumolumve per group
of 100-150 mm The tumour size was evaluatedce every three
days using calliper measurements, and then, theuuwolumes were
determined according to the following formuleength x widtf ) / 2.
Physiological saline was administered as the velgontrol in each
model. In the xenograft models of MCF-7 and MDA-NMB1,ADCs
(5, 1.5 mg/kg each), MMGZ01 (5 mg/kg), MMAE of cesponding

concentration and Docetaxel (10 mg/kg) were intnawsly (i.v.)



administered at day 1, 4 and 7, three times totally

2.12 mmunohistochemistry and immunofluorescence

After administered, the mice were executed at th&t Aay. All
tumour tissues were fixed and embedded in paraffimen, the
treatment method of samples was described preyiaosKu et al.
[22]. For the immunohistochemistry (IHC) strainintije sections
were incubated with the primary antibodies anti-Kiéand
anti-cleaved caspasedé¥ernight and the corresponding secondary
antibody conjugated with HRP. The slides were tinenbated with a
DAB solution and nuclear counterstained with haexgin. The
immunofluorescence (IF) staining was performed lgiiyl to the
procedure described above. The primary antibodie® anti-CD31
and antie-SMA. In addition, the cell chromosome was staimeth
DAPI. All images were obtained under a Zeiss AxiertVAl

microscope (Carl Zeiss, Tornwood, NY, USA).

2.13 Satistical analysis

The data are presented as the means + standaratioe\SD).
The statistical analyses were performed usingttiaest s t-test, and
P-values of 0.05 or less were considered statilstisagnificant. The

calculation was performed using the GraphPad Prsaftware



(GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1 Characterization of MM GZ01

After purification, the 4-12 % SDS-PAGE analysiowied that
MMGZO01 contains a heavy chain band and a light rchind with
clear molecular weights of approximately 50 ankPR2, respectively
(Fig. 1a). The ELISA-based binding assay revealbdt tthis
monoclonal antibody had a high affinity to immobdd hrDLL4 (Fig.
1b). A Western blotting assay revealed that MMGZ&pEcifically
binds to rhDLL4 (Fig. 1c). Moreover, the anti-DLL#honoclonal
antibbody MMGZ01 can be efficiently internalized HUVECs

through endocytosis (Fig. 1d, e, f).

3.2 Preparation of thetwo ADCs

Upon achieving highly efficient production of MMGZ0 we
explored the conjugation of MMGZ01 with two linkeexd two
cytotoxins. MMAE, which inhibits the polymerizatioof tubulin in
dividing cells, was prepared by replacing a praéctform of
monomethylvaline with the amino-terminal valine idgr the
synthesis of auristatin E [24]. The vc-MMAE con&ih a

p-aminobenzyl carbamate spacer between MMAE andirtker. The



other cytotoxin is DOX, which inhibits the progriess of
topoisomerase Il, an enzyme that relaxes the soielia DNA for
transcription [25], which reacted with stearic
acid-N-hydroxysuccinimide ester (GMBS) to synthe<zMBS-DOX.
Both linkers conjugated via a maleimide group vitie sulphhydryl
group in the mAb. The resultant ADCs were usedesé studies and
are shown in Fig. 2b, c.

The identities of these ADCs were confirmed by Hfhce
MMGZO01 is an anti-DLL4 IgG2a antibody, each antiipadolecule
contains five inter-molecule chain disulphide banfse reduction of
the inter-molecule chain disulphide bonds generfigss sulphhydryl
groups that permit the conjunction at specific dass using
maleimide-containing linkers and produces conjugatapounds at a
limited number of defined sites (Fig. 2a). The Hi@alysis allowed
for the resolution of the conjugates into five mmajpeaks
corresponding to zero, two, four, six, and eighigdmolecules per
antibody (Fig. 3a, b). Furthermore, according t@ thitraviolet
spectrophotometry (date not shown), we ascertainatithe ADCs
with the optimal DAR among the ADCs containing drgibody were
reduced by different concentrations of TCEP. Cdestty with the
values of the ultraviolet spectrophotometry (daté shown) and the

percentage of the per peak proportion of the Hi€,average DAR of



MvMO3 and MGDO3 is, respectively, 4.42 and 4.20eTWestern
blotting assay showed that the ADCs specificalhdiio rhDLL4 (Fig.
3c¢). The ELISA-based binding assegvealed that the novel ADCs
had a high affinity to immobilized hrDLL4 even thgiu it was
slightly lower than that in MMGZ01 (Fig. 3d). In @itlon, the ADCs
can be efficiently internalized in HUVECs throughdecytosis (Fig.

3e, 1, g).

3.3 Comparison of binding ability of MM GZ01 and ADCs
Flow cytometry analysis showed compared with the

DLL4-negative cell line HEK-293T, ADCs and MMGZ0haved
certainbinding signals in DLL4-expressing HUVECs (Fig. 4a&he
binding rates of MMGZ01, MvM03 and MGDO03 in HUVE@gre
31.1 %, 21.8 % and 21 %, respectively, and thoddDA-MB-231

(or MCF-7), which have low level of DLL4 expressjamere 9.19 %,
6.30 % and 6.20 % (6.37 %, 3.40 % and 3.25 %), entiibse in
DLL4-negative HEK-293T were 1.64 %, 1.23 % and 2%(

respectively, (Fig. 4b).

3.4 Evaluation of cell killing by ADCsin vitro
To compare the potency in vitro, the cells werated with a

series of concentrations of ADCs. In the cell lingdsgM03 exhibited



an enhanced cell killing ability compared to th&tMGDO03 and a
weakened cell killing ability compared to that obd2taxel (Fig. 5a,
b). Thus, the ADCs showed a dose-dependent cdihdileffect.
Moreover, compared to MDA-MB-231 and MCF-7 celldiet
HUVECSs treated with ADCs showed a much more pasensibility

and selectivity (Fig. 5c).

3.5 Comparison of cell apoptosis and alterations in cell cycle
caused by ADCsin vitro

To further determine whether the observed inhihiteffect on
proliferation following the treatment with the ADQgas associated
with cell apoptosis and alterations in the cellley¢he cells were
treated with appropriate concentrations of ADCs f h and
examined by flow cytometry (Fig. 6a, b, c). The AD@&d to an
enhanced tumour cell apoptosis in HUVECSs. In addjticompared
with MGDO3, the cell apoptosis rate in MvMO03 wagler. However,
compared with Docetaxel and MMAE, the cell apofgosate in
MvMO3 was lower. Furthermore, the HUVECs treatethwihe ADCs
showed a stronger susceptibility for the inductadnapoptosis than
the MDA-MB-231 and MCF-7 cells due to the differeacin the
DLL4-expression ability of the cells. (Fig. 6d)

The cell cycle analysis indicated that the cellthm GO/G1 phase



were decreased, and those in the G2/M phase weaased after the
MvMO3 treatment for 24 h compared with those in tiegative
control group, suggesting that MvMO3 can arrest ¢e#ls in the
G2/M phase. In contrast, the cells treated with MGIn the GO/G1
phase were increased, and those in the G2/M phese decreased,
which suggests that MGDO03 can arrest cells in tA&3GE phase. (Fig.

7)

3.6 Comparison of the effect of the ADC treatment on tumour
growth, angiogenesis, proliferation, and apoptosisin vivo

To evaluate the efficacy of the anti-DLL4 ADCs inbaeast
tumour cell line, BALB/c nude mice were xenograftedth
MDA-MB-231 or MCF-7 tumours. The tumour-bearing miwere
treated with the vehicle control, 10 mg/kg DocetaMMAE of
corresponding concentration, 5 mg/kg MMGZ01, 5 mgkDCs
(high dose group) and 1.5 mg/kg ADCs (low dose pyou
intravenously. The results showed that the treatmeh the
tumour-bearing mice with the ADCs (5 mg/kg) indu@edignificant
and durable tumour regression (Fig. 8a). In coptthe MMGZ01
and Docetaxel treatments only caused a slight delaymour growth
(Fig. 8a). Compared with the negative control grotlne inhibitory

rates of MDA-MB-231 tumour growth in animals tredteith 5



mg/kg MMGZ01, 10 mg/kg Docetaxel, MMAE of correspiomg
concentration, 5 mg/kg MvM03, 1.5 mg/kg MvMO03, 5 /ku
MGDO03 and 1.5 mg/kg MGDO03 were 51.57 %, 42.59 %902,
89.91 %, 70.00 %, 61.90 % and 57.41 %, respecti{faty. 8b). The
same anti-tumour activity was observed in the MCHRdmour
xenografts. The treatment of mice with 5 mg/kg d¥iZ01 resulted
in a 37.31 % decrease in the tumour volume compangd the
treatment with normal saline, and the treatmenthvii® mg/kg of
Docetaxel resulted in a 52.02 % decrease; themtiedatwith MMAE,
5 mg/kg MvMO3 (1.5 mg/kg MvMO03) and 5 mg/kg MGD03.5
mg/kg MGDO03) resulted in a 94.53 %, 84.92 % (63%Y and a
58.73 % (55.10 %) inhibition, respectively (Fig.)8IOf the two
ADCs, MvMO03 showed the optimal inhibition of tumogrowth.
Thus, MvMO03 showed a superior anti-tumour effectl aafety in
vivo in both xenograft tumour models.

The survival rates of the tumour-bearing mice ctfthe toxicities
of the various tested drugs (Fig. 8c). In the MDA¥31 model,
after the injection of the high or low dose of Mv&iand MGDO03,
most mice (five of six) died within 117 or 111 dagsd 105 or 93
days.In the other mouse groups receiving saline, MMG24MAE
and Docetaxel, however, half of the animals sudiife at least 54,

69, 45 and 60 days. Moreover, after the treatmethttwe high or low



dose of MvMO03 and MGDO3 in the MCF-7 model, fivessk mice
died, respectively, within 108, 102, 96 and 87 daysaddition, half
of the animals that were treated with saline, MMGZMMAE and
Docetaxel survived for approximately 54, 63, 51 aff days. 5
mg/kg MvMO3 caused a effect to prolong obviouslg tength of
survival. (Fig. 8c)

According to the evolution of the survival rateroice, the ADCs,
particularly MvMO3, appeared to have better antndur activity than
MMGZ01 and superior security than MMAE in both keeaancer
models. Furthermore, the MDA-MB-231 model treatedhwthe
ADCs showed a much more potent sensibility and ctelty
compared to the MCF-7 model.

The effect of the ADCs on the mitotic index (Kiéatd apoptosis
(cleaved caspase-3) in MDA-MB-231 or MCF-7 tumourss
detected by IHC staining. An evident reductionha Ki67 levels and
an increase in cleaved caspase-3 were observadtladtdreatment
with the ADCs in both tumours. The treatment witle @anti-DLL4
ADCs resulted in a more pronounced reduction in7Ki® tumour
growth compared with that after the MMGZ01 or Decet
treatments (Fig. 9a, b). In addition, tumour sewicstained for
cleaved-caspase 3 to detect apoptosis showechth@DC treatment

caused higher levels of cleaved-caspase 3 thanMiti&Z01 or



Docetaxel (Fig. 9c, d). Furthermore, in both MDA-N2B1 (Fig. 9e)
and MCF-7 (Fig. 9f) tumour tissues, the MvMO3 treant resulted in
a greater decrease in the expression of Ki-67 agreéater increase in
cleaved-caspase3 compared with the MGDO3 treatriese results
suggest that the ADCs inhibited the tumour celllifexation and
induced apoptosis in the tumour tissues (Fig. e, f

In addition, the percentages of smooth muscle actin
(SMA)-positive mural cells after the treatmentshwihe anti-DLL4
ADCs, which were measured using a CD31 antibodyasmdsmooth
muscle actin antibody, were decreased in both tuntiggues. In
particular, the tumours treated with MvMO3 werenitieed with the
vehicle control compared with MGDO03. As a positieentrol, the
group treated with MMAE showed considerable toyidiurthermore,
the MDA-MB-231 tumour tissue that was treated witle ADCs
showed a significant effect compared with the MC&xnhour tissue
that was treated similarly, which is consistenthwilie results of the
immunohistochemistry analysis. (Fig. 10a, b, c, d)

Based on a variety of measurements and analyseqotsible to
conclude that the anti-DLL4 ADCs showed significamti-tumour
efficacy and relatively low toxicity in vivo. Thei@e, anti-DLL4
ADCs can be selectively localized in the target deliver high doses

of drugs to breast tumour tissues.



4. Discussion

At present, there are several targeting antiangiegis
monoclonal antibody drugs approved by the FDA idiig
Bevacizumab [26], Ranibizumab [27], Ramucirumab ] [Zhd
IMC-18F1 [29]. And DLL4 is an ingredient that is prssed in
human arterial endothelial cells, and the blockadeDLL4 in
tumours could induce excessive vessels with limifeztfusion,
consequently preventing tumour growth [30-31]. Wevén recently
shown that an anti-DLL4 mAb, i.e., MMGZ01, medittehe
anti-tumour effect through the inhibition of tumocell proliferation
and the promotion of tumour cell apoptosis in MDAM31 and
MCF-7 breast cancer xenograft tumours. ADCs prosigdefficacious
method to deliver a small molecule chemotherapeagient to the
surfaces of antigen-positive cells through target#b. Once bound
to the corresponding antigen, the ADC is intermalizthe linker is
cleaved and the drug is released into the intnaleell
microenvironment in which it affects cell killingy delivering a
chemotherapeutic agent to the cell-specific sitéhera than to
antigen-negative normal tissues, the toxicity & themotherapeutic
agent can be limited, while its therapeutic activan be focused on

the tumour [32]. Hence, antibody affinity and tdrgecognition are



crucial criteria for the development of effectiv®® therapies.

In the present study, we focused on making MMGZOmhae
potent anti-tumour agent by coupling MMGZ01 withtatgxic drugs
(MMAE and Doxorubicin) to generate the anti-DLL4 &8 MvMO03
and MGDO03. However, the drugs, linkers and couptechnologies
are vital for ensuring the optimal efficacy andesafof the ADCs.
MvMO3 contains a cathepsin B protease-cleavabldetin i.e.,
valine—citrulline. In addition, MGDO03 contains a @8 linker.
MMGZ01, which is an IgG2a antibody, includes fivetar-chain
disulphides for coupling to toxins [33]. TherefoMMAE and DOX
are coupled to the sulphhydryl groups of the arii-D mAb via vc
or GMBS linkers.

Because the coupling is random, the conjugates hagaly
heterogeneous, which leads to complicated pharnmaetés that
may be influenced by the drug-load stoichiometry][3Notably,
conjugates with four drug molecules/mAb have beleows to be
more highly active and dramatically less toxic tllaeir counterparts
with eight drug molecules/mAb [34]. To minimize theterogeneity
of the ADCs, we explored various reduction—alkygatstrategies by
adjusting the value of the mAb/TCEP and evaluabeddistribution
of the types formed. We found that the moleculeth wwvo, four, six

and eight drugs/mAb accounted for approximately?8@®f the four



types of ADCs investigated, and the proportionhaf hon-conjugated
antibody was less than 10 %. The coupling process shhown to be
stable, and the average DAR of MvMO3 or MGDO03 wakR 4r 4.20,
which revealed that there was no obvious differancde structural
stability of the ADCs in vitro.

In the present work, we newly developed the ADCIWI@ and
MGDO03 and performed many experiments. Westernibtptizas used
to test the rhDLL4 specificity of the ADCs. An ElASvas used to
detect the affinity of the ADCs. Laser co-focushtignicroscopy and
Flow cytometry were used to reveal the internaliratates of the
ADCs to DLL4-positive cells. The results showedremtely similar
characterizations of ADCs compared with MMGZ01. Bwrer, the
ADCs, particularly MvMO3, induced cell apoptosisdaexhibited a
potent cell killing ability in vitro, which may baue to the differences
in the linkers and toxicities of the ADCs. In adui, MvMO3
successfully blocked cell growth in the G2/M phasé¢he cell cycle,
and MGDO3 prevented cell growth in the GO/G1 phaké¢he cell
cycle. Furthermore, MvMO3 showed a potent anti-tumactivity in
the breast carcinoma xenograft tumour models. Bexatithe lack of
targeting of MMAE, which can invade into most ofllsancluding
normal cells, MvM0O3 at a dose of 5 mg/kg had a mugelier

characterization compared with MMAE in a surviviaké experiment



and induced a significant and durable regressionxerfografts,
particularly in the MDA-MB-231 model.

To date, several studies have demonstrated thatsA&dibit
promising therapeutic outcomes in mouse modelsaater, and the
two ADCs products (Adcetris™ and Kadcyla™) have ngdi
marketing authorization by the FDA for the treattmeh certain
malignancies in patients. Although these ADCs ang encouraging,
a technical deficiency is that the cleavable pobyjpke linker is
randomly conjugated with the reactive lysine prignamine or
cysteine thiol groups of the naked antibodies, Wwhitay shrink the
therapeutic range in clinical applications duehe llack of control of
the toxin concentration. For example, Kadcyla (T-DMs highly
heterogeneous in terms of the conjugation sitesstlizumab contains
more than 60 lysine residues in which only a fesing residues are
conjugated with DM1 (DAR is approximately 3.5 irDM1), making
it challenging to perform ADC characterizations,aljly control
assessments, and safety/potency assessmentsi3]dition to the
slow extravasation of the antibody molecule [36jerpature drug
release and suboptimal in vivo selectivity [37-38hy result in
undesired toxicities and limit their therapeutifiazicy.

Therefore, to overcome these difficulties, siteadied

mutagenesis, which is a type of genetic engineet@ehnique that



modifies one or several directed genes allowingllsmalecule drugs
to precisely and quantificationally couple to theedted reactive site
of the antibody, may be a solution to yielding méi@mogeneous
ADC products. Currently, the following three metboare used to
achieve site-directed conjugation: introducing acti¥e cysteine via
site-directed mutagenesis, inserting non-naturalinamacids as
coupling sites via genetic engineering, and cogpliia the enzymatic
method [40]. Hence, our future work will modify ttemtibody via
site-directed mutagenesis to generate less hete#oge and more
homogeneous ADCs with the optimal efficacy andtyafe

In summary, we have developed a unique hrDLL4-targeADC,
MvMO3, which is a highly potent drug for the treaimh of
DLL4-positive breast cancer malignancies, providiagbasis for
further development of this anti-DLL4 ADC for theeatment of

DLL4-positive cancer diseases.
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Fig. 1 Characterization of MMGZ01a Gradient SDS-PAGE (4-12 %)
analysis of MMGZ01. 1 Molecular weight markers (timpbottom: 200,

150, 120, 100, 85, 70, 60, 50, 40, 30, 25, 20, 48 &0 kDa); 2



MMGZ01 (non-reduced); 3 MMGZO01 (reducedh) hrDLL4-binding test
for the affinity of MMGZ01 (EG, value of MMGZ01 was 32 nM)c
Western blot assay of rhDLL4 detected by MMGZ@1lLaser confocal
fluorescence microscopy images of HUVEC cells integbavith the
RhB-MMGZO01 fluorescent probe, with or without a {og dose of free
MMGZO01. e Mean fluorescence intensity of HUVEC cells treateth
RhB-MMGZ01 probes, compared to blocking with freeM®ZO1. f
MMGZO01 internalized into HUVEC cell rapidly withiabout 40 min.
The internalization rate was stabilizing at 60-9@.nbata were given as

the mean + SD (n = 3). **p < 0.001. NS: no sigo&nce.

Fig. 2 Structures of antibody—drug conjugates. ConjugatE® prepared
by controlled partial reduction of internal anti-D4 antibody MMGZ01
disulfides with TCEP, followed by addition of the
maleimide-vc-linker-MMAE or the maleimide-GMBS-DOXStable
thioether-linked ADCs were formed by the reactidnttee maleimides
present on the drugs with the free sulfhydryl goop the monoclonal
antibodies (mAbs), with expected drug loads arismmptervals of 2, 4, 6,
8 and 10 with related possible positional isomardlustration of ADCs
with different drug load distributionsb The equation to compound

GMBS-DOX.c Molecular structures of ADCs.



Fig. 3 Characterization of antibody—drug conjugates. and b
Hydrophobic interaction chromatography (HIC) anelysf ADCs on a
butyl-NPR column vyielded five predominant peaksresponding to
mAbs containing zero, two, four, six, and eightglrmioleculesc Western
blot assay of the rhDLL4 specifically detected byti-LL4 ADCs. d
hrDLL4-binding test for the affinity of anti-DLL4 BCs (EG, value of
MvMO03 was 42.3 nM and Eg value of MGDO03 was 40.1 nM)e
Anti-DLL4 ADCs internalized into HUVEC cell rapidlwithin 40 min.
The internalization rates were stabilizing at 9h.nfi Laser confocal
fluorescence microscopy images of HUVEC cells integbavith the
RhB-MvMO03 or RhB-MGDO03 fluorescent probe, with orthaut a
blocking dose of free MvMO03 or MGDO08. Mean fluorescence intensity
of HUVEC cells treated with RhB-ADCs probes, conguato blocking
with free ADCs. Data were given as the mean = SB 8). ***p < 0.001.

NS: no significance.

Fig. 4 The binding capacity of ADCsa Flow cytometry analysis of
binding of rhDLL4-expressing cells HUVEC or low-eergsing cells
(MDA-MB-231 and MCF-7) with anti-DLL4 ADCs and natentibody
MMGZ01. HUVEC, MDA-MB-231, MCF-7 and HEK-293T cellga
hrDLL4 negative cell line) were analyzed using awfl cytometer.b

Quantifcations of the binding rate of ADCs. Thelsetlere incubated



with anti-DLL4 ADCs or MMGZ01.MvM03 and MGDO03 exhibited
similar binding rates to HUVEC cells (21.8% and(@®4.respectively),
and low bindings to MDA-MB-231 (6.30% and 6.20%pestively) and
MCF-7 (3.40% and 3.35% respectively) were observesl.a control,
HEK-293T groups showed lower binding rates of MvMQ33 %) and
MGDO03 (2.17 %).Data were presented as the mean ,#nSP3, **p <

0.001, ***p < 0.0001. NS: no significance.

Fig. 5 In vitro cytotoxicity and selectivity of anti-DLL4AADCs. The
cytotoxicity of ADCs was assessed by MTT assayrait2 h of
continuous exposure to MMGZ01, anti-DLL4 ADCs, oontol
Docetaxela The percentage of cell inhibition relative to @atied control
HUVEC, MDA-MB-231 and MCF-7 cells was calculated fsach ADC
concentration. Anti-DLL4 ADCs induced potent antofiferative effects
in HUVEC cells and significantly inhibit the growtlof cells in
comparison to MMGZ01.b In vitro potency of anti-DLL4 ADCs
compared to the naked antibody (MMGZ01) after 78xposure (16

values). Data are presented as mean + SD.

Fig. 6 ADCs induces apoptosis of HUVEC, MDA-MB-231 or MCF-
cells. HUVEC (a), MDA-MB-231 (b) and MCF-7 ¢) cells were

separately treated with corresponding concentratiof Docetaxel,



MMAE, MMGZ0land ADCs for 24 h analyzed by flow cwetry
following staining with Annexin V-FITC and Pl. Amgnthem, the
percentage of cells in each quadrant was indicated)uantitative
analysis of apoptosis assay. Data were presentin asean + SD, n = 3,

*p< 0.05, **p< 0.001, ***p< 0.005. NS: no significae.

Fig. 7 MvMO3 induces the G2/M phase arrest and MGDO3 ¢eduthe
GO0/1 phase arrest in HUVEC, MDA-MB-231 and MCF-7iseCell
cycle analyzes HUVECaj, MDA-MB-231 (b) and MCF-7 €) cells
which were incubated with certain concentrationd®MAE, Docetaxel,
MMGZ01 and ADCs for 24 h and stained with Pl. Treegentage of cells
in each phase was indicatet Quantitative analysis of cell cycle assay.
Data were presented as the mean + SD, n = 3, G5, **p < 0.0001.

NS: no significance.

Fig. 8 Comparison of efficacy of anti-DLL4 ADCs in MDA-MRB31 and
MCF-7 xenograft models. BALB/c mice were injectedc. swith
MDA-MB-231 or MCF-7 cells.a and b Tumor inhibition rates of
different dosage groups. 5 mg/kg MvMO3 resultedsignificant tumor
growth inhibition. ¢ Survival rates of tumor-bearing mice in different
groups5 mg/kg MvMO3 caused a effect to prolong obviouslg length

of survival. The arrows indicate dosing days. Data presented as the



mean £ SD, n = 6, **p < 0.01, ***p < 0.0001. NS: smnificance.

Fig. 9 Anti-DLL4 ADCs inhibits cell proliferation and indes apoptosis
in MDA-MB-231 and MCF-7 tumorsa and b IHC staining of Ki-67
(anti-Ki67 antibody) for proliferation in paraffisections of xenografted
tumor. Scale bar= 5@m. ¢ andd IHC staining of cleaved-caspase 3
(anti-cleaved caspase 3) for apoptosis in paratfctions of xenografted
tumor. Scale bar= 50m. e and f Quantifcations of Ki67 or cleaved
caspase-3 positive cells per field. Data are gagthe meanz SD (n= 3).
Data are given as the mean £ SD (n= 3). *p< 0.6p<*0.001, ***p<

0.0001. NS: no significance.

Fig. 10 Anti-DLL4 ADCs block angiogenesis and indireathibit tumor
growth in MDA-MB-231 and MCF-7 tumorsa and b Tumor vessel
number and perfusion were determined by an antitodgMA (green)
for mural cells and a CD31 antibody (red) for véssaining. Scale bar=
50 um. ¢ andd Quantifcations of mature (CD3Il-SMA+) or immature
(CD31+0m-SMA-) vessels per field. Data are given as themaesD (n=

3). *p< 0.05, **p< 0.001, **p< 0.0001. NS: no sidicance.
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Inhibition Rate (%)

HUVEC MDA-MB-231 MCF-7
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Highlights

1. A novel anti-DLL4 monoclonal antibody MMGZO0L1 couples with two drugs, i.e. MMAE and
DOX to develop two novel ADCs.

2. The two anti-DLL4 ADCs help improve targeting activity and reduce toxicity of MMAE and
DOX.

3. The anti-DLL4 ADCs have superior anti-tumour activitiesin vivo.



