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Simple Summary: Currently, there is no effective treatment that can cure metastatic prostate cancer.
Various pros-tate specific membrane antigen (PSMA)-targeted radioimaging and radiotherapy agents
have en-tered clinical trials; however, no PSMA-targeted chemotherapy is currently in clinical trials.
We used a small molecular weight PSMA ligand and developed a new prodrug PSMA-1-VcMMAE.
Although the linker and the payload drug monomethyl auristatin E (MMAE) have been widely used
in antibody–drug conjugate (ADC) development, it has never been tried as a combination with a
PSMA targeting ligand. Our PSMA-targeting drug conjugate showed potent and selective in vitro
and in vivo antitumor activity with no toxicity observed. It has superior therapeutic index and will
likely impact therapeutic management of lethal prostate cancers.

Abstract: Metastatic castration-resistant prostate cancer poses a serious clinical problem with poor
outcomes and remains a deadly disease. New targeted treatment options are urgently needed. PSMA
is highly expressed in prostate cancer and has been an attractive biomarker for the treatment of
prostate cancer. In this study, we explored the feasibility of targeted delivery of an antimitotic drug,
monomethyl auristatin E (MMAE), to tumor tissue using a small-molecule based PSMA lig-and.
With the aid of Cy5.5, we found that a cleavable linker is vital for the antitumor activity of the
ligand–drug conjugate and have developed a new PSMA-targeting prodrug, PSMA-1-VcMMAE.
In in vitro studies, PSMA-1-VcMMAE was 48-fold more potent in killing PSMA-positive PC3pip
cells than killing PSMA-negative PC3flu cells. In in vivo studies, PSMA-1-VcMMAE significantly
inhibited tumor growth leading to prolonged animal survival in different animal models, including
metastatic prostate cancer models. Compared to anti-PSMA antibody-MMAE conjugate (PSMA-ADC)
and MMAE, PSMA-1-VcMMAE had over a 10-fold improved maximum tolerated dose, resulting
in improved therapeutic index. The small molecule–drug conjugates reported here can be easily
synthesized and are more cost efficient than anti-body–drug conjugates. The therapeutic profile
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of the PSMA-1-VcMMAE encourages further clin-ical development for the treatment of advanced
prostate cancer.

Keywords: prostate cancer; prostate specific membrane antigen (PSMA); prodrug; monomethyl
auristatin E (MMAE)

1. Introduction

Prostate cancer is the most common malignancy and the second leading cause of
cancer death in men in the United States [1]. Patients with localized disease can be treated
with radical prostatectomy and/or radiation therapy [2]. Patients with metastatic prostate
cancer can be temporarily treated with androgen deprivation strategies, however, the
overwhelming majority of patients with metastatic disease eventually experience disease
progression and evolve into a new disease state called metastatic castration-resistant
prostate cancer (mCRPC) [3], which has a low survival rate. Since the approval of docetaxel
in 2004, eight therapeutics and/or combinations have been approved by the FDA for
mCRPC treatment [2,4,5]. However, in randomized controlled trials, generally comparing
the treatment group to mitoxantrone, the only FDA approved chemotherapy for advanced
prostate cancer before docetaxel’s approval in 2004, survival benefit for all of these agents
was less than four months [2]. This year mCRPC is expected to kill 33,330 patients in the
United States alone [1], underscoring the need for new therapies.

Cytotoxic drugs are broadly used to treat cancers and have changed the natural course
of some cancers [6], however, multidrug resistance and side effects have considerably
reduced their usefulness and necessitates the search for more effective chemotherapies.
Efforts aimed at improving the quality of treatment for cancer patients have focused on
alternative methods to both maintain the effectiveness of chemotherapeutic drugs and
minimize systemic toxicity, e.g., targeted drug delivery. Among these novel approaches,
the conjugation of cytotoxic agents to humanized antibodies (also known as antibody–
drug conjugates, ADCs) has begun to gain momentum among the basic and translational
cancer research community [7]. Four ADCs, ado-trastuzumab emtansine (Kadcyla®) [8],
brentuximab vedotin (Adcetris®) [9], inotuzumab ozogamicin (Besponsa) [10], and gem-
tuzumab ozogamicin (Mylotarg) [11] have been FDA approved and are marketed in the
United States; over 30 ADCs are currently undergoing clinical studies [12]. Despite some
promising results, there are limitations for ADCs, which have resulted in clinical trial fail-
ures. Antibodies themselves can elicit immunogenic responses [13] and ADCs are slowly
cleared from nontargeted organs leading to undesired side effects [14,15]. Moreover, the
production of antibodies is often low throughput and therefore not cost efficient. Owing to
the inherent advantages from their small size, nonimmunogenic nature, and much more
manageable synthesis, small organic molecules targeting specific tumor markers have been
proposed as a viable alternative to antibodies to synthesize small molecule–drug conjugates
(SMDC) for targeted drug delivery [16–18].

Prostate-specific membrane antigen (PSMA) is a type II transmembrane protein that
is overexpressed (by 100–1000 fold) by virtually all prostate cancers. PSMA expression
is further increased in poorly differentiated, metastatic, hormone-refractory carcinomas
and in cancer cells from castration-resistant prostate cancer patients [19–22]. Increased
PSMA expression is correlated with the risk of early prostate cancer recurrence after radical
prostatectomy [20,23,24]. PSMA is reported to have a robust baseline internalization rate of
60% of its surface PSMA in 2 h, making it an ideal target for imaging and therapy [25]. Two
PSMA-targeted ADCs, MLN2704 (PSMA-antibody MLN591-maytansine conjugate) [26]
and PSMA-ADC (PSMA-antibody-monomethyl auristatin E (MMAE)) conjugate [27], were
reported; however, both of them failed in clinical trials due to toxicity generated during their
long circulation in the body. Over the last few years, the number of clinical studies using
PSMA ligands to develop radiolabeled imaging agents [28–33] and radiotherapeutics, e.g.,
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β-therapy 177Lu-PSMA617 [34] and 177Lu-PSMA I&T [33]; α-therapy 225Ac-PSMA617 [35]
and 213Bi-PSMA617 [36], has dramatically increased with significant clinical results. These
PSMA-targeted agents also demonstrate the superb selectivity of the PSMA ligands for
prostate cancers. While many efforts have been focused on the development of PSMA-
targeted imaging and radionuclide therapy, there are few examples of small-molecule
PSMA-targeted chemotherapeutics [37–40] and they all used 2-(3-(1,3-dicarboxypropyl)-
ureido) pentanedioic acid (DUPA) to deliver the drugs, which has Ki = 8 nM to PSMA
receptor [37]. We have previously developed a highly negatively charged PSMA ligand
that has binding affinity 5-fold higher than the parent PSMA ligand, (S)-2-(3-((S)-5-amino-
1-carboxypentyl)ureido) pentanedioic acid (ZJ24, Ki = 0.3 nM) [37,41], and have achieved
excellent results with near-infrared agents, PDT agents, and gold nanoparticles with this
negatively charged ligand [42–47]. In this study, we have exploited this higher-affinity
ligand, PSMA-1 [43], to selectively deliver the very potent microtubule disruption drug,
monomethyl auristatin E (MMAE), to prostate cancer cells. The scientific premise of
this work is that using a small molecule to selectively target a chemotherapeutic drug
to PSMA will improve pharmacokinetics and enable more precise chemotherapy with
lower side-effects, thusly eliminating the hurdles that prevented PSMA-ADC from moving
forward.

Having a ligand with high binding affinity to PSMA, the other two major compo-
nents for ADC and SMDC design are payloads and linker. For payload selection, the
best approaches are those with extremely potent drugs that have a low-nanomolar or
subnanomolar EC50 [18]. The most commonly used drugs include MMAE [9,48,49] and
maytansine [8,50,51]. We selected MMAE as our payload because of its high potency
and demonstrated efficacy in ADCs including brentuximab vedotin for different types of
cancers [9,48,49]. The other vital component is the linker that forms a chemical connection
between the ligand and the drug. An ideal linker should be sufficiently stable in the
circulation to allow the drug to remain attached to the binding moiety, but at the same time
should allow efficient active drug once the conjugate is taken up by the cancer cells [52,53].
Conventionally, there are two families of linkers, cleavable and noncleavable linkers. For
cleavable linkers, the goal is that the chemical bond formed between the binding moiety
and the payload is cleaved intracellularly releasing intact active drug. The most com-
monly used release mechanisms for linkers are protease-sensitivity, pH-sensitivity, and
glutathione-sensitivity. If employed correctly the use of cleavable linkers can result in a
targeted drug that is inactive until the drug is released, i.e., a prodrug. For noncleavable
linkers, the conjugates enter the cells and there is no release mechanism, i.e., the conjugate
has full drug activity [52,54]. In this study we sought to develop a prodrug approach,
first determining the impact of a cleavable self-immolative maleimido-caproyl-Val-Cit-
PABC linker (Vc) and noncleavable maleimido-caproyl linker (Mc) on antitumor activity of
ligand–drug conjugates with the aid of a near-infrared (NIR) fluorescent dye Cy5.5 labeling.
Our results showed that the drug release is possible and crucial for the antitumor activ-
ity. Further in vivo antitumor activity studies in heterotopic, orthotopic, and metastatic
prostate cancer models in mice showed that PSMA-targeted prodrug strategy selectively
and effectively inhibited PSMA-expressing tumor growth and prolonged animal survival
with no obvious toxicity. More importantly, PSMA-1-VcMMAE also had a much more
favorable therapeutic index than either MMAE or PSMA-ADC.

2. Results
2.1. A Prodrug Strategy Is Crucial for Antitumor Activity
2.1.1. Binding Affinity of PSMA-Targeted MMAE-Cy5.5 Conjugates

To determine which linker would be most suitable, we synthesized PSMA-1-VcMMAE-
Cy5.5 with a cathepsin cleavable linker (Figure 1A) and PSMA-1-McMMAE-Cy5.5 with
noncleavable linker (Figure 1B). In both molecules Cy5.5 was linked to the terminal Lys
residue on PSMA-1-Cys-C6-Lys to allow visualization of the drug conjugates. Our PSMA-1
ligand is rationally designed based on the fact that the S1 binding pocket of PSMA is
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arginine-rich and is highly positively charged [43]. The ligand has three D-glutamic acids
in the structure to form strong ion pairs with the positively charged guanidine groups of
arginine in the substrate binding pocket of PSMA. A C6-linker is included to optimize the
steric hindrance, thus leading to better fit and binding characteristic [43]. Competition bind-
ing experiments demonstrated that the complexity of the drug conjugates did not impact
their binding affinity to PSMA; PSMA-1-VcMMAE-Cy5.5 showed an IC50 of 3.65 nM and
PSMA-1-McMMAE-Cy5.5 had an IC50 of 4.88 nM, both similar to unconjugated PSMA-1,
IC50 = 2.30 nM [43] and significantly lower than the parent ZJ24 ligand [41], IC50 = 11.73 nM
(Figure 1C). These results concurred with our previous studies that inclusion of a large
group to PSMA-1 ligand does not impact its binding affinity to PSMA [43,44].
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Figure 1. Novel Prostate specific membrane antigen (PSMA)-targeted drug conjugates. (A) Structure of PSMA-1-VcMMAE-
Cy5.5 which has a cleavable linker (in blue color). (B) Structure of PSMA-1-McMMAE-Cy5.5 which has a noncleavable linker
(in purple color). (C) In vitro competition binding results of PSMA-targeted drug conjugates. Values are mean ± SD of
triplicates. PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5 showed similar binding affinity. (D) In vitro cathepsin
cleavage of PSMA-1-VcMMAE-Cy5.5. Values are mean ± SD of triplicates. (E) In vitro cathepsin cleavage of PSMA-1-
McMMAE-Cy5.5. Values are mean ± SD of triplicates.

2.1.2. Cathepsin Cleavage of PSMA-Targeted MMAE-Cy5.5 Conjugates

Cathepsin is a prevalent protease that PSMA internalized ligands will encounter as
they enter into late endosomes/lysosomes [55]. To investigate if PSMA-targeted drug con-
jugates were cleavable by cathepsin B, the two conjugates were incubated with or without
cathepsin protease and chromatographed by high performance liquid chromatography
(HPLC). When the conjugates were incubated with PBS, both PSMA-1-VcMMAE-Cy5.5
(Figure 1D) and PSMA-1-McMMAE-Cy5.5 (Figure 1E) were stable. In the presence of
cathepsin, PSMA-1-VcMMAE-Cy5.5 degraded rapidly with a half-life at 0.33 h, releasing
intact MMAE, while PSMA-1-McMMAE-Cy5.5 remained intact (Figure 1D,E and Figure S1).
The results demonstrated that PSMA-1-VcMMAE-Cy5.5 can be cleaved by cathepsin, while
PSMA-1-McMMAE-Cy5.5 is not cleavable by the protease.
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2.1.3. Cellular Uptake Studies

To determine if PSMA-targeted drug conjugates would result in selective cellular
binding and uptake, in vitro uptake studies were performed in both PSMA-positive PC3pip
and PSMA-negative PC3flu cells. Similar levels of fluorescence uptake into PC3pip cells
were observed after treatment with either PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-
Cy5.5 and the fluorescence signals were localized to the lysosomal compartment of the cells,
which was detected by LysoOrange (Figure 2 and Figure S2), while no fluorescence signal
was observed in PC3flu cells. Presence of an excess amount of PSMA-1 ligand completely
blocked the fluorescence in PC3pip cells, indicated that binding of the two conjugates was
selective for the PSMA receptor expressed on the PC3pip cells.
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targeted drug conjugates. Cells were incubated with 50 nM of drug conjugates for 4 h. Nuclei were stained by DAPI and
are false colored blue, lysosomes were detected by LysoOrange and are false colored green, and drug conjugates are false
colored red. Selective uptake was observed only in PC3pip cells and the conjugates were mainly located in lysosomes.
Specificity of drug conjugates for PSMA binding was evaluated by including 1 mM of unlabeled PSMA-1 ligand during
incubations. Signal in PC3pip cells was significantly competed by PSMA-1, suggesting the binding is selective. Images are
taken at 40×. Representative images are shown from three independent experiments.

2.1.4. Disruption of α-Tubulin

It is known that MMAE inhibits cell division by destabilization of α-tubulin [56]. To
further validate the biological consequence of MMAE-conjugate treatment, in vitro im-
munofluorescence staining of α-tubulin was performed (Figure 3A). Incubation with PSMA-
1-VcMMAE-Cy5.5 led to selective tubulin disruption of the microtubule network in PC3pip,
causing them to round up and lose the spindle structure; conversely, no obvious changes
in α-tubulin structure was observed in PC3flu cells treated with PSMA-1-VcMMAE-Cy5.5.
In contrast to PSMA-1-VcMMAE-Cy5.5, no apparent disruption of tubulin was observed
in PC3pip or PC3flu cells when treated with the same concentration of the noncleavable
PSMA-1-McMMAE-Cy5.5, suggesting drug release is required for activity.



Cancers 2021, 13, 417 6 of 21

Cancers 2021, 13, x  6 of 21 
 

 

of the noncleavable PSMA-1-McMMAE-Cy5.5, suggesting drug release is required for ac-
tivity. 

 
Figure 3. In vitro disruption of α-tubulin and cytotoxicities of PSMA-1-MMAE-Cy5.5 conjugates. (A) Immuno-detection 
of α-tubulin. Cells were treated with 5 nM of drugs for 24 h then fixed and stained by Alexa Fluor 488-labeled α-tubulin 
antibody (false color green). Selective disruption in PC3pip cells was observed by immunofluorescence only when cells 
were treated with PSMA-1-VcMMAE-Cy5.5. Images were taken at 40X. Representative images are shown from three in-
dependent experiments. (B) In vitro cytotoxicity of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5 to PSMA-
positive PC3pip cells and PSMA-negative PC3flu cells after 72-h incubation. Values are mean ± SD of six replicates. (C) In 
vitro cytotoxicity of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5 to PC3pip and PC3flu cells after 72-h incu-
bation in the presence of E64, a protease inhibitor. Values are mean ± SD of six replicates. 

2.1.5. In Vitro Cytotoxicity of PSMA-Targeted MMAE-Cy5.5 Conjugates 
To compare the potency of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5, 

cytotoxicity studies were performed in both PSMA-positive PC3pip and PSMA-negative 
PC3flu cells. PSMA-1-VcMMAE-Cy5.5 was about 20-fold more potent at killing PSMA-
positive PC3pip cells (EC50 = 0.84 nM) than PSMA-negative PC3flu cells (EC50 = 17.0 nM) 
(Figure 3B). In contrast, PSMA-1-McMMAE-Cy5.5 was ineffective for cell killing and no 
EC50 values could be obtained for either PC3pip or PC3flu cells for the concentrations 
tested. These results agreed with the cellular uptake and disruption of α-tubulin studies. 
To confirm protease dependent activation of PSMA-1-VcMMAE-Cy5.5, we performed in 
vitro cell killing studies including 50 μM of a wide spectrum protease inhibitor E64 [57] 
(Figure 3C). Coincubation with 50 μM of protease inhibitor E64 reduced the potency of 
PSMA-1-VcMMAE-Cy5.5 to kill PC3pip cells from 0.84 to 3.66 nM, suggesting PSMA-1-
VcMMAE-Cy5.5 acts as a prodrug dependent on protease activation. 

2.1.6. In Vivo Fluorescence Imaging of PSMA-Targeted MMAE-Cy5.5 Conjugates 
To demonstrate selective tumor uptake in vivo, mice bearing both PC3flu and PC3pip 

tumors were injected with 40 nmol/kg of PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-

Figure 3. In vitro disruption of α-tubulin and cytotoxicities of PSMA-1-MMAE-Cy5.5 conjugates. (A) Immuno-detection
of α-tubulin. Cells were treated with 5 nM of drugs for 24 h then fixed and stained by Alexa Fluor 488-labeled α-tubulin
antibody (false color green). Selective disruption in PC3pip cells was observed by immunofluorescence only when cells were
treated with PSMA-1-VcMMAE-Cy5.5. Images were taken at 40X. Representative images are shown from three independent
experiments. (B) In vitro cytotoxicity of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5 to PSMA-positive PC3pip
cells and PSMA-negative PC3flu cells after 72-h incubation. Values are mean ± SD of six replicates. (C) In vitro cytotoxicity
of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5 to PC3pip and PC3flu cells after 72-h incubation in the presence
of E64, a protease inhibitor. Values are mean ± SD of six replicates.

2.1.5. In Vitro Cytotoxicity of PSMA-Targeted MMAE-Cy5.5 Conjugates

To compare the potency of PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5,
cytotoxicity studies were performed in both PSMA-positive PC3pip and PSMA-negative
PC3flu cells. PSMA-1-VcMMAE-Cy5.5 was about 20-fold more potent at killing PSMA-
positive PC3pip cells (EC50 = 0.84 nM) than PSMA-negative PC3flu cells (EC50 = 17.0 nM)
(Figure 3B). In contrast, PSMA-1-McMMAE-Cy5.5 was ineffective for cell killing and no
EC50 values could be obtained for either PC3pip or PC3flu cells for the concentrations
tested. These results agreed with the cellular uptake and disruption of α-tubulin studies.
To confirm protease dependent activation of PSMA-1-VcMMAE-Cy5.5, we performed
in vitro cell killing studies including 50 µM of a wide spectrum protease inhibitor E64 [57]
(Figure 3C). Coincubation with 50 µM of protease inhibitor E64 reduced the potency of
PSMA-1-VcMMAE-Cy5.5 to kill PC3pip cells from 0.84 to 3.66 nM, suggesting PSMA-1-
VcMMAE-Cy5.5 acts as a prodrug dependent on protease activation.

2.1.6. In Vivo Fluorescence Imaging of PSMA-Targeted MMAE-Cy5.5 Conjugates

To demonstrate selective tumor uptake in vivo, mice bearing both PC3flu and PC3pip
tumors were injected with 40 nmol/kg of PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-
Cy5.5 and uptake was monitored via fluorescence imaging over time (Figure 4). Similar
selective uptake was observed in PC3pip tumors for both conjugates, peaking at 24-h
post-injection followed by a prolonged clearance. At 24-h post-injection there was little to
no detectable uptake in PSMA-negative PC3flu tumors (Figure 4A,B). Ex vivo imaging of
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tissues at 72-h post-injection showed that fluorescence was mainly retained in the PSMA-
expressing tumor; no/minimal fluorescence was detected in other organs (Figure 4C).
Further fluorescence imaging of sectioned tumors showed that fluorescence signal was
only observed in PC3pip tumor (Figure 4D).

Figure 4. In vivo fluorescence image of PSMA-1-MMAE-Cy5.5. (A) In vivo Maestro imaging of a typical mouse bearing
heterotopic PC3pip and PC3flu tumors treated with 40 nmol/kg of drug conjugates through i.v. injection. Representative
images are shown of n = 5. Selective uptake was observed in PC3pip tumors. (B) Quantification of fluorescent signal
intensity in PC3pip and PC3flu tumors. Values are mean ± SD of five animals. (C) Ex vivo imaging of mouse organs at 72-h
post-injection. Fluorescent signal in PC3pip tumor was significantly higher than in other organs. Representative images are
shown of n = 5. (D) Representative fluorescence images of sectioned tumors. DAPI is false colored blue and Cy5.5 is false
colored red. Cy5.5 fluorescence signal was observed in PC3pip tumors (n = 5).

2.1.7. In Vivo Antitumor Activity of PSMA-Targeted MMAE-Cy5.5 Conjugates

We next compared the antitumor activity of the two conjugates in mice bearing a
flank PC3pip tumor. Each animal received 160 nmol/kg of PSMA-1-VcMMAE-Cy5.5 or
PSMA-1-McMMAE-Cy5.5 through tail vein injection every 4 days with a total of five
doses. (Dosing was based on previously published dose and schedules for antibody–
drug conjugates [27,49].) Mice were then imaged, and tumors were measured by caliper.
Quantitative Maestro fluorescence imaging showed that the average fluorescence signal in
PC3pip tumors was similar for PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5
and peaked in PC3pip tumors 24-h after each injection (day 1, day 5, day 9, day 13, and
day 17) (Figure 5A,B). The fluorescence from Cy5.5 also reflected the tumor size change
during the treatment (Figure 5A). Untreated PC3pip tumor grew rapidly achieving a 50-
fold increase in size by day 22 (Figure 5C). Mice treated with the noncleavable conjugate,
PSMA-1-McMMAE-Cy5.5, showed similar growth rate as that measured for untreated
mice. In contrast, administration of PSMA-1-VcMMAE-Cy5.5 effectively inhibited tumor
growth as early as day 6 after the initial dose. Caspase 3 staining of tumors extracted
on day 4 of treatment also showed that PSMA-1-VcMMAE-Cy5.5 induced significantly
more apoptosis than PSMA-1-McMMAE-Cy5.5 (Figure S3). These results suggested that
prodrug strategy with cleavable linker is imperative for the antitumor activity of the
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conjugates. The changes in body weight were similar between mice receiving PBS or
targeted drug conjugates, suggesting that the drug treatment is not overtly toxic to the
animals (Figure 5D). Further, in vivo antitumor activity studies of PSMA-1-VcMMAE-
Cy5.5 showed that it effectively inhibited PC3pip tumor growth and prolonged animal
survival in a dose dependent manner without loss of body weight (Figure S4A–C)). In
the group treated with 160 nmol/kg of PSMA-1-VcMMAE-Cy5.5, three out of five mice
were tumor-free at end of the 90-day study and two mice had tumors grow back. It was
found that treatment of mice that had extremely large tumors (≈2000 mm3) with PSMA-
1-VcMMAE-Cy5.5 was able to ablate the tumor (Figure S4D). These data demonstrated
the efficacy of PSMA-1-VcMMAE-Cy5.5 with the prodrug strategy. Cy5.5 is helpful in
preclinical studies for demonstrating and understanding the mechanism or the prodrug,
however, its application for clinical translation is less obvious and will add cost to drug
synthesis. We therefore designed and tested a prodrug molecule without Cy5.5 named
PSMA-1-VcMMAE (Figure 6A).

Figure 5. Treatment of mice bearing heterotopic PC3pip tumor with 160 nmol/kg of PSMA-1-MMAE-Cy5.5 conjugates.
Mice received 160 nmol/kg of either PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-Cy5.5 every 4 days with a total of
five doses (as indicated by the red arrows). (A) Fluorescence images of mice bearing PC3pip tumor treated with PSMA
targeted drug conjugates on different days. Bright fluorescent signal was observed on PC3pip tumors. Representative
images are shown of n = 5. (B) Quantification of average fluorescent signal on PC3pip tumors. The average fluorescent
signals on the tumors were about the same for both conjugates. Values are mean ± SD, n = 5. (C) In vivo tumor inhibition
of PSMA-targeted drug conjugates using heterotopic PC3pip tumors. Significant tumor regression was only observed in
mice treated with PSMA-1-VcMMAE-Cy5.5. Values represent mean ± SD of five animals. (*, PSMA-1-VcMMAE-Cy5.5
vs. PBS, p < 0.05; #, PSMA-1-VcMMAE-Cy5.5 vs. PSMA-1-McMMAE-Cy5.5, p < 0.05). (D) Body weight changes of mice
treated with PSMA-1-drug conjugates. No significant body weight loss was observed between the three groups. Values are
mean ± SD, n = 5.
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2.2. Efficacy of PSMA-1-VcMMAE
2.2.1. In Vitro Characterization of PSMA-1-VcMMAE

In vitro competition binding studies showed that PSMA-1-VcMMAE had an IC50 at
4.34 nM, which is similar to PSMA-1-VcMMAE-Cy5.5 (Figure 6B). PSMA-1-VcMMAE was
stable in PBS and incubation with cathepsin resulted in release of free MMAE from the
conjugate (Figure 6C).

In in vitro cytotoxicity studies, PSMA-1-VcMMAE selectively killed PC3pip cells with
EC50 at 4.64 nM and it was 48-fold more potent for PC3pip cells than for PC3flu cells
(Table 1). In contrast, free MMAE showed no selectivity between PC3pip and PC3flu
cells. In the presence of 10 µM of PSMA-1, the potency of PSMA-1-VcMMAE to kill
PC3pip cells was reduced, indicating that the killing is dependent on PSMA binding.
PSMA-1-VcMMAE activity was also susceptible to E64 protease inhibition suggesting that
it worked as a prodrug (Table 1). We compared the cytotoxicity of PSMA-1-VcMMAE
with antibody-conjugated MMAE (PSMA-ADC), which entered clinical trials but failed
due to toxicity [27,58]. It was found that PSMA-ADC was more potent for PC3pip cells
(EC50 = 0.063 nM) and had better selectivity defined by differential cytotoxicity ratio
between PC3pip and PC3flu cells of 3838-fold compared to PSMA-1-VcMMAE (48-fold).
PSMA-ADC (EC50 = 241.8 nM) and PSMA-1-VcMMAE (EC50 = 221.7 nM) had similar
potency to kill non-PSMA expressing PC3flu cells, suggesting the antibody’s greater affinity
resulted in efficacy differences against PC3pip cells. Further cytotoxicity studies were
performed in other cell lines that express different levels of PSMA (Figure S5); our results
showed that cytotoxicity of PSMA-1-VcMMAE was correlated with PSMA expression level.
The same results were observed with PSMA-1-VcMMAE-Cy5.5.
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Table 1. In vitro cytotoxicity of PSMA-1-MMAE, MMAE, and PSMA-ADC.

Cells PSMA-1-VcMMAE
(EC50, nM)

PSMA-1-VcMMAE + PSMA-1
(EC50, nM)

PSMA-1-VcMMAE + E64
(EC50, nM)

MMAE
(EC50, nM)

PSMA-ADC
(EC50, nM)

PC3pip 4.64 ± 0.83 241.1 ± 8.6 31.09 ± 2.11 0.24 ± 0.05 0.063 ± 0.003
PC3flu 221.7 ± 2.8 261.3 ± 5.6 384.9 ± 5.3 0.21 ± 0.04 241.8 ± 9.3

2.2.2. Maximum Tolerated Dose of PSMA-1-VcMMAE

The maximum tolerated dose (MTD) was determined in tumor-free athymic nude
mice to determine the toxicity of the conjugates. Loss of 20% body weight or any overt
signs of toxicity was used as an end point. We compared the MTD of free drug MMAE,
PSMA-1-VcMMAE, and PSMA-ADC. MTDs of single dose IV. injection of MMAE, PSMA-
1-VcMMAE, and PSMA-ADC were 700, 7640, and 640 nmol/kg, respectively (Figure 7),
highlighting the superior safety (10-fold or greater) of PSMA-1-VcMMAE compared to all
the other drug derivatives.
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Figure 7. Determination of maximum tolerated dose (MTD) of drugs. Tumor free male nude mice received a single dose of
PSMA-1-VcMMAE (A), MMAE (B), and PSMA-ADC (C). Loss of 20% of body weight was used as the criteria to determine
MTD. Each dose group had three mice as indicated in red, blue, and pink colors.

2.2.3. In Vivo Antitumor Activity of PSMA-1-VcMMAE

For in vivo antitumor activity, we first studied in vivo potency of PSMA-1-VcMMAE
in nude mice bearing heterotopic PC3pip tumors. Mice received drugs intravenously
every 4 days with a total of five doses. In PBS control groups the tumor grew rapidly
resulting in animal death within 30 days (Figure 8). In contrast, treatment with PSMA-1-
VcMMAE showed the ability to inhibit tumor growth and prolong animal survival in a
dose dependent manner. At the lowest dose of 191 nmol/kg, significant tumor inhibition
was observed and at the highest dose tested (3820 nmol/kg, 1

2 of its MDT), all five mice
survived the 90-day experimental time and three out of five mice were tumor free, resulting
in 60% cure. No body weight loss was observed even at the highest dose tested (Figure 8C).
Furthermore, no noticeable histological changes were observed in Hematoxylin and Eosin
(H&E) staining of major organs in mice treated with 3820 nmol/kg of PSMA-1-VcMMAE on
day 21 with only microscopic tubular degeneration/atrophy observed in testis, indicating
that PSMA-1-VcMMAE treatment is well-tolerated (Figure S6). Compared to PSMA-
1-VcMMAE, MMAE did not show any antitumor activity at the dose of 160 nmol/kg,
efficacy of MMAE was only observed at its MTD 700 nmol/kg (Figure 8D–F). PSMA-
ADC showed the ability to effectively inhibit tumor growth and extend animal survival
at the dose of 50 nmol/kg (Figure 8G–I). Doses for PSMA-1-VcMMAE of 382 nmol/kg,
MMAE of 700 nmol/kg, and PSMA-ADC of 50 nmol/kg were the lowest effective drug
concentrations to inhibit tumor growth for 30 days; therefore, the therapeutic indexes,
which were defined as the ratio of the minimal effective dose that can inhibit tumor growth
to its maximum tolerated dose, of PSMA-1-VcMMAE, MMAE, and PSMA-ADC were 20, 1,
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and 12.8, respectively (Figure S7, Table S1). Targeting PSMA using small molecular PSMA
ligand, therefore, improved the therapeutic index as compared to MMAE and PSMA-ADC.
It was also found that PSMA-1-VcMMAE was significantly more effective at inhibiting
PSMA-positive PC3pip tumor growth than PSMA-negative PC3flu tumor growth when
used at the dose of 955 nmol/kg (p = 0.0493) (Figure S8), indicating selective killing of
PSMA-1-VcMMAE by targeting PSMA.
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tail vein injection. Treatment were scheduled every 4 days with a total of five doses as indicated by the red arrow. Each
group had five mice. For tumor growth curves and body weight curves, values are mean ± SD of five animals. The
plots stopped when animals died during the experiments since values are represent as mean ± SD of five animals. (A)
Tumor growth curves of mice treated with PSMA-1-VcMMAE. (B) Kaplan–Meier survival curves of mice treated with
PSMA-1-VcMMAE. ($, 955 nmol/kg vs. PBS, p = 0.0046; #, 1910 nmol/kg vs. PBS, p = 0.0004; *, 3820 nmol/kg vs. PBS,
p = 0.0004). (C) Body weight changes of mice treated with PSMA-1-VcMMAE. (D) Tumor growth curves of mice treated
with MMAE. (E) Kaplan–Meier survival curves of mice treated with MMAE. (*, 700 nmol/kg vs. PBS, p = 0.0005). (F) Body
weight changes of mice treated with PSMA-1-VcMMAE. (G) Tumor growth curves of mice treated with PSMA-ADC. (H)
Kaplan–Meier survival curves of mice treated with PSMA-ADC. (*, 160 nmol/kg vs. PBS, p = 0.0002). (I) Body weight
changes of mice treated with PSMA-ADC.

To show versatility of the antitumor activity of PSMA-1-VcMMAE, we also tested it in
mice bearing heterotopic C4-2 tumors, which are androgen-independent prostate cancer
cells endogenously expressing PSMA. At the dose of 1910 nmol/kg, PSMA-1-VcMMAE
showed the ability to successfully inhibit C4-2 tumor growth with no weight loss and
prolonged animal survival significantly (p = 0.0018) (Figure S9) with a 40% cure rate.

We next investigated the efficacy of PSMA-1-VcMMAE in mice bearing orthotopic
PC3pip tumors, which mimic human prostate cancer in a more realistic way. Inhibition
of tumor growth (Figure 9A) and extension of animal survival time were observed in the
orthotopic PC3pip tumor models (Figure 9B), and significant differences were observed at
the dose of 1910 (p = 0.0449) and 3860 nmol/kg (p = 0.0019) when compared to the PBS
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control, with one mouse that was tumor free at the dose of 3860 nmol/kg. Treatment with
PSMA-1-VcMMAE did not cause significant body weight changes (Figure 9C).

Cancers 2021, 13, x  12 of 21 
 

 

control, with one mouse that was tumor free at the dose of 3860 nmol/kg. Treatment with 
PSMA-1-VcMMAE did not cause significant body weight changes (Figure 9C). 

 
Figure 9. In vitro antitumor activity studies of PSMA-1-VcMMAE in orthotopic (A–C) (n = 5) and metastatic tumor models 
(D,E) (n = 8). Mice received drug through tail vein injection. Treatments were scheduled every 4 days with a total of five 
doses as indicated by the red arrow. (A) Orthotopic PC3pip tumor growth curves of mice treated with PSMA-1-VcMMAE. 
Each group had five mice. Values are mean ± SD of five animals. The plots stopped when animals died during the exper-
iments since values are represent as mean ± SD of five animals. (B) Kaplan–Meier survival curves of mice bearing ortho-
topic PC3pip tumor. (#, 1910 nmol/kg vs. PBS, p = 0.0449; *, 3820 nmol/kg vs. PBS, p = 0.0019). (C) Body weight changes of 
mice treated with PSMA-1-VcMMAE. Values are mean ± SD of five animals. The plots stopped when animals died during 
the experiments since values are represent as mean ± SD of five animals. (D) Kaplan–Meier survival curves of mice bearing 
metastatic PC3pip tumor. (*,1910 nmol/kg vs. PBS, p = 0.0033). (E) Body weight changes of mice bearing metastatic PC3pip 
tumor treated with PSMA-1-VcMMAE. Values are mean ± SD of eight animals. The plots stopped when animals died 
during the experiments since values are represent as mean ± SD of eight animals. 

The mortality of prostate cancer is mainly due to metastasis and metastatic castration 
resistant prostate cancer is the most deadly and difficult form of the disease to treat. To 
test the effectiveness of PSMA-1-VcMMAE against metastatic disease, we developed a 
metastatic prostate cancer model using intracardiac injection of GFP-expressing PC3pip 
cells, which are castration resistant. As Figure S10 shows, this model results in significant 
metastatic disease 4 weeks after cardiac injection. We then used this model to assess the 
effectiveness of our drug conjugate. Treatment was initiated 1 week after cardiac injection 
of tumors cells, and mice received 1910 nmol/kg of PSMA-1-VcMMAE every 4 days with 
a total of five doses. Control mice died within 30 days. In contrast, treatment of PSMA-1-
VcMMAE significantly extended animal survival resulting in 75% cure rate (six out of 
eight, p = 0.0003 as compared to control mice) with no body weight loss during the 90-day 
experimental period (Figure 9D,E). 

3. Discussion 
During early development of ADCs, protease cleavable linkers were predicted to 

confer exceptional control over payload release upon exposure to proteases [59]. The Vc 
linker is one of the most widely used linkers in ADC design, being included in the majority 
of MMAE-based ADCs in clinical studies [60]. The Vc linker has also been used in SMDC 
development [61,62]. However, consistent toxicity has been reported in ADCs utilizing 
Vc-MMAE, which is related to instability of Vc linker in plasma and long blood half-life 

Figure 9. In vitro antitumor activity studies of PSMA-1-VcMMAE in orthotopic (A–C) (n = 5) and metastatic tumor models
(D,E) (n = 8). Mice received drug through tail vein injection. Treatments were scheduled every 4 days with a total of five
doses as indicated by the red arrow. (A) Orthotopic PC3pip tumor growth curves of mice treated with PSMA-1-VcMMAE.
Each group had five mice. Values are mean ± SD of five animals. The plots stopped when animals died during the
experiments since values are represent as mean ± SD of five animals. (B) Kaplan–Meier survival curves of mice bearing
orthotopic PC3pip tumor. (#, 1910 nmol/kg vs. PBS, p = 0.0449; *, 3820 nmol/kg vs. PBS, p = 0.0019). (C) Body weight
changes of mice treated with PSMA-1-VcMMAE. Values are mean ± SD of five animals. The plots stopped when animals
died during the experiments since values are represent as mean ± SD of five animals. (D) Kaplan–Meier survival curves of
mice bearing metastatic PC3pip tumor. (*, 1910 nmol/kg vs. PBS, p = 0.0033). (E) Body weight changes of mice bearing
metastatic PC3pip tumor treated with PSMA-1-VcMMAE. Values are mean ± SD of eight animals. The plots stopped when
animals died during the experiments since values are represent as mean ± SD of eight animals.

The mortality of prostate cancer is mainly due to metastasis and metastatic castration
resistant prostate cancer is the most deadly and difficult form of the disease to treat. To
test the effectiveness of PSMA-1-VcMMAE against metastatic disease, we developed a
metastatic prostate cancer model using intracardiac injection of GFP-expressing PC3pip
cells, which are castration resistant. As Figure S10 shows, this model results in significant
metastatic disease 4 weeks after cardiac injection. We then used this model to assess the
effectiveness of our drug conjugate. Treatment was initiated 1 week after cardiac injection
of tumors cells, and mice received 1910 nmol/kg of PSMA-1-VcMMAE every 4 days with
a total of five doses. Control mice died within 30 days. In contrast, treatment of PSMA-
1-VcMMAE significantly extended animal survival resulting in 75% cure rate (six out of
eight, p = 0.0003 as compared to control mice) with no body weight loss during the 90-day
experimental period (Figure 9D,E).

3. Discussion

During early development of ADCs, protease cleavable linkers were predicted to
confer exceptional control over payload release upon exposure to proteases [59]. The Vc
linker is one of the most widely used linkers in ADC design, being included in the majority
of MMAE-based ADCs in clinical studies [60]. The Vc linker has also been used in SMDC
development [61,62]. However, consistent toxicity has been reported in ADCs utilizing
Vc-MMAE, which is related to instability of Vc linker in plasma and long blood half-life
of ADCs [63]. Conversely, the greatest advantage of the noncleavable linkers is their in-
creased plasma stability [63]. Recently, antitumor activities of MMAE based ADCs with
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noncleavable linker have been reported [64,65] and it was found that complete lysosomal
proteolytic degradation of the antibody is required to generate toxic payloads for ADCs
with noncleavable linker. In this study, we used our PSMA-1 ligand to deliver MMAE
to PSMA-expressing prostate cancer cells. To determine which linker would be most
suitable, we synthesized both the cathepsin cleavable PSMA-1-VcMMAE-Cy5.5 conjugate
(Figure 1A) and the noncleavable PSMA-1-McMMAE-Cy5.5 conjugate (Figure 1B). The
fluorescence of Cy5.5 allowed straightforward comparison of our conjugates in vitro and
in vivo, providing detailed understanding of importance of the linker. The results from
the in vitro cellular uptake assay showed that when cells were treated with either PSMA-
1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-Cy5.5, fluorescent signal was only observed in
PSMA-positive PC3pip cells but not in PSMA-negative PC3flu cells (Figure 2). The signal in
PC3pip cells was blocked in the presence of excess amount of PSMA-1 ligand. These results
indicated that both conjugates bound selectively to PSMA. In vivo fluorescence imaging
also showed that both conjugates were selectively accumulated in PSMA-positive PC3pip
tumor cells with similar biodistribution profiles (Figure 4). Although both conjugates selec-
tively accumulated in PC3pip cells in vitro and in vivo, effective antitumor activity was
only observed when the cleavable linker was employed in drug design (Figure 5). Release
of free MMAE was observed when PSMA-1-VcMMAE-Cy5.5 was incubated with cathepsin,
while at the same condition, PSMA-1-McMMAE-Cy5.5 remained intact (Figure 1D,E and
Figure S1). In addition, the presence of protease inhibitor E64 reduced the cytotoxicity of
PSMA-1-VcMMAE-Cy5.5 to PC3pip more than 4.3-fold, while E64 had no effect on the
cytotoxicity of PSMA-1-McMMAE-Cy5.5 (Figure 3B,C). Our results indicated that cleavable
linker that can release free drug effectively and is crucial to the antitumor activity of our
PSMA ligand–drug conjugate. Once entering the cells, the conjugates located mainly in the
lysosomes (Figure 2), where cathepins are highly expressed and active. The protease will
liberate free MMAE resulting in disruption of α-tubulin and cancer cell death (Figure 3A).
Recently Lv et al. reported PSMA targeting paclitaxel conjugates using PSMA ligand
DUPA [38]. They reported that the PTX-SS-DUPA conjugate employing a disulfide cleav-
able linker was more potent than PTX-DUPA with a noncleavable linker, which concurs
with our results. One possible explanation that cleavable linker is crucial for SMDC design
is that SMDC cannot undergo complete proteolytic degradation to exert antitumor activity.
The reported mechanism of action of MMAE is simultaneous binding to tubulin to each end
of MMAE [66]. Together these data suggest that the conjugated ligand impedes binding
until fully removed.

Having confirmed that the cleavable linker is essential for PSMA-targeted SMDC,
we then studied the antitumor activity of PSMA-1-VcMMAE. The payload and linker in
PSMA-1-VcMMAE resembles the structure of a PSMA antibody-MMAE conjugate (PSMA-
ADC) which was withdrawn from clinical trial due to toxicity [27,58]. Here, by replacing
the antibody with a PSMA targeting ligand (PSMA-1) we developed a small-molecule–
drug conjugate to reduce the cost and shorten the circulation time, potentially reducing
the off-target toxicities resulting from longer blood half-lives. In vitro comparison of the
cytotoxicity of free MMAE with PSMA-1-VcMMAE and PSMA-ADC (Table 1) showed that
free MMAE killed both PC3pip and PC3flu cells with no selectivity. In contrast, PSMA-
ADC and PSMA-1-VcMMAE selectively killed PC3pip cells with PSMA-ADC being the
most potent and selective. The improved potency and selectivity of PSMA-ADC may be
due to its significantly higher affinity for PSMA (picomolar) [27] than the PSMA-1 ligand
used (nanomolar).

The maximum tolerated doses (MTD) of MMAE, PSMA-ADC, and PSMA-1-VcMMAE
using 20% body weight loss as the reference were 700, 7640, and 640 nmol/kg, respectively
(Figure 7). Interestingly, the MTD for PSMA-ADC was similar to MMAE and was much
lower than our nanomolar affinity small molecule conjugate PSMA-1-VcMMAE. Further
antitumor activity studies using mice bearing heterotopic PC3pip tumors showed that
PSMA-1-VcMMAE effectively inhibited tumor growth at the dose of 382 nmol/kg com-
pared to MMAE at 700 nmol/kg and PSMA-ADC at 50 nmol/kg (Figure S7). Therefore,



Cancers 2021, 13, 417 14 of 21

PSMA-1-VcMMAE had a superior therapeutic index compared to MMAE and PSMA-ADC
(Table S1). It was noticed that animals treated by PSMA-1-VcMMAE showed no body
weight loss and no histological damage to major organs including salivary gland and kid-
ney, indicating low toxicity of the treatment. It is speculated that replacement of antibody
by small molecule ligand changes the pharmacokinetics of the conjugates, resulting in
overall improved therapeutic index of PSMA-1-VcMMAE.

Notably, PSMA-1-VcMMAE showed the ability to significantly prolong the survival
time of animals not only in heterotopic and orthotopic PC3pip tumors, but also in the
metastatic PC3pip tumor model. Treatment was initiated one week after tumor inoculation,
before the metastasis was detectable using imaging, and successfully treated tumor metas-
tasis. As a significant percentage of patients with prostate cancer die from the metastatic
form of the disease due to lack of effective treatment options, it is critical to develop potent
treatments that can effectively eradicate cancer cells and control metastatic tumors. The
work reported here may open an intriguing and promising avenue of therapy for patients,
with applications across the natural history of prostate cancer.

Currently, there are very few PSMA-targeted chemotherapeutic agents reported,
four of them entered clinical trials including antibody-based MLN2704 (PSMA-antibody
MLN591-DM1 conjugate) [26] and PSMA-ADC [27], small ligand based EC1169 [37,40],
and nanoparticle based BIND014 [67], but all failed. MLN2704 and PSMA-ADC released
free drug during their long circulation in the body and caused unwanted side effects.
EC1169 used a reducible disulfide linker to conjugate PSMA ligand DUPA to tubulysin
B, although active in animals, it showed lack of activity in patients. BIND014 increased
intratumoral docetaxel and inhibited tumor growth in animals, but its clinical activity
and toxicity did not appear to differ substantially from that of free docetaxel. Recently,
DUPA-indenoisoquinoline [39] and DUPA–paclitaxel conjugates [38] were reported. While
their data indicated effective targeting, they did not demonstrate increased efficacy of the
targeted agent, the targeted drug only approached the effective concentrations of unconju-
gated paclitaxel. Compared to these reports, PSMA-1 (binding affinity is 4–5-fold better
than ZJ24 whose Ki = 0.3 nM) [41] has better binding affinity than DUPA (Ki = 8.0 nM) [37],
which will improve the overall targeting efficacy. PSMA-1-VcMMAE utilizes the same
targeting strategy as PSMA-ADC, but has shorter circulation time due to its smaller size
and can be easily and more rapidly excreted from the body [43,44] leading to less off target
drug activation and reduced toxicity. By replacing the antibody with our PSMA-1 ligand,
PSMA-1-VcMMAE dramatically improved the therapeutic index. These characteristics will
help it avoid the problems of PSMA-ADC found in clinical trials.

Compared to very few PSMA-targeted chemotherapeutics, many PSMA-targeting
radionuclides have been developed and entered into clinical trials for the treatment of
metastatic prostate cancer [34–36,68–70]. Although promising results have been achieved,
one of the major concerns is xerostomia due to nonspecific uptake of the radionuclide in the
salivary gland leading to damage of the gland [71], which severely impairs the quality of
life of patients. In contrast to PSMA-based radionuclide therapy, no histological damage in
salivary gland was observed in the mice treated with the highest dose of PSMA-1-VcMMAE
(3820nmol/kg), indicating no/low toxicity to the gland. Imaging with 125I labeled PSMA-1
showed no uptake in salivary gland, which explained no toxicity of PSMA-1-VcMMAE
(Figure S11). This will be an advantage as compared to radionuclide therapy. PSMA
has also been found in normal prostate, but at significantly lower level as compared to
prostate cancers. No adverse histological changes were observed in prostate gland after the
treatment with PSMA-1-VcMMAE. Furthermore, MMAE is more potent against rapidly
dividing cells and have reduced toxicity to normal cells. Future biodistribution studies are
needed to help fully understand the toxicity of PSMA-1-VcMMAE.

PSMA overexpression in prostate cancer is generally correlated with higher PSA levels
and Gleason grade. However, prostate cancer is highly heterogeneous, it is known that
there are patients with high grade prostate tumors that do not overexpress PSMA. On the
other hand, there are also some patients that express high levels of PSMA that do not have
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aggressive prostate cancer. It will be important to have a full assessment of grade, Gleason
score, and PSMA expression of an individual’s cancer before PSMA-1-VcMMAE could be
used. Performing PSMA-targeted imaging such as 68Ga-PSMA-617 PET/CT [31] before
the treatment will also help the clinician to determine the treatment and predict response
to the drug.

4. Materials and Methods
4.1. General

PSMA targeting peptide Glu-CO-Glu’-Amc-Ahx-Glu-Glu-Glu-Cys-C6-Lys (PSMA-1-
Cys-C6-Lys) was synthesized by Fmoc chemistry as previously reported [43]. (S)-2-(3-((S)-
5-amino-1-carboxypentyl)ureido)pentanedioic acid (Cys-CO-Glu) was custom made by
Bachem Bioscience Inc. (Torrance, CA, USA). All the other chemicals were purchased from
Sigma-Aldrich Inc. HPLC was performed on a Shimadzu HPLC system equipped with a
SPD-20A prominence UV/visible detector and monitored at 220 and 254 nm. Preparative
HPLC was achieved using Luna 5m C18(2) 100A column (250 × 10 × 5 mm; Phenomenex
Inc., Torrance, CA, USA) at a flow rate of 2.5 mL/min. Analytical HPLC was performed
using an analytical Luna 5 m C18(2) 100A column (250 × 4.6 × 5 mm; Phenomenex)
at a flow rate of 0.8 mL/min. The gradient used was 10–90% acetonitrile against 0.1%
trifluoroacetic acid over 30 min.

4.2. Synthesis of PSMA-Targeting MMAE Conjugates
4.2.1. Synthesis of PSMA-1-VcMMAE

PSMA-1-VcMMAE was synthesized as a prodrug by conjugating MMAE to the Cys
residue in PSMA-1-Cys-C6-Lys via a maleimido caproyl valine-citrulline (Vc) cathepsin-
cleavable linker with a self-immolative p-aminobenzyl carbamate (PABC) spacer. PSMA-1-
Cys-C6-Lys (2.6 mg, 2 µmol) was dissolved in 500 µL of phosphate buffer; then, 2.2 µmol of
Vc-MMAE (3.0 mg) (BOC Sci.) in 500 µL of DMF was added. The pH of the reaction mixture
was adjusted to 8 by triethylamine. The mixture was stirred at room temperature for 1 h,
then went through HPLC to get purified PSMA-1-VcMMAE. Yield: 4.4 mg (85%). Retention
time: 16.8 min. MS (C123H195N23O37S), calculated: 2618.3; found: 1310.7 ([M+2H]/2), 874.1
([M+3H]/3) (Figure S12).

4.2.2. Synthesis of PSMA-1-VcMMAE-Cy5.5

PSMA-1-Cys-C6-Lys (2.6 mg, 2 µmol) was dissolved in 500 uL of phosphate buffer;
then 2.2 µmol of Vc-MMAE (3.0 mg) (BOC Sci.) in 500 µL of DMF was added. The pH of the
reaction mixture was adjusted to 8 by trimethylamine. After stirring at room temperature
for 1 h, Cy5.5 NHS ester 2.5 µmol in 200 µL of DMF was added. The reaction mixture was
stirred overnight, then the product was purified by semipreparative HPLC. Yield: 3.1 mg
(50%). Retention time: 18.8 min. MS (C163H236N25O38S), calculated: 3185.8; found: 1062.2
([M+3H]/3), 796.9 ([M+4H]/4) (Figure S12).

4.2.3. Synthesis of PSMA-1-McMMAE-Cy5.5

PSMA-1-McMMAE-Cy5.5 was synthesized using a noncleavable maleimido caproyl
(Mc) linker. It was synthesized in the same way as PMA-1-MMAE-Cy5.5. Yield: 45%.
Retention time: 20.9 min. MS (C144H209N20O33S), calculated: 2780.4; found: 1041.2
([M+H+Na]/2), 942.2 ([M+H+2Na]/3) (Figure S12).

4.3. Cell Culture

Retrovirally transfected PSMA positive PC3pip cells and transfection control PC3flu
cells were obtained from Dr. Michel Sadelain in 2000 (Laboratory of Gene Transfer and
Gene Expression, Gene Transfer and Somatic Cell Engineering Facility, Memorial-Sloan
Kettering Cancer Center, New York, NY, USA). C4-2 cells were from ATCC. The cells were
last sorted and checked by Western blot in 2019; no genetic authentication was performed.
Cells were maintained in RPMI1640 medium (Invitrogen Inc., Carlsbad, CA, USA) with
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2 mM L-glutamine and 10% Fetal Bovine Serum at 37 ◦C and 5% CO2 under a humidified
atmosphere.

4.4. Competitive Binding Assay

The assay was carried as previously reported [43] by incubation PC3pip cells with dif-
ferent concentrations of drug conjugates in the presence of 10 nM N-[N-[(S)-1,3-dicarboxy-
propyl]carbamoyl]-S-[3H]-methyl-L-cysteine (3H-ZJ24) (GE Healthcare Life Sciences, Chicago,
IL, USA). Radioactivity of cell pellet was counted by scintillation counter. The concentration
required to inhibit 50% of binding was determined (IC50) by GraphPad Prism 3.0.

4.5. Enzymatic Cleavage of PSMA-1-MMAE-Cy5.5 by Cathepsin B

PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-Cy5.5 was added to 500 µL of acti-
vated human liver cathepsin B (Anthens Research and Technology, Anthens, AL, USA)
solution [72] to a final concentration of 2 µM and incubated at 37 ◦C. At different time
intervals, 40 µL of the solution was taken out into tubes loaded with 1 µL of 1 mM E64
protease inhibitor. The mixture was vortexed and then stored at −80 ◦C for future HPLC
analysis to assess degradation of PSMA-1-VcMMAE-Cy5.5 or PSMA-1-McMMAE-Cy5.5.
Studies were performed in triplicate.

4.6. In Vitro Cellular Uptake Studies

PC3pip and PC3flu cells were seeded in µ-Slide 8-Well Chamber Slide (ibidi GmbH,
Munich, Germany) at 2000 cells/well. When cells grew to 70% confluency, PSMA-1-
VcMMAE-Cy5.5 or PSMA-1-McMMAE-Cy5.5 conjugations were added at 50 nM and
incubated at 37 ◦C for 4 h. Cells were washed with PBS and stained with DAPI and
LysoOrange (Abcam Inc., Cambridge, UK) for 30 min at 37 ◦C and 5% CO2, after which
they were washed again with PBS and fresh medium added. Selectivity was determined
by including 20-fold excess of the PSMA-1 ligand. The uptake and localization of the
drug conjugates were visualized under a confocal microscope (Leica Biosystem, Wetzlar,
Germany) at 40×.

4.7. Immunofluorescence Analysis of Alpha-Tubulin

Cells on coverslips at about 70% confluency were incubated with 5 nM of MMAE,
PSMA-1-VcMMAE-Cy5.5, or PSMA-1-McMMAE-Cy5.5 for 24 h. Cells were washed and
fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton™ X-100 for
10 min, and blocked with 1% BSA for 1 h at room temperature. Alpha-tubulin (B5-1-2)
Alexa Fluor 488 Mouse Monoclonal Antibody (Invitrogen) was then added at 2 µg/mL
in 0.1% BSA and incubated for 3 h at room temperature. Cells were counterstained with
DAPI, mounted with Fluor-Mount aqueous mounting solution, and observed under Leica
DM4000B fluorescence microscopy at 40×.

4.8. In Vitro Cytotoxicity Assay

Cells (1000/well) were seeded in 96-well culture plates the day before treatment. Cells
were incubated with various concentrations of drugs for 72 h and cell viability evaluated
by CCK-8 (Dojindo Inc., Rockville, MD, USA). The concentration required to reach 50% of
cell proliferation was determined (EC50) by GraphPad Prism 3.0.

4.9. In Vivo NIR Imaging Studies

Under guidelines of the animal care and use committee at Case Western Reserve
University (IACUC#150033) 6–8-week old male Balb/c athymic nude mice were implanted
subcutaneously with 1 × 106 of PC3flu and PC3pip in 100 µL of matrigel on the left
and right flank, respectively. Mice received 40 nmol/kg of PSMA-1-VcMMAE-Cy5.5 or
PSMA-1-McMMAE-Cy5.5 in PBS via tail vein injection when tumors reached 10 mm in
diameter. Fluorescence imaging was performed using the Maestro In Vivo Imaging system
(Perkin-Elmer Inc., Waltham, MA, USA). At 72-h post injection, mice were euthanized,
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tumor and organs were extracted for ex vivo imaging. Tumors were snap-frozen in OCT,
cut into 10 µm thick sections and fixed on slides. The fluorescence signal from cy5.5 was
observed under a Leica DM4000B microscope.

4.10. Determination of Maximum Tolerated Dose (MTD)

Groups of three male mice received single injections of MMAE, PSMA-1-Vc-MMAE,
or PSMA-ADC [27] via the tail vein to determine single-dose MTD. Mice were monitored
daily for 14 days. The MTD was defined as the highest dose that did not cause serious
overt toxicities or 20% weight loss in any of the animals.

4.11. Heterotopic Survival Study

Male athymic nude mice were implanted subcutaneously with 1 × 106 of PC3pip cells
100 µL of matrigel. When tumor size reached approximately 100 mm3 (tumor volume =
Length × width2/2), mice received drugs through tail vein injection every 4 days with a
total of five doses. Mice were treated every 4 days with a total of five doses. Animals were
weighed and tumor size measured every other day for 90 days. Cures were defined as no
tumor present at end of the 90-day study. When tumors became too large or animals were
moribund they were euthanized. Five mice were used in each group.

4.12. Orthotopic Survival Study

Surgical orthotopic tumor implantation was performed as previously reported [43].
Tumor growth/size was monitored using Siemens Acuson S2000 (Siemens AG. Munich,
Germany) ultrasound scanner. When the tumors were at the appropriate size (5 mm
diameter as measured by ultrasound, approximately 2 weeks) animals were given PSMA-
1-VcMMAE, or PBS every 4 days with a total of five doses. Tumors were monitored every
other day by ultrasound. Each group utilized five mice.

4.13. Metastatic Survival Study

Male athymic nude mice were injected into the left ventricle of the heart with 1 × 105

GFP labeled PC3pip cells [73,74] to generate bone metastasis. One week later, mice received
1910 nmol/kg of PSMA-1-VcMMAE or PBS every 4 days with a total of five doses and
the progression of disease was monitored by GFP imaging. Eight mice were used in
each group.

4.14. Statistics

Student’s t-test was used to compare inter-group differences. Kaplan–Meier survival
data were analyzed by SAS9.4 using log-rank tests. A p value < 0.05 was considered
statistically significant for all comparisons.

5. Conclusions

In summary, we developed a small-molecule-based prodrug for the treatment of
prostate cancer. The data demonstrate development of an effective SMDC and the potential
utility of this agent for further development. The PSMA-1-VcMMAE was proven to have
in vivo efficacy for different tumor cell lines and different mouse models of human prostate
cancer, including metastatic disease, with little to no systemic toxicity. Our approach
demonstrated an improved therapeutic index compared to either MMAE or PSMA-ADC.
PSMA-1-VaMMAE has the promise to improve patients’ overall quality of life, reduce the
need for subsequent therapy and do so more cost-effectively. Further studies for dosing
optimization, efficacy, and full toxicity studies paving the way for investigational new drug
(IND) submission are warranted and supported.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/3/417/s1. Figure S1. Chromatogram of incubation studies with Cathepsin. Figure S2.
Quantification of fluorescent signal on cells treated with PSMA-1-MMAE-Cy5.5 conjugates. Values
are mean ± SD of 5 different areas. Figure S3. Caspase 3 studies of PC3pip tumors 4 days after
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treatment with 160 nmol/kg of PSMA-1-MMAE-Cy5.5 conjugates. Figure S4. Antitumor activity of
PSMA-1-VcMMAE-Cy5.5 to mice bearing heterotopic PC3pip tumors. Mice received drug through
tail vein injection. Figure S5. Histological examination of major organs treated by 3820 nmol/kg
of PSMA-1-VcMMAE. Figure S6. PSMA-VcMMAE (384 nmol/kg), MMAE (700 nmol/kg) and
PSMA-ADC (50nmol/kg) showed comparable antitumor activity against heterotopic PC3pip tumors
for 30 days. Table S1. Comparison of therapeutic index of PSMA-1-VcMMAE, MMAE and PSMA-
ADC. Figure S7. PSMA-1VcMMAE-Cy5.5 is more potent for killing heterotopic PC3pip tumor than
for heterotopic PC3flu tumors. Figure S8. PSMA-1-VcMMAE was effective in heterotopic C4-2
tumor model. Figure S9. Establishment of metastatic PC3pipGFP tumor model. Figure S10. Mass
spectrum of PSMA-1-VcMMAE, PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5. Figure S11.
Overlay of gamma scintigraphy of [I-125]-PSMA-1 with planar X-ray. Figure S12. Mass spectrum of
PSMA-1-VcMMAE, PSMA-1-VcMMAE-Cy5.5 and PSMA-1-McMMAE-Cy5.5.
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33. Weineisen, M.; Schottelius, M.; Šimeček, J.; Baum, R.P.; Yildiz, A.; Beykan, S.; Kulkarni, H.R.; Lassmann, M.; Klette, I.; Eiber, M.;
et al. 68Ga- and 177Lu-Labeled PSMA I&T: Optimization of a PSMA-Targeted Theranostic Concept and First Proof-of-Concept
Human Studies. J. Nucl. Med. 2015, 56, 1169–1176. [CrossRef] [PubMed]

34. Rahbar, K.; Ahmadzadehfar, H.; Seifert, R.; Boegemann, M. [177 Lu]-PSMA-617 radionuclide therapy in patients with metastatic
castration-resistant prostate cancer. Lancet Oncol. 2018, 19, e371. [CrossRef]

35. Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, K.; Apostolidis, C.; Haberkorn, U.;
Morgenstern, A. 225Ac-PSMA-617 for PSMA-Targeted -Radiation Therapy of Metastatic Castration-Resistant Prostate Cancer. J.
Nucl. Med. 2016, 57, 1941–1944. [CrossRef]

http://doi.org/10.4155/bio.13.64
http://www.ncbi.nlm.nih.gov/pubmed/23641693
http://doi.org/10.1002/ijc.10662
http://doi.org/10.1002/anie.201310709
http://doi.org/10.1021/bc2005522
http://doi.org/10.1021/jacs.7b13361
http://doi.org/10.1038/nrd4519
http://doi.org/10.1016/S0090-4295(96)00184-7
http://doi.org/10.1002/(SICI)1097-0142(19980601)82:11&lt;2256::AID-CNCR22&gt;3.0.CO;2-S
http://doi.org/10.1007/s12253-008-9104-2
http://www.ncbi.nlm.nih.gov/pubmed/14695135
http://doi.org/10.1007/s10585-004-3217-0
http://www.ncbi.nlm.nih.gov/pubmed/15679047
http://doi.org/10.1200/JCO.2007.15.0532
http://www.ncbi.nlm.nih.gov/pubmed/18362364
http://doi.org/10.1158/1078-0432.CCR-05-2107
http://doi.org/10.3390/ph7070779
http://doi.org/10.2967/jnumed.112.104661
http://doi.org/10.2967/jnumed.114.140426
http://doi.org/10.2967/jnumed.115.161299
http://www.ncbi.nlm.nih.gov/pubmed/26294298
http://doi.org/10.1007/s11307-015-0850-8
http://www.ncbi.nlm.nih.gov/pubmed/25896814
http://doi.org/10.2967/jnumed.115.158550
http://www.ncbi.nlm.nih.gov/pubmed/26089548
http://doi.org/10.1016/S1470-2045(18)30410-8
http://doi.org/10.2967/jnumed.116.178673


Cancers 2021, 13, 417 20 of 21

36. Sathekge, M.M.; Knoesen, O.; Meckel, M.; Modiselle, M.; Vorster, M.; Marx, S. 213Bi-PSMA-617 targeted alpha-radionuclide
therapy in metastatic castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1099–1100. [CrossRef]

37. Kularatne, S.A.; Wang, K.; Santhapuram, H.-K.R.; Low, P.S. Prostate-Specific Membrane Antigen Targeted Imaging and Therapy
of Prostate Cancer Using a PSMA Inhibitor as a Homing Ligand. Mol. Pharm. 2009, 6, 780–789. [CrossRef]

38. Lv, Q.; Yang, J.; Zhang, R.; Yang, Z.; Yang, Z.; Han, X.; Xu, Y.; He, Z. Prostate-Specific Membrane Antigen Targeted Therapy of
Prostate Cancer Using a DUPA–Paclitaxel Conjugate. Mol. Pharm. 2018, 15, 1842–1852. [CrossRef]

39. Roy, J.; Nguyen, T.X.; Kanduluru, A.K.; Venkatesh, C.; Lv, W.; Reddy, P.V.N.; Low, P.S.; Cushman, M. DUPA Conjugation of a
Cytotoxic Indenoisoquinoline Topoisomerase I Inhibitor for Selective Prostate Cancer Cell Targeting. J. Med. Chem. 2015, 58,
3094–3103. [CrossRef]

40. Leamon, C.P.; Reddy, J.A.; Bloomfield, A.; Dorton, R.; Nelson, M.; Vetzel, M.; Kleindl, P.; Hahn, S.; Wang, K.; Vlahov, I.R.
Prostate-Specific Membrane Antigen-Specific Antitumor Activity of a Self-Immolative Tubulysin Conjugate. Bioconjugate Chem.
2019, 30, 1805–1813. [CrossRef]

41. Kozikowski, A.P.; Nan, F.; Conti, P.; Zhang, J.; Ramadan, E.; Bzdega, T.; Wroblewska, B.; Neale, J.H.; Pshenichkin, S.; Wroblewski,
J.T. Design of Remarkably Simple, Yet Potent Urea-Based Inhibitors of Glutamate Carboxypeptidase II (NAALADase). J. Med.
Chem. 2001, 44, 298–301. [CrossRef] [PubMed]

42. Huang, S.S.; Wang, X.; Zhang, Y.; Doke, A.; DiFilippo, F.P.; Heston, W.D. Improving the biodistribution of PSMA-targeting tracers
with a highly negatively charged linker. Prostate 2014, 74, 702–713. [CrossRef] [PubMed]

43. Wang, X.; Huang, S.S.; Heston, W.D.; Guo, H.; Wang, B.-C.; Basilion, J.P. Development of Targeted Near-Infrared Imaging Agents
for Prostate Cancer. Mol. Cancer Ther. 2014, 13, 2595–2606. [CrossRef] [PubMed]

44. Wang, X.; Tsui, B.; Ramamurthy, G.; Zhang, P.; Meyers, J.; Kenney, M.E.; Kiechle, J.; Ponsky, L.; Basilion, J.P. Theranostic Agents
for Photodynamic Therapy of Prostate Cancer by Targeting Prostate-Specific Membrane Antigen. Mol. Cancer Ther. 2016, 15,
1834–1844. [CrossRef] [PubMed]

45. Mangadlao, J.D.; Wang, X.; McCleese, C.; Escamilla, M.; Ramamurthy, G.; Wang, Z.; Govande, M.; Basilion, J.P.; Burda, C.
Prostate-Specific Membrane Antigen Targeted Gold Nanoparticles for Theranostics of Prostate Cancer. ACS Nano 2018, 12,
3714–3725. [CrossRef] [PubMed]

46. Luo, D.; Wang, X.; Zeng, S.; Ramamurthy, G.; Burda, C.; Basilion, J.P. Targeted Gold Nanocluster-Enhanced Radiotherapy of
Prostate Cancer. Small 2019, 15, e1900968. [CrossRef] [PubMed]

47. Luo, D.; Wang, X.; Zeng, S.; Ramamurthy, G.; Burda, C.; Basilion, J. Prostate-specific membrane antigen targeted gold nanoparticles
for prostate cancer radiotherapy: Does size matter for targeted particles? Chem. Sci. 2019, 10, 8119–8128. [CrossRef]

48. Sheng, X.; Yan, X.; Wang, L.; Shi, Y.; Yao, X.; Luo, H.; Shi, B.; Liu, J.; He, Z.; Yu, G.; et al. Open-label, Multicenter, Phase II Study of
RC48-ADC, a HER2-Targeting Antibody-Drug Conjugate, in Patients with Locally Advanced or Metastatic Urothelial Carcinoma.
Clin. Cancer Res. 2021, 21, 43–51. [CrossRef]

49. Francisco, J.A.; Cerveny, C.G.; Meyer, D.L.; Mixan, B.J.; Klussman, K.; Chace, D.F.; Rejniak, S.X.; Gordon, K.A.; Deblanc, R.; Toki,
B.E.; et al. cAC10-vcMMAE, an anti-CD30–monomethyl auristatin E conjugate with potent and selective antitumor activity. Blood
2003, 102, 1458–1465. [CrossRef]

50. Huang, C.T.; Guo, X.; Barinka, C.; Lupold, S.E.; Pomper, M.G.; Gabrielson, K.; Raman, V.; Artemov, D.; Hapuarachchige, S.
Development of 5D3-DM1: A Novel Anti-Prostate-Specific Membrane Antigen Antibody-Drug Conjugate for PSMA-Positive
Prostate Cancer Therapy. Mol. Pharm. 2020, 17, 3392–3402. [CrossRef]

51. Burris, H.A., 3rd; Tibbitts, J.; Holden, S.N.; Sliwkowski, M.X.; Lewis Phillips, G.D. Trastuzumab emtansine (T-DM1): A novel
agent for targeting HER2+ breast cancer. Clin. Breast Cancer 2011, 11, 275–282. [CrossRef] [PubMed]

52. Lambert, J.M.; Morris, C.Q. Antibody–Drug Conjugates (ADCs) for Personalized Treatment of Solid Tumors: A Review. Adv. Ther.
2017, 34, 1015–1035. [CrossRef] [PubMed]

53. Chari, R.V.; Miller, M.L.; Widdison, W.C. Antibody-drug conjugates: An emerging concept in cancer therapy. Angew. Chem. Int.
Ed. Engl. 2014, 53, 3796–3827. [CrossRef] [PubMed]

54. Bargh, J.D.; Isidro-Llobet, A.; Parker, J.S.; Spring, D.R. Cleavable linkers in antibody–drug conjugates. Chem. Soc. Rev. 2019, 48,
4361–4374. [CrossRef]

55. Koblinski, J.E.; Ahram, M.; Sloane, B.F. Unraveling the role of proteases in cancer. Clin. Chim. Acta 2000, 291, 113–135. [CrossRef]
56. Cunningham, D.; Parajuli, K.R.; Zhang, C.; Wang, G.; Mei, J.; Zhang, Q.; Liu, S.; You, Z. Monomethyl Auristatin E Phosphate

Inhibits Human Prostate Cancer Growth. Prostate 2016, 76, 1420–1430. [CrossRef]
57. Matsumoto, K.; Mizoue, K.; Kitamura, K.; Tse, W.-C.; Huber, C.P.; Ishida, T. Structural basis of inhibition of cysteine proteases by

E-64 and its derivatives. Pept. Sci. 1999, 51, 99–107. [CrossRef]
58. Wang, X.; Ma, D.; Olson, W.C.; Heston, W.D. In Vitro and In Vivo Responses of Advanced Prostate Tumors to PSMA ADC, an

Auristatin-Conjugated Antibody to Prostate-Specific Membrane Antigen. Mol. Cancer Ther. 2011, 10, 1728–1739. [CrossRef]
59. De Groot, F.M.; Damen, E.W.; Scheeren, H.W. Anticancer prodrugs for application in monotherapy: Targeting hypoxia, tumor-

associated enzymes, and receptors. Curr. Med. Chem. 2001, 8, 1093–1122. [CrossRef]
60. Jain, N.; Smith, S.W.; Ghone, S.; Tomczuk, B. Current ADC Linker Chemistry. Pharm. Res. 2015, 32, 3526–3540. [CrossRef]
61. Dal Pozzo, A.; Esposito, E.; Ni, M.; Muzi, L.; Pisano, C.; Bucci, F.; Vesci, L.; Castorina, M.; Penco, S. Conjugates of a novel

7-substituted camptothecin with RGD-peptides as alpha(v)beta(3) integrin ligands: An approach to tumor-targeted therapy.
Bioconjug. Chem. 2010, 21, 1956–1967. [CrossRef] [PubMed]

http://doi.org/10.1007/s00259-017-3657-9
http://doi.org/10.1021/mp900069d
http://doi.org/10.1021/acs.molpharmaceut.8b00026
http://doi.org/10.1021/jm5018384
http://doi.org/10.1021/acs.bioconjchem.9b00335
http://doi.org/10.1021/jm000406m
http://www.ncbi.nlm.nih.gov/pubmed/11462970
http://doi.org/10.1002/pros.22789
http://www.ncbi.nlm.nih.gov/pubmed/24615708
http://doi.org/10.1158/1535-7163.MCT-14-0422
http://www.ncbi.nlm.nih.gov/pubmed/25239933
http://doi.org/10.1158/1535-7163.MCT-15-0722
http://www.ncbi.nlm.nih.gov/pubmed/27297866
http://doi.org/10.1021/acsnano.8b00940
http://www.ncbi.nlm.nih.gov/pubmed/29641905
http://doi.org/10.1002/smll.201900968
http://www.ncbi.nlm.nih.gov/pubmed/31265213
http://doi.org/10.1039/C9SC02290B
http://doi.org/10.1158/1078-0432.CCR-20-2488
http://doi.org/10.1182/blood-2003-01-0039
http://doi.org/10.1021/acs.molpharmaceut.0c00457
http://doi.org/10.1016/j.clbc.2011.03.018
http://www.ncbi.nlm.nih.gov/pubmed/21729661
http://doi.org/10.1007/s12325-017-0519-6
http://www.ncbi.nlm.nih.gov/pubmed/28361465
http://doi.org/10.1002/anie.201307628
http://www.ncbi.nlm.nih.gov/pubmed/24677743
http://doi.org/10.1039/C8CS00676H
http://doi.org/10.1016/S0009-8981(99)00224-7
http://doi.org/10.1002/pros.23226
http://doi.org/10.1002/(SICI)1097-0282(1999)51:1&lt;99::AID-BIP11&gt;3.0.CO;2-R
http://doi.org/10.1158/1535-7163.MCT-11-0191
http://doi.org/10.2174/0929867013372634
http://doi.org/10.1007/s11095-015-1657-7
http://doi.org/10.1021/bc100097r
http://www.ncbi.nlm.nih.gov/pubmed/20949910


Cancers 2021, 13, 417 21 of 21

62. Crisp, J.L.; Savariar, E.N.; Glasgow, H.L.; Ellies, L.G.; Whitney, M.A.; Tsien, R.Y. Dual targeting of integrin alphavbeta3 and
matrix metalloproteinase-2 for optical imaging of tumors and chemotherapeutic delivery. Mol. Cancer Ther. 2014, 13, 1514–1525.
[CrossRef] [PubMed]

63. Donaghy, H. Effects of antibody, drug and linker on the preclinical and clinical toxicities of antibody-drug conjugates. mAbs 2016,
8, 659–671. [CrossRef] [PubMed]

64. Caculitan, N.G.; Chuh, J.D.C.; Ma, Y.; Zhang, D.; Kozak, K.R.; Liu, Y.; Pillow, T.H.; Sadowsky, J.; Cheung, T.K.; Phung, Q.; et al.
Cathepsin B Is Dispensable for Cellular Processing of Cathepsin B-Cleavable Antibody–Drug Conjugates. Cancer Res. 2017, 77,
7027–7037. [CrossRef]

65. Wang, Y.; Liu, L.; Fan, S.-Y.; Xiao, D.; Xie, F.; Zhao, L.; Zhong, W.; Zhong, W. Antibody-Drug Conjugate Using Ionized
Cys-Linker-MMAE as the Potent Payload Shows Optimal Therapeutic Safety. Cancers 2020, 12, 744. [CrossRef] [PubMed]

66. Waight, A.B.; Bargsten, K.; Doronina, S.; Steinmetz, M.O.; Sussman, D.; Prota, A.E. Structural Basis of Microtubule Destabilization
by Potent Auristatin Anti-Mitotics. PLoS ONE 2016, 11, e0160890. [CrossRef]

67. Autio, K.A.; Dreicer, R.; Anderson, J.; Garcia, J.A.; Alva, A.; Hart, L.L.; Milowsky, M.I.; Posadas, E.M.; Ryan, C.J.; Graf, R.P.; et al.
Safety and Efficacy of BIND-014, a Docetaxel Nanoparticle Targeting Prostate-Specific Membrane Antigen for Patients With
Metastatic Castration-Resistant Prostate Cancer: A Phase 2 Clinical Trial. JAMA Oncol. 2018, 4, 1344–1351. [CrossRef]

68. Sathekge, M.; Bruchertseifer, F.; Knoesen, O.; Reyneke, F.; Lawal, I.; Lengana, T.; Davis, C.; Mahapane, J.; Corbett, C.; Vorster, M.;
et al. (225)Ac-PSMA-617 in chemotherapy-naive patients with advanced prostate cancer: A pilot study. Eur. J. Nucl. Med. Mol.
Imaging 2018, 48, 129–138.

69. Kratochwil, C.; Haberkorn, U.; Giesel, F.L. 225Ac-PSMA-617 for Therapy of Prostate Cancer. Semin. Nucl. Med. 2020, 50, 133–140.
[CrossRef]

70. Kratochwil, C.; Bruchertseifer, F.; Rathke, H.; Bronzel, M.; Apostolidis, C.; Weichert, W.; Haberkorn, U.; Giesel, F.L.; Morgenstern,
A. Targeted α-Therapy of Metastatic Castration-Resistant Prostate Cancer with225Ac-PSMA-617: Dosimetry Estimate and Empiric
Dose Finding. J. Nucl. Med. 2017, 58, 1624–1631. [CrossRef]

71. Taïeb, D.; Foletti, J.-M.; Bardiès, M.; Rocchi, P.; Hicks, R.J.; Haberkorn, U. PSMA-Targeted Radionuclide Therapy and Salivary
Gland Toxicity: Why Does It Matter? J. Nucl. Med. 2018, 59, 747–748. [CrossRef] [PubMed]

72. Dubowchik, G.M.; Firestone, R.A.; Padilla, L.; Willner, D.; Hofstead, S.J.; Mosure, K.; Knipe, J.O.; Lasch, S.J.; Trail, P.A. Cathepsin
B-Labile Dipeptide Linkers for Lysosomal Release of Doxorubicin from Internalizing Immunoconjugates: Model Studies of
Enzymatic Drug Release and Antigen-Specific In Vitro Anticancer Activity. Bioconjugate Chem. 2002, 13, 855–869. [CrossRef]
[PubMed]

73. Park, S.I.; Kim, S.J.; McCauley, L.K.; Gallick, G.E. Pre-clinical mouse models of human prostate cancer and their utility in drug
discovery. Curr. Protoc. Pharmacol. 2010, 51, 14–15.

74. Wu, T.T.; Sikes, R.A.; Cui, Q.; Thalmann, G.N.; Kao, C.; Murphy, C.F.; Yang, H.; Zhau, H.E.; Balian, G.; Chung, L.W.K. Establishing
human prostate cancer cell xenografts in bone: Induction of osteoblastic reaction by prostate-specific antigen-producing tumors
in athymic and SCID/bg mice using LNCaP and lineage-derived metastatic sublines. Int. J. Cancer 1998, 77, 887–894. [CrossRef]

http://doi.org/10.1158/1535-7163.MCT-13-1067
http://www.ncbi.nlm.nih.gov/pubmed/24737028
http://doi.org/10.1080/19420862.2016.1156829
http://www.ncbi.nlm.nih.gov/pubmed/27045800
http://doi.org/10.1158/0008-5472.CAN-17-2391
http://doi.org/10.3390/cancers12030744
http://www.ncbi.nlm.nih.gov/pubmed/32245171
http://doi.org/10.1371/journal.pone.0160890
http://doi.org/10.1001/jamaoncol.2018.2168
http://doi.org/10.1053/j.semnuclmed.2020.02.004
http://doi.org/10.2967/jnumed.117.191395
http://doi.org/10.2967/jnumed.118.207993
http://www.ncbi.nlm.nih.gov/pubmed/29439016
http://doi.org/10.1021/bc025536j
http://www.ncbi.nlm.nih.gov/pubmed/12121142
http://doi.org/10.1002/(SICI)1097-0215(19980911)77:6&lt;887::AID-IJC15&gt;3.0.CO;2-Z

	Introduction 
	Results 
	A Prodrug Strategy Is Crucial for Antitumor Activity 
	Binding Affinity of PSMA-Targeted MMAE-Cy5.5 Conjugates 
	Cathepsin Cleavage of PSMA-Targeted MMAE-Cy5.5 Conjugates 
	Cellular Uptake Studies 
	Disruption of -Tubulin 
	In Vitro Cytotoxicity of PSMA-Targeted MMAE-Cy5.5 Conjugates 
	In Vivo Fluorescence Imaging of PSMA-Targeted MMAE-Cy5.5 Conjugates 
	In Vivo Antitumor Activity of PSMA-Targeted MMAE-Cy5.5 Conjugates 

	Efficacy of PSMA-1-VcMMAE 
	In Vitro Characterization of PSMA-1-VcMMAE 
	Maximum Tolerated Dose of PSMA-1-VcMMAE 
	In Vivo Antitumor Activity of PSMA-1-VcMMAE 


	Discussion 
	Materials and Methods 
	General 
	Synthesis of PSMA-Targeting MMAE Conjugates 
	Synthesis of PSMA-1-VcMMAE 
	Synthesis of PSMA-1-VcMMAE-Cy5.5 
	Synthesis of PSMA-1-McMMAE-Cy5.5 

	Cell Culture 
	Competitive Binding Assay 
	Enzymatic Cleavage of PSMA-1-MMAE-Cy5.5 by Cathepsin B 
	In Vitro Cellular Uptake Studies 
	Immunofluorescence Analysis of Alpha-Tubulin 
	In Vitro Cytotoxicity Assay 
	In Vivo NIR Imaging Studies 
	Determination of Maximum Tolerated Dose (MTD) 
	Heterotopic Survival Study 
	Orthotopic Survival Study 
	Metastatic Survival Study 
	Statistics 

	Conclusions 
	References

