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Abstract 62 

Targeted imaging and therapy approaches based on novel prostate-specific 63 

membrane antigen (PSMA) inhibitors have fundamentally changed the treatment 64 

regimen of prostate cancer. However, the exact mechanism of PSMA inhibitor 65 

66 

elusive. Here, we have investigated the intracellular distribution of peptidomimetic 67 

PSMA inhibitors and of PSMA itself by stimulated emission depletion (STED) 68 

nanoscopy applying a novel non-standard live cell staining protocol. Our findings 69 

confirm PSMA cluster formation at the cell surface of prostate cancer cells and 70 

clathrin-dependent endocytosis of PSMA inhibitors. Following the endosomal 71 

pathway, PSMA inhibitors accumulate in prostate cancer cells at clinically relevant 72 

time points. Strikingly, in contrast to PSMA itself, PSMA inhibitors were found to 73 

eventually distribute homogeneously in the cytoplasm  a molecular condition that 74 

promises benefits for treatment, as cytoplasmic and in particular perinuclear 75 

enrichment of the radionuclide carriers may better facilitate the radiation-mediated 76 

damage of cancerous cells. This study is the first to reveal the subcellular fate of 77 

PSMA/PSMA inhibitor complexes at the nanoscale and expected to inspire the 78 

development of new approaches in the field of prostate cancer research, diagnostics 79 

and therapeutics. 80 

 81 

Statement of significance 82 

This study reveals the subcellular fate of PSMA/PSMA inhibitor complexes close to 83 

the molecular level with STED fluorescence nanoscopy. The pioneering insights are 84 

of great clinical interest and suggest advantageous targeted therapies.  85 
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Introduction 86 

Prostate cancer is the most common type of cancer in men in western societies and 87 

is one of the leading causes of cancer-related mortality (1,2). Among prostate cancer 88 

biomarkers for imaging and therapy, the prostate-specific membrane antigen (PSMA) 89 

has proven to be an excellent target structure due to (i) its overexpression in prostate 90 

cancer, (ii) its absence or low expression rates in healthy tissue (3,4) and (iii) 91 

increasing expression rates with tumor aggressiveness, androgen-independence, 92 

metastatic disease, and disease recurrence (4-9). PSMA is a transmembrane 93 

glycoprotein (100 120 kDa) with an extensive extracellular domain (amino acids 4494 

750), which undergoes clathrin-mediated internalization upon ligand binding (3,10). A 95 

novel MXXXL motif of N-terminal amino acids is formed by the cytoplasmic tail 96 

mediating PSMA internalization (11). In colocalization studies with internalized 97 

transferrin, PSMA was detected in the recycling endosomal compartment upon 98 

tracking with the monoclonal antibody mAB J591, which targets the extracellular 99 

domain of PSMA (11,12). 100 

Specific prostate cancer targeting has been successfully achieved by the 101 

development of peptidomimetic PSMA inhibitors. Radiolabeling turns these 102 

molecules into powerful tools in the diagnosis and therapy of prostate cancer. In 103 

diagnostics of all stages, the 68Ga-labeled PSMA inhibitor Glu-urea-Lys(Ahx)-HBED-104 

CC ([68Ga]Ga-PSMA-11) has become the most widely used PET/CT imaging agent 105 

(13-19). 106 

Particularly the metastatic, castration-resistant prostate cancer (mCRPCa) represents 107 

a major therapeutic challenge as treatment options are still limited. In therapy of 108 

mCRPCa, alpha- or beta-emitter radiolabeled PSMA inhibitors (e.g. PSMA-617, 109 
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PSMA-I&T) have been introduced as a treatment alternative and first studies have 110 

revealed a high efficacy with a favorable safety profile (20,21). 111 

The recently developed dual-modality PSMA inhibitors feature two reporter entities 112 

(radioactive and/or fluorescent) enabling both preoperative imaging and subsequent 113 

intraoperative (radio- or fluorescence-) guidance (22,23). This approach guarantees 114 

the precise detection and resection of malignant tissue to the best possible extent, 115 

directly affecting treatment outcome and patient survival. The new class of dual-116 

labeled peptidomimetic PSMA inhibitors paves the way for promising new strategies 117 

in the diagnosis and therapy of prostate cancer and several of these molecules are 118 

currently in preparation for clinical translation (22,23). 119 

However, the detailed internalization mechanism and the subcellular distribution of 120 

PSMA inhibitors are still unknown. In particular, their intracellular fate is of great 121 

clinical interest and crucial for obtaining a detailed understanding of the mechanism 122 

of action during endoradiotherapy. Stimulated emission depletion (STED) nanoscopy 123 

(24,25) provides the spatial resolution to follow PSMA inhibitor trafficking at the 124 

nanoscale. Here, we elucidate the internalization mechanism of PSMA inhibitors and 125 

determine their subcellular distribution on the molecular level using STED 126 

nanoscopy. For visualizing the intracellular distribution patterns of PSMA inhibitors in 127 

relation to PSMA, we developed a novel non-standard live cell immunofluorescence 128 

(IF) staining protocol. To the best of our knowledge, this study is the first to 129 

investigate and reveal the subcellular fate of PSMA/PSMA inhibitor complexes. 130 

  131 
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Material and Methods 132 

Synthesis, radiolabeling and determination of fluorescence properties 133 

The STED-compatible dual-labeled PSMA inhibitors Glu-urea-Lys-HBED-CC-PEG2-134 

STAR RED and Glu-urea-Lys-HBED-CC-PEG2-STAR 635P (hereinafter referred to 135 

as Glu-urea-Lys-HBED-CC-<dye> for <dye> conjugates) were synthesized according 136 

to previous procedures (22). Radioisotope labeling with 68Ga and determination of 137 

fluorescence properties were conducted according to previously established 138 

protocols. Details on synthesis, radiolabeling and fluorescence spectroscopy are 139 

provided in Supplementary Methods. 140 

 141 

Cell culture 142 

For cultivation of PSMA-positive androgen-sensitive human prostate adenocarcinoma 143 

cells (LNCaP, ATCC CRL-1740, RRID:CVCL_1379, high PSMA expression; 22Rv1, 144 

ATCC CRL-2505, RRID: CVCL_1045, moderate/heterogeneous PSMA expression) 145 

and PSMA-negative androgen non-reliant human prostate adenocarcinoma cells 146 

(PC-3, ATCC CRL-1435, RRID:CVCL_0035), RPMI medium was enriched with 10% 147 

FCS and 2 mmol/L L-glutamine (all from PAA). Cells were grown at 37°C in 148 

humidified air with 5% CO2 and were harvested using trypsin-149 

ethylenediaminetetraacetic acid (trypsin-EDTA, 0.25% trypsin, 0.02% EDTA, Gibco, 150 

Cat#25200056; <20 passages between thawing and experimental use). Cell line 151 

authentication and mycoplasma testing is regularly performed. Authentication of the 152 

LNCaP and PC-3 cell lines was confirmed on 03/06/2020. The 22Rv1 cell line was 153 

directly obtained from ATCC (purchased on 05/29/2020; Lot: 2215512). 154 
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Cell binding and internalization experiments were performed as previously described 155 

(13). Potential cytotoxicity was assessed by analyzing the duration and frequency of 156 

cell division via holographic time-lapse imaging with a HoloMonitor® M4 cytometer 157 

(PHI AB). Details to cell binding, internalization and cytotoxicity experiments are 158 

provided in Supplementary Methods. 159 

 160 

Biodistribution, PET imaging and cryosectioning studies 161 

Biodistribution and PET imaging studies in LNCaP- and PC-3-tumor xenograft mice 162 

were performed according to established protocols (22). For cryosectioning, tissue 163 

was directly frozen 1 h after tracer injection (details in Supplementary Methods). All 164 

experiments complied with the current laws of the Federal Republic of Germany and 165 

were conducted according to German Animal Welfare guidelines and ARRIVE 166 

guidelines. The experiments were approved by the regional authorities 167 

Regierungspräsidium Karlsruhe and Freiburg (approval numbers G158/15, G18/04). 168 

 169 

STED and confocal microscopy 170 

All confocal and STED data were acquired with a custom-built STED system close to 171 

the one published by Gorlitz et al. (26) (details in Supplementary Methods). 172 

For assessing the time and concentration dependence of PSMA inhibitor 173 

internalization, cells were incubated with 50/100/250/500 nM Glu-urea-Lys-HBED-174 

CC-STAR RED in RPMI for 5/15/30/45 min at room temperature. To verify specific 175 

uptake, cells were co-incubated with 2-PMPA (500 176 

internalization of free dye was tested by incubating cells with STAR RED and 177 

STAR 635P carboxylic acid (Abberior, Cat#STRED-0001, Cat#ST635P-0001) for 1 h 178 
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at 37°C. After fixation with paraformaldehyde (2% PFA in PBS) for 10 min, the 179 

samples were mounted with ProLong Diamond Antifade Mountant containing DAPI 180 

(Thermo Fisher Scientific, Cat#P36966). 181 

For live cell imaging and colocalization experiments, a novel non-standard live cell 182 

staining protocol exploited the blocking effect of low temperatures on PSMA 183 

internalization without impairing cell health. Briefly, cells were immunolabeled against 184 

PSMA and/or incubated with dual-labeled PSMA inhibitors on ice to specifically target 185 

the entire cell membrane-bound PSMA fraction. Internalization of the 186 

antibody/PSMA/PSMA inhibitor complex was triggered by temperature increase. For 187 

PSMA IF, a monoclonal anti-PSMA antibody (1:50, mouse IgG1, clone 107-1A4, 188 

Sigma-Aldrich, Cat#SAB4200257, RRID:AB_11129838) and a STAR 600-labeled 189 

goat anti-mouse-IgG antibody (1:50, Abberior, Cat#2-0002-010-5) were used. For 190 

colocalization experiments with clathrin, LNCaP cells were transiently transfected 191 

with the fusion construct SNAP-tag/clathrin light chain (SNAP-CLC) and stained with 192 

the live dye 610CP-BG (27,28). Clathrin-mediated endocytosis was blocked via co-193 

incubation with 30 µM Pitstop 2 (Sigma-Aldrich, Cat#SML1169). For endosomal 194 

colocalization experiments, LysoTrackerTM Green DND-26 (Thermo Fisher Scientific, 195 

Cat#L7526) or SiR-lysosome (SPIROCHROME, Cat#SC012) were used. Details on 196 

microscopy sample preparation and colocalization experiments are provided in 197 

Supplementary Methods. 198 

Background correction was done by subtracting at most 10% of the maximum 199 

fluorescence signal. Linear deconvolution (Wiener filter) was applied with a 200 

Lorentzian PSF (FWHM STED PSF 60 nm, FWHM confocal PSF 200 nm) and only 201 

to the extent that data are smoothed and noise is reduced but resolution is not 202 
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increased. Detailed information on microscopy data analysis are provided in 203 

Supplementary Methods. 204 

Flow cytometry studies on PSMA binding affinity and pH dependence 205 

The binding affinity of Glu-urea-Lys-HBED-CC-STAR RED and -STAR 635P 206 

(0.0/0.5/1.0/2.5/5.0/10/25/50/100/500 nM) to PSMA on LNCaP and 22Rv1 cells was 207 

determined as the mean effective concentration (EC50) by flow cytometry (BD FACS 208 

Canto II Flow Cytometer, BD Biosciences). To demonstrate the specificity of the 209 

binding, all conjugates in concentrations of 0.5/5.0/50 nM were additionally co-210 

incubated with 500 µM 2-PMPA. The pH dependence of the binding was analyzed for 211 

Glu-urea-Lys-HBED-CC-STAR RED, -STAR 635P and the antibody complex 212 

(primary antibody: monoclonal anti-PSMA, mouse IgG1, clone 107-1A4, Sigma-213 

Aldrich, Cat#SAB4200257, RRID:AB_11129838; secondary antibodies: STAR 600- 214 

or STAR RED-labeled goat anti-mouse-IgG, Abberior, Cat#2-0002-010-5 or Cat#2-215 

0002-011-2, RRID:AB_2810982). Details on the flow cytometry studies are provided 216 

in Supplementary Methods. 217 

 218 

Statistical aspects and data presentation 219 

Experiments were performed at least in triplicate. Quantitative data in text are 220 

expressed as mean ± standard deviation (SD). Bar plots depict the mean ± SD of the 221 

measurements for replicate experiments. Box plots indicate the interquartile range 222 

(box), the outer-most data points falling within 1.5× interquartile range (whiskers), the 223 

median (center line) and the mean (triangle) of the measurements for replicate 224 

experiments. If applicable, means were compared using Student´s t test (GraphPad 225 

Prism Version 7, GraphPad Software, Inc.). P-values < 0.05 were considered 226 

statistically significant. 227 
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Results 229 

STED-Compatible Dual-Labeled PSMA Inhibitors Feature High PSMA Affinity 230 

and Specific Internalization Properties In Vitro. 231 

STED-compatible dual-labeled PSMA inhibitors were derived from Glu-urea-Lys-232 

HBED-CC-PEG2-IRDye800CW, as the latter preclinically performs comparably to 233 

clinically established molecules (e.g. PSMA-11 or PSMA-617) (13,22,29,30). The 234 

analytical data of the final products Glu-urea-Lys-HBED-CC-PEG2-STAR RED and 235 

Glu-urea-Lys-HBED-CC-PEG2-STAR 635P are summarized Table S1, their 236 

structures are shown in Fig. 1A, and their fluorescence spectra are displayed in Fig. 237 

S1. 238 

Incubation of LNCaP (high PSMA expression) and 22Rv1 (moderate/heterogeneous 239 

PSMA expression) cells with 68Ga-labeled Glu-urea-Lys-HBED-CC-STAR RED and -240 

STAR 635P resulted in significant and specific binding to PSMA with affinities in the 241 

low nanomolar range. Additionally, both conjugates specifically internalized (Table 242 

S2). The pronounced difference in PSMA expression levels (31) accounts for the 243 

reduced signal of 22Rv1 cells. This trend is likewise reflected in all following 244 

fluorescence imaging experiments. 245 

To ascertain and elaborate on the radioactively determined in vitro data, cell binding 246 

and internalization was investigated in confocal microscopy experiments (Fig. 1B). All 247 

subsequent fluorescence microscopy data were acquired with Glu-urea-Lys-HBED-248 

CC-STAR RED, as this conjugate displayed superior photostability and contrast in 249 

the fluorescence imaging experiments. Confocal imaging detected an increasing 250 

accumulation of Glu-urea-Lys-HBED-CC-STAR RED in PSMA-positive cells 251 

independent of its concentration over time (Fig. S2). A blocking effect was not 252 

detected for the tested concentration range (50 nM to 500 nM). Blocking studies in 253 
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the presence of 500 µM 2-PMPA, internalization experiments with the free Abberior 254 

dyes STAR RED and STAR 635P and with PSMA-negative PC-3 cells proved the 255 

specificity of PSMA binding and internalization (Fig. S3A-D). 256 

For confocal time-lapse experiments, LNCaP cells were incubated with Glu-urea-Lys-257 

HBED-CC-STAR RED for 20 min on ice to prevent premature internalization, 258 

subsequently washed and immediately imaged. Over a period of 120 min, steady 259 

internalization was observed (Fig. S3E and F, Movie S1). No morphological changes 260 

or other signs of impaired cell viability were detected during the experiment. To 261 

rigorously exclude cytotoxicity by the PSMA inhibitor, the frequency and duration of 262 

cell division was assessed via holographic time-lapse imaging. Cell proliferation was 263 

followed in the presence of either Glu-urea-Lys-HBED-CC-STAR RED or -264 

STAR 635P for 48 h and was compared to the proliferation of untreated cells. The 265 

data show no evidence of cytotoxicity but a slightly accelerated LNCaP cell 266 

proliferation in the presence of PSMA inhibitors (Fig. 1C and D, Fig. S4, Fig. S5, 267 

Table S3, Movie S2-S4). 268 

 269 

LNCaP Xenograft Tumors in Mice are Specifically Targeted by STED-270 

Compatible Dual-Labeled PSMA Inhibitors. 271 

The ability of Glu-urea-Lys-HBED-CC-STAR RED and -STAR 635P to specifically 272 

target PSMA in vivo was evaluated in biodistribution studies at 1 h post injection 273 

(p.i.). Both conjugates performed similarly in a PSMA-expressing LNCaP tumor 274 

mouse xenograft model with a high tumor uptake of around 5 %ID/g and a favorable 275 

organ distribution profile comparable to PSMA-11, the reference compound without 276 

dye (30) (Fig. 2A, Table S4). Confocal imaging of tumor and muscle tissue 277 

cryosections confirmed a PSMA-specific uptake and revealed a homogenous 278 
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subcellular distribution pattern throughout the tumor cells already 1 h p.i. (Fig. 2B). 279 

The specificity of the in vivo tumor uptake of Glu-urea-Lys-HBED-CC-STAR RED 280 

was further proven with PSMA-negative PC-3 tumor xenografts. The uptake in 281 

PSMA-negative tumor tissue was comparable to the uptake in muscle tissue (Table 282 

S5).  283 

Additionally, small-animal PET imaging was performed with 68Ga-labeled Glu-urea-284 

Lys-HBED-CC-STAR RED. Selective tumor uptake in the LNCaP xenograft model 285 

accompanied by rapid clearance from off-target tissue resulted in a high imaging 286 

contrast at early time points. In PSMA-negative PC-3 xenografts, no measurable 287 

uptake of the conjugate was observed during the experiment, demonstrating high 288 

PSMA specificity (Fig. 2C). The corresponding time activity curves showed rapid 289 

clearance from muscle, liver and heart tissues, but continuous accumulation of the 290 

conjugate in kidneys and bladder confirming the renal elimination (Fig. 2D). 291 

 292 

Clathrin Mediates the Internalization of PSMA Inhibitors after PSMA Binding. 293 

To resolve details of the PSMA distribution in the cell membrane, Glu-urea-Lys-294 

HBED-CC-STAR RED bound PSMA was imaged with STED nanoscopy. A 295 

heterogeneous distribution of the fluorescence signal along the cell membrane was 296 

observed, suggesting areas of higher and lower PSMA density, which could not be 297 

visualized with confocal imaging. Within the patches of high PSMA density, round to 298 

oval-shaped PSMA clusters of various sizes were detected (Fig. 3A, Fig. S6A). 299 

After short internalization times, the PSMA inhibitor signal was localized to the 300 

membrane of cytoplasmic vesicles. While confocal imaging visualized the vesicles as 301 

blurred diffraction-limited spots, STED imaging enabled the nanometer resolution of 302 
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defined, hollow, spherical structures (Fig. 3B and C). Heterogeneous vesicle 303 

distribution was observed with regions of higher and lower vesicle density. While the 304 

nucleus always remained free of any Glu-urea-Lys-HBED-CC-STAR RED signal, the 305 

overall concentration of vesicles in cellular filopodia increased particularly (Fig. 3D). 306 

Line profiles of vesicles derived from raw confocal and STED data confirm the 307 

improvement in resolution gained by STED. The full width half maxima (FWHMs) of 308 

the Lorentzian fits suggest a spatial resolution significantly below the diffraction limit 309 

(Fig. 3C, Fig. S6B and C; for postprocessing of STED data refer to Fig. S7). 310 

Live LNCaP cell confocal colocalization experiments between Glu-urea-Lys-HBED-311 

CC-STAR RED and SNAP-tagged CLC labeled with 610CP (27,28) showed a 312 

significant signal overlap for early time points that decreased with progressing 313 

internalization time (Fig. 3314 

(32) dropped significantly within the first 15 min of internalization, suggesting clathrin-315 

mediated uptake with rapid clathrin uncoating after internalization (Fig. 3F, Table S6), 316 

which enabled the fusion with early endosomes and thus vesicle growth (33,34). Co-317 

incubation with the clathrin inhibitor Pitstop 2 confirmed clathrin-dependent PSMA 318 

inhibitor internalization (Fig. S8B and C). 319 

As clathrin coated vesicles (CCVs) feature a well-defined diameter, the diameter of 320 

endocytic vesicles is an indicator for the degree of progress along the endocytic 321 

pathway. It was analyzed by fitting a two-dimensional ring function to the 322 

fluorescence signal (Fig. S6D). The average diameter does not differ significantly 323 

within the first hour of internalization. The large SDs indicate a broad spread of 324 

diameter in the overall vesicle population, especially for later times (Fig. 3G, Table 325 

S7). These values are in the range of but, especially for LNCaP cells, always larger 326 

than the size of CCVs as published in the literature (35,36). 327 
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 328 

 329 

PSMA Inhibitors Distribute Homogeneously in the Cytoplasm Over Time. 330 

For assessing the extent and duration of colocalization of the PSMA inhibitors with 331 

PSMA during and after the internalization process, incubation with Glu-urea-Lys-332 

HBED-CC-STAR RED was combined with indirect immunolabeling of PSMA with the 333 

Abberior dye STAR 600 in a novel non-standard live cell staining protocol. To avoid 334 

premature PSMA internalization, living cells were stained on ice and internalization 335 

times were well defined by subsequent incubation at 37°C (Fig. 4A, Fig. S9). The 336 

PSMA inhibitor and the primary/secondary antibody complex were both internalized 337 

without any evidence for mutual blocking effects. The intracellular distribution of the 338 

PSMA inhibitor and PSMA was visualized for different internalization times by STED 339 

(LNCaP) and confocal (22Rv1) microscopy. 340 

Due to biological heterogeneity, we rather state qualitative trends than quantitative 341 

numbers. Colocalization trends can be illustrated in pixel fluorograms (37) 342 

(hereinafter referred to as fluorograms; for details, see Supplementary Methods). For 343 

visualizing the time-dependent changes in the colocalization of PSMA inhibitor and 344 

PSMA, we subdivided the fluorograms of all dual color STED/confocal images in 345 

three defined sections separating (i) the PSMA antibody signal only (top section), (ii) 346 

the colocalizing signal (middle section) and (iii) the PSMA inhibitor signal only 347 

(bottom section). The background (quarter circle in bottom left corner) was set to the 348 

average intensity of Glu-urea-Lys-HBED-CC-STAR RED after 24 h of internalization 349 

(Fig. 4B). 350 
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For short internalization times, the PSMA inhibitor signal (red) and the PSMA 351 

antibody signal (cyan) strongly colocalized in one fraction (white) falling into the 352 

middle section of the fluorogram representing specific binding of the PSMA inhibitor 353 

to PSMA in the plasma and vesicle membrane (Fig. 4C, Fig. S10). The 354 

corresponding PCC peaked at 30 min with r(LNCaP)=0.65±0.08 (N=9) and 355 

r(22Rv1)=0.70±0.06 (N=15). During the first hour of internalization, continuing 356 

colocalization of the signals at the membrane of cytoplasmic vesicles was detected 357 

with an average PCC of r(LNCaP)=0.54±0.09 (N=43) and r(22Rv1)=0.65±0.07 358 

(N=56). 359 

However, around 45 min, the cyan fraction (PSMA antibody) started to increase 360 

section and the red fraction (PSMA inhibitor) 361 

started to slowly vanish into the background. Over time, the relative intensities of both 362 

signals in the foreground of the middle section of the fluorogram, and thus the 363 

colocalizing fraction, significantly declined. The relative intensity of the PSMA 364 

inhibitor in the entire foreground of the fluorogram (all three sections taken together) 365 

significantly decreased while it increased in the entire background. However, the 366 

relative intensity of PSMA changed neither in the entire foreground nor in the entire 367 

background (Fig. 4C, Fig. S10, Fig. S11A-E). 368 

These trends illustrate the gradual release of the PSMA inhibitor from PSMA. The 369 

PSMA inhibitor signal initially distributed homogeneously in the vesicles (Fig. 4D) and 370 

finally dispersed in the cytoplasm after >3 h of internalization (Fig. 4E and F, Fig. 371 

S11F, Table S8). At these times, the PSMA antibody signal was still detected at the 372 

vesicle membrane and additionally in dotted patches at the cell membrane, 373 

presumably representing recycled PSMA (see next subsection). 374 
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At later time points (6 h, 24 h), no significant further changes of the signal distribution 375 

were observed (Fig. S11A-F) and the colocalization between PSMA inhibitor and 376 

PSMA was significantly reduced with an average PCC of r(LNCaP)=0.25±0.12 377 

(N=18) and r(22Rv1)=29±0.15 (N=21). Photobleaching was found to be negligible as 378 

the ratio of the integrated fluorescence intensities did not drastically change over time 379 

with an average of 1.17±0.35 (LNCaP N=57, PSMA to PSMA inhibitor). Dye-380 

dependent effects could be excluded by substantiating the results of Glu-urea-Lys-381 

HBED-CC-STAR RED with Glu-urea-Lys-HBED-CC-STAR 635P and the results of 382 

PSMA STAR 600 IF with PSMA STAR RED IF (Fig. S11G and H). 383 

 384 

PSMA Is Recycled in the Endosomal Compartment. 385 

To obtain more information on the PSMA recycling pathway, endosomal 386 

colocalization experiments were carried out. Living cells were immunolabeled for cell 387 

membrane-bound PSMA on ice to prevent premature PSMA internalization. 388 

Subsequently, internalization was triggered by incubation at 37°C. After different 389 

internalization times, endosomal colocalization was assessed during live cell confocal 390 

imaging experiments by staining with LysoTrackerTM Green DND-26, which is 391 

selective for both lysosomes and endosomes. With progressing internalization time, 392 

the PSMA signal increasingly overlapped with the endosomal signal and the 393 

respective PCC significantly climbed (Fig. 5A and B, Table S9), suggesting 394 

endosomal recycling of PSMA. Non-colocalizing LysoTracker signal was additionally 395 

detected due to unlabeled PSMA and non-PSMA-carrying lysosomes (Movie S5). 396 

Co-incubation with 2-PMPA, Glu-urea-Lys-HBED-CC-STAR RED or -STAR 635P did 397 

not significantly affect the degree of colocalization (Table S9). PSMA recycling was 398 

further supported by the occurrence of clustered PSMA antibody signals at the cell 399 
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membrane not colocalizing with PSMA inhibitor in confocal and STED imaging 400 

experiments after 45 min of internalization (Fig. 5C). 401 

The results were confirmed in live confocal and live STED colocalization experiments 402 

by co-staining with SiR-lysosome, which also targets both lysosomes and 403 

endosomes (Fig. S12A, Movie S5). To exclude phototoxic influence, low light 404 

intensity confocal times-series of lysosomal dynamics were recorded after STED 405 

imaging. No qualitative difference in lysosomal movement was observed compared to 406 

control cells not exposed to high STED laser intensities (Movie S6 and S7). 407 

PSMA Binding is pH Dependent. 408 

The homogeneous cytoplasmic distribution of Glu-urea-Lys-HBED-CC-STAR RED 409 

for internalization times >3 h suggested a separation of the PSMA/PSMA inhibitor 410 

complex in the endosomes by decreasing pH. To test this hypothesis, the pH 411 

dependence of the binding properties of the PSMA antibody and the PSMA inhibitor 412 

to PSMA on LNCaP cells were assessed. In flow cytometry studies, the fractions 413 

bound at different physiologically relevant pH values in percent of the fraction bound 414 

at pH 7.0 were measured via the detected fluorescence signal of the PSMA inhibitors 415 

or the secondary antibodies. The binding of the antibody complexes (primary 416 

monoclonal anti-PSMA antibody decorated with secondary antibody conjugated to 417 

Abberior STAR 600 or Abberior STAR RED) to PSMA was not significantly affected 418 

up to an acidic pH of 4.6. In contrast, the binding of Glu-urea-Lys-HBED-CC-419 

STAR RED and -STAR 635P to PSMA was drastically reduced with increasing acidity 420 

(Fig. 5D, Tables S10 and S11). Temperature and/or pH dependent fluorophore 421 

degradation of the PSMA inhibitors could be excluded (Fig. S12B and C). 422 

  423 
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Discussion 424 

PSMA-targeted imaging and therapy has refashioned the diagnosis and the 425 

treatment of prostate cancer patients over the last years (14-16,19). In particular, 426 

endoradiotherapy with alpha- or beta-emitter radiolabeled PSMA inhibitors offers a 427 

promising treatment approach for late stage mCRPCa patients beyond established 428 

treatment options (20,21). 429 

With the development of dual-labeled PSMA inhibitors, an additional imaging 430 

modality has been successfully introduced to the clinical routine (22,23,38). Besides 431 

intraoperative fluorescence-guided surgery, the additional fluorescence property 432 

enables intracellular tracking of the dual-labeled inhibitor, making it a perfect model 433 

compound for analyzing the subcellular fate of peptidomimetic PSMA inhibitors at the 434 

nanoscale. To the best of our knowledge, the detailed subcellular fate of PSMA/ 435 

PSMA inhibitor complexes for peptidomimetic PSMA inhibitors has not been 436 

investigated with fluorescence nanoscopy so far. 437 

All existing knowledge on the mechanism of internalization and the intracellular 438 

distribution of PSMA is solely based on diffraction-limited confocal microscopy 439 

studies (11,12). The herein achieved spatial resolution is indeed sufficient to follow 440 

the coarse localization of PSMA and its inhibitors inside cells over time. However, to 441 

precisely investigate localization subtleties (e.g. cluster substructures) and to 442 

elucidate in detail the subcellular fate of PSMA and PSMA inhibitor (e.g. molecular 443 

colocalization), STED nanoscopy is the method of choice, as it combines the required 444 

spatial resolution with inherently coaligned fluorescence imaging channels (excitation 445 

multiplexed, one STED donut) (39). 446 
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Since this nanoscopy technique places special demands on the fluorophores used 447 

(40), we synthesized dual-labeled PSMA inhibitors based on PSMA-11 equipped with 448 

the STED-compatible Abberior dyes STAR RED and STAR 635P. Both conjugates 449 

exhibited high PSMA-specific binding affinities, specifically internalized fractions, 450 

specific tumor uptake in PSMA-positive lesions and high tumor-to-background ratios 451 

at early time points comparable to the parental structure (22) and reference 452 

compounds without dye (13,29). Hence, the additional fluorescence moiety does not 453 

affect the main characteristics of our conjugates (e.g. pharmacokinetic properties, 454 

tumor accumulation), making them suitable for mimicking clinically used PSMA 455 

inhibitors to study their intracellular fate with STED nanoscopy. 456 

Confocal and STED imaging as a function of time permitted the visualization of the 457 

intracellular distribution of PSMA and of our PSMA inhibitors in PSMA-expressing 458 

LNCaP and 22Rv1 cells. The data revealed an increase of the internalized PSMA 459 

inhibitor fraction over time, independently of the concentrations tested. These results 460 

support the radioactively determined in vitro data acquired with the 68Ga-labeled 461 

PSMA inhibitors in cell binding and internalization studies. 462 

Long-term PSMA inhibitor internalization experiments using confocal and STED 463 

imaging indicate enrichment in cells. These findings are in line with the in vivo time 464 

course of tumor accumulation, which agrees with our observations of a long-term 465 

accumulation of our PSMA inhibitors in prostate cancer tumor cells with a high signal-466 

to-background ratio. Non-specific signal of unbound inhibitors decreased over time, 467 

while the signal of the specifically internalized fraction remained. Targeting of non-468 

tumor tissue was very limited, but even if off-target internalization were to occur, our 469 

holographic cytometry data does not indicate cytotoxic effects by the non-470 

radiolabeled PSMA inhibitors. 471 
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STED nanoscopy allowed the visualization of structural subtleties of the cell 472 

membrane-bound PSMA fraction (assessed with both PSMA IF and PSMA inhibitor). 473 

The PSMA signal was not homogeneously distributed along the cell membrane, but 474 

rather spread into patches of oval- to round-shaped signals of different sizes, both 475 

before internalization and after PSMA recycling. We assume that these individual 476 

signals consist of varying numbers of PSMA molecules grouped in clusters at the cell 477 

membrane. PSMA clustering at the cell surface was previously suggested based on 478 

data of biochemical assays, in which it was artificially induced with antibodies. PSMA 479 

clustering is crucial not only for PSMA activation and its subsequent internalization, 480 

but also for many downstream signalling pathways directly or indirectly affecting cell 481 

proliferation (41-43) potentially explaining the slightly accelerated LNCaP division 482 

frequency and duration we observed. 483 

With STED nanoscopy, we visualized PSMA clustering at the cell surface for the first 484 

time, induced either by antibodies or by our PSMA inhibitors. During the LysoTracker 485 

colocalization experiments, we did not observe significant differences in endosomal 486 

colocalization in the presence or absence of our PSMA inhibitors, as PSMA 487 

clustering, activation and internalization was in any case induced by our PSMA IF 488 

labeling approach. 489 

During the early phase of the internalization process, cytoplasmic vesicle formation 490 

was observed. Live cell colocalization experiments suggest that the PSMA-specific 491 

internalization of peptidomimetic PSMA inhibitors is mediated via clathrin-dependent 492 

endocytosis. As resolved by STED imaging, the average vesicle diameter is more 493 

than twice the value for CCVs found in literature (35,36) but the large SD indicates a 494 

very heterogeneous vesicle population in our samples. The FWHMs of selected 495 

vesicle line profiles suggest a resolution good enough to resolve vesicles with 496 
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approx. 100 nm in diameter. Thus, we assume that we mostly detected early 497 

endosomes, as CCVs quickly uncoat and fuse to become early endosomes with 498 

diameters larger than CCVs. We could indeed confirm that PSMA itself passes the 499 

endosomal pathway to be either degraded in lysosomes or recycled back to the cell 500 

surface as previously described (10,11). 501 

Furthermore, we developed a novel non-standard live cell IF staining protocol to 502 

visualize the intracellular distribution of our PSMA inhibitors in relation to PSMA. In 503 

general, antibody staining is limited to fixed cells as antibodies are not cell membrane 504 

permeable. Here, we exploited the fact that PSMA internalization can be blocked by 505 

low temperature without impairing cell health. Thus, the entire cell membrane-bound 506 

PSMA fraction could be labeled by incubating the cells on ice. A subsequent 507 

temperature increase triggered the internalization of the antibody/PSMA/PSMA 508 

inhibitor complex (Fig. S9). While indirect IF provides strong signal amplification, our 509 

PSMA inhibitors add only one fluorophore per PSMA molecule. Despite this 510 

difference in fluorophore stoichiometry, the brightness and signal-to-noise ratio of the 511 

PSMA inhibitor signal is only slightly reduced to the immunolabeled PSMA signal. 512 

Interestingly, peptidomimetic PSMA inhibitors appear to distribute fundamentally 513 

differently on the subcellular level than PSMA antibodies used for prostate cancer 514 

immunotherapy. For short internalization times, strong colocalization was observed 515 

between PSMA and our PSMA inhibitors, but it decreased over time and eventually 516 

vanished at later time points. The PSMA/PSMA inhibitor complex dissociates during 517 

the PSMA recycling process in the endosomal compartment allowing the PSMA 518 

inhibitors initially to distribute in the endosomes but to disperse gradually 519 

homogeneously in the cytoplasm without binding to other structures. Immunolabeled 520 

PSMA remained in the vesicle membrane, eventually to be recycled back to the cell 521 
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membrane. Rajasekaran et al. previously reported on internalization and vesicle 522 

formation of antibody-targeted PSMA after 2 h of incubation (11). Our findings match 523 

these results but additionally visualize PSMA localization at later time points up to 524 

24 h. 525 

A dye-dependent effect could be excluded by interchanging the fluorescent labels for 526 

immunolabeled PSMA and PSMA inhibitor. It could additionally be shown that the 527 

spectral properties of our PSMA inhibitors were not sensitive to acidic pH or elevated 528 

temperature and, as unnatural inhibitors of PSMA, our conjugates are presumably 529 

intrinsically inert to lysosomal digestion. 530 

Remarkably, significant differences in the binding affinity to PSMA at acidic pH were 531 

detected between the antibody and PSMA inhibitor. The interaction between PSMA 532 

and PSMA inhibitor decreased drastically at acidic pH, whereas binding of the anti-533 

PSMA antibody/secondary antibody complex remained unaffected. The difference in 534 

pH sensitivity of PSMA binding is one plausible explanation for the fundamentally 535 

different intracellular distributions observed for the antibody and PSMA inhibitor. With 536 

decreasing endosomal pH, the PSMA binding affinity of the PSMA inhibitors is 537 

reduced, shifting the equilibrium between bound and unbound PSMA inhibitor 538 

towards the unbound state. We now speculate that, at endosomal pH, the acidic 539 

moieties of PSMA inhibitors are mostly protonated, allowing for endosomal escape 540 

and cytoplasmic dispersion. Following this hypothesis, unbound PSMA inhibitor 541 

would be continuously removed from the PSMA bound/unbound collective inside the 542 

endosomes. By pushing the position of the equilibrium further towards the unbound 543 

state, eventually, the entire PSMA inhibitor population would be located inside the 544 

cytoplasm, a process simply driven by entropy. Finally, t is 545 

assumed to trap the PSMA inhibitors inside the cell by deprotonating their acidic 546 
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 However, 547 

further studies on externalization and membrane permeability need to confirm this 548 

hypothesis. 549 

The performance of prostate cancer targeting inhibitors in diagnostics and therapy 550 

highly depends on their cell binding and internalization properties as well as on their 551 

subcellular localization. This study describes the intracellular distribution of PSMA 552 

and peptidomimetic PSMA inhibitors at the nanometer scale for the first time. STED 553 

fluorescence nanoscopy allows insights into the internalization and precise 554 

localization of both PSMA inhibitors and of PSMA itself at clinically relevant time 555 

points. As observed in this study, strong and specific internalization in combination 556 

557 

affording high imaging contrasts while sparing healthy tissue and preventing off-558 

559 

560 

therapeutic efficiency of the peptidomimetic inhibitors. The homogeneous dispersion 561 

of PSMA inhibitors in prostate cancer cells after internalization, which we have 562 

demonstrated here for the first time, is of particular interest in endoradiotherapy, for 563 

which this dispersed cytoplasmic distribution potentially leads to beneficial effects. 564 

Intracellular accumulation and localization in nuclear proximity may allow a more 565 

target-oriented application of effectively higher local radiation doses  especially with 566 

high linear energy transfer alpha particles - resulting in potent DNA damage and 567 

subsequent apoptosis. 568 

We expect our results to fuel further ligand development, not only in the field of 569 

prostate cancer. Our findings will hopefully boost the development of refined and/or 570 
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new targeting strategies for diagnostic and therapeutic approaches in prostate cancer 571 

and other human cancer treatment.  572 
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Figure Legends 729 

Fig. 1. Chemical structure and basic in cellulo characterization of STED-730 

compatible dual-labeled PSMA inhibitors. (A) The conjugates consist of the PSMA 731 

-urea- -732 

  jugated via 733 

PEG2 linker (black). (B) Confocal images of LNCaP and 22Rv1 cells after incubation 734 

with 50 nM (LNCaP) and 250 nM (22Rv1) Glu-urea-Lys-HBED-CC-STAR RED for 735 

15 min (LNCaP) and 45 min (22Rv1). Scale bars, 10 µm. (C) Frequency and (D) 736 

duration of cell division of untreated (LNCaP, green: experiments N=13, divisions 737 

N=347; 22Rv1, pale green: experiments N=6, divisions N=1029) and treated (100 nM 738 

Glu-urea-Lys-HBED-CC-STAR RED, LNCaP, red: experiments N=16, divisions 739 

N=624; 22Rv1, pale red: experiments N= 5, divisions N=1029 / 100 nM Glu-urea-Lys-740 

HBED-CC-STAR 635P, LNCaP, blue: experiments N=14, divisions N=408; 22Rv1, 741 

pale blue: experiments N=5, divisions N=940) cells assessed by holographic time-742 

lapse cytometry. Box plot indicates the interquartile range (box), the outer-most data 743 

points falling within 1.5× interquartile range (whiskers), the median (center line) and 744 

the mean (triangle). Significance: * p<0.5, ** p<0.05, *** p<0.005. The results are 745 

summarized in Table S3. 746 

 747 

Fig. 2. Organ distribution and small-animal PET imaging study of 68Ga-labeled 748 

STED-compatible dual-labeled PSMA inhibitors. (A) Organ distribution and 749 

corresponding tumor-to-organ (T/O) ratios of 60 pmol [68Ga]Ga-Glu-urea-Lys-HBED-750 

CC-STAR RED (red) and [68Ga]Ga-Glu-urea-Lys-HBED-CC-STAR 635P (blue) at 1 h 751 

p.i.. Data are expressed as mean ± SD (N=3). The results are summarized in Table 752 

S4. (B) From left to right: Confocal images of 5 nmol [68Ga]Ga-Glu-urea-Lys-HBED-753 
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CC-STAR RED (red) and DAPI (blue) in tumor tissue cryosections at 1 h p.i. and of 754 

5 nmol [68Ga]Ga-Glu-urea-Lys-HBED-CC-STAR RED (red) and autofluorescence 755 

(green) in muscle tissue cryosections at 1 h p.i.. Scale bar, 10 µm. (C) Whole-body 756 

maximum intensity projections of 0.5 nmol [68Ga]Ga-Glu-urea-Lys-HBED-CC-757 

STAR RED ( 50 MBq) in LNCaP- (left) and PC-3- (right) tumor-bearing athymic nude 758 

mice (right trunk) 120 min p.i. obtained from small animal PET imaging. (D) 759 

Corresponding time activity curves for tumor and muscle (left) and for other organs 760 

(right). SUV=standardized uptake value. 761 

 762 

Fig. 3. STED imaging of Glu-urea-Lys-HBED-CC-STAR RED after PSMA binding 763 

and clathrin-mediated endocytosis. (A) Overview confocal (bottom) and STED 764 

(top) image of LNCaP cells after incubation with 100 nM PSMA inhibitor for 45 min. 765 

STED imaging resolves a heterogeneous distribution of PSMA inhibitor bound PSMA 766 

with areas of higher and lower PSMA density. Marked membrane regions (dotted 767 

cyan lines) in the overview are shown as magnified STED close-ups on the right. 768 

Scale bar overview, 5 µm; scale bar close-ups, 2 µm. (B) Cytoplasmic vesicle shown 769 

in confocal (top) and STED (bottom) mode exemplifying the resolution improvement 770 

of STED. White arrows indicate the direction of line profiles (drawn on raw data) 771 

depicted in (C) of the STED (orange) and confocal (gray) data. Pixel size is 20 nm for 772 

both confocal and STED image. Scale bar, 250 nm. (D) Confocal image (left) of a 773 

LNCaP cell after incubation with 100 nM PSMA inhibitor for 1 h at 37°C showing 774 

different vesicle densities in the cytoplasm with accumulation favorably in filopodia. 775 

The marked vesicles are depicted as STED close-ups on the right. Scale bar cell, 776 

10 µm; scale bar vesicles, 250 nm. (E) To prove clathrin-mediated endocytosis, 777 

colocalization between SNAP-tagged CLC labeled with 610CP (gray) and PSMA 778 
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inhibitor (red) was analyzed as illustrated in the sketch (top, ex  extracellular, cyto  779 

cytoplasm). Exemplary dual color live cell confocal image (bottom) of a CCV after 780 

incubation with 50 nM PSMA inhibitor for 15 min. Scale bar, 500 nm. (F781 

correlation coefficient between SNAP-tagged CLC and PSMA inhibitor. Data are 782 

expressed as mean ± SD (10 min N=7, 15 min N=14). Significance: *** p<0.005. The 783 

results are summarized in Table S6. (G) Size distribution of endoplasmic vesicles in 784 

LNCaP (left) and 22Rv1 (right) cells after 30/45/60 min of internalization time with 785 

100 nM PSMA inhibitor (ns  no significant differences). The fluorescence signal of 786 

individual vesicles was fitted with a two-dimensional ring function (LNCaP: 30 min 787 

N=50, 45 min N=50, 60 min N=50; 22Rv1: 30 min N=81, 45 min N=38, 60 min N=59). 788 

Box plot indicates the interquartile range (box), the outer-most data points falling 789 

within 1.5× interquartile range (whiskers), the median (center line) and the mean 790 

(triangle). The results are summarized in Table S7. All STED data shown are 791 

background corrected and linearly deconvolved. Fig. S7 illustrates the post 792 

processing steps from raw data to background corrected and linearly deconvolved 793 

data. All confocal data shown are raw data except for (E). 794 

 795 

Fig. 4. Intracellular fate of the PSMA/PSMA inhibitor complex. (A) Sketch of the 796 

novel dual-staining approach targeting PSMA with indirect IF and PSMA inhibitor (ex 797 

 extracellular, cyto  cytoplasm). (B) Definition of fluorogram sections (for details 798 

see text). (C) Exemplary fluorograms (top) and corresponding STED images (bottom) 799 

of LNCaP cells STAR 600-immunolabeled for PSMA (cyan) and co-incubated with 800 

100 nM Glu-urea-Lys-HBED-CC-STAR RED (red) for different internalization times. 801 

All scale bars, 5 µm. (D) Exemplary STED images of cytoplasmic vesicles in LNCaP 802 

(top) and 22Rv1 (bottom) cells. After internalization, PSMA (cyan) and PSMA 803 
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inhibitor (red) first colocalize at the vesicle membrane (left). Within the first hour of 804 

internalization, the PSMA/PSMA inhibitor complex segregates and the inhibitor 805 

initially distributes homogeneously in the vesicles (right). Scale bar, 250 nm. (E) 806 

Exemplary confocal images of LNCaP (top) and 22Rv1 (bottom) cells after 30 min 807 

(left) and after 6 h of internalization of 100 nM Glu-urea-Lys-HBED-CC-STAR RED 808 

(right) showing that the PSMA inhibitor eventually disperses in the cytoplasm. Scale 809 

bar, 5 µm. (F) Quantification of the extracellular (gray) and cytoplasmic ((pale) 810 

orange) background of STED images of LNCaP cells (top) and of confocal images of 811 

22Rv1 cells (bottom) after 30 min and after 6 h of incubation with 100 nM Glu-urea-812 

Lys-HBED-CC-STAR RED (LNCaP: ex 30 min N=32, cyto 30 min N=32, ex 6 h 813 

N=48, cyto 6 h N=48; 22Rv1: ex 30 min N=48, cyto 30 min N=48, ex 6 h N=88, cyto 814 

6 h N=88). Box plot indicates the interquartile range (box), the outer-most data points 815 

falling within 1.5× interquartile range (whiskers), the median (center line) and the 816 

mean (triangle). Significance: *** p<0.005. The results are summarized in Table S8. 817 

All STED data shown are background corrected and linearly deconvolved. All 818 

confocal data shown are raw data. 819 

 820 

Fig. 5. Endosomal recycling of PSMA after pH dependent PSMA/PSMA inhibitor 821 

complex segregation. (A) Exemplary confocal images (top) of living LNCaP (left) 822 

and 22Rv1 (right) cells STAR 600-immunolabeled for PSMA (cyan) and incubated 823 

with 500 nM LysoTrackerTM Green DND-26 (magenta) after >20 h internalization 824 

time. Marked endosomes (white arrows) are depicted as close-ups (bottom) with 825 

PSMA shown in STED mode and the STED-incompatible LysoTracker in confocal 826 

mode. Exemplary LNCaP movie is supplied (Movie S5). Scale bar overview, 5 µm; 827 

scale bar close-ups, 500 nm. (B) 828 
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immunolabeled PSMA and LysoTrackerTM Green DND-26 in living LNCaP and 22Rv1 829 

cells. Data are expressed as mean ± SD (LNCaP 1 h N=21, +20 h N=26; 22Rv1 1 h 830 

N=39, +20 h N=81). Significance: *** p<0.005. The results are summarized in Table 831 

S9. (C) Exemplary STED image of a LNCaP cell (left) and exemplary confocal image 832 

of a 22Rv1 cell (right) STAR 600-immunolabeled for PSMA (cyan) and incubated with 833 

100 nM Glu-urea-Lys-HBED-CC-STAR RED (red) for 1 h (LNCaP) and 6 h (22Rv1) 834 

of internalization time. Marked regions (dotted yellow line) are depicted as STED 835 

close-ups showing recycled PSMA at the cell membrane. Scale bar cell, 5 µm; scale 836 

bar close-ups, 2 µm. (D) Quantification of pH dependence of PSMA binding of the 837 

primary and secondary antibody (either STAR RED- or STAR 600-labeled) complex, 838 

Glu-urea-Lys-HBED-CC-STAR RED and -STAR 635P to LNCaP cells by flow 839 

cytometry. Binding percentage was calculated based on normalizing binding to 100% 840 

at pH 7.0. Data are expressed as mean ± SD (N=3). Significance: ** p<0.05, 841 

*** p<0.005. The results are summarized in Table S10. All STED data shown are 842 

background corrected and linearly deconvolved. All confocal data shown are 843 

background corrected. The LysoTrackerTM Green DND-26 confocal data of the 844 

22Rv1 close-ups in (A) are additionally smoothed with a Gaussian low pass filter with 845 

a width of one pixel. 846 
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