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Abstract

Neuroendocrine (NE) tumors include a diverse spectrum of hormone-secreting neoplasms that 

arise from the endocrine and nervous systems. Current chemo- and radio- therapies have marginal 

curative benefits. The goal of this study was to develop an innovative antibody-drug conjugate 

(ADC) to effectively treat NE tumors (NETs). First, we confirmed that somatostatin receptor 

2 (SSTR2) is an ideal cancer cell surface target by analyzing 38 patient-derived NET tissues, 

33 normal organs, and 3 NET cell lines. Then, we developed a new monoclonal antibody 

(mAb, IgG1 and kappa) to target two extracellular domains of SSTR2, which showed strong 

and specific surface binding to NETs. The ADC was constructed by conjugating the anti-SSTR2 

mAb and antimitotic monomethyl auristatin E. In vitro evaluations indicated that the ADC can 

effectively bind, internalize, release payload, and kill NET cells. Finally, the ADC was evaluated 

in vivo using a NET xenograft mouse model to assess cancer-specific targeting, tolerated dosage, 

pharmacokinetics, and anti-tumor efficacy. The anti-SSTR2 ADC exclusively targeted and killed 

NET cells with minimal toxicity and high stability in vivo. This study demonstrates that the 

anti-SSTR2 ADC has a high therapeutic potential for NET therapy.
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Introduction

Neuroendocrine (NE) tumors, such as carcinoids, pancreatic islet cell tumors, and medullary 

thyroid cancer (MTC), arise from cells within the neuroendocrine system that often harbor 

inherited or sporadic genetic mutations.(1, 2) The prevalence of NE tumor (NET) patients 

in the United States is in excess of 100,000, with at least 16,000 new diagnoses each year 

and an estimate of 200,000-plus undiagnosed cases.(3, 4) Patients living with untreatable 

NET liver metastases have a 5-year survival rate of 13–54%.(5) The fact that 40–95% of 

patients with NETs are metastatic at the time of initial diagnosis makes complete surgical 

resections nearly impossible.(3, 6–10) Chemotherapies utilized for NET (e.g., the mTOR 

inhibitor “everolimus” and the multikinase inhibitor “sunitinib”) have shown limited efficacy 

and can cause systemic toxicities.(11–18) Somatostatin receptor (SSTR)-targeting analogs 

(e.g., octreotide and lanreotide) or FDA-approved peptide receptor radionuclide therapy 

(Lutathera®) for gastroenteropancreatic NET treatment can extend patient’ survival but have 

relatively poor impact on rapidly proliferating tumors.(19, 20) Thus, it is imperative to 

develop new treatment strategies for this disease.

Five SSTR subtypes (SSTR1–5) belonging to the G-protein coupled receptor (GPCR) family 

are expressed in tumor or normal tissues.(21) NET patients overexpress SSTR2 and SSTR3 

at a high density.(22–25) The membrane expression of SSTR2 in NET cells is approximately 

20-fold higher than that of normal cells.(22–24) Moreover, our immunohistochemistry (IHC) 

analysis performed on a patient tissue microarray (TMA) demonstrated that over 70% of 

NET patients express SSTR2. Therefore, SSTR2 is a potential target for the development of 

a new therapeutic approach to treat NETs.

Targeted therapies, such as monoclonal antibodies (mAbs) and antibody-drug conjugates 

(ADCs) have been applied to treat cancers with minimal side effects on normal cells.(26–

29) ADCs engender many of the advantages of mAbs including cancer-specific targeting 

to lower toxicity in normal tissues, low immunogenicity, long plasma half-life and high 

stability, with the high cytotoxicity of small molecule chemotherapeutics.(30) After receptor 

binding, ADC is internalized via receptor-mediated endocytosis. The cytotoxic drug is 

then released into the cytoplasm of cancer cells via either lysosomal degradation or linker 

cleavage.(31, 32) As precedents, several antibodies carrying payloads, such as brentuximab 

vedotin (anti-CD30-MMAE), trastuzumab emtansine (anti-HER2-DM1), 131I-Tositumomab 

(I-131 labelled anti-CD20 mAb), 90Y-Ibritumomab tiuxetan (90Y labelled anti-CD20 

mAb), and traztuzumab deruxtecan (anti-HER2 mAb-topoisomerase I inhibitor), have been 

developed to treat relapsed Hodgkin lymphoma, systemic anaplastic large cell lymphoma, 

relapsed, chemotherapy refractory or advanced HER2-positive breast cancer, non-hodgkin’s 

lymphoma (NHL), or NHL.(33) To our knowledge, neither mAb nor ADC has yet been 

developed for NET treatment. In addition to ADC, the SSTR2-targeted PEN-221 comprised 

a SSTR2 agonist [Tyr3, Cys8]octreotate amide linked to mertansine has been developed to 

treat small cell lung cancer.(34) The AN-238, a cytotoxic analogue of SST conjugated with 

peptide RC-121 and 2-pyrrolinodoxorubicin (2-pyrrolino-DOX), and two camptothecins 

(CPT)-potent somatostatin analog (SSA) conjugates, JF-10–71 and JF-10–81, have also been 

developed to treat choroidal neovascularization and lung cancer.(34–36)
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The objective of this study was to develop an innovative targeted therapy to treat SSTR2­

overexpressing NETs. A surface receptor analysis of multiple patient tissues and normal 

organ tissues showed that SSTR2 is highly expressed in most of NET patients. A new 

anti-SSTR2 mAb was developed to efficiently target NET and deliver an FDA approved 

potent cytotoxic payload, Monomethyl auristatin E (MMAE), which can effectively 

block microtubulin polymerization and inhibit NET cell growth. The specific targeting, 

tolerated dosage, pharmacokinetics, and anti-tumor efficacy of the anti-SSTR2 ADC 

were investigated using a NET xenograft mouse model. Our results demonstrate that the 

developed ADC was capable of specifically targeting and effectively reducing tumor growth, 

indicating promise for further development as a novel therapeutic for these tumors.

Materials and Methods

The animal studies conform to the Guide for the Care and Use of Laboratory Animals 

published by the National Institutes of Health (NIH Publication No. 85–23) and have 

been approved by the Institutional Biosafety Committee at the University of Alabama at 

Birmingham under the animal project number of IACUC-21929. The investigators were not 

blinded to the group allocating during the experiment and assessing the outcome.

NET patient tissue microarray

The TMA was prepared by Research Pathology Core to analyze the SSTR2 surface 

expression in NET. The patient tissues were obtained from the University Surgical Oncology 

Tumor Bank through an Institutional Review Board (IRB) approved protocol. The NET 

microarray consisted of 38 patient tissue cores, which contained 1 high-grade (G3) and 37 

low-grade (G1) and intermediate-grade (G2) samples (2A to 9D), and 5 normal tissue cores 

of liver, spleen, placenta, prostate, and tonsil (negative controls, 1A-1E). The TMA slides of 

33 normal human organs were purchased from US Biomax (Rockville, MD) to confirm the 

binding specificity of our anti-SSTR2 mAb using IHC staining with NET tissues as positive 

controls. The normal organs that we tested included cerebrum, cerebellum, peripheral nerve, 

adrenal gland, thyroid gland, spleen, thymus, bone marrow, lymph node, tonsil, pancreas, 

liver, esophagus, stomach, small intestine, colon, lung, salivary, pharynx, kidney, bladder, 

testis, prostate, penis, ovary, uterine tube, breast, endometrium, cervix, cardiac muscle, 

skeletal muscle, mesothelium, and skin.

Cell lines and media

Multiple human NET cell lines, including pancreatic NET BON-1 (kindly provided by 

Dr. Mark Hellmich from University of Texas, Galveston, TX) and QGP-1 (ACCEGEN 

Biotechnology, Fairfield, NJ), BON-Luc carrying a firefly luciferase reporter gene 

(generated in our lab by overexpressing FLuc in BON-1 cells), were used for in vitro 
or in vivo studies. BON-1 and OGP-1 cells were maintained in DMEM/F12 medium 

supplemented with 10% fetal bovine serum (FBS) in T25 or T75 flasks. The non-neoplastic 

SSTR2-negative control cell lines, including pulmonary fibroblast WI-38 (ATCC, Manassas, 

VA) and foreskin fibroblast 917 (ATCC), were maintained in DMEM with 10% FBS, 1% 

non-essential amino acids, and 1% sodium pyruvate. Adherent mAb producing hybridoma 

cells were maintained in DMEM with 10% FBS in T flasks, while the adapted suspensive 
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hybridoma was cultivated in Hybridoma-SFM with 4 mM L-glutamine and 1% anti­

clumping agent (v/v) in shaker flasks with agitation of 130 rpm. All seed cultures were 

incubated at 37 °C and 5% CO2 in a humidified incubator (Caron, Marietta, OH). The 

cell growth, i.e. viable cell density (VCD) and viability, was measured using a Countess II 

automated cell counter or trypan blue (Fisher Scientific, Waltham, MA). All basal media, 

supplements, and reagents used in this study were purchased from Fisher Scientific or Life 

Technologies (Part of Fisher) unless otherwise specified.

Anti-SSTR2 mAb development

Both human SSTR2 (UniProtKB P30874) and mouse SSTR2 (UniProtKB P30875) are 

integral membrane glycoproteins with the same topology, including four extracellular 

topological domains, seven helical transmembrane, and four cytoplasmic topological 

domains. Protein BLAST analysis showed that their four extracellular domains had 

similarity of 81%, 100%, 100%, and 90%, respectively. We developed an SSTR2 mAb to 

target the 1st extracellular domain (cQTEPYYDLTSNA, aa 33–44) and the 2nd extracellular 

domain (cALVHWPFGKAICRVV, aa 104–118) using hybridoma technology (PCT patent, 

US2019/0055145). The immune splenocytes with the best anti-SSTR2 antibody expression 

were fused with myeloma cells (Sp2/0) to obtain 100 hybridoma subclones. The top 4 

clones were screened using peptides (the 1st and the 2nd extracellular domains)-based ELISA 

and were adapted to serum-free suspension cultures to produce mAbs.(37) The tumor 

cell surface binding of these 4 mAbs was evaluated using flow cytometry and confocal 

microscopy imaging. These methods were used to define the lead clone which had strong 

and specific binding to NET (BON-1) cells but low binding to non-cancerous control cells. 

The isotype of the lead clone was determined using a mouse antibody isotyping kit (Sigma, 

St. Louis, MO).

Anti-SSTR2 mAb production and purification

The mAb production was performed in a 5-L stirred-tank bioreactor controlled at Temp 

37 °C, pH 7.0, DO 50% and agitation 70 rpm. The bioreactor was seeded with VCD of 

0.3–0.5 ×106 cells/mL in Hybridoma-SFM with 6 g/L glucose, 6 mM L-glutamine, 3.5 

g/L Cell Boost #6, and 1% anti-clumping agent. The production cultures were sampled 

daily to monitor cell growth (i.e., VCD, viability, double time, and growth rate) using cell 

counter, glucose concentration using glucose analyser, and mAb production using NGC 

system (Bio-Rad, Hercules, CA). The anti-SSTR2 mAb was purified using our two-step 

antibody purification protocol by the NGC system (Bio-Rad, Hercules, CA) equipped with 

Protein A and ion exchange columns.(38, 39)

ADC construction

In this study, ADC was constructed following our published cysteine-based conjugation 

procedure. (38, 39) Briefly, the rebridging linker was synthesized by reacting 3.91 mmol 

6-aminohexanoic acid with 3.91 mmol 3,4-dibromofuran-2,5-dione in 20 mL acetic acid at 

room temperature (RT) for 10 mins and purified with silica gel. Then the linker-MMAE 

payload was conjugated by mixing 33.85 μmol synthesized rebridging linker, 13.55 μmol 

N,N’-diisopropylcarbodiimide, 13.55 μmol N,N-diisopropylethylamine, and 13.55 μmol 

MMAE in 0.25 mL dichloromethane for 17 hrs and purified with HPLC. The 5 mg/mL 
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anti-SSTR2 mAb was reduced with 1 mM dithiothreitol in 50 mM borate buffer at pH 8.0 

at 37 °C for 1 hr and purified with buffer exchange. Finally the ADC was conjugated by 

mixing the linker-MMAE payloads with the reduced mAb with payload:mAb molar ratio of 

4.4 and incubated at 4 °C for 1 hr. The generated ADC was purified with PD SpinTrap™ 

G25 column (GE Healthcare, Chicago, IL) or high-performance liquid chromatography 

(Waters, Milford, MA). The average drug-antibody ratio (DAR) was calculated as Ratio = 

(εAb
248-RεAb

280)/(RεD
280-εD

248), where R = A248/A280 = Absorbance ratio.(38)

In vitro anti-cancer cytotoxicity (IC50)

BON cells were utilized to evaluate the anti-NET cytotoxicity of the anti-SSTR2 ADC and 

MMAE (control) in 96-well plate following our published protocol.(38) Briefly, the BON 

cells were seeded with viable cell density of 50,000 cells/mL in 75 μL of DMEM/F12 

medium complete medium, and incubated at 37 °C for 24 hrs. Then the anti-cancer 

cytotoxicity assay was initiated by adding 75 μL of medium containing ADCs and free 

drug with final concentrations of 0.5, 1, 2, 10 and 25 nM with triplication. After 72 hrs 

incubation, the toxicity was measured through CellTiter-Glo Luminescent Cell Viability 

Assay (Promega, Madison, MI). The luminescent signal was proportional to the viable cell 

number and used to calculate the relative viability in all treatments. The IC50 value was 

calculated using ED50V10 Excel add-in.

SDS-PAGE and Western blotting

The Mem-PER plus membrane protein extraction kit was used to extract membrane proteins 

for surface receptor evaluation. The protein concentration was determined by the Pierce 

BCA assay. Non-reducing SDS-PAGE was run using NuPAGE™ 4–12% Bis-Tris protein 

gels. The primary rabbit anti-mouse antibody and HRP-conjugated secondary anti-rabbit 

antibody were purchased from Abcam (Cambridge, UK). The blotted membrane was treated 

with Luminata Forte Western HRP substrate (Millipore, Boston, MA), and imaged with 

MyECL imager with ImageJ software.

Flow cytometry

Flow cytometry was performed to quantify surface receptor binding of SSTR2 mAb using 

a BD LSRII flow cytometer (BD Biosciences, San Jose, CA). The mAb was labelled with 

an Alexa Fluor™ 647 labelling kit to generate AF647-mAb. The NET cell lines (BON 

and QGP-1) and negative control fibroblast cell line (917) were tested. Detailed methods 

are described elsewhere (38, 39) Briefly 1×106 cells were mixed with 1 μg AF647-mAb 

in 100 μL PBS and incubated at room temperature for 30 mins in dark. The labelled 

cells were washed with PBS for three times and resuspended in 500 μL buffer for flow 

cytometry analysis. The commercial anti-SSTR2 mAb (RD Systems, Minneapolis, MN, 

catalog# MAB4224) was used as control.

SSTR2 binding affinity and specificity analysis

The SSTR2 mAb-receptor binding affinity was measured following the previously reported 

procedure.(40) Specifically, 120 ng of somatostatin receptor 2 was coated on 96-well plates 

and incubated at 4 °C overnight. Plates were washed using PBS plus 0.05% Tween 20for 3 
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times and blocked with protein-free blocking buffer at 37 °C for 1 hr. Our anti-SSTR2 mAb 

was added following concentration gradient of 0, 5, 10, 50, 100, 500, 1,000, 10,000, 50,000, 

and 100,000 pM, incubated at 37 °C for 1 hr, and plates were washed for 5 times. Goat 

anti-mouse IgG HRP was added to each well at a concentration of 50 ng/mL, followed by 

30-min incubation at 37 °C and 3 times of washing. Then 100 μL of TMB substrate solution 

was added to each well and incubated at RT for 30 mins, and 100 μL of 1M H2SO4 was 

added to stop color development. The absorbance was read using BioTek plate reader at a 

wavelength of 450 nm.

Confocal imaging

Confocal microscopy was used to observe the dynamic surface binding and internalization 

of mAb and ADC in NET cells following our established protocol.(38, 39) Specifically, 

BacMam GFP Transduction Control was used to stain the cytoplasm and nucleus, and the 

AF647-mAb or AF647-ADC was used to target cells. The stained cells were observed using 

an Olympus 1X-81 confocal microscope with a laser scanning head (Olympus IX81, Center 

Valley, PA). The MitoSox images were recorded and analyzed offline via ImageJ software.

Tolerated dose (TD) and pharmacokinetics (PK) study

To investigate the tolerated dose and metabolic rate of ADC, five different doses (4, 8, 12, 

16, 20 mg/kg body weight [BW]) of ADC were administered intravenously (i.v.) to 5 groups 

of randomized 6-week nude (nu/nu) mice purchased from Jackson Labs (Bar Harbor, ME). 

The body weight was measured every two days for 23 days post injection. Blood samples 

were collected from tails at 2, 5, 24, 48, 72, 120 hrs post-injection (6 time points in total 

for each mouse). Blood was centrifuged at 2,000 g for 5 mins to precipitate cells and the 

supernatant was collected for ELISA. The previously developed PK model was used in this 

study.(41) Briefly, clearance CL = DF
2aAUC =

V d
ke

, volume of distribution (Vd) =
CL t2 − t1
lnC1 − lnC2

, 

half life t1/2 =
0.693V d

CL , recommended dose D = Cmax.desiredkeV dT 1 − e−ke

1 − ekeT
, and dosing 

interval τ =
lnCmax.desired − lnCmin.desired

ke
+ T . The calculated D and τ were used in the 

anti-tumor efficacy animal study.

In vivo anti-NET efficacy study

The Mycoplasma-free BON-Luc (3×106 cells) were injected subcutaneously onto the flank 

of 4–6-week nude (nu/nu) mice (Jackson Labs, Bar Harbor, ME). The NET xenograft 

mice with tumor volume of 50–60 mm3 were randomized into 3 groups (n = 6): saline, 

anti-SSTR2 mAb, and mAb-MMAE conjugate. The mAb or ADC was administrated 

intravenously through tail vein following a dose of 8 mg/kg-BW (empirically determined 

from PK study) in 50 or 100 μL of saline. The same volume of mAb or saline was 

injected in control groups. Mice developed palpable nodules within 14 days and tumor 

volume and mouse body weight were measured every two days. Both electronic caliper 

and bioluminescence via In Vivo Imaging system (IVIS) were used to monitor tumor size. 

Four injections were conducted with average injection interval of 4.5 days during the entire 

treatment period (total of 24 days, our standard 3-week ADC treatment). At the end of the 
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experiment, mice were euthanized to collect tumors and other organs (e.g. brain) for further 

analysis.

Hematoxylin and eosin (H&E) staining

Tissue samples were dehydrated in ethanol, cleared in xylene, embedded in paraffin, and 

sectioned at 5 μm with Leica microtome and mounted on frosted microscope slides (Fisher 

Scientific). Paraffin sectioned slides were dewaxed with xylene, and gradient hydrated with 

100% ETOH, 95% ETOH, 70% ETOH, 50% ETOH, and dH2O. Slides were immersed in 

hematoxylin solution for 5 mins followed by tap water rinse for 2 mins, 1% HCl in 70% 

ETOH for 3 dips, 1% NH4OH until color turned blue and eosin Y solution for 30 secs. 

Finally, slides were dehydrated twice in absolute alcohols for 2 mins and cleared in xylene.

Immunohistochemistry (IHC) staining

The 5μm paraffin sections were used for IHC staining. Tissue microarray slides were 

rehydrated using xylene and ethanol, then immersed in citrate buffer (BioGenex, Fermont, 

CA) for a 10-min pressure cooker cycle to achieve antigen retrieval. Endogenous peroxidase 

activity was quenched by incubating slides in 3% hydrogen peroxide for 10 mins. Blocking 

was performed for 1 hr at RT using 3% goat serum in PBS. SSTR2 was detected with 

an overnight 4°C incubation using 1.8 mg/mL of anti-SSTR2 mAb (RD Systems mAb in 

the IHC of TMA and our mAb in other IHC experiments) with final concentration of 10 

μg/mL, followed by an anti-mouse biotin-labeled secondary antibody and HRP streptavidin. 

Slides were stained with DAB kit (Vector, SK-4100) and counter stained with hematoxylin. 

Before being cover slipped and imaged, slides were dehydrated and cleared using ethanol 

and xylene.

Scoring of IHC

ImageJ was used for IHC quantitative scoring to analyze the SSTR2 expression or anti­

SSTR2 mAb binding. The positive staining (red color) and negative staining (blue color) 

intensity as quantified using RGB Measure function (Plugins-Analyze-RGB Measure). 

The SSTR2 expression score was calculated as SSTR2 score = [(red intensity/blue 

intensity)NET tissues/average of (red intensity/blue intensity)nomal tissues-1]*10. The scoring 

criteria were defined as high expression (+++, 3): score >3.0, medium expression (++, 2): 

score of 1.5–2.0, and low expression (+, 1). The five normal tissues (liver, spleen, placenta, 

prostate and tonsil) are our negative control samples with SSTR2 score of 0.

Statistical analysis

All the data were presented as mean ± standard error of the mean (SEM). Two-tailed 

Student’s t tests were used to determine the probability of significance between two groups. 

Comparison among multiple groups was performed using a one-way ANOVA followed by 

post-hoc (Dunnett’s) analysis. The sample size of animal study followed the published ADC 

therapy study.(42) Statistical significance with ***P value of < 0.001 was considered for all 

tests.
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Results

SSTR2 overexpression in NET

To assess SSTR2 expression, NET tissue microarray slides were first stained with H&E to 

confirm the presence and location of NET cells in each core (Fig. 1A), then was stained 

using SSTR2 mAb to evaluate the receptor surface expression. The IHC images were 

presented in Fig. 1B and the SSTR2 expression scores of each tissue were summarized in 

Supplemental Table 1. The IHC staining demonstrated that approximately 76% (29/38) of 

patient tissues cores (2A to 9D) had positive SSTR2 expression with strong cell membrane 

localization (Fig. 1B), while SSTR2 was not detectable in normal liver, spleen, placenta, 

prostate, and tonsil tissue cores (1A-1E). Of all the NET tissue samples, 50% (19/38) had 

very high SSTR2 expression (score: 3), 26% (10/38) showed intermediate expression (score: 

2), and 24% (9/38) showed low expression (score: 1). All the SSTR2 scores of NET tissues 

were higher than the five normal tissues. The scores of 2 and 3 were defined as strong 

expression in this study. Moreover, the IHC staining of the 33 types of normal human tissues 

with our anti-SSTR2 mAb showed that there was no detectable SSTR2 surface expression in 

most of these normal organs except pancreas and skin which had weak signal (Fig. 2A). The 

Human Atlas Project database reported a high level of SSTR2 mRNA in brain, lung, liver, 

skin, placenta, prostate, tonsil, and pancreas. However, the high-resolution images of these 

normal organs showed minimal or undetectable surface SSTR2 (Fig. 2B).

Development of anti-SSTR2 mAb to target NET

The hybridoma clones secreting anti-SSTR2 mAb were screened using ELISA to identify 

the top mAb clones with strong binding to the 1st, the 2nd or both extracellular domains 

of SSTR2 (Fig. 3A). In flow cytometry analysis, the surface binding capacity of these 

four mAbs to BON-1 cells was 50%, 80%, 90% and 98%, respectively (Fig. 3B). Clone 

4 was defined as the “lead clone”, fully characterized, and used throughout the remainder 

of the study. An isotype analysis revealed that the lead clone is IgG1 kappa, and SDS­

PAGE analysis confirmed its molecular weight of 150 kDa (Fig. 3C). Further evaluation 

showed that the anti-SSTR2 mAb had high surface binding to NET cell lines BON-1 

and QGP-1 (>90%) and low binding to fibroblast cell lines 917 and WI-38 (<7.5%) (Fig. 

3D). Additionally, we cloned and sequenced the mAb, and confirmed the novelty of our 

anti-SSTR2 mAb (PCT patent TH Docket No. 222119–8030). To optimally produce mAb, 

we adapted the adherent hybridoma cells to suspension culture in stirred-tank bioreactors 

(Fig. 3E). The cultures in T-flask, spinner flask, and stirred-tank bioreactor generated 8.6, 

39.8, and 53.3 mg/L of anti-SSTR2 mAb with a specific growth rate of 0.016, 0.024 and 

0.035 hr−1, respectively.

High surface binding and high affinity to SSTR2

To assess the in vitro NET-specific targeting of our anti-SSTR2 mAb, we performed live­

cell, dynamic CLSM imaging and flow cytometry analysis. The AF647-mAb accumulated 

on the BON-1 cell surface, displayed as a “red circle”, within 20 mins post incubation due to 

immunoaffinity (Fig. 4A). The mAb was then internalized through endocytosis and localized 

in cytoplasm (detected with BacMam GFP control) within 40 mins. Also our anti-SSTR2 

mAb exhibited much stronger surface binding to BON-1 cells than the commercial mAb 
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(R&D Systems), 95±3% vs. 38±2% (Fig. 4B). The UniProtKB database shows that the 

extracellular domains of human SSTR2 targeted by our mAb have no similarity with those 

in human SSTR1, 3, 4 and 5 (Supplemental Table 2), indicating that the cross reactivity 

among SSTRs is minimal. Moreover, human SSTR2 (UniProt P30874) and mouse SSTR2 

(UniProt P30875) have the same topology, and the 1st and the 2nd extracellular domains 

of human SSTR2 that our mAb targets have 100% similarity with mouse SSTR2. Western 

blotting (Fig. 4C) confirmed that our anti-SSTR2 mAb can bind the SSTR2 present in 

human BON-1 xenografts, as consistent with our previous study which showed our mAb 

can specifically target the BON-Luc xenograft in mouse model (43), and bind the mouse 

SSTR2 in isolated medullary thyroid carcinoma (MTC, type of neuroendocrine thyroid 

cancer) tissue from a spontaneous MTC mouse model.(44, 45) Additionally, the antibody 

affinity experiment showed that our anti-SSTR2 mAb had equilibrium dissociation constant 

(KD) of 6.7 nM and 6.6 nM to human SSTR2 and mouse SSTR2, respectively. All these 

data revealed that the SSTR2 mAb developed in this study can bind both human and mouse 

SSTR2.

Anti-SSTR2 ADC construction

Our previously established cysteine-based conjugation procedure was used to construct 

ADC, where a rebridging peptide-based linker was synthesized to maintain mAb integrity 

during the MMAE conjugation (Fig. 5A).(38) The Agilent 6500 Q-TOF LC/MS confirmed 

the right structure of linker, and SDS-PAGE confirmed the high integrity of ADC structure 

(Fig. 5B). The drug-to-antibody ratio (DAR) of the constructed ADC was approximately 4.0.

In vitro ADC cytotoxicity

We evaluated the in vitro anti-cancer cytotoxicity of the ADC in BON-1 cells by comparing 

free drug (MMAE) and two ADCs constructed using the anti-SSTR2 mAb developed in 

this study or the R&D Systems mAb. MMAE is a highly potent cytotoxin that can block 

microtubulin polymerization.(46–49) The average final viabilities were 31.6%, 39.3%, and 

19.8%, viable cell numbers were 15,800, 19,625, and 9,900 cells/mL, and IC50 values 

were 2.00, 4.27, and 5.62 nM post a 3-day treatment with MMAE, ADC constructed using 

our mAb, and ADC constructed using commercial mAb, respectively (Fig. 5C). Thus, the 

mAb-MMAE ADC and free drug had similar cytotoxic potency for NET cells.

Tolerated dose

To investigate the tolerated dose, 5 different doses of anti-SSTR2 ADC were injected into 

nude (nu/nu) mice (non-tumor bearing) via tail vein: 4, 8, 12, 16, and 20 mg/kg BW (n = 

2). Mice were monitored twice daily for a total of 21 days and showed no overt changes in 

general health including water intake, breathing, and locomotion. ADC at a dose range of 

4–20 mg/kg BW had no obvious effects on body weight or overall survival (Fig. 6A). At 

the end of the study, mice were sacrificed to collect major organs (brain, lung, heart, kidney 

and liver) for further studies. Since The Human Atlas Project reported the highest level of 

SSTR2 mRNA brain, so we performed H&E staining of brain tissue. To detect if normal 

brain is affected or damaged by any possible off-target, we performed H&E staining. As 

shown in Fig. 6B, brain tissue had no obvious morphology change or necrosis after ADC 

treatment, indicating that our anti-SSTR2 ADC did not cause cytotoxicity in normal brain. 
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These results indicated that the anti-SSTR2 ADC therapy had no evident off-target effects in 
vivo.

Pharmacokinetics (PK)

A PK study was conducted, where ADC intravenously injecting into nude mice at five 

doses of 4, 8, 12, 16, and 20 mg/kg. Plasma samples were collected (10–50 μL) from the 

tail at 0, 2, 8, and 16 hrs, and 1, 2, 3, 5, and 7 days post-ADC injection and titrated for 

ADC by ELISA (Fig. 6C). The PK modeling indicated that the serum half life (t1/2) = 

1.38–2.33 days, Cmax = 72–196 μg/mL, recommended dose (D) = 3.78–14.30 mg/kg BW, 

and recommended dosing interval (τ) = 4.40–9.10 days. Therefore, based on the calculated 

D and τ, we selected a dose of 8 mg/kg with administration interval of 4–5 days for the 

remaining in vivo anti-NET study. Our standard ADC treatment period (3 weeks) was used 

to simulate the clinical ADC therapy. Moreover, we titrated the plasma samples that were 

collected from the anti-NET efficacy study using HPLC and detected no cleaved MMAE in 

plasma, indicating the high conjugation (linker) stability of ADC.

In vivo anti-tumor efficacy

The mice bearing BON-Luc xenografts were treated in a dosing interval of 4.5 days with 

either anti-SSTR2 ADC (8 mg/kg), anti-SSTR2 mAb (8 mg/kg, control), or saline (vehicle, 

control) in three groups (n = 6). Fig. 7A showed that tumor growth was significantly 

attenuated with a tumor volume of 62–67% in the ADC treatment group compared to 

controls (p≤ 0.001). The tumor fluorescence flux was measured with IVIS, showing 71–73% 

of signal in the treatment group compared to controls (Fig. 7B, p≤0.001). Terminal tumor 

weight measurement further confirmed the significant treatment efficacy of ADC (Figs. 

7C–D). In order to evaluate the toxicity of ADC, we continued measuring body weight in 

tumor-bearing mice. As expected, there was no obvious difference among the three groups 

in overall body weight change, further supporting that the toxicity of ADC was limited 

or well tolerated (Fig. 7E). The SSTR2 expression in NET tumors during treatment was 

confirmed in Western blot analysis (Fig. 7F). The surface staining of SSTR2 in tumors from 

ADC treatment group appeared to be lower than the control group (Fig. 7G), likely due to 

the NET cell death caused by ADC which was confirmed through H&E staining (Fig. 7H). 

These findings support the hypothesis that our anti-SSTR2 ADC is an effective drug delivery 

vehicle with antitumor efficacy and a tolerable toxicity profile.

Discussion

To develop the effective and safe targeted cancer therapies, a unique biomarker that 

specifically defines the cancer cells from the non-cancerous cells must be identified and 

thoroughly characterized. The Human Atlas Project reports high mRNA expression of 

SSTR2 in several normal human tissues (such as brain), but our study showed that the 

surface protein expression in these tissues (and other normal tissues) is low or undetectable. 

Our IHC staining of 33 normal human organs showed that spleen and tonsil had no 

detectable surface SSTR2 expression. The published autoradiography and IHC revealed that 

SSTRs were mainly located in the red pulp of the spleen which contains diffusely distributed 

SSTRs.(50–53) The difference could be caused by the different spleen sections used in 
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literature and our IHC staining (i.e. red pulp vs. white pulp) or different detection reagents 

(i.e. SST analog binding to various SSTR receptors in literature vs. high SSTR2-specific 

mAb in this study). Unlike our IHC staining of tonsil, the proteinatlas reported medium 

SSTR2 expression in squamous epithelial cells but no expression in germinal center cells 

and non-germinal center cells in tonsil. This difference could be caused by the section 

preparation or the detection reagent used in IHC staining. In future we need to further 

analyze the SSTR2 surface expression in squamous epithelial cells and compare our anti­

SSTR2 mAb with other commercial staining reagents.

There are 5 SSTR subtypes (SSTR1–5) expressed in tumors and normal tissues. Leijon 

et al.’s previous IHC staining of 151 primary pheochromocytomas and paragangliomas. 

Their results showed that 74.8% NETs had strong or intermediate SSTR2 expression while 

tumors had variable individual SSTR3 profiles, and 71.4% metastasized NETs had strong 

expression of membrane SSTR2 but low expression of cytoplasmic and granular SSTR3.

(25) In addition to overall expression, Fotouhi et al. reported that SSTR2 expression was 

downregulated when small intestinal NET cells progressed through the small intestinal 

layers. (54) These studies demonstrated that the SSTR2 expression in NETs is highly 

heterogenous. This study only investigated the overall SSTR2 expression in NET samples 

and the surface SSTR2 binding of our new mAb. In future we will analyze the SSTR2 

expression heterogeneity in NET samples and also perform an in vivo biodistribution study 

using advanced positron emission tomography (PET).

Although several studies reported SSTR2 protein expression in central nervous system, 

gastrointestinal tract, and pancreas,(55) the surface expression of SSTR2 in NET tissues 

was confirmed >20-fold higher than that in normal tissues. Considering that ADC is 

a dose-dependent targeted therapy, the drastically high expression in NETs allows safe 

targeting of the SSTR2 with therapeutic drugs. Moreover, our study and other studies (22–

24) demonstrate that more than 70% of NET patients abundantly express SSTR2. All the 

results collected from patient tumor tissues, normal organs, and cell lines demonstrate that 

SSTR2 is an ideal receptor for targeted cancer therapy.

Supporting our findings, not all patients with NETs overexpress SSTR2.(56, 57) For 

example, only 45–66% of pulmonary NET patients and 80–95% gastroenteropancreatic 

NET patients overexpress SSTR2.(56) To benefit the SSTR2 negative patients, we 

performed a comparative membrane proteomics study and found that the carcinoembryonic 

antigen-related cell adhesion molecule 1 (CEACAM1) has high expression in pancreatic 

NET cells (BON-1 and QGP-1) but not in non-NET cancerous pancreatic adenocarcinoma 

cells (PANC-1 and MiAPaCa-1) and non-cancerous fibroblast cell (WI-38). High 

CEACAM1 expression has been suggested in various cancers, including medullary thyroid 

cancer which represents a type of NET.(58, 59) Although further evaluation is needed, 

CEACAM1 might be an alternative receptor for ADC therapy in NET patients with minimal 

SSTR2 density.

In this study, we developed, characterized and confirmed a novel monoclonal antibody to 

target the identified SSTR2 receptor for NET therapy. Unlike a commercially available mAb 

developed using the whole SSTR2 membrane protein as immunogen, our anti-SSTR2 mAb 
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was designed to selectively target two extracellular domains of SSTR2. As a result, our 

mAb showed a higher and more specific surface binding to NET cells than the commercial 

mAb. The new mAb was also designed to exhibit strong cross-reactivity to both human 

and mouse SSTR2, allowing the results presented here to be more translatable to test and 

use in human patients. Importantly, the maximum tolerated dose study we performed did 

not detect any adverse body weight or behavior changes at dose of up to 20 mg ADC/kg. 

For example, no histopathology was detected in murine brain tissue where the highest 

SSTR2 mRNA expression occurs. Furthermore, the constructed anti-SSTR2 monoclonal 

antibody-drug significantly reduced the tumor growth in s.c. xenograft mice. Taken together, 

the developed anti-SSTR2 mAb can specifically target the SSTR2-overexpressing NET 

cell lines, patient-derived tissues and xenografts, and the targeting delivered potent small 

molecule via ADC has high cytotoxicity to NET with minimal side effects.

Lutathera that combines the endoradiotherapy ([177Lu]Lu-DOTA-TATE) with its diagnostic 

partner [68Ga]Ga-DOTA-TATE or [68Ga]Ga-DOTA-TOC (DOTA-(D-Phe1, Tyr3)-octreotide 

has been approved to treat SSTR positive gastroenteropancreatic NET.(19, 20) The 

mechanism is to target SSTRs positive lesions using SST analogue and kill cells 

via the DNA damage provoked by 177Lu. The disadvantages of this therapy are: the 

radiopharmaceutical shelf life is short (i.e. 72 hrs from the time point of calibration at 

the end of production); the active concentration changes over time due to the decay of 177Lu; 

and the therapeutic impact on rapidly proliferating NETs is relatively poor. Moreover, the 

FDA approved SST analogue (e.g. octreotide LAR) with long-term stability has been used 

for diagnosis and imaging. Clinical trials show that octreotide effectively improves NET 

symptoms such as diarrhea, flushing, bronchoconstriction and carcinoid cardiac disease but 

does not demonstrate obviously improvement of the overall survival.(60, 61) As compared 

to Lutathera, our new anti-SSTR2 mAb-based ADC has the advantages of longer shelf life, 

higher cytotoxicity to treat NET, and potential to improve survival of patients. As compared 

to octreotide, our anti-SSTR2 mAb has higher specificity to target the membrane SSTR2, 

which can be used as diagnosis reagent and SSTR2-targeted delivery vehicle. We will 

evaluate and compare our ADC with Lutathera and octreotide in future.

Previous studies have reported that SSTR2 involves in apoptosis, regulation of cyclin­

dependent kinase inhibitors, and inhibition of proliferation signaling.(62, 63) These findings 

indicated that the anti-SSTR2 mAb could regulate NET cell growth via SSTR2-mediated 

signaling cascades, but it needs a full investigation in future study. Moreover, the possible 

synergism of mAb and ADC-delivered cytotoxic payload, the optimal ADC dosage and 

treatment strategy, and a full MTD study will be performed in vivo. Also it is imperative 

to further evaluate the potential side effects, particular with regards to the patients 

demonstrating low-level SSTR2 expression.

In conclusion, our anti-SSTR2 ADC has a great potential to treat NET due to its capability 

or potential to target SSTR2 positive NET, reduce undesirable side effects, and effectively 

reduce NET growth.
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Figure 1. 
Tissue microarray (TMA) to detect SSTR2 expression in patients. A, H&E staining of the 

TMA including human pancreatic NET tissues (columns 2–9, n = 38) and normal tissues 

(control, column 1, n = 5). B, IHC analysis of SSTR2 in the TMA. Scale bar equals 20 μm.
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Figure 2. 
Evaluation of the NET-specific targeting of our anti-SSTR2 antibody using IHC of normal 

human organs. A, Surface SSTR2 staining in 33 normal human organs (US Biomax, 

FDA662a, n = 2), including cerebrum, cerebellum, peripheral nerve, adrenal gland, thyroid 

gland, spleen, thymus, bone marrow, lymph node, tonsil, pancreas, liver, esophagus, 

stomach, small intestine, colon, lung, salivary, pharynx, kidney, bladder, testis, prostate, 

penis, ovary, uterine tube, breast, endometrium, cervix, cardiac muscle, skeletal muscle, 

mesothelium, and skin. B, Representative high-resolution IHC imaging of cerebellum, 

cerebrum, liver, lung, skin, tonsil, prostate, and pancreas. Scale bar equals 50 μm.
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Figure 3. 
Anti-SSTR2 mAb development and production. A, Rank of top anti-SSTR2 mAb clones 

based on the titer in ELISA screening (data represent mean ± SEM, n = 3). B, Evaluation of 

top 4 clones using flow cytometry. C, SDS-PAGE to confirm the integrity and purity of mAb 

(M: marker; 1–4: Clones 1–4). D, Evaluation of SSTR2 binding of lead clone in control 

cell lines (WI38 and 917) and NET cell lines (BON and QGP). E, mAb production and 

hybridoma cell growth in fed-batch suspension cultures (data represent mean ± SEM, n = 3). 

Viable cell density (VCD): , cell viability: , specific growth rate (μ): .
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Figure 4. 
Evaluation of surface binding by anti-SSTR2 mAb. A, Live-cell CLSM dynamic imaging of 

anti-SSTR2 mAb. Two-color CLSM: whole cell labeled with GFP (displayed as blue) and 

SSTR2 mAb-MMAE labeled with AF647 (red). Scale bar equals 5 μm. B, Flow cytometry 

to analyze the surface binding of anti-SSTR2 mAb to NET cell (BON-1) and negative 

control cell (917). Stained with 1 μg of mAb-AF647/million cells on ice for 30 mins. C, 

Western blotting of human NET (BON) xenografted tissue and mouse MTC tissues (n = 

3–4) using our mAb.

Si et al. Page 20

Cancer Gene Ther. Author manuscript; available in PMC 2021 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
ADC construction and in vitro characterization. A, Molecule structure of anti-SSTR2 mAb­

MMAE using re-bridging linker. B, SDS-PAGE to check the integrity of mAb-MMAE. 

C, The IC50 anti-cancer toxicity of free drug ( ), ADC constructed using commercial 

anti-SSTR2 mAb (R&D Systems, ), and ADC constructed using our anti-SSTR2 mAb ( ) 

(data represent mean ± SEM, n = 3).
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Figure 6. 
TD and PK studies of ADC. A, TD to test the effect of five ADC dosages including 4, 8, 12, 

16 and 20 mg/kg-BW. B, H&E staining of brain tissues. Scale bar equals to 200 μm. C, PK 

to evaluate the stability and kinetics parameters of ADC (data represent mean ± SEM).
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Figure 7. 
Anti-tumor efficacy study of ADC in NET (BON-Luc) xenografted mouse model. A, 

Tumor volume changes after BON-Luc cells injection and treatment (data represent mean 

± SEM, n = 6). 3×106 mycoplasma-free BON-Luc cells were subcutaneously injected into 

nude mice. Saline, ADC, or mAb were administrated on Day 6, 10.5, 15, 19.5. Tumor 

size was measured with calipers and volume was calculated as ellipsoid. Tumor volumes 

between 3 groups were analyzed with mixed design ANOVA and multiple comparison. 

*** p<0.001. Black arrow indicating ADC (8 mg/kg BW) treatment date. B, Tumor 

fluorescence flux measurement with IVIS image system (data represent mean ± SEM, n 
= 6). C, Tumor bearing mice harvested. D, Wet weight of the tumors excised from harvested 

mice. Statistical analysis was done with one-way ANOVA, and multiple comparison. #, non­

significant. *** p≤0.001. E, Body weight changes of 3 treatment groups. ▲: treatment group 

injected with ADC, : control group injected with mAb, and : control group injected 
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with saline. F, Western blotting of tumors from represented mice (n = 3). G, Representative 

images of IHC of SSTR2 with tumor tissues in saline and ADC groups (n = 3). Scale bar 

equals to 50 μm. H, Representative images of H&E staining with tumor tissues in saline and 

ADC groups (n = 3). Scale bar equals 50 μm.
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