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Abstract

Prostate cancer (PC) is a potentially high-risk disease and the most common cancer in American 

men. It is a leading cause of cancer-related deaths in men in the US, second only to lung and 

bronchus cancer. Advanced and metastatic PC is initially treated with androgen deprivation 

therapy (ADT), but nearly all cases eventually progress to castrate-resistant prostate cancer 

(CRPC). CRPC is incurable in the metastatic stage but can be slowed by some conventional 

chemotherapeutics and second-generation ADT, such as enzalutamide and abiraterone. Therefore, 

novel therapeutic strategies are urgently needed. Prostate-specific membrane antigen (PSMA) is 

overexpressed in almost all aggressive PCs. PSMA is widely used as a target for PC imaging and 

drug delivery. Anti-PSMA monoclonal antibodies (mAbs) have been developed as bioligands for 

diagnostic imaging and targeted PC therapy. However, these mAbs are successfully used in PC 

imaging and only a few have gone beyond phase-I for targeted therapy. The 5D3 mAb is a novel, 

high-affinity, and fast-internalizing anti-PSMA antibody. Importantly, 5D3 mAb demonstrates a 

unique pattern of cellular localization to the centrosome after internalization in PSMA(+) PC3-PIP 

cells. These characteristics make 5D3 mAb an ideal bioligand to deliver tubulin inhibitors, such as 

mertansine, to the cell centrosome, leading to mitotic arrest and elimination of dividing PC cells. 

We have successfully developed a 5D3 mAb- and mertansine (DM1)-based antibody-drug 

conjugate (ADC) and evaluated it in vitro for binding affinity, internalization, and cytotoxicity. 

The in vivo therapeutic efficacy of 5D3-DM1 ADC was evaluated in PSMA(+) PC3-PIP and 

PSMA(–) PC3-Flu mouse models of human PC. This therapeutic study has revealed that this new 

anti-PSMA ADC can successfully control the growth of PSMA(+) tumors without inducing 

systemic toxicity.

Graphical Abstract
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1. INTRODUCTION

In the USA, prostate cancer (PC) is the most common cancer in men and the second leading 

cause of cancer-related death after lung and bronchus cancer. Over 174,000 American men 

were diagnosed with PC last year, and 18% of PC patients die yearly from this devastating 

decease.1,2 Androgen deprivation therapy is initially effective in most metastatic PCs, but 

PCs eventually become resistant to hormone-based therapeutics and progress into castrate-

resistant prostate cancer (CRPC).3,4 At this stage, CRPC has typically metastasized to the 

bone and eventually to other vital organs of the body.5 Second-line chemotherapeutics and 

hormone ablation therapies, such as docetaxel and enzalutamide and abiraterone, can extend 

survival; however, approximately 15–25% of patients will not respond to second-line 

therapy.6,7 Novel targeted therapeutics are urgently needed to improve metastatic CRPC 

treatment by enhancing therapeutic efficacy and minimizing systemic toxicity.

Prostate-specific membrane antigen (PSMA) is an integral membrane protein with a 

molecular weight of 110 kDa and consisting of 750 amino acids.8 PSMA is overexpressed in 

practically all malignant PC tumors compared to non-prostatic tissues.9,10 It is also known 

that cancer aggressiveness, androgen blockage, and deprivation enhance PSMA expression 

levels.11,12 Following binding by bioligands, such as anti-PSMA monoclonal antibodies 

(mAbs), low-molecular weight compounds, and peptides, PSMA is readily internalized.13,14 

These characteristics make PSMA a perfect target for the development of diagnostic 

imaging probes and targeted therapeutics for PC.15–18

7E11 was the first anti-PSMA antibody originally developed using LNCaP PC cells as an 

antigen. The 7E11 mAb binds to the intracellular epitope of PSMA that is only exposed in 

apoptotic or necrotic PC cells.19–21 Therefore, 7E11 mAb can be used as a bioligand for 

imaging PC but not for targeted therapy. Following the development of 7E11, a series of 

anti-PSMA mAbs were developed that targeted the extracellular moiety of PSMA. Some of 

anti-PSMA mAbs have been humanized, making them feasible for diagnosis or therapy 

without inducing the anti-mouse immune response. Among them, the humanized J591 mAb 

(HuJ591) was the most successful mAb, to date, with high binding affinity to the 

extracellular moiety of PSMA, and is widely used for PC imaging and radiotherapy. 

Following PSMA binding, the J591-PSMA complex internalizes quickly and localizes to 

endosomes in the cells, which enables efficient delivery of chemotherapeutics to the target 

cell. MLN2704 is an antibody-drug conjugate (ADC) that utilizes the anti-PSMA 

characteristics of HuJ591 for the targeted drug delivery of the anti-tubulin agent, mertansine 

(DM1), in PC therapy. However, MLN2704 has a narrow therapeutic window in metastatic 

CRPC therapy because of the poor stability of the disulfide linker.22
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5D3 is a mAb that specifically binds to the extracellular domain of PSMA with sub-

nanomolar affinity. This mAb has been previously used for targeted-imaging of PSMA(+) 

PCs.23 By comparison, the binding affinities of 5D3 and J591 mAbs to PSMA are 0.14 and 

1.2 nM, respectively, as determined by enzyme-linked immunosorbent assay. 5D3 mAb 

exhibits improved characteristics as a bioligand for targeting PC because of a nearly 10-fold 

higher binding affinity compared to J591.24

We have recently used 5D3 mAb for pretargeting therapy in PSMA(+) PC cells by the 

sequential treatment of 5D3-based pretargeting components, followed by a drug delivery 

component, which recognizes two components on the targeted cell surface by trans-

cyclooctene-tetrazine bioorthogonal click chemistry.25 Our proof-of-concept study revealed 

interesting results in vitro, showing a significant reduction of cell viability in PSMA(+) PC3-

PIP PC cells compared to PSMA(–) PC3-Flu cells.25 However, in animal models, an 8–24 h 

period is required to clear the unbound mAb from circulation before the second drug 

delivery component can be administered. Our in vitro studies revealed that 75% of surface-

bound 5D3 mAbs are internalized within the first 2 h and remained inside cells for more 

than 24 h.25 Within this time-frame, surface-bound 5D3 mAbs are internalized and not 

available on the cell surface. High binding affinity, fast internalization, and prolonged 

persistence of 5D3 in the cytoplasm are ideal factors for the development 5D3-based anti-

PSMA ADCs for the therapy of PSMA(+) PC.

Our studies have also revealed that 5D3 mAb has a unique pattern of internalization in the 

target PC cells and it localizes to the centrosomal compartment in the vicinity of the nucleus. 

The centrosome is a cytoplasmic organelle, which serves as an organizing center for 

microtubule growth during the interphase of mitosis. Therefore, the 5D3 mAb can be 

conjugated with anti-tubulin drugs, such as mertansine (DM1) and paclitaxel, to directly 

deliver these agents to the centrosome and induce mitotic arrest and killing of cancer cells. 

Hence, our target-specificity is not limited to targeting PSMA(+) receptors on PC cells but 

also applies to specific delivery of drugs to the centrosome that is vital for cell division.

DM1 is used as a chemotherapeutic for ADC development and was discovered in the 

Maytenus ovatus shrub.26–28 It is an anti-tubulin agent that inhibits the assembly of 

microtubules leading to the induction of mitotic arrest and the killing of cells at sub-

nanomolar concentrations.29 The antimitotic effects of maytansine derivatives are linked to 

their ability to bind to tubulin, inhibiting microtubule assembly.30 DM1 is not target-specific 

and can attack healthy tissues as well, resulting in severe side effects and systemic toxicity.31 

To circumvent the lack of specificity, DM1 is typically conjugated to a target-specific 

antibody to be used as an ADC. The drug thiol functional group can be used for standard 

conjugation with antibodies without a reduction in toxicity. The unique characteristics of 

anti-PSMA 5D3 mAb: high target-specificity, enhanced binding affinity, fast internalization, 

and localization at the centrosome combined with the high cytotoxicity of DM1 can provide 

significant advantages for the development of the anti-PSMA 5D3-DM1-based ADC that 

targets PSMA(+) PC cells by mitotic arrest, leading to cell death.
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2. MATERIALS AND METHODS

2.1. Antibody, Chemicals, and Reagents.

Anti-PSMA mAb, 5D3 was produced following the protocol described previously and stored 

in 0.02% NaN3/phosphate-buffered saline (PBS).24 The drug, DM1, was purchased from 

Abcam, Inc. The heterobifunctional linker, sulfosuccinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC), amine-reactive fluorophores, 

Dulbecco’s phosphate-buffered saline (DPBS), and BupH phosphate-buffered-saline were 

purchased from Thermo Fisher, Inc., and rhodamine B isothiocyanate–dextran (70 kDa) was 

purchased from Sigma-Aldrich, Inc. All organic solvents were of HPLC-grade, purchased 

from Fisher Scientific, and used without further purification.

2.2. Synthesis of ADC.

The 5D3 mAb was buffer-exchanged from 0.02% NaN3/PBS into 2 mM ethylenediami-

netetraacetate (EDTA)/BupH PBS (pH 7.2) by 30 kDa MWCO ultracentrifugation filtration. 

A fraction of the 5D3 sample (5 mg in 1.0 mL of 2 mM EDTA/BupH PBS) was treated with 

freshly prepared Sulfo-SMCC [10-fold molar excess, 0.15 mg in 10 μL of anhydrous 

dimethyl sulfoxide (DMSO)] and stirred at ambient temperature for 2 h. The resulting 

product, 5D3-MCC (2.5 mg in 1.0 mL of 2 mM EDTA/BupH PBS), was treated with a 2-

fold molar excess of DM1 (0.15 mg in 10 μL of anhydrous DMSO) over the linker. The 

mixture was stirred at ambient temperature for 24 h. For optical imaging, unconjugated 5D3 

mAb or 5D3-MCC were labeled with fluorophores using 10 molar equivalents of amine-

reactive fluorophores, AlexaFluor-488-NHS or CF-680-NHS, for 1 h at room temperature.

2.3. Ultracentrifugation and MALDI-TOF Analysis.

Amicon ultracentrifugation filter units (4 or 15 mL capacity, 30 kDa MWCO) were used to 

exchange buffer, concentrate samples, and remove unreacted low-molecular weight reactants 

and byproducts after each step of the conjugation process. The samples were further purified 

by passing through Sephadex G-25 resin. ADCs and conjugates were also passed through a 

0.22 μm membrane syringe filter for sterilization before drug administration. Molecular 

weights of intermediates and final products were determined using the Voyager DE-STR 

matrix-assisted laser desorption ionization time-of-flight (MALDITOF) mass spectrometer 

(Mass Spectrometry and Proteomics Facility, JHU School of Medicine). The average 

number of MCC heterobifunctional groups and DM1 molecules conjugated per mAb were 6 

and 2.8, respectively, and were calculated based on the change in the molecular weight. The 

number of fluorophores conjugated per mAb was determined following the Thermo Fisher 

protocol for determination of the degree of labeling for amine-reactive probes. The size of 

ADC was measured by dynamic light scattering (DLS) using a Nano-ZS90 Zetasizer 

(Malvern Instruments, UK).

2.4. Cells.

PSMA(+) PC3-PIP and PSMA(–) PC3-Flu cells were used to study the binding affinity, 

internalization, and therapeutic efficacy in vitro and to generate dual-tumor mouse models. 

Both cell types were grown in RPMI 1640 medium (supplemented with 10% FBS and 1% 
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penicillin–streptomycin) and maintained in a humidified incubator at 37 °C in a 5% CO2 

atmosphere. Cells were confirmed to be free of mycoplasma contamination.

2.5. Cell Analysis by Flow Cytometry.

5D3-DM1 ADC binding affinity was tested in PC3-PIP and PC3-Flu cells seeded in a 6-well 

plate (0.4 million/well) and grown for 24 h to ~60% confluency. Fluorescent 5D3-DM1-

AF-488 or 5D3-AF-488 (20 μg/mL) was incubated with cells for 30 min at 4 °C. Unbound 

excess mAbs or ADCs were washed once using DPBS, and cells were harvested by 

trypsinization. Cells were resuspended in buffer and fixed by 4% paraformaldehyde (PFA). 

Cells were analyzed on a BD LSR II flow cytometer using 488 nm laser for AlexaFluor 488. 

Fluorescence histograms for DM1 conjugated and unconjugated 5D3 on PSMA(±) cells 

were generated by FlowJo software.

2.6. In Vitro Optical Imaging.

Internalization and localization of 5D3 mAb and its drug conjugates were studied in 

PSMA(±) cells. PSMA(+) PC3-PIP or PSMA(–) PC3-Flu cells were seeded (4-well chamber 

slides, 0.2 million cells per well) and grown for 1–2 days to 80–90% confluency. Medium 

was removed in each chamber, and cells were treated with 150 μL of 20 μg/mL of 5D3-

AF-488 or 5D3-DM1-AF-488 and incubated at 37 °C for 30 min, 1, 6, 12, and 24 h under 

5% CO2 in a humidity-controlled incubator. For one chamber treated with 5D3-AF-488, 

cells were pulsed with 70 kDa rhodamine–dextran (100 μg/mL) along with 5D3-AF-488. 

Cells were washed with DPBS for 5 min and fixed by 4% PFA on ice for 10 min. Nuclei 

were counterstained using Hoechst 33342 (10 μg/mL in H2O at RT for 10 min) and wet-

mounted. The images were collected using a Zeiss Axiovert 200 fluorescence microscope 

system equipped with an LSM 510-Meta confocal module and processed using Zeiss Zen 

software.

2.7. Cytotoxicity of 5D3-DM1 in PSMA(±) Cells.

Cytotoxicity and cell viability were assayed by treating PC3-PIP and PC3-Flu cells in 96-

well plates in RPMI 1640 culture media with 5D3-DM1 ADC over a range of 

concentrations. Briefly, cells were seeded in a 96-well plate (2000 cells/well) and grown for 

24 h to 40–50% confluency. Wells were treated with increasing concentrations of 5D3-DM1 

or pure DM1 equivalent to the DM1 concentration in 5D3-DM1 ADC (1; 10; 100; 1000; 

10,000; and 100,000 ng/mL). After 48 h incubation, IC50 values of 5D3-DM1 ADC and 

corresponding free DM1 were determined using the WST-8 assay (Dojindo Molecular 

Technologies), following the manufacturer’s protocol. Briefly, cells in each well in 100 μL 

of the fresh media were treated with 10 μL of WST-8 reagent and incubated at 37 °C. During 

incubation, WST-8 tetrazolium salt is reduced by dehydrogenase in living cells, forming a 

yellow formazan dye with λmax at 450 nm. After 3 h, the absorbance was measured at 450 

nm. The concentration of the formazan dye in the media produced by dehydrogenases is 

directly proportional to the density of viable cells in the well. The cell viability of treated 

cells was normalized to readings in untreated control cells, which were considered to have 

100% viability. Data were fitted, and IC50 values for DM1 and 5D3-DM1 were calculated 

using Prism (GraphPad, San Diego CA).

Huang et al. Page 6

Mol Pharm. Author manuscript; available in PMC 2021 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.8. Human PC Animal Models.

Healthy, four-to-six-week-old, male athymic nude mice were used for this study. For 

PSMA(+) and PSMA(–) dual-tumor mouse models, PC3-PIP and PC3-Flu cells were grown 

to 70–80% confluency in RPMI 1640 media, trypsinized, and 5×106 cells were reconstituted 

in 50 μL of RPMI 1640/Matrigel (1:1) for each inoculation and maintained at 4 °C. 

PSMA(±) cells were subcutaneously inoculated in the left and right flanks of the animal. 

When each tumor volume reached 100–150 mm3 in size, mice were used for in vivo imaging 

and therapeutic and toxicological studies. All animal experiments were carried out in 

accordance with protocols approved by the Johns Hopkins University Animal Care and Use 

Committee and were conducted in strict compliance with all federal and institutional 

guidelines. At the end of imaging and therapeutic experiments, mice were euthanized 

according to the protocol.

2.9. Determination of In Vivo Therapeutic Efficacy.

Four groups of male athymic nude mice, subcutaneously inoculated with PC3-PIP and PC3-

Flu human PC cells, were administered three different doses of 5D3-DM1-CF-680 (1.0, 2.5, 

and 5.0 mg/kg in 200 μL of saline) and 200 μL of saline for the control group. Mice were 

imaged using a Xenogen IVIS 200 Optical Imaging system to confirm the tumor uptake of 

5D3-DM1-CF-680. The second therapeutic dose was given after two weeks. The sizes of the 

tumors were measured with a caliper every other day during the complete treatment. The 

tumor volume was calculated using the formula (L × W2)π/6, where L is the longest 

diameter (the major axis) and W is the tumor width, measured perpendicular to the major 

axis.

2.10. Toxicological Study.

The live toxicological assessment included daily clinical observations, body weight 

measurements every other day, and food consumption. After the 3-week treatment, animals 

were euthanized and the blood was immediately collected for complete blood count (CBC) 

and for the analysis of the toxicological chemistry profile. Blood urea nitrogen (BUN), 

alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were analyzed to 

determine the long-term liver and kidney toxicity of the drug. After euthanization, tumors 

and vital organs, liver, kidney, heart, spleen, lungs, sternum, small intestine, colon, and 

gallbladder, were extracted, preserved in 10% neutral-buffered formalin, and embedded in 

paraffin. H&E staining was performed on 4 μm sections following a standard protocol. 

Toxicology studies were carried out in treated and untreated tumor-bearing mice and healthy 

mice. Metastatic tumors in vital organs were also preserved for future analyses.

2.11. Statistical Analysis.

The in vitro therapeutic study was executed in triplicate per plate, and duplicate independent 

experiments were conducted for statistics. The one-way analysis of variance (ANOVA) was 

used for the omnibus F-test. Changes in the cell viability were considered significant (p 
value < 0.05) when the F value was greater than the critical value of the F-distribution. In in 
vivo experiments, the statistical analysis (t-test) between multiple-dose treated and untreated 

groups was performed using JMP 12.1.0 Statistical Discovery from SAS. A p value of less 
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than 0.05 was considered significant (*p < 0.05). Survival curves in Kaplan–Meier analysis 

use the time when the tumor has reached a four-fold increase in the volume relative to the 

initial tumor volume as the surrogate endpoint.

3. RESULTS

3.1. Synthesis of 5D3-DM1 ADCs.

In the synthesis of 5D3-DM1 ADC, approximately six MCC groups were conjugated per 

antibody molecule (Scheme 1). Two equivalents of DM1, with respect to the number of 

attached MCC groups, were used for the drug conjugation. The final ADC had an average of 

2.8 DM1 molecules per antibody. Because DM1 is a hydrophobic molecule, a 24 h reaction 

time in the rotating mixer was required for this conjugation. The resulting ADC was labeled 

with AlexaFluor 488 or CF-680 NIR fluorophores for in vitro imaging and flow cytometry 

or in vivo imaging experiments, respectively. Unconjugated 5D3 mAb was also labeled with 

AF-488 dyes for control imaging and flow cytometry. The average number of fluorophores 

per antibody was maintained as approximately two. The molecular weights of 5D3-MCC 

and 5D3-DM1 ADC were measured by MALDI-TOF. The number of conjugated groups and 

drugs was determined based on the shift of molecular weights, as shown in Figure 1A. 

Changes in size after modifications determined by DLS were not statistically significant 

(Figure 1B).

3.2. Cell Analysis by Flow Cytometry.

Figure 1C shows the histograms of PC3-PIP and PC3-Flu cells treated with 5D3-DM1-

AF-488 or 5D3-AF-488. PC3-PIP cells overexpress PSMA compared to PC3-Flu cells. 

There were no significant changes between the histograms of cells treated with 5D3-DM1-

AF-488 and 5D3-AF-488, proving that the conjugation of drug molecules does not change 

the PSMA-specificity and binding properties of 5D3 mAb.

3.3. In Vitro Cellular Imaging.

PSMA(+) PC3-PIP cells were labeled with fluorescent 5D3-AF-488 and 5D3-DM1-AF-488 

conjugates, and confocal images are shown in Figure 2. Both mAb and ADC were 

internalized quickly and localized in the cytoplasm within 30 min and remained in the cell 

for more than 24 h. Unlike other cancer-cell-specific antibodies (Figure S1), both 5D3 

(Figure 2A) and 5D3-DM1 ADC (Figure 2B) were localized in the vicinity of the nucleus 

immediately after internalization. This unique behavior was further analyzed by observing 

dividing cells at high resolution (Figure 2C). The enlarged view in Figure 2C shows a late 

anaphase stage of a mitotic cell. The 5D3-AF-488 conjugate appears to be associated with 

the centrosomes of dividing cells. When cells are incubated with 5D3-AF-488 and co-treated 

with the rhodamine-B dextran (70 kDa) endosome marker, the two-color images reveal that 

5D3 localization does not overlap with late endosomes and lysosomes (Figure 2D). No 

significant uptake of 5D3-DM1 ADC was observed in PSMA(–) PC3-Flu cells (Figure S2).

3.4. In Vitro Therapeutic Study.

The 5D3-DM1 ADC and unconjugated DM1 were used for microscale determination of the 

drug cytotoxicity in PSMA(+) PC3-PIP and PSMA(–) PC3-Flu cells (Figure 3). For the 
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direct comparison of cytotoxicity, the dose was normalized for DM1 concentrations in nM. 

The most pronounced cytotoxicity was observed for PSMA(+) PC3-PIP cells treated with 

5D3-DM1, with a corresponding IC50 value of 0.70 nM (Figure 3A). The same drug in 

PSMA(–) PC3-Flu cells had an IC50 of 13.98 nM. Cell treatment with matching 

concentrations of the free DM1 drug was less toxic for both PC3-PIP and PC3-Flu cells, 

with IC50 values of 603.8 and 735.2 nM, respectively (Figure 3B). These results suggest that 

the cytotoxicity of 5D3-DM1 was target-mediated by the antibody.

3.5. In Vivo Therapeutic Efficacy.

PSMA(+) PC3-PIP and PSMA(–) PC3-Flu dual-tumor mouse models were used in this 

study following the treatment schedule shown in Figure 4A. In this study, we selected three 

doses for the treatment plan to evaluate the therapeutic efficacy of the drug. Four groups of 

mice were treated with increasing doses of 5D3-DM1 (1.0, 2.5, and 5.0 mg/kg, and saline as 

a control). The second dose was administered on day 14. On day 21, mice were euthanized 

and the toxicological profiles were evaluated in all mice. A day after the administration of 

the second dose of 5D3-DM1-CF-680, dual-tumor mice were imaged using a Xenogen IVIS 

200 Optical Imaging system (Figure 4B). Compared to the untreated mice [Figure 4B(i)], 

5D3-DM1-CF-680 treated mice showed a high tumor uptake by the PSMA(+) PC3-PIP 

tumor [Figure 4B(ii)]. The volumes of PC3-PIP tumors in 5D3-DM1-CF-680 treated mice 

were smaller than that of PSMA(–) or untreated tumors. Only a slight uptake of ADC was 

seen in the PC3-Flu tumor in the same mouse.

The therapeutic effects of 5D3-DM1-CF-680 in PSMA(+) PC3-PIP tumors are shown in 

Figure 5. In this study, mice treated with the highest dose of 5.0 mg/kg showed the 

maximum, and statistically significant, therapeutic efficacy in PSMA(+) tumors compared to 

all other doses; however, 5.0 mg/kg is not the maximum tolerated dose for 5D3-DM1-

CF-680. As shown in Figure 5A, the relative tumor volume was significantly lower (*p < 

0.05) from day 15 onward with respect to the untreated group. At the end of the therapy, the 

2.5 mg/kg dose treatment also provided significantly higher therapeutic efficacy compared to 

the 1.0 mg/kg dose and saline treatment (#p < 0.05) at day 21. However, the 1.0 mg/kg dose 

was unable to produce significant therapeutic efficacy. The treatment response of PSMA(–) 

PC3-Flu tumors was observed, and the results are shown in Figure 5B. Interestingly, the 

growth rate of PC3-Flu tumors was slightly lower compared to the untreated mice; however, 

it was not statistically significant at any dose regimen.

Figure 5C shows changes in relative tumor volumes among PSMA(+) PC3-PIP and 

PSMA(–) PC3-Flu tumors in multiple treatment groups on day 21 (end of the treatment). 

The overall efficacy was higher in PSMA(+) tumors and the 5.0 mg/kg dose group exhibited 

significantly (*p < 0.05) higher therapeutic efficacy in PSMA(+) tumors compared to 

PSMA(–) tumors. The 2.5 mg/kg treatment was not significantly efficacious when PSMA(+) 

and PSMA(–) tumors were compared. Overall, the 5.0 mg/kg dose showed a statistically 

significant therapeutic efficacy in PSMA(+) tumor models compared to all other dose 

treatment groups, the untreated group, and PSMA(–) tumors.

The Kaplan–Meier surrogate survival results for untreated mice and mice treated with 5D3-

DM1-CF-680 are shown in Figure 5D,E. The results demonstrated that the 5.0 mg/kg 
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treatment increased the survival of mice with PSMA(+) tumors (*p < 0.05), and 

approximately, 50% of tumors did not reach the four-fold relative tumor size during the 

treatment. All other treated and untreated PSMA(+) and PSMA(–) tumors exceeded four-

fold relative tumor growth before day 19.

3.6. Systemic Toxicity of the Therapy.

At day 21, mice were euthanized and blood was collected for CBC and toxicology chemical 

profile analyses. The CBC showed no significant change between healthy, tumor-bearing 

untreated, and treated mice. BUN (Figure 6A) and ALT (Figure 6B) levels in treated and 

untreated mice were within the normal range; however, AST (Figure 6C) was elevated in 

both the untreated and treated tumor-bearing groups. Mice were weighed every other day to 

evaluate the in vivo toxicity of 5D3-DM1 (Figure 6D). A slight weight loss was observed in 

all treated mice; however, it was insignificant compared to untreated healthy mice. The H&E 

staining was performed in fixed tissue samples and did not show organ toxicity of the 

treatment in any of the experimental mice. Figure 7 shows high necrosis in PSMA(+) PC3-

PIP tumors (Figure 7A) compared to PSMA(–) PC3-Flu tumors (Figure 7B), the animal 

group treated with the 5.0 mg/kg dose. However, we observed necrosis in both tumor models 

that is typically observed in large experimental tumors. We observed no tissue damage in the 

liver and kidney of mice treated with the 5.0 mg/kg dose (Figure 7C).

4. DISCUSSION

PSMA is widely used as a biomarker to image PC, drug delivery, and radioligand therapy.
32–35 PSMA-specific small molecules, peptides, and mAbs are used as the bioligands with 

which to target PSMA. The 5D3 antibody has a sub-nanomolar affinity for PSMA, and we 

have previously used this antibody for pretargeting therapy and proved the concept in vitro. 

The in vivo pretargeting therapy with 5D3 mAb is challenging because of its fast 

internalization rates. Nevertheless, high target-specificity and affinity, together with the fast 

internalization rate, make 5D3 mAb an ideal bioligand with which to target PSMA and serve 

as a platform for the development of therapeutics. In addition, after internalization, 5D3 

localizes to the centrosome, an organelle critical for cell division. The centrosome organizes 

microtubules during cell division; hence, 5D3 is ideal for delivering anti-tubulin agents to 

this organelle. We are currently studying the specific mechanisms that drive 5D3 localization 

to centrosomes and suggest that a receptor-mediated specificity is involved in this 

phenomenon.

The anti-tubulin agent, DM1, has been successfully used for the development of ADC to 

treat other cancers. For example, trastuzumab- and DM1-based T-DM1, developed through 

amine conjugation chemistry, is a novel FDA-approved ADC used to treat HER2(+) breast 

cancer (IC50 = 0.22–4.26 nM).36 PSMA-targeting small therapeutic molecules have also 

been tested to treat PSMA(+) PC, and most of them have an IC50 in the nanomolar range (1–

800 nM).37 Nevertheless, DM1 is still a popular drug in ADC development.29 In T-DM1, the 

anti-HER2 trastuzumab is conjugated with DM1 through an MCC linker. We used the same 

MCC conjugation chemistry in 5D3-DM1 development, rather than a disulfide linkage to 

avoid the rapid dissociation as seen with the MLN2704.22 There was no significant 
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degradation of 5D3-DM1 observed in PBS storing for 9 months at 4 °C (Figure S3). The 

complete stability test for 5D3-DM1 in PBS and plasma will be performed in the future.

In 5D3-DM1 ADC synthesis, 5D3 mAb was first functionalized with maleimide groups by 

conjugation with an MCC linker using amine-NHS ester conjugation chemistry. Amino 

groups are common in proteins, and this conjugation chemistry is widely used for mAb 

modification with drugs and imaging agents. Non-specificity and lack of control in the 

reaction are challenges in amine conjugation of mAbs. Amine conjugation also has limited 

control in maintaining the reproducibility of the drug loading. We judiciously maintained the 

reaction conditions, such as molar equivalent, concentration of reactants, pH, agitation, and 

temperature, to ensure the consistency of drug loading. The number of MCC groups per 

mAb was limited to six. After purification, two equivalents of DM1, with respect to the total 

molar content of MCC groups in the reaction, were reacted with 5D3-MCC. Precise control 

and maintenance of the MCC load and equivalents of the reactants are important so that the 

mAb is not overloaded with hydrophobic DM1 that could lead to mAb precipitation. Batches 

of unconjugated 5D3 and 5D3-DM1 ADCs were labeled with suitable fluorophores for 

direct in vitro and in vivo optical imaging. Therefore, the mAb and its conjugates could be 

tracked without the use of secondary antibodies.

The molecular weights of 5D3-MCC and 5D3-DM1 were measured by MALDI-TOF. The 

number of conjugated moieties per mAb was calculated based on the shifts in molecular 

weights. We performed flow cytometry analysis to observe any adverse changes in 5D3 for 

PSMA upon conjugation. Flow cytometry results revealed that there was no change in the 

PSMA labeling properties of 5D3 after modification. In this study, the total conjugation in 

fluorescent 5D3-DM1 was maintained at no more than 12 groups per antibody. For 

comparison, we and others have previously observed that up to 20 foreign groups can be 

substituted per trastuzumab without altering its binding affinity.38–40

Unlike other antibodies, which follow receptor-mediated clathrin endocytosis, 5D3 mAb 

almost immediately localizes to the vicinity of the nucleus (Figure 2C). The same 

phenomenon was observed after 5D3 was conjugated with DM1 to form 5D3-DM1 ADCs. 

High-resolution confocal images of mitotic cells revealed that 5D3 mAb localizes to the 

centrosome. We postulate that specific delivery of anti-tubulin agents to the centrosomes is a 

crucial factor for the success of 5D3 ADC therapy. Images of PC3-PIP cells treated with 

5D3-AF-488 and rhodamine-labeled dextran to distinguish the centrosome and endosome 

compartments revealed that these compounds are localized in different cellular 

compartments and that internalized 5D3 mAbs are likely localized at the centrosomes. The 

specific mechanisms of this phenomenon are still unresolved and are the subject of our 

ongoing research.

In vitro assays showed that the PSMA(+) PC3-PIP cell line is highly sensitive to treatment 

with the 5D3-DM1 that demonstrated the lowest IC50 value of 0.70 nM compared to 

PCMA(–) PC3-Flu cells (IC50 = 13.98 nM). Interestingly, the control study, using free DM1 

with a dose equal to the drug content in ADC, exhibited IC50 values of 603.8 and 735.2 nM 

for PC3-PIP and PC3-Flu cells, respectively. The preclinical IC50 value for MLN2704 is 1.4 

nM for PSMA(+) LNCaP cells compared to 61.3 nM for PSMA(–) PC3 cells.41 Successful 
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results of in vitro studies highlighted the potential and provided the rationale to use 5D3-

DM1 ADCs in vivo to determine the therapeutic efficacy and toxicological effects in 

preclinical models of PSMA(+) human PC.

We have shown that 5D3-DM1-CF-680 is effective in in vivo subcutaneous dual xenograft 

mouse models of human PC. Two doses of 2.5 and 5.0 mg/kg 5D3-DM1 ADC resulted in a 

significant reduction of PSMA(+) PC3-PIP tumors compared to PSMA(–) PC3-Flu tumors. 

However, the 1.0 mg/kg dose was not sufficient to impair tumor growth. We also observed 

an insignificant reduction of PSMA(–) tumors compared to untreated mice, presumably 

because of nonspecific accumulation and degradation of cytotoxic ADCs in the tumor due to 

the enhanced permeability and retention (EPR) effect.42,43 The highest dose used in the 

study, 5.0 mg/kg, was below the maximum tolerated dose. However, we suggest that the 

high therapeutic efficacy of 5D3-DM1 in PSMA(+) tumors is attributable to the combination 

of efficient delivery of ADC to the tumor by the EPR effect, specific targeting of the 

PSMA(+) cancer cell surface receptor, and rapid internalization and intracellular delivery of 

the cytotoxic cargo to the centrosome within the target cancer cell. The results of the study 

demonstrate a significant effect of the 5D3-DM1 targeted therapy in PC3-PIP tumors treated 

with the 5.0 mg/kg dose compared to the low-dose treatments (*p < 0.05). Fifty percent of 

PSMA(+) PC animals survived without reaching the surrogate survival endpoint (four times 

the initial tumor volume) during the 21 day treatment with 5.0 mg/kg 5D3-DM1. In all other 

groups treated with lower doses, including PSMA(–) models, tumors reached four times the 

initial tumor volume limit before the therapy was completed.

No clinical manifestations of systemic toxicity were detected in mice treated with 5D3-

DM1. During the course of the treatment, the mean body weight of mice in each treatment 

group remained practically unchanged, including healthy mice and mice treated with 5D3-

DM1 (Figure 6D). The platelet (PLT) count dropped, and the white blood cell (WBC) count 

was elevated after treatment; however, all counts were still within the healthy range (Figure 

S4).

We observed no pathological alterations in liver, kidney, heart, spleen, lungs, sternum, small 

intestine, colon, or gallbladder in treated animals. Metastatic tumors were observed in the 

kidneys of untreated mice (Figure S5) but not in treated mice. Considerably large necrotic 

areas were seen in both treated and untreated PSMA(+) and PSMA(–) (Figure 7). The inner 

regions of solid tumors received insufficient blood supply, resulting in oxygen and glucose 

deprivation and necrosis.44–47 Hence, we believe that extensive necrosis in the core of 

untreated and PSMA(–) tumors is due to these ischemic conditions.

5. CONCLUSIONS

We have developed a novel ADC for the treatment of PC using the high target-specificity, 

binding affinity, and centrosomal localization of anti-PSMA 5D3 mAb and high cytotoxicity 

of DM1. The 5D3-DM1 ADC labeled with imaging agents demonstrated a high and 

homogeneous tumor uptake in PSMA(+) tumors. The 5D3-DM1 conjugates also resulted in 

a high tumor response without any notable adverse systemic effects. Antibody modification 

using amine functional groups did not alter its binding with PSMA. Two cycles of treatment 
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using a 5.0 mg/kg dose provided efficient control of PSMA(+) tumor growth, which resulted 

in 50% of mice surpassing the 21 day duration of the study. The treatment was also safe, as, 

in our studies, we observed no clinical manifestations, weight loss, or adverse changes in the 

CBC and blood chemistry of the treatment groups, except for the elevation of the AST level 

and the reduction of the PLT count due to complications of large tumors. The H&E of vital 

organs, including the liver and kidney, did not show any necrosis or tissue damage. Almost 

all tumors have a necrotic core induced by oxygen and glucose deprivation at the end of 

treatment. Based on our experimental results, we are confident that 5D3-DM1 can become a 

new and highly efficacious therapy for aggressive PC. We envision future clinical 

applications of this strategy, which will increase the therapeutic efficacy while minimizing 

the systemic toxicity in PC patients possibly before metastasis into vital organs and bones.
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ABBREVIATIONS

ADC antibody-drug conjugate

DM1 mertansine

DPBS Dulbecco’s phosphate buffered saline

mAb monoclonal antibody

MALDI-TOF matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry

PBS BupH phosphate buffered saline

PC prostate cancer

PSMA prostate-specific membrane antigen

SEC size-exclusion chromatography

Sulfo-SMCC sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-

carboxylate
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Figure 1. 
Characterization of 5D3-DM1 ADC. (A) MALDI-TOF spectra of 5D3 mAb, intermediate 

5D3-MCC, and 5D3-DM1 ADC. (B) DLS analysis and size distribution of 5D3 mAb (i) and 

5D3-DM1 (ii). (C) Fused flow cytometric histogram of PSMA(+) PC3-PIP and PSMA(–) 

PC3-Flu cells labeled with 5D3-DM1-AF-488 (i) and 5D3-AF-488 (ii), showing that there is 

no change in the PSMA labeling properties of 5D3 after modification. Note: Histograms 

were plotted in red (PC3-PIP cells) and blue (PC3-Flu cells) for both 5D3-DM1-AF-488 and 

5D3-AF-488 for direct comparison.

Huang et al. Page 17

Mol Pharm. Author manuscript; available in PMC 2021 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Confocal fluorescence images of 5D3 mAb and 5D3-DM1 ADC in PSMA(+) PC3-PIP cells. 

Internalized 5D3-AF-488 (A) and 5D3-DM1-AF-488 (B) after 1 h. (C) Perinuclear 

localization of 5D3-AF-488. (D) Cells treated with 5D3-AF-488 (green) and dextran–

rhodamine (red, visualizing endosomes), a dividing cell exhibiting the mAbs localized to the 

centrosomes. (Scale bar: 50 μm).
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Figure 3. 
In vitro cytotoxicity in PC3-PIP and PC3-Flu cells. (A) Cytotoxicity of 5D3-DM1 in 

PSMA(+) PC3-PIP (IC50 = 0.70 nM) and PSMA(–) PC3-Flu (IC50 = 13.98 nM) cells. (B) 

Cytotoxicity of DM1 equivalent to 5D3-DM1 in PSMA(+) PC3-PIP (IC50 = 603.8 nM) and 

PSMA(–) PC3-Flu (IC50 = 735.2 nM) cells. IC50 values were calculated using the 

GraphPad/Prism software.
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Figure 4. 
In vivo therapeutic study. (A) Dosing schedule of in vivo therapy, imaging, and toxicological 

study. (B) In vivo NIR fluorescence images of drug delivery. The tumor uptake of 5D3-

DM1-CF-680 in PSMA(+) PC3-PIP and PSMA(–) PC3-Flu dual-tumor mouse models. (i) 

Untreated and (ii) treated with 2.5 mg/kg of 5D3-DM1-CF-680. Images were obtained 24 h 

after the administration of ADC at day 15.
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Figure 5. 
In vivo therapeutic effect of 5D3-DM1-CF-680 in human PC xenograft mouse models (n = 

6/group). Therapeutic efficacy of 5D3-DM1-CF-680 (1.0, 2.5, and 5.0 mg/kg) in (A) 

PSMA(+) PC3-PIP PC tumors and (B) PSMA(–) PC3-Flu PC tumors in mouse models. (C) 

Relative tumor volumes at day 21 in mice treated with multiple-doses for PC3-PIP and PC3-

Flu tumors. The Kaplan–Meier analysis of the surrogate survival. Kaplan–Meier graphs 

were plotted using the time taken to reach four times the initial tumor size as the endpoint in 

(D) PSMA(+) PC3-PIP PC tumors and (E) PSMA(–) PC3-Flu PC tumors in mouse models 

(n = 10/group).
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Figure 6. 
Toxicological study of 5D3-DM1-CF-680 ADC therapy (n = 4/group). (A) BUN (healthy 

range 16–30 mg/dL), (B) ALT (healthy range 15–60 U/L), (C) AST (healthy range 50–100 

U/L) concentrations for ADC-treated and saline-treated in PSMA(+) PC3-PIP and PSMA(–) 

PC3-Flu dual-tumor mouse models, and (D) changes in the animal body weight during the 

therapy relative to the initial body weight (n = 6/group).
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Figure 7. 
H&E staining of tumors and organs in a 5.0 mg/kg dose-treated mouse. (A) PSMA(+) tumor 

at 10× (i) and 40× (ii). (B) PSMA(–) tumor at 10× (i) and 40× (ii). (C) Liver tissue (i) and 

kidney tissue (ii) at 40×. Study shows high necrosis in the PSMA(+) PC3-PIP tumor, low 

necrosis in the PSMA(–) PC3-Flu tumor, and no toxicological damage in the liver or kidney. 

(Scale bars: 100 μm in 10× images and 50 μm in 40× images).
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Scheme 1. Synthesis of the 5D3-DM1 ADC and Its Fluorescence Analoguesa

aIn the first step, 5D3 mAb was functionalized by reaction with the Sulfo-SMCC 

heterobifunctional linker (i) and conjugated with DM1 (ii). The resulting 5D3-DM1 (iii) and 

5D3 mAbs (iv) were labeled with AF-488 (for in vitro imaging and flow cytometric 

analysis) or CF-680 (for in vivo optical imaging).
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