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Abstract

Prostate cancer is primarily fatal after it becomes metastatic and castration-resistant despite novel 

combined hormonal and chemotherapeutic regimens. Hence, new therapeutic concepts and drug 

delivery strategies are urgently needed for the eradication of this devastating disease. Here we 

report the highly specific, in situ click chemistry driven pretargeted delivery of cytotoxic drug 

carriers to PSMA(+) prostate cancer cells. Anti-PSMA 5D3 mAb and its F(ab′)2 fragments were 

functionalized with trans-cyclooctene (TCO), labeled with a fluorophore, and used as pretargeting 

components. Human serum albumin (ALB) was loaded with the DM1 antitubulin agent, 

functionalized with PEGylated tetrazine (PEG4-Tz), labeled with a fluorophore, and used as the 

drug delivery component. The internalization kinetics of components and the therapeutic efficacy 

of the pretargeted click therapy were studied in PSMA(+) PC3-PIP and PSMA(−) PC3-Flu control 

cells. The F(ab′)2 fragments were internalized faster than 5D3 mAb in PSMA(+) PC3-PIP cells. In 

the two-component pretargeted imaging study, both components were colocalized in a perinuclear 

location of the cytoplasm of PC3-PIP cells. Better colocalization was achieved when 5D3 mAb 

was used as the pretargeting component. Consecutively, the in vitro cell viability study shows a 

significantly higher therapeutic effect of click therapy in PC3-PIP cells when 5D3 mAb was used 

for pretargeting, compared to its F(ab′)2 derivative. 5D3 mAb has a longer lifetime on the cell 

surface, when compared to its F(ab′)2 analogue, enabling efficient cross-linking with the drug 
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delivery component and increased efficacy. Pretargeting and drug delivery components were cross-

linked via multiple bioorthogonal click chemistry reactions on the surface of PSMA(+) PC cells 

forming nanoclusters, which undergo fast cellular internalization and intracellular transport to 

perinuclear locations.

Graphical Abstract
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1. INTRODUCTION

Prostate cancer (PC) is the most common noncutaneous malignancy in American men.1–3 

Over 170 000 new cases of PC are diagnosed, and approximately 30 thousand patients die 

from PC each year in the US.4 Conventional treatments such as surgery, radiation, and 

androgen deprivation are effective; however, PC is essentially incurable once it becomes 

metastatic and castration-resistant.5–9 That outcome persists despite the approval of several 

new drugs and combined hormonal and chemotherapeutic regimens.10,11 Novel therapeutic 

approaches and cancer-specific drug delivery strategies are urgently needed for the improved 

management and eventual complete eradication of this devastating disease.12–14

The prostate-specific membrane antigen (PSMA) is a type II membrane protein that is 

highly expressed in aggressive PC.15–18 Due to the cell-surface and cancer-specific nature of 

PSMA, and its rapid cellular internalization and recycling kinetics, PSMA is a leading target 

for primary and metastatic PC diagnosis, imaging, and therapy.19–21 PSMA has glutamate 

carboxypeptidase activity and can be targeted with small-molecule substrate analogues as 

well as engineered peptides, aptamers, and antibodies.22–31 Nanosize hyperbranched 

polymers conjugated with PSMA-specific small molecules, peptides, and anti-PSMA 

antibodies have also been successfully studied as therapeutic delivery platforms targeting 

PSMA(+) PC in mouse models.32 Anti-PSMA antibodies typically enhance the 

internalization of PSMA and can be used for the delivery of isotopes and drugs targeting 

PSMA(+) prostate cancers.33 Only two monoclonal antibodies, J591 and 7E11, have moved 

to clinical trials, and radiolabeled variants of J591 have progressed to Phase II.34–36 The 

5D3 mAb is a novel anti-PSMA mAb, recently developed and used for imaging PC.37 In 

preclinical binding and imaging studies, the 5D3 mAb has demonstrated higher PSMA 

binding affinity when compared to J591.37,38
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Antibody–drug conjugate (ADC) drug delivery systems have shown promising results in 

cancer therapy over recent decades.39–42 Target specificity and the use of a minimum 

amount of highly cytotoxic chemotherapeutics increase ADC efficacy.43 Moving forward, 

pretargeted drug delivery can be an even more effective strategy by circumventing the use of 

highly cytotoxic chemotherapeutics with significant off-target effects in cancer treatment.
44,45 We have previously developed a bioorthogonal pretargeted two-component drug 

delivery system driven by trans-cyclooctene (TCO) and PEGylated tetrazine (PEG4-Tz) in 
situ click chemistry for specific delivery of therapeutics to HER2(+) breast cancer.44 This 

strategy can be applied to other cancer types such as PC, which overexpress cancer-specific 

PSMA on the cell surface.

The trans-cyclooctene-tetrazine (TCO-Tz) click chemistry is a strain-promoted reaction that 

does not require catalysts and can proceed under mild conditions. TCO-Tz click chemistry is 

ideal for biological applications, as it can be performed under physiological conditions and 

releases no toxic byproducts.46,47 This inverse-electron demand Diels–Alder (IEDDA) 

cycloaddition reaction exhibits exceptional kinetics (k > 100 000 M−1 s−1) and 

chemoselectivity. We have utilized this bioorthogonal click reaction for in situ conjugations 

of two components in physiological conditions to enhance the cellular internalization of 

drugs, and this strategy has shown enhanced therapeutic efficacy in preclinical breast cancer 

models. In this study, we have applied and extended the strategy of bioorthogonal 

pretargeted drug delivery to PSMA(+) PC using novel functionalized 5D3 mAb or its F(ab

′)2 domains as the pretargeting component, and the highly cytotoxic drug, mertansine 

(DM1)-loaded human serum albumin (ALB), as the drug delivery component. This approach 

has demonstrated high efficacy in PSMA(+) PC cells.

2. MATERIALS AND METHODS

2.1. Antibody, Chemotherapeutics, and Chemicals.

5D3 mAb in PBS with 0.02% NaN3 was prepared as described previously and used after 

buffer exchange to pure BupH phosphate buffered saline (PBS).37 Mertansine (DM1) was 

purchased from Abcam, Inc. The amine-reactive linkers, TCO-NHS and methyltetrazine-

PEG4-NHS esters, were purchased from Sigma-Aldrich Corp. and KeraFast, Inc., 

respectively. Sulfo-SMCC heterobifunctional crosslinker, NHS esters of fluorophores, and 

Dulbecco’s phosphate-buffered saline (DPBS) were purchased from ThermoFisher, Inc.

2.2. 5D3 mAb Fragmentation.

The F(ab′)2 fragments of 5D3 mAb were prepared using the Pierce Mouse IgG1 Fab and 

F(ab′)2 Preparation Kit (Thermo Scientific) following the manufacturer’s protocol. Briefly, 

5D3 antibody (3 mg in 0.5 mL of PBS) was digested for 24 h at 37 °C in mouse IgG1 

digestion buffer with the provided Immobilized Ficin resin in the presence of cysteine·HCl 

(0.5 mL of 0.7 mg/mL). Digested F(ab′)2 fragments were separated from the resin by 

centrifugation (5000g, 1 min) followed by 3 separate washes with provided protein A 

binding buffer to collect a total of 2.0 mL. The F(ab′)2 fragments were purified using a Nab 

protein A plus spin column and protein A binding buffer.
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2.3. Synthesis of Pretargeting Components.

The 5D3 mAb or F(ab′)2 fragments (2 mg in 500 μL of PBS) were treated with TCO-NHS 

ester (250 mol equiv in 10–20 μL of anhydrous DMSO) and incubated for 2 h. The 2–4% 

DMSO/PBS reaction mixture was initially cloudy, and TCO-NHS ester was not completely 

soluble. However, the reaction mixture was clear after 1-2 h, and excess TCO-NHS and 

byproducts were removed by ultrafiltration (Scheme 1). The product was further purified by 

size-exclusion column chromatography (SEC). The comparatively higher equivalent of 

TCO-NHS ester was required for this reaction, possibly due to poor solubility. The number 

of TCO groups attached per antibody or antibody fragments was determined based on the 

change of molecular weight measured by Voyager DE-STR MALDI-ToF mass spectrometer 

(Figure S1). The change of molecular weight corresponds to the total molecular weights of 

TCO groups attached to 5D3 or F(ab′)2.

The number of groups attached is denoted as the subscripted number in the formulas. The 

hydrodynamic diameter of components was measured by dynamic light scattering (DLS) 

using a Nano-ZS90 (Malvern Instruments, U.K.) Zetasizer (Figure S2). For imaging 

experiments and flow cytometry, the native 5D3 antibody, F(ab′)2, and functionalized 

5D3(TCO)8, and F(ab′)2(TCO)8 (~500 μL of 1 mg/mL in PBS) were labeled with 

AlexaFluor 488 or Cy5 by adding AlexaFluor 488 NHS ester or Cy5-NHS ester (10–20 mol 

equiv in 10 μL of anhydrous DMSO) and stirred for 2 h, and excess dye was removed by 

ultrafiltration. A fraction of fluorescent 5D3(AF-488)2 (250 μg in 250 μL in PBS) was 

further labeled with a low-pH fluorescence indicator, pHrodo, by adding pHrodo-NHS (20–

50 mol equiv in 10 μL of anhydrous DMSO). After stirring for 2 h, the excess dye was 

removed by ultrafiltration. After fluorescence labeling, all products were further purified by 

SEC chromatography. The degree of fluorescence labeling was determined following the 

manufacturer’s protocol.

2.4. Synthesis of Delivery Components.

Human serum albumin (ALB, 20 mg in 4 mL of PBS) was treated with a 10-fold molar 

excess of sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-

SMCC) in dry DMSO and stirred for 2 h (Scheme 2). The excess SMCC and byproducts 

were removed by ultrafiltration, and the product was further purified by size-exclusion 

chromatography (SEC). The ALB functionalized by SMCC (10 mg in 2 mL of PBS with 2 

mM EDTA, pH 6.5) was treated with mertansine (DM1, 10 mol equiv in 10 μL of anhydrous 

DMSO) and stirred for 20 h at room temperature. The excess DM1 was removed by 

ultrafiltration, and the product, ALB(DM1)3.3, was further purified by SEC chromatography. 

ALB(DM1)3.3 (5 mg in 1 mL of PBS) was functionalized with PEG4-Tz by adding 

methyltetrazine-PEG4-NHS ester (100 mol equiv in 10 μL of anhydrous DMSO) and stirring 

for 2 h. The resulting product ALB(DM1)3.3(PEG4-Tz)10 was purified by ultrafiltration, 

followed by SEC chromatography. The product, ALB(DM1)3.3(PEG4-Tz)10 (3 mg in 1 mL 

of PBS), was treated with rhodamine-NHS ester or AlexaFluor 488 NHS ester (20 mol equiv 

in 10–20 μL of anhydrous DMSO) and stirred for 2 h to obtain ALB(DM1)3.3(PEG4-

Tz)10(Rhod)2 and ALB(DM1)3.3(PEG4-Tz)10(AF-488)2. The product was finally purified by 

ultrafiltration followed by SEC chromatography. After each step, the molecular weights of 

intermediates and final products were determined using the Voyager DE-STR MALDI-TOF 
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mass spectrometer. The degree of MCC linker conjugation, DM1 drug load, and PEG4-Tz 

functionalization were determined based on the change of molecular weights (Figure S1) 

and is denoted as subscripts in formulas. The degree of fluorophore labeling was determined 

following the manufacturer’s protocol.

2.5. Purification of the Products.

After each step of the synthesis, the excess small molecular reagents and byproducts were 

removed by Amicon ultrafiltration using 15 mL, 30 kDa MWCO units (for ≥2 mg samples) 

or 0.5 mL, 30 kDa MWCO units (for ≤2 mg samples). The products were further purified by 

SEC chromatography by the Waters binary pump/dual absorbance HPLC system equipped 

with a YMC-Pack Diol-300 (300 × 8.0 mm I.D.; particle size, 5 μm; pore size, 30 nm) size-

exclusion column, using 0.1 M PBS with 0.2 M NaCl (pH 7.2) as the mobile phase.

2.6. Cells.

PSMA(+) PC3-PIP and PSMA(−) PC3-Flu cells were used to prove the strategy in 

PSMA(+) PC. Cells were grown in RPMI 1640 medium supplemented with 10% FBS and 

1% penicillin–streptomycin and maintained in a humidified incubator at 37 °C with 5% 

CO2. Cells were confirmed to be free of mycoplasma contamination.

2.7. Time-Dependent Internalization of Pretargeting Components.

PC3-PIP or PC3-Flu cells were seeded in 4-well chamber slides (0.2 million cells per 

chamber) and grown for 24–48 h to 80–90% confluency. Each chamber was treated with 150 

μL of 20 μg/mL of 5D3(AF-488)2 or F(ab′)2(AF-488)2 and incubated at 37 °C under CO2 

and humidity-controlled conditions. Chambers at each time point (15 min, 1, 6, 24 h) were 

washed with Dulbecco’s phosphate buffered saline (DPBS) for 5 min and fixed using 4% 

paraformaldehyde (PFA) for 10 min on ice. The nuclei were counterstained using Hoechst 

33342 and wet mounted. Images were taken using an inverted confocal microscope and 

analyzed using dedicated software developed in the IDL and MatLab environment. Briefly, 

the program searches for the cell membrane-extracellular medium interface using a user-

defined coarse outline of the cell membrane. The algorithm provides the precise position of 

the plasma membrane based on the intensity gradient analysis of the images. Membrane 

areas with low fluorescence signals are interpolated using neighboring regions with a high 

fluorescence intensity. Integral fluorescence localized to the membrane (within the search 

radius from the interface) and the integral internalized signal within the space enclosed 

within the membrane was evaluated for each cell within the field of view. The measured 

values are exported in a tabular format.

2.8. mAb Internalization Inhibition Study.

PC3-PIP cells (0.2 million/chamber) were seeded in 4-well chamber slides and grown for 

24–48 h to 80–90% confluency. Each chamber was treated with 150 μL of 2 μg/mL 

5D3(AF-488)2 in DPBS in the presence of endocytosis inhibitors, chlorpromazine 

hydrochloride (10 μg/mL), methyl-β-cyclodextrin (5 mM), or Nocodazole (20 μM). Two 

control experiments were performed treating PC3-PIP cells with 2 μg/mL 5D3(AF-488) 

alone and incubated at 4 and 37 °C.48 After 1 h, cells were washed with DPBS and fixed 
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with 4% PFA in PBS. After the nuclear counterstaining by Hoechst 33342, the slide was wet 

mounted, and cells were imaged using a Zeiss AxioObserver confocal fluorescence 

microscope with an LSM700 confocal module.

2.9. Flow Cytometry Analysis.

For the determination of PSMA expression levels, PC3-PIP and PC3-Flu cells were seeded 

in a 6-well plate (0.4 million/well) and grown for 24 h to ~90% confluency. Then cells were 

treated with 5D3(Cy5)2 or F(ab′)2(Cy5)2 (20 μg/mL) and incubated for 30 min at 4 °C. 

Cells were washed once using DPBS and harvested by trypsinization. Cell pellets were 

resuspended in buffer and fixed by 4% PFA for flow cytometry. To prove the click delivery, 

PSMA(+) PC3-PIP and PSMA(−) PC3-Flu cells were seeded in a 6-well plate (0.4 million/

well) and grown for 24 h to ~90% confluency. Then, cells in each well were treated with one 

of the reactive pretargeting components, 5D3-(TCO)8(Cy5)2, F(ab′)2(TCO)8(Cy5)2, or 

unreactive 5D3-(Cy5)2, and F(ab′)2(Cy5)2 (20 μg/mL), and incubated for 20 min at 37 °C. 

Cells were washed once with DPBS, treated with a drug delivery component, 

ALB(DM1)3.3(PEG4-Tz)10(AF-488)2 (50 μg/mL in DPBS), and incubated for 30 min at 37 

°C. Then, the treating solution was replaced by fresh media, and cells were incubated for an 

additional 1.5–2 h. Cells were washed once using DPBS and harvested by trypsinization. 

Cell pellets were resuspended in buffer and fixed by 4% PFA. Cells were analyzed on a BD 

LSR II Flow Cytometer using red (633 nm) and blue (488 nm) lasers for Cy5 and 

AlexaFluor 488, respectively. Histograms for PSMA expression levels and fluorescence 

density plots for each click delivery tests are presented in Figure 2.

2.10. In Vitro Two-Component Delivery Imaging Study.

PC3-PIP and PC3-Flu cells grown in 4-well chamber slides were treated with 

5D3(TCO)8(AF-488)2 or F-(ab′)2(TCO)8(AF-488)2 (150 μL of 20 μg/mL in each well) and 

incubated at 37 °C for 30 min, and unbound pretargeting components were washed by 

DPBS. Cells were then treated with ALB(DM1)3.3(PEG4-Tz)10(Rhod)2 (150 μL of 50 

μg/mL in DPBS) at 37 °C for 30 min. After the washing step, DPBS was replaced by the 

growth medium, and the incubation was continued for 30 min, 1, 2, and 4 h. After each time 

point, selected chambers of cells were fixed by 4% PFA for 20 min at 4 °C and washed with 

deionized H2O. Fixed slides were imaged using the Zeiss AxioObserver confocal 

fluorescence microscope with an LSM700 confocal module and analyzed using NIH 

ImageJ.

2.11. In Vitro Study of Pretargeted Therapy.

PC3-PIP or PC3-Flu cells (2000 cells/well in 200 μL of a medium) were seeded in a 96-well 

plate and incubated at 37 °C for 24 h. Cultured cells were treated with or without modified 

or unmodified 5D3 or its F(ab′)2 fragments (20 μg/mL in 100 μL of DPBS) and incubated at 

37 °C for 20 min. Cells were washed with DPBS and incubated for 2 h with or without the 

drug delivery component ALB(DM1)3.3(PEG4-Tz)10(Rhod)2 or with DM1 (1.5 μg/mL in 

100 μL of DPBs). After treatment, cells were washed with DPBS and resupplied with fresh 

media. After the incubation for 48 h, the cell viability was determined using the WST-8 

assay, following the manufacturer’s protocol. Briefly, cells in 100 μL of media were treated 

with 10 μL of the WST-8 reagent per well and incubated at 37 °C. After 3 h, the absorbance 
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was measured at 450 nm. The WST-8 is tetrazolium salt, which is reduced by dehydrogenase 

in living cells forming a yellow formazan dye. This dye turns media into a yellow color (450 

nm absorption peak). The concentration of the formazan dye in the media produced by the 

activities of dehydrogenases in living cells is directly proportional to the number of viable 

cells. The cell viability of treated cells was normalized to readings in untreated control cells, 

which were considered to have 100% viability.

2.12. Statistical Analysis.

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

independent experiments were performed for statistical analysis. The WST-8 assay test was 

quadruplicated per plate, and triplicate independent experiments were carried out for the 

statistical analysis. The one-way analysis of variance (ANOVA) was used for the omnibus F-

test, and the Scheffé’s test was used for post hoc analysis (StatPlus:mac, AnalystSoft Inc., 

Alexandria, VA, USA). Changes in the cell viability were considered significant (p-value < 

0.05) when the F value is greater than the critical value of the F-distribution.

3. RESULTS

3.1. Design and Synthesis of Components.

Anti-PSMA 5D3 mAb and F(ab′)2 fragments of 5D3 mAb were labeled with 

AlexaFluor-488 for the in vitro internalization experiments. For pretargeting experiments, 

5D3 mAb and F(ab′)2 were first functionalized with TCO bioorthogonal reactive groups. 

The number of TCO groups was maintained at ~8 for both biomolecules. The second 

delivery component that was based on human serum ALB was functionalized by the SMCC 

linker and conjugated with DM1 by maleimide–thiol conjugation. It was further 

functionalized with tetrazine, the corresponding bioorthogonal click reactive group. The 

number of drug molecules and tetrazine groups was maintained at ~3 and ~10, respectively. 

Molecular weights of all intermediate and final components were measured by MALDI-TOF 

(Figure S1). The number of conjugated groups and drugs was determined based on the 

change of molecular weight, as shown in Figure S1. The sizes of components were measured 

by dynamic light scattering using the Zetasizer (Figure S2). Changes in size after 

modifications were not statistically significant. For optical imaging, both mAb and ALB 

conjugates were labeled with rhodamine and AlexaFluor 488 fluorophores, respectively. For 

flow cytometry analysis, pretargeting and drug delivery components were labeled with Cy5 

and AlexaFluor 488, respectively, to match with the configuration available in the FACS 

instrument.

3.2. Analysis of the Internalization of Pretargeting Components.

The internalization of fluorescence-labeled 5D3 and F(ab′)2 fragments was studied in vitro 
with PSMA(+) PC3-PIP cells (Figure S3). The fluorescence intensity of internalized and cell 

surface-bound components was measured by a dedicated software developed in IDL and 

MatLab. The ratio of the internalized and membrane-bound fluorescence was reported for 

each cell in the field of view. Both components exhibit similar internalization rates; 75% of 

cell surface-bound 5D3 was internalized within 2.5 h, whereas 75% of the internalization of 

F(ab′)2 took approximately 1 h. The fluorescence intensity faded with time; however, a 
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significant amount of the pretargeting component was retained in the cytoplasm for up to 24 

h. No significant specific binding and/or internalization was detected in PSMA(−) PC3-Flu 

cells (data not shown).

3.3. Localization of the Pretargeting Component.

5D3(AF-488)2(pHrodo)2 was used to determine the cellular microenvironment in which 5D3 

mAb was localized after internalization. pHrodo red is an intracellular fluorescent pH 

indicator that only becomes fluorescent, at low pH (<6.5). The dye is typically used for the 

identification of late endosomes. After 4 h of incubation with PSMA(+) PC3-PIP cells, the 

intracellular compartments were bright red. This signal colocalized with the green 5D3 

signal, indicating localization within the acidic late-stage endosomes (Figure 1A). 

Internalization was further investigated by imaging PC3-PIP cells treated with 

5D3(AF-488)2 at 4 °C and at 37 °C in the presence of internalization inhibitors such as 

chloropromazine hydrochloride, which inhibits clathrin-mediated endocytosis; methyl-β-

cyclodextrin, which inhibits caveolae-mediated endocytosis; and nocodazole, which is an 

antineoplastic agent that interferes with the polymerization of microtubules (Figure 1B). The 

fluorescence images of cells treated at 4 °C showed no internalization of 5D3. Despite the 

presence of inhibitors, 5D3 was predominantly internalized at 37 °C and localized in the 

cytoplasm, proving that internalization is not entirely controlled by clathrin-mediated or 

caveolae-mediated endocytosis, which agrees well with previously reported results.33,49,50

3.4. Flow Cytometric Analysis of Click Delivery.

As shown in FACS histograms in Figure 2A, both 5D3(Cy5)2 and F(ab′)2(Cy5)2 have high 

binding affinity in PSMA(+) PC3-PIP cells, and no accumulation was observed in PSMA(−) 

PC3-Flu cells. Figure 2B shows density dot plots for both Cy5 and AF-488 channels. Both 

pretargeting and drug delivery components accumulated in PC3-PIP cells but not in PC3-Flu 

cells. Reactive 5D3(TCO)8(Cy5)2 and F(ab′)2(TCO)8(Cy5)2 pretargeting components and 

the ALB(DM1)3.3(PEG4-Tz)10(AF-488)2 drug carrier were used in these experiments. When 

the experiment was repeated using click unreactive pretargeting components (without the 

TCO group), 5D3-(Cy5)2 and F(ab′)2(Cy5)2, accumulation of Cy5-labeled pretargeting 

components was high in PC3-PIP cells and low in PC3-Flu cells, respectively (Figure 2C). 

The fluorescence signal corresponding to ALB(DM1)3.3(PEG4-Tz)10(AF-488)2 was low in 

both cell lines as there was no specific click reaction between the components.

3.5. Imaging Assessment of Click Delivery.

Figure 3A shows images of PC3-PIP cells treated with the two-component pretargeting 

system. First, the pretargeting component 5D3(TCO)8(AF-488)2 labeled the PSMA 

receptors on the cell surface. After washing the excess and unbound pretargeting 

components, cells were treated with the second delivery component, ALB(PEG4-

Tz)10(Rhod)2. Both components underwent multiple strain-promoted TCO-Tz click 

reactions in physiological conditions, self-assembled, and formed nanoscale clusters on the 

cell surface. The nanoscale clusters can efficiently internalize into the cytoplasm.51,52

In this experiment, colocalization of two components was observed in the cytoplasm, 

depicting an efficient bioorthogonal two-component drug delivery in PSMA(+) PC cells 
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using a 5D3 mAb-based pretargeted strategy. Multichannel images were rendered in the 

Amira 3D software platform (Thermo Fisher) to visualize the colocalization of two 

components in the cells (Figure 3B). We conducted an in vitro control experiment using the 

second delivery component, ALB(PEG4-Tz)10(Rhod)2, without the pretargeted step. 

PSMA(+) PC3-PIP cells treated with ALB(PEG4-Tz)10(Rhod)2 in the absence of 

pretargeting 5D3(TCO)8(AF-488)2, showed low accumulation of the delivery component on 

the cell surface or in the cytoplasm (Figure S4).

The pretargeting components, 5D3(TCO)8(AF-488)2 or F(ab′)2(TCO)8(AF-488)2, and the 

drug-carrier component, ALB(DM1)3.3(PEG4-Tz)10(Rhod)2, were first used to analyze time-

dependent delivery by fluorescent imaging. In this strategy, the pretargeting component-

labeled cell surface PSMA receptors react with the second component via in situ 
bioorthogonal TCO-Tz click reactions. Multiple click reactions among the components form 

nanoscale clusters that internalize faster and more efficiently than individual components.53 

Based on the fluorescence image analysis, the time for internalization of 75% of 5D3-based 

pretargeting and delivery component complexes was 4 h (Figures 4 and 5). On the other 

hand, F(ab′)2-based pretargeting was significantly faster and resulted in the internalization 

of 75% of complexes within 2 h (Figures 6 and 7). Further analysis of fluorescence images 

of F(ab′)2-based delivery shows that a significant amount of F(ab′)2(TCO)8 is dispersed in 

the cytoplasm without colocalization with the red channel. These free F(ab′)2(TCO)8 were 

internalized before in situ bioorthogonal click reactions with the drug delivery component.

3.6. Click Therapy on PSMA(±) Cells and Therapeutic Efficacy.

PSMA(+) PC3-PIP and PSMA(−) PC3-Flu cells were treated following the therapeutic 

schedule shown in Table 1. First, four series of cell chambers were treated with 5D3(TCO)8, 

F(ab′)2(TCO)8, unconjugated 5D3, or unconjugated F(ab′)2, washed to remove excess 

pretargeting components, and subsequently treated with the drug delivery component, 

ALB(DM1)3.3(PEG4-Tz)10. Next, four-cell chambers were treated with 5D3(TCO)8, F(ab

′)2(TCO)8, 5D3 mAb, or F(ab′)2 fragments alone to evaluate the effect of pretargeting 

components on cell viability. Finally, two cell chambers were treated with 

ALB(DM1)3.3(PEG4-Tz)10 or pure DM1 equiv of the DM1 concentration in 

ALB(DM1)3.3(PEG4-Tz)10 to measure the effect of the drug or the drug carrier without the 

pretargeting paradigm.

As shown in Figure 8, the combination of 5D3(TCO)8 and ALB(DM1)3.3(PEG4-Tz)10 

showed selective and enhanced toxicity in PSMA(+) PC3-PIP cells when compared to the 

combination of nonfunctionalized 5D3 and ALB-(DM1)3.3(PEG4-Tz)10, or any other signal 

treatment component alone. This enhanced toxicity was not observed in PSMA(−) PC3-Flu 

cells, suggesting PSMA specificity. Surprisingly, the smaller F(ab′)2 fragments could not 

replicate this PSMA-specific toxicity. Click therapy using 5D3(TCO)8 and F(ab′)2(TCO)8 

with ALB(DM1)3.3(PEG4-Tz)10 as a drug delivery component exhibits a reduction of cell 

viability of 30% and 55% of PSMA(+) PC3-PIP cells respectively, whereas the 

corresponding cell viabilities of PSMA(−) PC3-Flu cells were 49% and 40% when using 

5D3(TCO)8 and F(ab′)2(TCO)8 as pretargeting components, respectively. The therapeutic 

effect of the combination of 5D3(TCO)8 and ALB(DM1)3.3(PEG4-Tz)10 was significantly 
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higher compared to the treatment using ALB(DM1)3.3(PEG4-Tz)10 alone and the nonclick 

combination of 5D3 mAb and ALB(DM1)3.3(PEG4-Tz)10 in PC3-PIP cells. The treatment 

schedule of PSMA(−) PC3-Flu cells showed a significantly lower decrease in cell viability. 

Control experiments with ALB(DM1)3.3(PEG4-Tz)10 and its equivalent DM1 treatment 

result in comparable 57% and 55% cell viabilities in PC3-PIP cells and 63% and 55% cell 

viabilities in PC3-Flu cells, respectively. The controlled, targeted two-component delivery 

without click conjugation using pure 5D3 and F(ab′)2 with ALB(DM1)3.3(PEG4-Tz)10 

reduces the cell viability to 48% and 52% in PC3-PIP cells and 45% to 42% in PC3-Flu 

cells; however, this is not significantly different compared to ALB(DM1)3.3(PEG4-Tz)10 

alone.

4. DISCUSSION

We selected anti-PSMA 5D3 as a pretargeting mAb due to its high binding affinity 

compared to other existing/commercially available anti-PSMA mAbs. Antibodies that have 

been used as imaging agents and drug carriers are biocompatible, and their intrinsic amine 

groups can be easily used for modification and conjugation purposes. Approximately eight 

TCO groups per mAb provide the optimal substitution ratio for receptor binding and 

multiple click reactions with the delivery component to produce cross-linked nanoclusters 

without interfering with the binding affinity.45 Human serum albumin is used in the clinic, as 

the drug-carrier molecule (Abraxane),54 and as a platform for the development of drug 

delivery components.55,56 Albumin is a hydrophilic globular protein, which is highly stable 

in a broad pH range (pH 4–9), up to 40% ethanol, and temperature up to 60 °C. Albumin is 

also used as a drug carrier for delivery of hydrophobic low-molecular-weight 

chemotherapeutics in cancer therapy.57,58

We have used PC3-PIP and PC3-Flu cells in this study to validate the concept in PC. PSMA 

is highly overexpressed in PC3-PIP cells compared to PC3-Flu cells, as proven in Figure 2A. 

In our experiments, F(ab′)2 alone was internalized faster than 5D3 mAb (75% of 5D3 in 2.5 

h vs 75% of F(ab′)2 in 1 h), presumably due to their small size and efficient cross-linking of 

PSMA receptors on the cell surface. However, the fast internalization is a disadvantage in 

pretargeted delivery since the time window spent by the pretargeting component on the cell 

surface is critical for click reactions with the second drug delivery component. After 

internalization, the receptors could be recycled, and the pretargeting component was retained 

in the cytoplasm, rendering it unavailable for reaction with the drug carrier.

Next, we assessed the pretargeted delivery driven by TCO-Tz click chemistry in PSMA(+) 

PC3-PIP and PSMA(−) PC3-Flu cells. When the click delivery has taken place in PSMA(+) 

cells, the colocalized Cy5 and AF-488 fluorescence signals corresponding to 5D3(TCO)8 

(Cy5)2 or F-(ab′)2(TCO)8(Cy5)2 and ALB(DM1)3.3(PEG4-Tz)10(AF-488)2 are detected in 

each cell (Figure 2B); both fluorescence signals are higher in the FACS density plot. 

However, when nonreactive compounds are used, high fluorescence signals of the 

pretargeting components only are detected in PSMA(+) cells but not in PSMA(−) cells 

(Figure 2C). The pretargeting component 5D3(TCO)8(AF-488)2 labeled the cell surface 

PSMA receptors and stayed on the membrane for at least 30 min. The second-component, 

ALB(PEG4-Tz)10(Rhod)2, undergoes multiple in situ TCO-Tz click reactions with the 
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pretargeting components on the cell surface, making cross-linked nanoclusters, leading to 

their rapid internalization. Multiple functional groups (TCO or Tz) per component, the close 

proximity of PSMA receptors in PSMA(+) cell surface, and fast kinetics (~300 000 M−1 s−1) 

of TCO-Tz click reaction facilitate the formation of nanoclusters of two components on the 

cell surface.59 If solutions of both components (~10 mg/mL) are mixed at room temperature, 

the mixture rapidly becomes cloudy because of multiple click reactions between components 

and the formation of large protein–protein complexes.

The cross-linking is not feasible on cells with a low or absent expression of PSMA, and 

therefore, this strategy can be used to selectively deliver drugs to malignant cells. 

Pretargeted click therapy was further investigated by a time-dependent study of PC3-PIP 

cells using 5D3(TCO)8(AF-488)2 (Figure 4) and F(ab′)2(TCO)8(AF-488)2 (Figure 6) with 

ALB-(DM1)3.3(PEG4-Tz)10(Rhod)2. In these studies, both components were colocalized on 

the cell surface. However, a significant amount of unconjugated or unreacted F-(ab

′)2(TCO)8(AF-488)2 was observed in endosomes in the cell cytoplasm, due to its fast 

internalization, and was not available for in situ click conjugation and the formation of 

nanoclusters.

In vitro therapeutic study reveals no reduction in cell viability by 5D3 mAb or its TCO 

conjugated analogues (Figure 8). However, treatment of PC3-PIP cells with ALB-

(DM1)3.3(PEG4-Tz)10 or its equivalent concentration of pure DM1 almost equally reduced 

cell viability. An efficient cross-linking of two components, 5D3(TCO)8 and ALB-

(DM1)3.3(PEG4-Tz)10, on the targeted cell surface leads to enhanced cellular internalization 

and results in the highest therapeutic effects in PSMA(+) PC3-PIP cells compared to 

PSMA(−) PC3-Flu cells. Substituting the complete mAb with its F(ab′)2 fragment as a 

pretargeting component does not enhance the therapeutic efficacy of ALB(DM1)3.3(PEG4-

Tz)10. Free DM1 is a highly cytotoxic molecule (IC50 in a low nanomolar range for most 

cancer cells)60 and reduces cell viability to ~60% after 2 h incubation at a concentration of 2 

μM. As a naturally abundant carrier and transporting protein in the blood, albumin is one of 

the most important proteins taken nonspecifically by cells. Hence, we observed the 

therapeutic effects of untargeted ALB(DM1)3.3(PEG4-Tz)10(Rhod)2 in both PC3-PIP and 

PC3-Flu cells. Interestingly, in the control study shown in Figure S4, we observe a minimal 

uptake of ALB(DM1)3.3(PEG4-Tz)10(Rhod)2 in PC3-PIP cells. For comparison, in similar 

experiments with HER2-positive and HER2-negative breast cancer cells and albumin–

paclitaxel conjugates (paclitaxel IC50 = 2.5–7.5 nM),61 we observed moderate cytotoxicity 

of the carrier, which reduced cell viability to ~70–75%.45 Enhanced cell-kill effects of the 

free and albumin-bound DM1 even with limited uptake of the free form and albumin-bound 

drug after 2 h pulse treatment of cells can be attributed to the significantly higher 

cytotoxicity of the drug (IC50 = 1.1 nM).60 We have also observed an enhancement (not 

statistically significant) of cell viability after pure 5D3, F(ab′)2, and 5D3(TCO)8, and F(ab

′)2(TCO)8 treatment. It appeared to be a slight enhancement of cell growth by anti-PSMA 

agents, possibly due to interference with signaling pathways in cells. As proven by the mAb 

and F(ab′)2 internalization study, fast internalization kinetics of the F(ab′)2 domain, and its 

small size, has diminished the efficient cross-linking with the drug delivery component and 

therefore resulted in the reduced efficacy.
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Our previous study of HER2(+) breast cancer in orthotopic mouse models using anti-HER2 

mAb, trastuzumab proved that this strategy can be successfully applied in vivo because 

HER2 receptors inherently exhibit poor internalization even after ligand binding. Ideally, 

internalization and pharmacokinetics of the pretargeting agent should have a similar time 

scale. In the case of PSMA receptors, both 5D3 mAb and its F(ab′)2 fragments have fast 

internalization rates, which may present a problem for in vivo applications. While the system 

provided an enhanced specific kill of PSMA(+) PC cells in vitro, the internalization kinetics 

of the pretargeting agent has been identified as a critical parameter, affecting the treatment 

efficacy. This will become an issue for in vivo applications, where the timing of 

administration of the drug-carrier component should be optimized based on 

pharmacokinetics and tumor accumulation of the pretargeting component. We envision that 

for successful translation of the technology in vivo, further advances in the design of 

pretargeting components with a relatively fast clearance time and sufficient persistence on 

the cellular membrane is required.

5. CONCLUSION

Based on our experimental results, the overall efficacy of the pretargeted approach critically 

depends on several factors: (1) efficient binding of the pretargeting moiety to the target 

receptor; (2) sufficient time on the cell surface before internalization to enable click 

chemistry cross-linking with the drug delivery component; (3) highly cytotoxic therapeutic 

cargo, such as the DM1 microtubulin inhibitor of microtubule polymerization. On the basis 

of encouraging results obtained in vitro experiments, we are currently extending our study to 

investigate strategies for delaying internalization and evaluate the therapeutic effects of the 

pretargeted strategy in vivo in mouse models of human PC.
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ABBREVIATIONS

ADC antibody–drug conjugate

ALB human serum albumin

DM1 mertansine

DPBS Dulbecco’s phosphate buffered saline
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HPLC high-performance liquid chromatography

IEDDA inverse-electron demand Diels–Alder

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-maleimiddomethyl)cyclohexane-1-

carboxylate

TCO trans-cyclooctene

Tz tetrazine
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Figure 1. 
Internalization study of 5D3 mAb. (A) Internalization of 5D3(AF-488)2(pHrodo)2, green 

channel (i), low-pH-activated red channel (ii), and merged image (iii) (scale bar: 100 μm). 

(B) Internalization of 5D3 at 4 °C (i) and 37 °C (ii) and internalization of 5D3 in the 

presence of internalization inhibitors, chlorpromazine hydrochloride (iii), methyl-β-

cyclodextrin (iv), and nocodazole (v) (scale bar: 100 μm).
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Figure 2. 
Flow cytometry analysis of the pretargeted click-chemistry delivery. (A) PSMA expression 

levels in (i) PC3-PIP and (ii) PC3-Flu cells. Combined histograms of untreated cells and 

cells treated with 5D3(Cy5)2 and F(ab′)2(Cy5)2. (B) Pretargeted delivery in the presence of 

the click reaction between Alb(DM1)3.3(PEG4-Tz)10(AF-488)2 and reactive (i) 

5D3(TCO)8(Cy5)2 in PC3-PIP cells, (ii) F(ab′)2(TCO)8(Cy5)2 in PC3-PIP cells, (iii) 

5D3(TCO)8(Cy5)2 in PC3-Flu cells, and (iv) F(ab′)2(TCO)8(Cy5)2 in PC3-Flu cells. (C) 

Pretargeted delivery in the absence of a click reaction between ALB(DM1)3.3(PEG4-

Tz)10(AF-488)2 and unreactive (i) 5D3(Cy5)2 in PC3-PIP cells, (ii) F(ab′)2(Cy5)2 in PC3-

PIP cells, (iii) 5D3(Cy5)2 in PC3-Flu cells, and (iv) F(ab′)2(Cy5)2 in PC3-Flu cells.
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Figure 3. 
Fluorescence images of the pretargeted two-component delivery in PSMA(+) PC3-PIP cells, 

(A) using 5D3(TCO)8(AF-488)2 (green), ALB(PEG4-Tz)10(Rhod)2 (red), and nuclear 

staining by Hoechst 33342 (blue) (magnification 100×, scale bar: 30 μm). (B) 3D rendering 

of the click therapy components colocalized in the cytoplasm of PSMA(+) cells.
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Figure 4. 
Time-dependent fluorescence images of PSMA(+) PC3-PIP cells in pretargeted drug 

delivery using 5D3(TCO)8(AF-488)2 and ALB(DM1)3.3(PEG4-Tz)10(Rhod)2. Panel A: 

Localization of the first component, 5D3(TCO)8(AF-488)2, over time after treatment with 

the drug delivery component (postdrug treatment time 30 min, 1, 2, 4 h). Panel B: 

Localization of the second drug delivery component, ALB(DM1)3.3(PEG4-Tz)10(Rhod)2, 

over time after the treatment (30 min, 1, 2, 4 h). Panel C: Merged images of corresponding 

green and red channels. (Scale bar: 100 μM.)
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Figure 5. 
Change of the internalized and cell surface fluorescence intensity ratio of (A) 

5D3(TCO)8(AF-488)2 and (B) ALB-(DM1)3.3(PEG4-Tz)10(Rhod)2 with time.
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Figure 6. 
Time-dependent images of PSMA(+) PC3-PIP cells in pretargeted drug delivery using F(ab

′)2(TCO)8(AF-488)2 and ALB(DM1)3.3(PEG4-Tz)10(Rhod)2. Panel A: Localization of the 

first component, F(ab′)2(TCO)8(AF-488)2, over the time after treatment with the drug 

delivery component (postdrug treatment time 30 min, 1, 2, 4 h). Panel B: Localization of the 

second drug delivery component, ALB(DM1)3.3(PEG4-Tz)10(Rhod)2, over the time after the 

treatment. Panel C: Merged images of corresponding green and red channels. (Scale bar: 100 

μM.)

Hapuarachchige et al. Page 22

Mol Pharm. Author manuscript; available in PMC 2021 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Change of the internalized and cell surface fluorescence intensity ratio of (A) 5D3-F(ab

′)2(TCO)8(AF-488)2 and (B) ALB(DM1)3.3(PEG4-Tz)10(Rhod)2 with time.
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Figure 8. 
Cell viability-based in vitro therapeutic study of pretargeted two-component drug delivery. 

5D3(TCO)8 (A) and F(ab′)2(TCO)8 (B) were used as a pretargeting component. Control 

experiments were performed with the pretargeting component alone; pure DM1 or with 

ALB(DM1)3.3(PEG4-Tz)10 without pretargeting components. The combination of 

5D3(TCO)8 and ALB(DM1)3.3(PEG4-Tz)10 showed selective and enhanced toxicity in 

PSMA(+) PC3-PIP cells when compared to the combination of nonfunctionalized 5D3 and 

ALB(DM1)3.3(PEG4-Tz)10 or treatment with a free drug or drug-carrier component alone. 

This enhanced toxicity was not observed in PSMA(−) PC3-Flu cells, suggesting PSMA 

specificity. PSMA-specific toxicity of the smaller F(ab′)2 fragments, used as the 

pretargeting component, could not replicate this of complete 5D3 mAb (*p < 0.05, **p < 

0.005).
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Scheme 1. Synthesis of 5D3 mAb and Its F(ab′)2-Based Pretargeting Componentsa

a(i) 5D3 mAb was treated with TCO-NHS to obtain 5D3(TCO)8 and then (ii) labeled with a 

suitable fluorophore to obtain the final product, 5D3(TCO)8(Fluor)2. The same synthetic 

route was followed starting with F(ab′)2 of 5D3 to obtain (i) F(ab′)2(TCO)8 and (ii) F(ab

′)2(TCO)8(Fluor)2. Subscripted numbers in the formulas indicate the number of TCO or 

fluorophores attached per biomolecule.
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Scheme 2. Synthesis of the Albumin (ALB)-Based Drug delivery Componenta
a(i) ALB was treated with the sulfo-SMCC bifunctional linker to obtain ALB(MCC)7. (ii) It 

was conjugated with DM1 drug molecules, and the resultant ALB(DM1)3.3 was treated with 

(iii) NHS-PEG4-TZ ester to obtain ALB(DM1)3.3(PEG4-Tz)10. (iv) It was labeled with a 

suitable fluorophore to obtain the final product, ALB(DM1)3.3(PEG4-Tz)10(Fluor)2. The 

subscripted numbers in the formulas indicate the number of MCC, DM1, PEG4-Tz groups, 

or fluorophores attached per protein.
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Table 1.

Click Therapy Treatment Schedule

Treat group Pretargeting comp. (20 μg/mL, 130/180 nM) Drug delivery comp. (50 μg/mL, 600 nM)

  1     5D3(TCO)8  ALB(DM1)3.3(PEG4-Tz)10

  2     F(ab′)2(TCO)8  ALB(DM1)3.3(PEG4-Tz)10

  3     5D3  ALB(DM1)3.3(PEG4-Tz)10

  4     F(ab′)2  ALB(DM1)3.3(PEG4-Tz)10

  5     5D3(TCO)8

  6     F(ab′)2(TCO)8

  7     5D3

  8     F(ab′)2

  9
 DM1 (2 μM)

a

  10  ALB(DM1)3.3(PEG4-Tz)10

a
The concentration of pure DM1 was equivalent for DM1 content in a drug delivery component.
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