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Abstract: 5T4, also named as trophoblast glycoprotein, is often upregulated in some cancer cells. Here, we dem-
onstrated that 5T4 was highly expressed in gastric, colorectal, and pancreatic cancer, associated with significantly
poor prognosis of gastrointestinal (Gl) cancer patients. To search for new targeting drugs for Gl cancer, we devel-
oped a novel anti-5T4 monoclonal antibody with high affinity and robust internalization ability and conjugated it to
the potent microtubule inhibitor DM4 to produce conjugate H6-DM4. This antibody-drug conjugate (ADC) displayed
significant cytotoxicity in a panel of Gl cancer cell lines with IC_ values in the nanomolar range. H6-DM4 eradicated
established Gl tumor xenograft models at 2.5 mg/kg or 10 mg/kg without observable toxicity. Further, 5T4 was
highly expressed in cancer-initiating cells (CICs) compared with non-CICs in colorectal cancer. In vitro and in vivo,
treatment with H6-DM4 exhibited a powerful efficacy on colorectal CICs. Additionally, colorectal cancer cells resis-
tant to platinum were effectively eliminated by H6-DM4. Taken together, our results showed 5T4-positive Gl cancer
cells, colorectal cancer-initiating cells, and platinum-resistant colorectal cancer cells were potently eliminated by
H6-DM4, indicating H6-DM4 may be a potential candidate drug for Gl cancer treatment.
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Introduction gnant tumor with an estimated five-year surviv-

al of less than 5%. Moreover, there has been

Gastrointestinal (Gl) cancer, including gastric,
colorectal, pancreatic cancer, etc., is the main
cause of cancer-related deaths. Gastric can-
cer has a high incidence in Asia with limited
effective drugs available for the middle and
late-stage tumors [1, 2]. Colorectal cancer is
the third leading cause of cancer mortality
worldwide. Thanks to advances in targeting dr-
ugs, the five-year survival rate has greatly im-
proved. However, colorectal cancer patients
still face a high risk of resistance and recur-
rence [3, 4]. Pancreatic cancer is a highly mali-

no effective drug up to date. It is rather evid-
ent that more effective while less toxic thera-
pies are urgently needed for Gl cancer patients
[5, 6].

Antibody-drug conjugates (ADCs), combination
of high efficiency of chemotherapy drug and
specificity of antibody, are innovative drugs for
cancer therapy. In recent years, several FDA-
approved ADC drugs have obtained encourag-
ing results. For example, ADCETRIS, composed
of the anti-CD30 antibody and the microtubu-
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le inhibitor monomethyl auristatin E, is an ef-
fective treatment for patients with relapsed
or refractory Hodgkin’s lymphoma. KADCYLA,
consisting of trastuzumab and microtubule in-
hibitor DM1, has been approved for HER2-po-
sitive unresectable, locally advanced or me-
tastatic breast cancer [7, 8]. However, there
has been no ADC drug for Gl cancer in clinic.
Therefore, it may be a viable strategy to dev-
elop ADC drugs for Gl cancer.

5T4 is overexpressed in some cancers such
as breast cancer, lung carcinoma, and renal
cancer, but has very limited normal tissue ex-
pression [9-11]. Moreover, 5T4 elevation cor-
relates with poor prognosis in tumors such
as head and neck tumor, colorectal carcinoma,
etc [12, 13]. Recent studies have demonstrat-
ed that patients with relapse had a higher pro-
portion of 5T4-positive B cell blasts in lymph-
oblastic leukemia [14]. 5T4 expression in can-
cer stem cells (CSCs) correlates with poor ov-
erall outcomes in NSCLC, which might be re-
sponsible for tumor metastasis, resistance,
and recurrence [15-17]. Under normal circum-
stances, 5T4 is primarily expressed in embry-
onic cells to enhance the chemotaxis and play
a key role in embryonic development and cell
differentiation [18, 19]. Pathologically, overex-
pression of 5T4 is associated with E-cadherin
down-regulation, resulting in metastatic spre-
ad of epithelial tumors [20]. 5T4 is also invo-
Ived in modulation of B-catenin-independent
Wnt signaling by regulating in LRP6 subcellu-
lar localization [21]. In addition, 5T4 regulates
CXCL12/CXCR4 chemokine mediated chemo-
taxis, which could promote 5T4-positive tumor
cells spreading [22, 23].

An anti-5T4 antibody conjugated to microtu-
bule inhibitor MMAF or DNA inhibitor PBD co-
uld induce regression of some solid tumors
such as lung cancer and head and neck cancer
in mouse models [12, 24], indicating 5T4 is a
potential target for cancer therapy. In this stu-
dy, we identified that high expression of 5T4
in Gl cancer patients was significantly associ-
ated with shorter overall survival, which prom-
pted us to explore a 5T4-targeting ADC for ga-
strointestinal cancer. We developed a novel
ADC H6-DM4 with high affinity and internaliza-
tion rate and focused on the antitumor effica-
cy of H6-DM4 on GI cancer. H6-DM4 efficient-
ly killed 5T4-positive GI cancer cells, colorectal
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cancer-initiating cells, and cancer cells resis-
tant to chemotherapy in vitro and in vivo, sh-
owing impressive therapeutic efficacy in Gl
cancer.

Materials and methods
Cell lines

All cell lines (human pancreatic carcinoma ce-
Il lines PANC-1, SW1990, BX-PC3, and AsPC-1;
human gastric cancer cell lines AGS and HGC-
27; human colorectal carcinoma cell lines HT-
29, DLD-1, HCT116, LoVo, SW-480, SW-620,
and HCT-15; Chinese hamster ovary cell line)
were obtained from ATCC. HCT116-Oxaliplatin
and SW-480-Oxaliplatin were obtained from
West China Hospital. Colorectal CIC3117, CI-
C3431, and CIC1597 were obtained from Prof.
Xianming Mo [25]. All the cell lines were char-
acterized by Feiouer Biotechnology Corpora-
tion (Chengdu, China) using short tandem re-
peat (STR) markers and cultivated at 37°C in
a humidified incubator with 5% CO, in stand-
ard cell culture media as indicated by provider.

Immunohistochemistry (IHC)

Following formalin fixing, paraffin-embedded
tissue sections were deparaffinized in xylene
and rehydrated in gradient concentration of
ethanol. The slides were pretreated with 0.3%
hydrogen peroxide in methyl alcohol for 20
min, treated with Target Retrieval Solution for
20 min at 99°C, and incubated with mouse
anti-5T4 (R&D, USA) after blocking with goat
serum at 4°C overnight. Following a wash, the
slides were incubated with horseradish pero-
xidase-conjugated anti-mouse and rabbit an-
tibody (Dako REAL™ EnVision™ Detection Sy-
stem, USA) for 60 min at room temperature
and then visualized using diaminobenzidine te-
trahydrochloride.

Flow cytometry (FCM)

FCM (FACSCalibur, BD, USA) was used to dete-
rmine 5T4 expression in cancer cell lines and
patient-derived cancer tissues. NovoExpress
software was utilized to process the obtained
data. Cultured cells or tissues were digested
to single-cell suspensions by trypsin/collage-
nase and incubated with anti-5T4 antibody H6
(prepared by our group) or isotype 1gG (Merk,
Germany) for 30 min on ice. After a wash, they
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were infiltrated with FITC conjugated goat an-
ti-human second antibody (ZSGB-BIO, China)
for 30 min. To identify 5T4 expression in
CD44"encD5s4Me" and CD44'°“CD54"°" popula-
tions of colorectal cancer cells separately, Cl-
C3117 and CIC3431 were stained with FITC
conjugated mouse anti-CD44 antibody (BD
Pharmingen™, USA) and PerCP-eFluor 710 co-
njugated mouse anti-CD54 antibody (Invitro-
gen, USA) or corresponding isotype 1gG (BD
Pharmingen™, USA; Invitrogen, USA). Cells mi-
xed with an anti-5T4 antibody H6 (prepared by
our group) or isotype 1gG (Merk, Germany) we-
re incubated on ice for 30 minutes, followed
by APC conjugated mouse anti-human antibody
(BD Pharmingen™, USA) for 30 minutes at
4°C. All samples were washed three times be-
fore detection by FCM.

Establishment of 5T4-positive cell lines and
expression of recombinant 5T4 protein

The Chinese hamster ovary (CHO) cells were
infected with lentivirus containing the full-le-
ngth human 5T4 encoding cDNA sequence
(GeneChem, China) and selected with puromy-
cin (1-10 pg/ml) to produce CHO-5T4* cell lin-
es. Recombinant human 5T4 extracellular do-
mains (ECD) were produced by HEK293F cells
via transient transfection with mammalian ex-
pression vectors pTT5 containing 5T4 ECD
fused to human IgG-Fc (5T4-ECD-hFc, Gensc-
ript, China) or C-terminal His (5T4-ECD-His,
Genscript, China). Recombinant proteins were
purified by protein A affinity chromatography
or nickel column (GE Healthcare, USA).

Generation of anti-5T4 monoclonal antibody

Balb/c mice were immunized with 5T4-ECD-
hFc in combination with adjuvants. Hybridoma
technology was utilized to obtain anti-5T4 mo-
noclonal antibodies. Binding abilities were fir-
st determined by ELISA using 5T4-ECD-His,
and then by FCM using CHO-5T4* cells. An-
tibodies with high affinity and robust internal-
ization were selected by SPR and FCM.

Internalization assay in vitro

5T4* cells incubated at 4°C were shown distin-
ct cell surface localization of antibody, and su-
rface membrane localization of antibody was
dramatically reduced at 37°C after 4 hours.
The degree of internalization of cell surface-
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bound antibody was determined by the per-
centage of decrease in mean fluorescence
intensity (MFI) of samples incubated at 37°C
compared to control samples incubated at
4°C. FCM was used to quantify the internali-
zation of antibodies. The following formula was
used to calculate the internalization efficiency
of each antibody in cells: internalization effi-
ciency (%) = [(fluorescence intensity of the con-
trol group - fluorescence intensity of the expe-
rimental group)/fluorescence intensity of the
control group] x 100% [26].

SPR method

5T4-ECD-hFc was immobilized onto the surfa-
ce of CM5 chips by EDC/NHS coupling meth-
od. For kinetic analysis, anti-5T4 mAbs with
different concentrations were injected into
Biacore x 100 (GE Healthcare, USA), diluted
with HBS-EP running buffer, whereas another
channel was set as control. The experiment
was conducted at 25°C; the flow rate was 10
pl/min. The analytes bound on the sensor chi-
ps were dissociated by HBS-EP running buf-
fer for 1200 s. Regeneration of the sensor
chips was performed for 30 s by 10 mM gly-
cine-HCI buffer (pH = 1.5).

Preparation and characterization of H6-DM4,
18G-DM4, H6-Cy5.5 and IgG-Cy5.5

Through several screening methods including
ELISA, SPR and FCM, the hybridoma clone H6
stood out. The variable region of H6 was se-
quenced and a chimeric antibody was engi-
neered. The potent cytotoxic maytansine de-
rivative DM4 was conjugated to H6 or control
IgG (Bioss, China) via a disulfide-bearing lin-
ker SPDB to generate conjugate H6-DM4 or
IgG-DM4. Briefly, the coupling reactions were
performed by adding a 7~10-fold molar excess
of the SPDB-DM4 (Accela ChemBio, China) to
antibody at a final concentration of 5 mg/mL
in PBS with EDTA including 10% DMF (v/v) at
room temperature overnight. Amino-based bio-
conjugation method was conducted to prepa-
re H6-Cy5.5 and 1gG-Cy5.5 as the method
described above.

In vivo distribution of H6
A DLD-1 xenograft model was established as

described in the following section. When the
volume of subcutaneous xenografts reached
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Figure 1. 5T4 protein expression in Gl cancer and correlated with poor overall
outcomes. A. 5T4 Immunohistochemistry staining in adjacent noncancerous
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(n = 88), colorectal cancer (n = 84), and pancreatic cancer (n = 94). Clinical implanted with three to five
samples of Gl cancer patients were stained for 5T4 antigen (brown stain in mm? passage 4 (P4) pancre-
membrane or cytoplasm) and counterstained with hematoxylin (blue). Mag- atictumorfragments(Biocytog-

nification: x 200. B. Patients with 5T4"€" tumors (red line) and 5T4"°" tumors
(black line) in correlation with survival time in Gl cancer patients.

500 mm3, these mice were divided into two
groups (n = 5). H6 or control IgG (Bioss, China)
labeled with Cy5.5 were administered via tail
vein injection to mice. At 2, 4, 8, 24, 48 and 72
hour after injection, the distribution of H6 or
IgG control in vivo was observed by lumines-
cence imaging system.

Orosphere assay

Colorectal CICs had been sorted for CD44hen
CD54"e" and CD44'°*CD54"* populations by fl-
uorescence activated cell sorting. Sorted cells
were cultured in serum-free DMEM/F12 sup-
plemented with bFGF and rhEGF (Peprotech,
USA). Cells were seeded at 1000 cells per well
in 96 well ultra-low attachment plates (Corn-
ing, USA). Spheres of 50 cells or more were
counted after seven days.

In vitro cytotoxicity

To determine in vitro cytotoxicity, tumor cells
or colorectal CICs were incubated with various
concentrations of drugs. Cell viability was me-
asured at 72 hour using Cell Counting Kit-8
(Dojindo, Japan). GraphPad Prism® was used
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en, China). They were ran-
domized into groups of five
to eight mice when tumors
reached a size of approximately 300 mm3. Mice
were treated with either H6-DM4 (10 mg/kg or
2.5 mg/kg), control (10 mg/kg of HE or IgG-
DM4), vehicle (PBS) or oxaliplatin (10 mg/kg)
intravenously with 3 doses given at 3-day inter-
vals. Tumor volumes were recorded twice week-
ly according to the formula (width)?*height/2.
Mice were sacrificed when tumors reached a
mean volume of 2000 mmé.

Statistical analyses

Statistical analyses were performed using Gr-
aphPad Prism version 5 (GraphPad Software
Inc, USA). Overall survival data were analyzed
and plotted using the Kaplan-Meier method.
Survival curves were compared using the log-
rank test. Individual or multiple group compari-
sons were performed by 2-tailed Student’s
t-test or ANOVA-Tukey. The associations be-
tween 5T4 expression and pathological grad-
ing/clinical staging were analyzed using Chi-
squared test. Correlation was tested by Spe-
arman’s Rank Correlation Test. Bars exhibit-
ed on vertical scatter plots represent the ge-
ometric mean or mean for each group. Differ-
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Results

5T4 expression correlated with survival of G/
cancer patients

To make sure the suitability of 5T4 for antibo-
dy-directed drug targeting for Gl cancer, expr-
ession of 5T4 was analyzed by IHC staining of
human Gl cancer tissue and normal tissue
microarrays. Gastric cancer tissues, colorec-
tal cancer tissues, and pancreatic cancer tis-
sues demonstrated elevated 5T4 expression
levels compared to normal tissues exhibited
(P < 0.001). 5T4 staining was positive at any
staining in 89.8% (79/88) of gastric cancer
samples, 91.7% (77/84) of colorectal cancer
samples, and 98.9% (93/94) of pancreatic ca-
ncer samples. In contrast, there was a limited
expression in normal Gl tissues except the
glands (Figure 1A). In pancreatic cancer, 5T4
is primarily expressed on plasma membrane
with limited staining on cytoplasm but is equ-
ally distributed on both cell membranes and
cytoplasm in gastric and colorectal cancer. The
5T4 expression levels correlated with patho-
logical grading in pancreatic cancer (P < 0.01)
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and clinical staging in colorectal cancer (P <
0.05, Supplementary Figure 1). Furthermore,
the survival analysis showed that higher 5T4
expression in Gl cancer patients was associat-
ed with significantly lower survival (P < 0.001,
Figure 1B).

5T4 expression on the cell surface of Gl can-
cer cells

In an effort to identify 5T4 expression on the
cell surface of Gl cancer, thirteen cell lines
were employed to determine 5T4 expression by
FCM. High expression of 5T4 was detected in
seven cell lines by FCM. Four cell lines showed
a low level of expression, while the remaining
two cell lines had no expression (Figure 2 and
Table 1). The relative expression levels of ea-
ch cell line were demonstrated in Figure 2
and Table 1. Based on these results, we chose
cell lines with high, middle, and low expression
of 5T4 to evaluate the antitumor activity of
H6-DM4 in vitro and in vivo.

Generation and characterization of H6-DM4
Recombinant 5T4-ECD-hFc was employed to

immune mice and to produce mouse monoclo-
nal antibodies. The binding, affinity, and inter-

Am J Cancer Res 2018;8(4):610-623
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Table 1. In vitro potency of H6-DM4 in Gl cancer cell lines
with different expression levels of 5T4

Relative expres- In vitro potency (IC,)

Celllines  Cancer types sion of 5T4 of H6-DM4 (nM)
PANC-1  Pancreatic cancer 11.9 37.58
HCT-15  Colorectal cancer 10.3 74.76
DLD-1 Colorectal cancer 9.6 0.53
HCT116 Colorectal cancer 8.56 19.37
BX-PC3  Pancreatic cancer 7.8 1.74
SW1990 Pancreatic cancer 6.1 28.26
SW-480 Colorectal cancer 5.5 16.84
HGC-27 Gastric cancer 5.1 14.16
AsPC-1  Pancreatic cancer 3.4 23.26
HT-29 Colorectal cancer 2.9 3.89
SW-620 Colorectal cancer 2.0 16.39
LoVo Colorectal cancer 1.0@ > 300
AGS Gastric cancer 1.0° n.d.

aFor purposes of comparison, the expression level of 5T4-negative cells such
as LoVo and AGS was assigned the value of “1”, calculated by the formula:
mean fluorescence intensity of H6 antibody group/mean fluorescence
intensity of control IgG group, and other cells were expressed relative to that
value. The following formula was used to calculate the relative expression of
5T4 in Gl cancer cell lines: relative expression level = (mean fluorescence

(68% and 65%, respectively) or in
DLD-1 cells (46% and 48%) (Figure
3E).

H6-DM4 in vitro cytotoxicity

The cytotoxicity of H6-DM4 against
a several of human Gl cancer cell
lines with different levels of 5T4
expression was evaluated in cell
killing assays. High potency in na-
nomolar range was observed in
5T4-positive cancer cells, with IC50
values of 0.53 nM against DLD-1,
3.89 nM against HT-29, and 1.74
nM against BXPC3, etc., but poor
killing against 5T4-negative LoVo
cells with the IC_, value of more
than 300 nM (Table 1). The cytotox-
icity of H6-DM4 resulted from deliv-
ery of the payload to the tumor cells
rather than from the antibody
because unconjugated H6 antibody
did not inhibit proliferation of tumor

intensity of H6 antibody group/mean fluorescence intensity of control IgG

group)/1. °n.d. represent no detection.

nalization ability of some candidate antibodies

were shown in Supplementary Figure 2;

Supplementary Table 1; Supplementary Figures
3 and 4, respectively. Of these candidates,

mAb H6 stood out with high affinity and remark-
able internalization ability and therefore was
engineered to a chimeric antibody. The affinity
of H6 was measured to be 1.871*10** mol/L
as confirmed via Biacore analysis (Figure 3A).
To clarify the tumor-binding activity and distri-
bution of H6-DM4 in vivo, Cy5.5 labeled H6 and
IgG were administered respectively to tumor-
bearing Balb/c nude mice. As expected,
H6-Cy5.5 could target tumor tissues rapidly
within2hourspost-injectionandfluorescencein-
tensity remained on tumor areas even after 72
hours (Figure 3B). Then, H6 antibody was con-
jugated to the microtubule inhibitor DM4 via
sulfhydryl substance-sensitive linker SPDB
(Figure 3C), resulting in H6-DM4 with an aver-
age drug to antibody ratio (DAR) of about 2.7
mol/mol by LC-MS (Figure 3D). Binding specific-
ity to CHO-5T4* cell but not CHO-neo was
observed by FCM (Figure 3E). And results from
FCM showed that the internalization rate was
similar between H6 and H6-DM4 in HGC-27
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cell lines (Figures 4, 6E). In general,
the antiproliferative activity of H6-
DM4 was dependent on 5T4 expres-
sion, but there was no linear correlation
observed between 5T4 relative expression lev-
els and ADC potency in vitro (Table 1).

In vivo antitumor activity of H6-DM4 in 5T4* GI
cancer

Gl cancer cells or patient-derived xenografts
were implanted subcutaneously in nude mice,
NOD-SCID mice or NSG mice in order to test
the antitumor activity of H6-DM4. H6-DM4 er-
adicated seven different Gl cancer xenograft
models at 2.5 mg/kg or 10 mg/kg (Figure
5A, 5B). H6-DM4 at a dose of 2.5 mg/kg era-
dicated nearly all mice bearing Gl cancer xe-
nografts that expressed high levels of 5T4,
such as PANC-1, BX-PC3, HCT-15 and DLD-1. In
addition, H6-DM4 induced durable tumor re-
gression lasting ~100 days after the completi-
on of dosing with no tumor recurrence (Figure
5A). H6-DM4 at a dose of 10 mg/kg induced
complete tumor regression when tumor cells
expressed low levels or medium levels of 5T4,
such as HGC-27, HT-29 and PDX-954 (Figure
5A, 5B). In contrast to the antitumor activity
observed with H6-DM4, little activity was ob-
served with the unconjugated antibody or the

Am J Cancer Res 2018;8(4):610-623
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Figure 3. Characterization of H6 antibody and ADC H6-DM4. A. Affinity analysis of
the antibody H6 using Biacore (K, = 1.871*10**). B. In vivo near-infrared imaging
of DLD-1 tumor-bearing mice at 2, 4, 8, 24, 48 and 72 hours after injection of
hlgG-Cy5.5 (left) and H6-Cy5.5 (right), respectively. Tumors are indicated by red ar-
rows. C. Structure of SPDB-DM4 attached to antibody H6 lysine. D. DAR of H6-DM4
was determined by LC-MS (DAR = 2.7). E. FCM analysis was performed to assess
the binding ability of H6 and H6-DM4. CHO-5T4* and CHO-neo cells with isotype

1gG (red) or H6/H6-DM4
(green), respectively; FCM
was utilized to evaluate in-
ternalization rate of H6 and
H6-DM4 in HGC-27 (68%
and 65%, respectively) or
DLD-1 (46% and 48%, re-
spectively) cells. The red
represents cells incubated
with isotype I1gG; the green
with H6 remained on ice;
the blue with H6 shifted to
37°Cfor 4 h.

control ADC (Figure 5A,
5B). These tumor mod-
els represented a broad
range of 5T4 expression
levels, as determined by
FCM and IHC (Figures 2,
5B; Table 1; Supplemen-
tary Figure 5). A positive
correlation was found
between the expression
levels of 5T4 (intensity
detected by FCM) and
the in vivo efficacy (Fig-
ure 5C).

H6-DM4 efficacy against
colorectal CICs

After proving a powerful
therapeutic efficacy of
H6-DM4 treatment for
5T4-positive Gl cancer,
we further investigated
whether H6-DM4 per-
formed well in colorectal
CICs. First, we detected
5T4 expression in sever-
al colorectal CICs sepa-
rated from colorectal pa-
tients by FCM (Figure
BGA). CD44"enCD54"en ¢co-
lorectal cancer cells,
also known as CICs or
CSCs, had higher 5T4
expression compared to
non-CICs showed (Figure
6B). Dose-dependent de-
crease of the number of
orospheres per well was
observed significantly in
CIC3117 and CIC3431
seven days after treat-
ment with H6-DM4 com-
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._,;',w.g,,.,,,‘,.,n(m] Lo,;',wmm,,‘.b,,[,,m, totoxic effect was observed in 5T4-negative LoVo cells.

pared to that with H6 at a concentration
of as low as 0.064 nM (P < 0.05 for each com-
parison, Figure 6C, 6D). Furthermore, H6-DM4
induced a strong inhibitory activity on colore-
ctal CICs with the IC, values of 0.51 nM agai-
nst CIC3117, 1.15 nM against CIC3431, and
1.83 nM against CIC1597, respectively (Figure
6E). Moreover, H6-DM4 at a dose of 10 mg/
kg also showed greater efficacy against CICs-
induced xenograft model compared to dose-
matched controls (P < 0.05). H6-DM4 at a do-
se of 10 mg/kg eradicated tumor in vivo, whi-
le the oxaliplatin or IgG-DM4 group showed
slight efficacy (Figure 6F). This analysis show-
ed a stronger inhibition of colorectal CICs in
the H6-DM4 group (P < 0.05) as compared to
that in the chemotherapy group.

H6-DM4 potency in platinum-resistant colorec-
tal cancers

Considering the resistance and recurrence of
Gl cancer, we wanted to challenge H6-DM4 wi-
th chemotherapy-resistant colorectal cancer
cells. Then, 5T4 expression was examined in
colorectal cancer cells resistant to oxaliplatin
named SW-480-Oxaliplatin and HCT116-Oxa-
liplatin (Figure 7A). Drug-resistant cells show-
ed ten times more resistant to oxaliplatin th-
an parental cells exhibited (Figure 7B). Notab-
ly, SW-480-Oxaliplatin and HCT116-Oxalipla-
tin cells demonstrated the similar sensitivity
to H6-DM4 with IC_ values of 16.64 nM and
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19.4 nM compared with their parental cells
indicated (Figure 7C). SW-480-Oxaliplatin tu-
mor xenograft was completely repressed by
H6-DM4 at 10 mg/kg, while the control ADC,
unconjugated mAb or oxaliplatin exhibited litt-
le antitumor activity (Figure 7D). These data
provided evidence that the activity of this ADC
depended on targeted delivery of the payload
to 5T4-expressing tumor cells.

Preliminary safety of H6-DM4

During the entire treatment period, no signifi-
cant body weight loss or morbidity were ob-
served (Figure 8A). In order to further under-
stand the safety of H6-DM4, the preclinical
safety profile of H6-DM4 was characterized in
two doses of H6-DM4 (2.5 mg/kg or 10 mg/
kg) or PBS (n =5, Q3D x 3 regiment). The mice
were euthanized on day 3 and 29 to evaluate
acute and delayed toxicities, respectively. Th-
ere were no observable marrow suppression or
damage to vital organs, with no effects on
blood function, liver function or renal function
on day 3 (Figure 8B, 8C) and 29 (Supplemen-
tary Figure 6), respectively.

Discussion

B5T4, specifically overexpressed on the cell
surface of a variety of tumors and internalized
rapidly when bound to antibody, may be used
as an attractive target to develop an effective

Am J Cancer Res 2018;8(4):610-623
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C. In vivo efficacy correlated with 5T4 expression in Gl cancer. In vivo efficacy of H6-DM4 (2.5 mg/kg, Q3D x 3),

indicated as treatment to control ratio (T/C
xenograft models as determined by FCM.

volume)

immunotherapy such as ADC [12, 24, 27]. He-
re, we identified high expression of 5T4 in gas-
tric carcinoma, colorectal cancer, and pancre-
atic cancer, which negatively correlated with
overall survival of Gl cancer patients, suggest-
ing 5T4 might be closely related to tumor malig-
nancy, thus patients with aggressive cancers
might benefit from 5T4-targeting ADC. All of
these prompted us to explore a 5T4-targeting
ADC for gastrointestinal cancer. In consider-
ation of the tough challenges for treatment of
solid tumors, A novel anti-5T4 monoclonal an-
tibody was generated and conjugated to the
potent microtubule inhibitor DM4. We evaluat-
ed the therapeutic efficacy of the ADC on Gl
cancer by establishing multiple xenograft mo-
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of tumor growth, plotted against 5T4 expression of five Gl cancer

dels. Considering the resistance and recur-
rence of Gl cancer, we further challenged H6-
DM4 with colorectal cancer-initiating cells and
cancer cells resistant to chemotherapy. CICs
and resistant cells were effectively eradicat-
ed by H6-DM4. Hence the ADC may have the
potential for therapy of Gl cancer.

ADC is composed of three parts: antibody, pay-
load, and linker, which employed two advant-
ages: high efficiency of chemical drugs and
specificity of antibodies. Though four ADCs ha-
ve been approved by FDA, no common ratio-
nales have arrived for designs of ADCs. In this
study, we generated a novel anti-5T4 antibo-
dy with high affinity and rapid internalization

Am J Cancer Res 2018;8(4):610-623
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and in non-CIC fractions (grey) of colorectal CIC3117 or CIC3431 with H6 or control IgG (red). C. In vitro cytotoxicity
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not H6 induced a strong cytotoxicity in CIC3117 or CIC3431 in vitro. F. Tumor growth curves for CIC3431. Animals
were dosed once as indicated (arrow) by intravenous injection (Q3D x 3) with H6-DM4 (2.5 mg/kg or 10 mg/kg),
1gG-DM4 (10 mg/kg), standard-of-care chemotherapy oxaliplatin (10 mg/kg) or vehicle (PBS).

and then constructed a novel ADC, H6-DM4 observed in vivo but not in vitro (Table 1; Fi-
that displayed a potent antitumor activity in gure 5C). Some tumor cells such as PANC-1
vitro and in subcutaneous xenograft models. and HCT-15, though with higher expression of
Administration of high doses of the naked anti- 5T4, did not get excellent results treated with
5T4 antibody or the control 1gG-DM4 showed H6-DM4 in vitro, possibly because these cells
little impact on tumor growth, implying that had relatively slower internalization rate: 26%

H6-DM4 efficacy was mediated by targeted
delivery of the payload to 5T4-positive tumor
cells. But slight inhibition was observed in in-
dividual tumor xenografts treated with IgG-
DM4 or H6 antibody, which could be owing to
the enhanced permeability and retention (EPR)
effect or immune response such as comple-

and 23%, respectively (Supplementary Figure
7). However, durable tumor regressions were

observed in the two xenograft models. That
the efficacy of PANC-1 and HCT-15 was not co-
nsistent in vitro and in vivo may be due to the
discrepant kinetics of drug exposure under dif-

ment-dependent cytotoxicity (CDC) [28, 29]. ferent conditions[30]. In addi_tion, H6-D!\/I_4 dis-
played more pronounced antitumor activity for

In general, tumor cells with higher expression DLD-1 both in vitro and in xenograft models,

of 5T4 were more reactive to H6-DM4 in vivo. which may own to high expression of 5T4 and

Weak efficacy in HT-29, HGC-27 and PDX-954 excellent internalization ability of H6 in DLD-1

compared to that in DLD-1, HCT-15, PANC-1 cell (Figures 2 and 3E; Table 1).

and BX-PC3 models supported that 5T4 expr-

ession could act as a predictive marker for Cancer stem cells (also called cancer-initiat-

patient selection. Direct linear correlation be- ing cells) are implicated in tumor initiation,

tween 5T4 expression level and efficacy was maintenance, and recurrence, leading to the
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poor effect of standard chemotherapies and
tumor recurrence [31]. 5T4 was reported as a
potential marker of CSCs in NSCLC squamous
cell carcinoma [15]. 5T4-targeting ADC ME-
DI0641 could effectively kill cancer stem cells
and non-cancer stem cells, resulting in regr-
ession of tumors such as breast cancer, head
and neck squamous cell carcinoma, etc [12,
27]. In this study, we demonstrated that 5T4
expression was higher in CICs than that in non-
CICs in colorectal cancer, which could be a
new marker for colorectal CICs. H6-DM4 func-
tioned to eliminate CICs induced tumor xeno-
graft, suggesting that our ADC may prevent the
recurrence caused by residual CICs.

Resistance to chemotherapeutic agents is the
leading cause of recurrence in Gl cancer [32,
33]. One of the mechanisms of resistance is
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an increased cellular efflux, such as P-glyco-
protein (P-gp) and multidrug resistance-associ-
ated protein 2 [34, 35]. Here, that tumor cells
were resistant to oxaliplatin but sensitive to
H6-DM4 was probably because the payload
constantly accumulated in the cells through
antibody-mediated internalization. Additionally,
it was reported that microtubule inhibitor with
higher binding affinity might be an effective
strategy to overcome drug resistance [36].
Thus, DM4, as a powerful microtubule inhibi-
tor, was utilized to conjugate to an efficiently
internalized antibody to counteract treatment
resistance.

The design of ADC is much more complicated

than a simple linkage of a mAb to a payload.
The considerations include target characteri-

Am J Cancer Res 2018;8(4):610-623
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days after 2.5 mg/kg H6-DM4, 10 mg/kg H6-DM4 or vehicle injection. Error bars represent SD of the mean.

zation, antibody properties, payload, and link-
er. All three components of an ADC need to
be optimized to achieve the best combination.
In this study, we developed a novel anti-5T4
antibody H6 with higher affinity and fast inter-
nalization and made a new combination of an-
tibody and payload. Of note, the resulting ADC
was capable of selectively killing 5T4-positive
cancer-initiating cells and drug-resistant cells
in vitro and in vivo. In addition, it was able
to induce a bystander effect on neighboring
5T4-negative tumor cells through a lipophilic
payload S-methyl-DM4 [37, 38], which might
explain the durable therapeutic efficacy of H6-
DM4, even if a heterogeneous expression of
5T4 was observed in some Gl cancer tissues
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(Supplementary Figure 8). Collectively, our st-
udies demonstrate that H6-DM4 may be an

effective ADC for the treatment of Gl cancer.
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Supplementary Figure 1. The 5T4 expression levels correlated with pathological grading and clinical staging respec-
tively in Gl cancer. Chi-squared test represent 5T4 expression levels correlated with clinical staging (left, P < 0.05) in
colorectal cancer and pathological grading (right, P < 0.01) in pancreatic cancer respectively. The white represents
a low expression of 5T4, and the black represents a high expression of 5T4. *P < 0.05. **P < 0.01. ***P < 0.001.
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Supplementary Figure 2. Binding of some candidate antibodies to the cell surface of CHO-5T4* cells. FCM analysis
of CHO-5T4* cells with control IgG (the far left) or each candidate antibody with different concentrations (32 pg/ml,
16 pg/ml, 8 ug/ml, 4 ug/ml, and 2 ug/ml, respectively). Names of antibodies are as follows: A2-D11-B3, R3-A5-D3,
G4-G6-D12, G5-A7-D9, W5-F11-B10, and H6. The corresponding mean fluorescence intensity values are displayed
in Supplementary Table 1.
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Supplementary Table 1. Mean fluorescence intensity values of some candidate antibodies with dif-
ferent concentrations bond to CHO-5T4* cells

Mean fluorescence intensity with different concentrations

Sample
32 pg/ml 16 ug/ml 8 ug/ml 4 pg/ml 2 pg/ml
A2-D11-B3 37,488 32,195 28,189 22,733 17,180
R3-A5-D3 38,268 30,544 25,200 17,499 10,944
G4-G6-D12 32,267 22,296 18,418 12,548 8,201
G5-A7-D9 40,079 34,459 31,710 27,193 16,277
W5-F11-B10 33,406 27,716 23,834 18,153 11,700
H6 65,816 64,089 58,481 46,612 46,830
Mouse control 2,855
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Supplementary Figure 3. Affinity analysis of some candidate antibodies by SPR. Names of antibodies are as follows:
A2-D11-B3, R3-A5-D3, G4-G6-D12, G5-A7-D9, and W5-F11-B10. Each antibody was assayed at different concentra-
tions (0.25 nM, 0.5 nM, 1 nM, 2 nM, 4 nM, 8 nM, 16 nM, and 32 nM).
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Supplementary Figure 4. Internalization rate of some candidate antibodies. Names of antibodies are as follows:
A2-D11-B3, R3-A5-D3, G4-G6-D12, G5-A7-D9, W5-F11-B10, and H6. The red represents cells incubated with con-
trol 1gG; the green with each antibody remained on ice; the blue with the corresponding antibody shifted to 37°C
for 4 h.
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Supplementary Figure 5. 5T4 expression of PDX-954 by IHC. 5T4 expression was confirmed in PDX-954 by IHC.
Maghnification: x 100.
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Supplementary Figure 6. Preliminary safety evaluation of H6-DM4 on day 29. The graph depicted blood function,
liver function, and renal function 29 days after treatment with 2.5 mg/kg H6-DM4, 10 mg/kg H6-DM4, and vehicle
(Q3D x 3). Error bars represent SD of the mean.
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Supplementary Figure 7. Four-hour internalization rate of HCT-15 and PANC-1 cells. Flow cytometry-based in vitro
internalization assay was used to determine the relatively low internalization rate of H6 in HCT-15 and PANC-1 cells
(23% and 26%, respectively). The red represents cells incubated with isotype IgG; the green with H6 remained on
ice; the blue with H6 shifted to 37 °C for 4 hours.
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Supplementary Figure 8. 5T4 protein heterogeneity in Gl cancer. The IHC results represent intra-tumor 5T4 het-
erogeneity in some gastric tumors (left), colorectal tumors (center) and pancreatic tumors (right). The black arrow
represents tumor cells that are brown stained, and the red arrow represents tumor cells that are not brown stained.
Magpnification: x 400.



