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A B S T R A C T

Increased drug resistance and acute side effects on normal organs are the major disadvantages of traditional
cancer chemotherapy and radiotherapy. This has increased the focus on targeted therapeutic strategies such as
monoclonal antibody-based cancer therapies. The major advantage of antibody-based therapies is the specific
inhibition of cancer-related targets, with reduced off-target side effects. Anterior gradient-2 (AGR2) is a pro-
metastatic and proangiogenic tumor marker that is overexpressed in multiple cancers. Therefore, anti-AGR2
antibodies may be potential therapeutic agents for treating different cancers. In the present study, we examined a
novel anti-AGR2 monoclonal antibody mAb18A4 and found that this antibody inhibited lung cancer progression
and metastasis without exerting any adverse side effects on the major organs and blood in mice. Moreover, we
found that mAb18A4 activated p53 pathway and attenuated ERK1/2–MAPK pathway. Furthermore, mAb18A4-
treated cancer cell lines showed attenuated proliferation and colony formation, enhanced apoptosis, increased
p53 expression, and reduced phosphorylated ERK1/2 expression. Treatment with mAb18A4 significantly re-
duced tumor size and suppressed tumor metastasis in and increased the survival of different xenograft tumor
models. In addition, mAb18A4 potently suppressed AGR2-induced angiogenesis. Results of pharmacokinetic and
toxicological analyses confirmed the safety of mAb18A4 as an antitumor treatment.

1. Introduction

Anterior gradient-2 (AGR2) is a proangiogenic and protein be-
longing to protein disulfide isomerase family and resides in the en-
doplasmic reticulum (ER) [1]. AGR2 is overexpressed in multiple can-
cers, including lung, breast, prostate, ovarian, gastric, and pancreatic
cancers and in esophageal and nasopharyngeal carcinomas [2–4]. Si-
milar to an ER chaperone, AGR2 shows tumorigenic properties by
promoting tumor cell survival, migration, and invasion; drug resistance;
angiogenesis; and metastasis [3,5–9]. Elevated AGR2 expression is as-
sociated with the poor survival of patients with breast and lung cancers
[10–12]. In the tumor microenvironment, AGR2 plays a crucial role by

engaging in a cross-talk with growth factors, thereby enhancing their
function [13–16]. AGR2 interferes with cell survival and metastasis
pathways by modulating survivin, cyclin D1, cathepsin B and D, CD147,
and epidermal growth factor receptor (EGFR) levels. Moreover, AGR2
promotes malignant transformation by interacting with C4.4A and
DAG-1 proteins [17]. Furthermore, AGR2 inhibits the function of p53, a
tumor suppressor protein [18,19]. Besides its role in carcinogenesis,
AGR2 is involved in limb and tail regeneration in Xenopus laevis tad-
poles, and extracellular AGR2 plays a prominent role in wound healing
[20]. AGR2 expression is high in mucus-secreting cells and endocrine
organs, including the small intestine, colon, lungs, and stomach [2,21].
Moreover, AGR2 is essential for mucin production in the intestine [22].
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Lung cancer accounts for the highest mortality rate worldwide and
is incurable [23]. Patients with non-small cell lung cancer (NSCLC)
show poor prognosis because available therapies are ineffective against
lung adenocarcinomas containing mutations in genes such as EGFR,
KRAS, BRAF, and PIK3CA [24–26]. Therefore, targeted therapy has
gained considerable attention for lung cancer treatment. Gefitinib and
erlotinib are the first-line chemotherapy drugs for treating NSCLC.
Bevacizumab is the first recombinant human monoclonal antibody that
is widely used for treating intermediate- and advance-stage NSCLCs
[27]. AGR2 is highly overexpressed in lung adenocarcinoma and is
associated with poor patient survival [11,28]. Moreover, AGR2 is as-
sociated with EGFR mutations in lung adenocarcinomas [29]. Together,
these findings indicate the potential of AGR2 as a target for treating
lung cancer.

Because AGR2 is a novel therapeutic target, we designed and de-
veloped a monoclonal antibody called mAb18A4 against human AGR2
[30]. In the present study, we found that mAb18A4 exerted antitumor,
angiostatic, and antimetastatic effects and was non-toxic in mice.
Moreover, we found that mAb18A4 upregulated p53 pathway and
downregulated ERK1/2–MAPK pathway.

2. Materials and methods

2.1. Cell culture

H460, A549, and B16F10 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM), and 4T1 cells were cultured in Roswell Park
Memorial Institute 1640 medium. Both the media were supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin, and the
cells were incubated at 37 °C in a humidified incubator with 5% CO2.

2.2. Wound-healing assay

The cells were seeded in six-well plates and were grown to ap-
proximately 100% confluency. Next, the cells were starved for 24 h by
culturing in a serum-free medium. Wounds were created in the cell
monolayers in each well by using a pipette tip, followed by treatment
with mAb18A4. Images were captured at 0 and 48 h after wound in-
duction. The distance migrated by the cells into the wound was mea-
sured using IMAGE PRO PLUS software.

2.3. Trypan blue dye exclusion assay

The cells were seeded (density, 10,000 cells/well) in a six-well plate.
After 24 h, the cells were treated with mAb18A4 and were incubated for
48 h. At the end of the experiment, the cells were digested with trypsin
and were counted using trypan blue dye.

2.4. MTT assay

The cells (density, 5000 cells/well) were seeded in 96-well plates.
After 24 h, the cells were treated with mAb18A4 for 48 h, followed by
incubation with MTT (500 μg/ml) for 4 h. Absorbance was measured at
570 nm by using a microplate reader. Cell survival percentage was
calculated using the ratio of reported value and control value.

2.5. Western blotting analysis

Cells and tumor tissues were lysed using NP-40 lysis buffer with
protease inhibitor (Sigma, USA). Proteins were separated by SDS-PAGE
and immunoblotted for antibody detection with p53 (Proteintech, USA,
#10422-1-AP), p44/p42 MAPK (137F5, Cell Signal Technology, USA,
#4695), phosphor-p44/42 MAPK (T202/Y204, 20G11,Cell Signal
Technology,USA, #9101) and p21 Waf1/Cip1 (12D1, Cell Signal
Technology, USA, #2947) antibodies.

β-actin (Santa Cruz, USA, sc-47778) and GAPDH (Proteintech, USA,

# 60004-1-Ig) were used as loading controls.

2.6. Colony formation assay

The cells (density, 5000 cells/well) were seeded in a six-well plate
and were treated with mAb18A4. Colonies formed after 14 days were
stained with 0.5% crystal violet. Quantification analysis was performed
by counting the number of colonies formed.

2.7. Xenograft tumor models

Animal study procedures were approved by the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University. Tumor cells
(density, 5× 106 cells) were subcutaneously inoculated into the flanks
of 6-week-old BALB/c nude mice, and the mice were divided into two
groups, namely, control and treatment groups. The mice in the treat-
ment group (n=5) were intraperitoneally injected with 16mg/kg
mAb18A4 biweekly from day 2 after the tumor cell inoculation. Tumor
growth was monitored by measuring tumor volume (1/
2× length×width2) on indicated days. The mice were sacrificed at
the end of the experiment. Their tumors and organs were harvested,
fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned
into 10-μm-thick sections. These sections were used for performing
hematoxylin-eosin (H&E) staining, immunofluorescence (IF) analysis,
and immunohistochemical (IHC) analysis. For angiogenesis analysis,
the mice were inoculated with the tumor cells and were treated with
mAb18A4 in the same manner as that described above. At the end of the
experiment, the mice were sacrificed, their tumors were exposed, and
the number of blood vessels surrounding the tumors was determined.

2.8. Orthotopic 4T1 breast cancer model

The 4T1 cells (density, 5× 105 cells) were inoculated into the #4
mammary fat pad of isogenic BALB/c nude mice. Next, the mice were
treated with mAb18A4 biweekly from day 2 after the tumor cell in-
oculation. On day 21, the mice were sacrificed and tumor metastasis to
the #9 fat pad, lungs, and liver was analyzed. The mouse organs were
harvested, embedded in paraffin, sectioned into 10-μm-thick sections,
and analyzed by performing H&E staining.

2.9. B16F10 lung metastasis model

The B16F10 cells (density, 20× 104 cells) were inoculated into the
mice through the tail vein, and the mice were treated with mAb18A4
twice a week from day 2 after the tumor cell inoculation. The mice were
sacrificed on day 19, and their lungs were removed to visualize tumors.
After harvesting, the mouse lungs were fixed in 4% paraformaldehyde,
embedded in paraffin, sectioned into 10-μm-thick sections, and ana-
lyzed by performing H&E staining.

2.10. Survival rate determination

The mice were inoculated with the B16F10 cells (density,
20× 104 cells) through the tail vein and were divided into two groups,
namely, control and treatment groups. The mice in the treatment group
were treated with mAb18A4 twice a week from day 2 after the tumor
cell inoculation. The experiment was repeated until the last mouse in
either one of the two groups was dead.

2.11. Aortic ring assay

The angiostatic effect of mAb18A4 was determined by performing a
mouse aortic ring assay, as described previously [31]. Mouse explants
were incubated with AGR2 and mAb18A4 and were examined every
day under a microscope (LIFE Technologies, USA).
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2.12. Immunofluorescence analysis

The cells were grown on coverslips, fixed with 4% formaldehyde for
15min, and blocked with goat serum for 30min. Next, the coverslips
were incubated with an anti-Ki67 (ab15580, Abcam, USA) antibody for
2 h or with TRITC-conjugated phalloidin (FAK100, Milipore, USA) for
1 h, followed by incubation with Dylight 594- or Dylight 488-con-
jugated anti-rabbit secondary antibody (MultiSciences Biotech). Nuclei
were stained with DAPI (Invitrogen). Images were obtained using a
laser scanning confocal microscope (Leica). Mouse tissues were em-
bedded in paraffin, sectioned into 10-μm-thick sections, and fixed in 4%
paraformaldehyde. Next, the sections were blocked with goat serum for
1 h, followed by overnight incubation with the anti-Ki67 antibody at
4 °C. The sections were then washed with PBS and incubated with the
anti-rabbit Dylight 594-conjugated secondary antibody. Nuclei were
counterstained using DAPI. Images were obtained using a laser scan-
ning confocal microscope.

2.13. Immunohistochemical analysis

Mouse tumor and organ tissues were embedded in paraffin and were
sectioned into 10-μm-thick sections. IHC analysis was performed as
described previously [20] by using antibodies against p53, phos-
phorylated p44/42 MAPK, α-SMA (Cell Signal Technology, USA,
#19245), CD31 (Novus Biologicals, NB100-2284), VEGF (abcam, USA,
ab39250), BCL-2 (ABclonal, A0208), BAX (ABclonal, A12009), AGR2
(Proteintech, USA, 12275-1-AP) and MUC2 (GServicebio, China,
GB11344). Quantification of the data was done by IMAGE J software.

2.14. Pharmacokinetic analysis

Four C57/BL6 mice were intravenously injected with a single dose
of mAb18A4 (16mg/kg). Serum samples were collected from the mice
at indicated time points (30min, 2 h, 6 h, 1 day, 2 days, 3 days, 5 days,
and 7 days), and antibody concentration in the serum samples was
determined by performing ELISA.

2.15. Toxicology analysis

The C57/BL6 mice were intravenously injected with 16mg/kg
mAb18A4 biweekly for 5 weeks. At the end of the experiment, mouse
blood samples were collected by performing cardiac puncture and
mouse organs were harvested. Hematological and serum biochemical
analyses were conducted commercially at G-Service Bio (Shanghai,
China). The mouse organs were fixed with 4% formaldehyde, em-
bedded in paraffin, sectioned into 10-μm-thick sections, and were
analyzed by performing H&E staining.

2.16. Statistical analysis

All values are expressed as mean ± standard deviation, unless
otherwise indicated. Graphs were plotted using GraphPad Prism soft-
ware. Differences between the groups were compared used a two-tailed
unpaired Student's t-test. P values and sample sizes are described in
figure legends.

Fig. 1. mAb18A4 inhibits migration, suppresses proliferation, disrupts cellular morphology and reduces phosphorylation of ERK invitro. A) Serum starved
NSCLC cells A549 & H460 cells were treated with mAb18A4 for 48 h and scratch wound healing assay was performed. The anti-AGR2 antibody treatment inhibited
migration significantly. (B) In tryphan blue assay, cells were treated with mAb18A4 for 48 h. The viable cells were counted and shown as a bar graph with SD from
three independent experiments. (C) Representative pictures of Ki67 staining. Nuclei were counter stained with DAPI (blue). mAb18A4 significantly reduced pro-
liferation as compared to control. Scale bar, 75 μm. (D) A549 cells were treated with mAb18A4 for 48 h; cells were then stained with Alexa fluor 594 phalloidin for F-
actin. The treated cells showed disrupted morphology and cytoskeleton organization. Scale bar, 50 μm. (E) H460 cells were treated with mAb18A4 for 48 h and
lysates were subjected to western blotting.
Signals were quantified with Graph Pad Prism and Image J. *, ** and *** indicate P < 0.05, P < 0.02, and P < 0.001 respectively, as determined by an unpaired
2-tail student t-test from three treatments. (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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3. Results

3.1. mAb18A4 inhibits tumor growth and metastasis in vitro and disrupts
tumor cell morphology and cytoskeleton organization

First, we conducted in vitro experiments to determine the antitumor
efficacy of mAb18A4 against NSCLC cell lines A549 and H460 that
show high AGR2 expression. Both the NSCLC cell lines were treated
with the anti-AGR2 antibody mAb18A4, and wound-healing assays
were performed. We observed that the number of cells migrating into
the wounds was significantly lower among the mAb18A4-treated cells
than among control cells (Fig. 1A). In the trypan blue dye exclusion
assay, the serum-starved cells were treated with mAb18A4 for 48 h
under the indicated conditions and were counted (Fig. 1B). Ki67
staining (Fig. 1C) and the MTT assay (Supplementary Fig. S1B) were
performed to evaluate tumor cell proliferation. We observed that the
mAb18A4-treated cells showed drastically lower proliferation than the
control cells. A similar trend was observed by performing the colony
formation assay (Supplementary Fig. S1A). Together, these results in-
dicate that mAb18A4 reduces the migration, proliferation, and viability
of the NSCLC cells.

The actin cytoskeleton plays a crucial role in cell adhesion, migra-
tion, morphogenesis, and invasion [32]. We examined whether
mAb18A4 treatment affected motility changes associated with the
morphology of and actin cytoskeleton in NSCLC cells. The A549 cells
were stained with TRITC-conjugated phalloidin to detect F-actin
(Fig. 1D). We observed that the mAb18A4-treated cells were elongated
and retracted and showed cytoskeleton remodeling, whereas control
cells showed a round morphology which is consistent with previous
litrature [33]. Cell–cell junctions were not distinguishable in the con-
trol cells, whereas large intracellular gaps were observed in the
mAb18A4-treated cells. These findings suggest that the anti-AGR2 an-
tibody mAb18A4 disrupts cell morphology and F-actin cytoskeleton.

The MAPK signaling pathway regulates cell migration, proliferation,
apoptosis, and survival [34], and AGR2 is involved in these processes
[35]. Therefore, we examined whether the mAb18A4-treated AGR2-
expressing cancer cells showed changes in phosphorylated ERK1/2,
p53, and p21 levels. Results of the western blotting analysis showed
reduced phosphorylated ERK1/2 expression levels and increased p53
and p21 expression levels in the mAb18A4-treated cells (Fig. 1E). We
also analyzed the effect of 48-h mAb18A4 treatment on normal breast
(MCF7-10A) cells and human embryonic kidney (293T) cells
(Supplementary Fig. S1C) and observed no significant change in the
proliferation of these cells, as evaluated by performing the MTT assay.

Before determining the efficacy of mAb18A4, we examined AGR2
expression levels in different cancer types [36,37]. We found that AGR2
expression was comparatively higher in lung cancer than that in other
cancers, thus making it a good target for assessing the effect of
mAb18A4 (Supplementary Fig. S2).

3.2. mAb18A4 inhibits NSCLC xenograft tumor growth and reduces tumor
weight

Next, we evaluated the effect of mAb18A4 in different lung ade-
nocarcinoma xenograft tumor models (A549 and H460 NSCLC xeno-
graft tumor models) because AGR2 is highly expressed in lung adeno-
carcinomas and is associated with poor prognosis [11]. The xenograft
tumor models were generated by subcutaneously inoculating 5×106

tumor cells into nude mice. The mice were divided into control and
treatment groups. The mice in the treatment group were injected with
16mg/kg mAb18A4 biweekly from day 2 after the tumor cell in-
oculation. The efficacy of mAb18A4 against tumor growth was eval-
uated by measuring tumor volume twice a week. We observed that
mAb18A4 significantly inhibited tumor growth in the xenograft tumor
models (P < 0.001 and P < 0.05 for the A549 and H460 NSCLC xe-
nograft tumor models, respectively; Fig. 2A). Moreover, mAb18A4

significantly reduced tumor weights in both the xenograft tumor
models (Fig. 2B). In addition, the mAb18A4-treated mice did not show
appetite loss and body weight alteration during the treatment period,
indicating that the mAb18A4 dose used in the present study was well
tolerated by the mice (data not shown).

3.3. mAb18A4 suppresses tumor cell proliferation, induces tumor cell
apoptosis, triggers p53 pathway, and attenuates ERK1/2–MAPK pathway

Tumors were harvested from the mice at the end of the experiment
for performing IHC and IF analyses. H&E staining detected multiple
necrotic areas in tumors isolated from the mAb18A4-treated mice
compared with those isolated from the control mice (Supplementary
Fig. S3A). Interestingly, the level of the proliferation marker Ki67 was
significantly reduced in the tumors isolated from the mAb18A4-treated
mice (Fig. 2C). Moreover, the shape and number of tumor cells was
notably reduced in the tumors isolated from the mAb18A4-treated
mice.

Next, we examined the expression of apoptosis markers in the tumor
tissues isolated from the mice and found that BAX expression was in-
creased and BCL2 expression was decreased in the tumors isolated from
the mAb18A4-treated mice, indicating that mAb18A4 induced tumor
cell apoptosis in vivo (Fig. 2D). AGR2 inhibits p53; therefore, we stained
the xenograft tumor tissues with the anti-p53 antibody and observed
increased p53 expression in the tumor tissues isolated from the
mAb18A4-treated mice (Fig. 2D). Furthermore, we observed that
mAb18A4 reduced ERK1/2 phosphorylation (Fig. 2D), indicating that
this antibody acted through the ERK1/2–MAPK pathway. Results of the
western blotting analysis showed the same trend for p53, phosphory-
lated ERK1/2, and p21 levels in the lysates of tumors isolated from the
mAb18A4-treated mice (Fig. 2E).

Next, we evaluated the effect of mAb18A4 on α-SMA level because
AGR2 exerts a paracrine effect on fibroblasts [13]. Furthermore, we
found that AGR2 expression levels were significantly reduced in the
tumors isolated from the mAb18A4-treated mice (Supplementary Fig.
S3B). Next, we assessed the binding and distribution of mAb18A4 in the
tumor tissues of the mice (Supplementary Fig. S3C). Results of the IHC
analysis of the tumor tissues isolated from the mice treated with
mAb18A4 showed that this antibody was localized in the necrotic areas
in the tumor tissues.

3.4. mAb18A4 inhibits AGR2-induced angiogenesis

We recently found that AGR2 binds to VEGF and bFGF and enhances
their functions, thus promoting angiogenesis [14]. Jia et al. [8] also
reported that AGR2 is a proangiogenic protein and suppresses the ac-
tivity of bevacizumab, an FDA-approved anti-VEGF antibody. There-
fore, we examined whether mAb18A4 inhibited AGR2-induced angio-
genesis. Notably, the tumors isolated from the control mice showed
numerous blood vessels compared with the tumors isolated from the
mAb18A4-treated mice (Fig. 3A). Results of the IF and IHC analyses
showed a marked reduction in tumor vessel density, as indicated by a
decrease in CD31 (Fig. 3B) and VEGF (Fig. 3C) staining, respectively, in
the tumors isolated from the mAb18A4-treated mice compared with
that in the tumors isolated from the control mice. Next, we performed
ex vivo mouse aortic ring assay to examine the effect of mAb18A4 on
angiogenesis and observed that mAb18A4 inhibited AGR2-induced
angiogenesis by suppressing the formation of neo-endothelial vessels
(Fig. 3D). Collectively, these results indicate that mAb18A4 disrupts
tumor vasculature and inhibits AGR2-induced angiogenesis.

3.5. mAb18A4 inhibits tumor metastasis and prolongs survival

Tumor cells undergo proliferation, migration, invasion, and angio-
genesis to promote tumor metastasis, and AGR2 modulates these pro-
cesses in various cancer types [35]. Moreover, AGR2 promotes tumor
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colonization at distant sites by regulating the cell adhesion rates of
detached tumor cells; furthermore, it functions as a prometastatic
protein [3,38–40].

To date, not many studies have focused on the use of anti-AGR2
antibodies as a targeted therapy for cancer. In the present study, we
determined the anti-metastatic activity of mAb18A4 by using the ex-
perimental model of pulmonary melanoma metastasis (B16F10 lung
metastasis model) [41]. The mice were divided into two groups, i.e., the
control and treatment groups. The mice in the treatment group were
intraperitoneally injected with mAb18A4 through the tail vein twice a
week from day 2 after the tumor cell inoculation. After 19 days, the
mice were sacrificed, their lungs were harvested, and tumor nodules on
the lung surface were counted (Fig. 4A). The lungs of the mAb18A4-
treated mice showed significantly fewer tumor lesions (Fig. 4B) than
those of the control mice. Moreover, a significant difference in lung
weight was observed between the mAb18A4-treated and control mice
(Fig. 4C). Histological analysis by performing H&E staining showed
multiple melanoma lesions, with an unclear histology, in the paraffin-
embedded lung tissues of the control mice and significantly few tumor
lesions, with a clear histology, in the paraffin-embedded lung tissues of
the mAb18A4-treated mice (Fig. 4D).

Next, we examined the efficacy of mAb18A4 by using the orthotopic
breast adenocarcinoma (4T1) mouse model [42]. This mouse model

was developed by inoculating the 4T1 cells into the #4 mammary pad
of isogenic BALB/c nude mice. The mice were divided into control and
treatment groups. The mice in the treatment group were administered
16mg/kg mAb18A4 biweekly from day 2 after the tumor cell in-
oculation. We observed that mAb18A4 treatment slightly inhibited
primary tumor growth but significantly inhibited secondary metastasis
to the #9 mammary fat pad (Supplementary Fig. S4). Next, we har-
vested the major organs of the mice in the two groups and examined
micrometastases in these organs. Numerous visible metastasized tumors
were observed on the lung surface in the control mice, whereas few
metastasized tumors were observed on the lung surface in the
mAb18A4-treated mice (Fig. 4F). However, no significant metastases
were detected in other organs. Next, we performed H&E staining of the
lung tissues and observed tumor cell infiltration in the lungs of the
control mice compared with that in the lungs of the mAb18A4-treated
mice (Fig. 4G).

Because oncogenic AGR2 is associated with poor patient prognosis
[4,11,12,43], we examined the effect of mAb18A4 on the survival of the
mouse model of pulmonary melanoma metastasis. We found that the
mAb18A4-treated mice showed significantly longer survival (29 days)
than the control mice, which died by day 22 (Fig. 4E). These results are
consistent with previous reports [17].

NCIeH460 cells are highly metastatic and produce spontaneous

Fig. 2. mAb18A4 inhibits xenograft tumor growth, reduces proliferation, induces apoptosis, and attenuates MAPK Pathway in NSCLC Tumors. (A) The
efficacy of mAb18A4 was examined in A549 and H460 xenograft models. The tumors were treated with 20 mg/kg mAb18A4 antibody, twice a week. Data shown as
mean ± SEM (n = 5) quantified using GraphPad Prism. (B) Shown are the bar graphs of excised tumor weight. mAb18A4 treatment led to significant reduction in
tumor weight due to its necrotic activity. (C) Representative pictures of immunofluorescence staining of mAb18A4 treated A549 tumors. mAb18A4 treatment
reduced cell proliferation (Ki67) significantly. Nuclei were counterstained with DAPI (blue). (D) The frozen sections of H460 tumors (n = 5) were lysed, the lysates
were mixed and subjected to Western blotting. (E) Representative immunohistochemistry pictures of mAb18A4 treated tumors showing induced apoptosis (BAX,
BCL2), and increased p53 expression. Also, mAb18A4 treatment reduced phosphorylated MAPK (ERK1/2) expression and infiltrating fibroblasts (alpha-SMA). The
bars represent each sample performed in triplicate, and the error bars indicate mean ± SD (n = 3). Histogram represents the integrated optical density (IOD) and
relative positive area (Ki67).Signals were quantified with Image J. *, ** and *** indicate P < 0.05, P < 0.02, and P < 0.001 respectively, as determined by an
unpaired 2-tail student t-test. (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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metastases in 100% cases [44]. Therefore, we evaluated the effect of
mAb18A4 on tumor metastases in the H460 NSCLC xenograft tumor
model (Fig. 2A). Major organs were harvested from the examined mice
at the end of the experiment, and histological analysis was performed.
Tumor cell infiltration was observed in the lungs, colon, and small in-
testine of the control mice. In contrast, the mAb18A4-treated mice
showed significantly less number of micrometastases in the examined
organs (Fig. 4H). Together, these results indicate that mAb18A4 po-
tently inhibits metastasis in vivo.

3.6. Humanized mAb18A4 does not exert adverse effect on mucin
production in the intestine

Murine AGR2 is ubiquitously expressed in goblets cells and is crucial
for intestinal mucus production [23]. To evaluate the adverse effect of
mAb18A4 on intestinal AGR2 and MUC2, a major intestinal mucin [45],
C57/BL6 mice were treated with 16mg/kg mAb18A4 (treatment
group) or IgG (control group) twice a week for 5 weeks. The colon and
small intestine of the mice in the two groups were harvested at the end
of experiment, and IHC analysis was performed. Results of the IHC
analysis showed no decrease or change in AGR2 and MUC2 expression
in both the intestine and colon of the mAb18A4-treated mice (Fig. 5A
and B). Periodic acid-Schiff and Alcian blue staining showed that
mAb18A4 treatment did not exert any adverse effect on heavy glyco-
proteins and mucus in the colon and small intestine (Fig. 4C and D).
Together, these results indicate that mAb18A4 treatment does not exert

any side effects on intestinal mucus production.

3.7. Pharmacokinetic and toxicology analyses of humanized mAb18A4

Pharmacokinetic (PK) and toxicology analyses of the humanized
anti-AGR2 mAb18A4 were conducted using the C57/BL6 mice. In the
single-dose PK study, the serum samples of the mice were collected at
the designated time points and mAb18A4 concentration in the serum
was measured by performing ELISA. We found that the area under
curve for 16mg/kg mAb18A4 was 1538.217 ± 325.45 μg h/ml. The
mean maximum concentration of mAb18A4 in the serum was 16.7 μg/
ml, and the mean half-life of mAb18A4 in the serum was>3 days
(Supplementary Table 1).

For the toxicology analysis, the mice in the treatment group were
intravenously injected with 16mg/kg mAb18A4 twice a week for 6
weeks and those in the control group were treated with IgG. At the end
of the experiment, blood samples were collected from the mice through
cardiac puncture for performing complete blood profile analysis and
organs were harvested from the mice for performing histological ana-
lysis. No toxicity or histological abnormalities were observed in the
blood (Supplementary Table 2) or major organs such as the heart,
kidney, pancreas, colon, and intestine of the mAb18A4-treated mice
(Fig. 6). Together, the results of the PK and toxicology analyses indicate
that mAb18A4 is a safe therapeutic option for cancer therapy.

Fig. 3. mAb18A4 inhibits AGR2 induced Angiogenesis. (A) Representative pictures of H460 tumors showing blood vessel density. The number of blood vessels
was greatly reduced in Anti-AGR2 treated group as compared to control. (B) Immunofluorescence staining shows mAb18A4 impedes tumor vasculature by sup-
pressing platelet endothelial cell adhesion molecule- 1(PECAM-1) known as CD31. (C) Immunohistochemical staining showing vascular endothelial growth factor
(VEGF). Treated tumor tissues showed lesser expression of VEGF than control. (D) Representative pictures of ex vivo mouse aortic ring assay to study angigogenesis.
Aortoe were isolated from C57BL/6 mice and embedded in type 1 collagen and treated with conditions marked. Phase contrast images of aortic rings showing
microvessel outgrowth. Addition of external AGR2 promotes the endothelial miscrovessel formation and the same is inhibited by mAb18A4.Statistical quantification
is expressed as *, and *** indicate P < 0.05, and P < 0.001 respectively, as determined by an unpaired 2-tail student T-test. Scale bar indicates 50 μm.
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4. Discussion

AGR2 is intracellularly regulated in the ER and is secreted in the
tumor microenvironment [46]. Several recent studies have elucidated
the role of AGR2 in tumorigenesis and in the tumor microenvironment
[46]. However, no potential targeted anti-AGR2 therapy is available at
present. AGR2 is associated with drug resistance in breast cancer [47].
Recently, we reported that AGR2 mediates fulvestrant-induced drug
resistance [9]. Therefore, we designed and developed a highly specific
humanized monoclonal antibody mAb18A4 that binds to both human
and mouse AGR2.

In the present study, we examined the effects of mAb18A4 against
NSCLC growth and metastasis. Moreover, we examined the effects of
mAb18A4 on tumor cell clonogenicity, proliferation, migration, and
viability. We observed that mAb18A4 significantly inhibited AGR2-in-
duced tumor characteristics in vitro and potently suppressed tumor
progression in the xenograft tumor models. Moreover, mAb18A4 in-
hibited tumor metastasis in the various xenograft tumor models and
increased the survival rate of the xenograft tumor models. Furthermore,
we observed that regular treatment with mAb18A4 did not exert toxic
effects on the major organs of the examined mice.

Experiments involving the xenograft tumor models showed that
mAb18A4 inhibited the ERK1/2–MAPK pathway. Moreover, mAb18A4
significantly increased p53 and p21 expression levels in tumor tissues
and tumor cells, which may be a possible mechanism through which
mAb18A4 reduces tumor growth [18]. These results were consistent to
the results of the in vitro experiments (Figs. 1E and 2E). Moreover, these
results confirm the importance of AGR2 in the MAPK and p53 path-
ways. However, secretory AGR2 may also regulate other oncogenic
pathways. For instance, we observed that both the A549 and H460 cell
lines, which contain KRAS mutations [48], responded to mAb18A4.

A recent study reported that AGR2 promotes angiogenesis by di-
rectly interacting with VEGF-A, which increases VEGFR signaling and
ultimately promotes metastasis. Another study reported that AGR2 in-
hibits the antitumor effect of bevacizumab, an anti-VEGF antibody [8].
These findings suggest that AGR2 is a potential therapeutic target or a
predictive biomarker of angiogenesis. In the present study, mAb18A4
significantly reduced VEGF and CD31 expression in the xenograft tumor
tissues, inhibited neovessel formation in the ex vivo mouse aortic ring
assay, and inhibited tumor metastasis, thus confirming that mAb18A4
inhibits AGR2-induced angiogenesis and angiogenesis-dependent me-
tastasis.

Fig. 4. mAb18A4 inhibits metastasis and prolongs survival span.(A) mAb18A4 inhibits B16F10 Melanoma lung metastasis. Mice were treated with 20mg/kg
mAb18A4 twice a week after two days of inoculation of B16F10 cells intravenously. The representative pictures of harvested lungs at the end of the experiment (21
days) are shown above with quantification data at bottom. (B,C) The number of pigmented tumors on the lung surface and the weight of the lungs was much less in
mAb18A4 treated group than the control group respectively. (D) Representative H&E staining shows the histology of control group is not clear, congested and
surrounded with micrometastases (demarcated with black dotted line), however the mAb18A4 treated mice lungs have lesser congestion and fewer densed areas
(micro metastases). (E) mAb18A4 increased survival rate in pulmonary metastasis. All the Control IgG group mice died by the 22nd day but the mAb18A4 treated
group survived till 29th day post tumor inoculation. (F) mAb18A4 suppreses lung metastasis in 4T1 breast adenocarcinoma model. Representative pictures of lungs
harvested at the end of experiment. Quantification data of tumor nodules on lung is on the right. (G) Histological analysis revealed large areas of lung were
metastasized with tumor cells in the control group (demarcated with black dotted line), whereas only few tumor cells could be seen in mAb18A4 treated lungs. (H)
mAb18A4 inhibits spontaneous organ micro metastases in H460 tumor xenograft model. The organs were harvested at the end of experiment and stained with
Haemotoxylin and Eosin (H&E) stain. mAb18A4 inhibited infiltration of tumor cells in Lung, Colon and Small Intestine. Quantification data are presented as
mean ± SD (n = 5). Signals were quantified with GraphPad Prism. *, ** and *** indicate P < 0.05, P < 0.02, and P < 0.001 respectively as determined by an
unpaired two tailed Student t-test. Scale bar 100 μm.
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Furthermore, mAb18A4 did not exert any treatment-related side
effect in the treated mice. The results of the PK and toxicology analyses
highlight the safety of mAb18A4 as a therapeutic agent. We observed
that although mAb18A4 recognized and interacted with AGR2 in the
intestine, colon, and lungs, which show de novo AGR2 expression, it did
not exert harmful effects on these major organs or in blood. Moreover,
our results suggest that mAb18A4 can be used as an antibody-based
antigen diagnostic agent because it shows binding specificity.

In conclusion, the results of the present study indicate that AGR2
plays a vital role in tumor progression and metastasis. We developed a
novel monoclonal antibody mAb18A4 for targeting AGR2, which is
overexpressed in lung cancer as well as multiple other cancers. Our
results showed that mAb18A4 induced tumor cell apoptosis, upregu-
lated p53 expression, suppressed the ERK1/2–MAPK pathway, in-
creased mouse survival, and inhibited AGR2-induced angiogenesis and
metastasis.
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