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1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and scope of the
research.

In this application, we propose to develop and validate a novel, two-component, targeted therapeutic system
that will provide a safe and precise way to deliver toxic anticancer drugs directly to tumor cells and
minimize toxic effects for patients. This goal will be achieved by highly PSMA-specific pretargeting
agents followed by cytotoxic drug carriers, with optimized pharmacokinetics and clearance. A new ligation
click chemistry that does not interfere with any known biological functions is used for in situ conjugation.
Both components of the delivery system can be tracked by imaging to enable monitoring of PSMA status,
and to ontimize treatment schedule during theraov.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

Anti-PSMA monoclonal antibody, targeted therapy, in vivo imaging, antibody internalization, cytotoxic
conjugates, two-component therapy, pretargeting

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required to obtain prior
written approval from the awarding agency grants official whenever there are significant changes in the
project or its direction.

What were the major goals of the project?

List the major goals of the project as stated in the approved SOW. If the application listed milestones/target
dates for important activities or phases of the project, identify these dates and show actual completion dates
or the percentage of completion.

In this application, we propose to develop and validate a novel, two-component, PSMA-targeted therapeutic
system that will provide a safe and precise way to deliver toxic anticancer drugs directly to prostate cancer
tumor cells and minimize toxic effects for patients. To achieve this goal PSMA pretargeting using a new
ligation chemistry is used, thus limiting the circulation time of cytotoxic drug carriers.

The therapy includes two components that are administered within a specific interval of 12-24h. The first
component is PSMA-pretargeting agent, and the second component delivers DM1 anticancer drugs to cells
pre-labeled with the first component. Both components of the delivery system can be noninvasively imaged
during the treatment.

The new therapeutic strategy is to be initially tested in prostate cancer cells, and then in vivo in mouse
models of human metastatic prostate cancer. Our aspiration is that, if successful, this treatment strategy can
be used to treat advanced and metastatic PSMA-positive prostate cancer with high efficacy and minimal
systemic toxicity.

What was accomplished under these goals?

For this reporting period describe: 1) major activities;, 2) specific objectives; 3) significant results or key
outcomes, including major findings, developments, or conclusions (both positive and negative); and/or 4)
other achievements. Include a discussion of stated goals not met. Description shall include pertinent data
and graphs in sufficient detail to explain any significant results achieved. A succinct description of the
methodology used shall be provided. As the project progresses to completion, the emphasis in reporting in
this section should shift from reporting activities to reporting accomplishments.



1. We have synthesized and characterized the following pretargeting agents:

) Functionalized 5D3 anti-PSMA monoclonal antibody with TCO functional group for click-
chemistry conjugation and green AF488 fluorophore for microscopy.

(i1) Functionalized 5D3 anti-PSMA monoclonal antibody with TCO functional group for click-
chemistry conjugation and AF488 and pH-sensitive pHrodo (bright red at acidic pH) fluorophores.

(iii)  Functionalized F(ab’), domain of 5D3 mAb with TCO and AF488 fluorophore.

(iv) Finctionalized Fab domain of 5D3 mAb with TCO and CF680 for in vivo and in vitro imaging.

v) Finctionalized Fab domain of 5SD3 mAb with TCO and **ZrDFO for PET imaging.

2. We’ve synthesized and characterize new cytotoxic carrier component based on human albumin
conjugated with PEG-tetrazine (reactive group for click chemistry), and potent microtubule inhibitor
mertansine (DM1). Modification ratios were optimized to provide high stability, high cytotoxicity, and
good water solubility of the compound.

3. We have measured internalization kinetics and intracellular distribution of internalized components in
PSMA+ human prostate cancer cells. Specific cytotoxic effect against PSMA-expressing cells was
confirmed; results are summarized in our publication in Hapuarachchige et al. Molecular Pharmaceutics,
2020.

4. Based on extremely high affinity and internalization rates of 5D3 anti-PSMA mAb we have synthesized a
direct 5SD3-DM1 antibody-drug conjugates and tested there anticancer effects in cultures prostate cancer
cells and in preclinical models of human prostate cancer. Excellent localization of the drug in pSMA-
expressing tumors was detected by optical imaging (Fig .1A). High efficacy of the agent against PSMA-
expressing cancer and low to negligible systemic toxicity in small animals were confirmed. Results are
summarized in a paper Huang et al., Molecular Pharmaceutics, 2020.

5. PET imaging of Fab-based pretargeting agents was performed in animal models of PSMA-positive and
PSMA-negative prostate cancer using long lived 89-zirconium tracer. Results presented in Fig. 1 and

demonstrate feasibility of this agent for future application in pretargeting therapy.
A —

B 5D3(DM1)y4(AF-488), B

Figure 1. A. Tumor uptake of 5SD3(DM1),3(CF-680),in PSMA(+) PC3-PIP and PSMA(-) PC3-Flu dual
tumor mouse model. 5D3(DM1),s(AF-488), comletely internalized in PC3-PIP cells after 1h. B. PET-MRI
at 7T shows distribution of 89Zr PET radiotracer with MR image. MRI: RARE pulse sequence (in plane
resolution of 0.25 mm; slice thickness of 1 mm; TE/TR= 36/3000ms). PET: 15 min scan was performed
24h after injection of 210 pCi of ¥Zr-Fab of anti-PSMA 5D3 mAb. Reconstructed spatial resolution of
0.75mm. PSMA+ PC3-PIP tumor in the left flank (yellow arrow) shows high uptake of the radiotracer. No
uptake was detected in PSMA- tumor (right mouse). High uptake in the liver was also observed.




What opportunities for training and professional development has the project provided?
If the project was not intended to provide training and professional development opportunities or there is
nothing significant to report during this reporting period, state “Nothing to Report.”

Describe opportunities for training and professional development provided to anyone who worked on the
project or anyone who was involved in the activities supported by the project. “Training” activities are
those in which individuals with advanced professional skills and experience assist others in attaining
greater proficiency. Training activities may include, for example, courses or one-on-one work with a
mentor. “Professional development” activities result in increased knowledge or skill in one’s area of
expertise and may include workshops, conferences, seminars, study groups, and individual study. Include
participation in conferences, workshops, and seminars not listed under major activities.

Nothing to Report

How were the results disseminated to communities of interest?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how the results were disseminated to communities of interest. Include any outreach activities that
were undertaken to reach members of communities who are not usually aware of these project activities, for
the purpose of enhancing public understanding and increasing interest in learning and careers in science,
technology, and the humanities.

Nothing to Report

Describe briefly what you plan to do during the next reporting period to accomplish the goals and
objectives.

Nothing to Report — this is the Final Report




4. IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or any
change in practice or behavior that has come about as a result of the project relative to:

What was the impact on the development of the principal discipline(s) of the project?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how findings, results, techniques that were developed or extended, or other products from the
project made an impact or are likely to make an impact on the base of knowledge, theory, and research in
the principal disciplinary field(s) of the project. Summarize using language that an intelligent lay audience
can understand (Scientific American style).

Novel two-component pretargeting system for specific therapy of PSMA-expressing prostate cancer can
result in high efficacy and significantly reduced toxicity and side effects. Our improved therapeutic
components (pretargeting and drug-carrier) provide favorable pharmacokinetics and internalization
kinetics in target cancer cells, which should facilitate experimental therapy in animal models. Once
optimized and validated future translation to clinic should be feasible.

What was the impact on other disciplines?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how the findings, results, or techniques that were developed or improved, or other products from
the project made an impact or are likely to make an impact on other disciplines.

The developed pretargeting system can impact on specific diagnostic imaging of prostate cancer using
retargeting probes for improved sensitivity and specificity of detection and ability to use a combination of
high-molecular weight targeting molecules (antibodies or engineered antibody fragments) with short life-
time small-molecule imaging probes.

What was the impact on technology transfer?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe ways in which the project made an impact, or is likely to make an impact, on commercial
technology or public use, including:

o transfer of results to entities in government or industry;,
o instances where the research has led to the initiation of a start-up company, or
o adoption of new practices.

Nothing to Report




What was the impact on society beyond science and technology?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe how results from the project made an impact, or are likely to make an impact, beyond the bounds
of science, engineering, and the academic world on areas such as:

o improving public knowledge, attitudes, skills, and abilities;

o changing behavior, practices, decision making, policies (including regulatory policies), or social
actions, or

o improving social, economic, civic, or environmental conditions.

Nothing to Report




5. CHANGES/PROBLEMS: The PD/PI is reminded that the recipient organization is required to obtain
prior written approval from the awarding agency grants official whenever there are significant changes in
the project or its direction. If not previously reported in writing, provide the following additional
information or state, “Nothing to Report,” if applicable:

Nothing to Report
b7

Describe problems or delays encountered during the reporting period and actions or plans to resolve them.

Nothing to Report

Changes that had a significant impact on expenditures

Describe changes during the reporting period that may have had a significant impact on expenditures, for
example, delays in hiring staff or favorable developments that enable meeting objectives at less cost than
anticipated.

Nothing to Report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select
agents

Describe significant deviations, unexpected outcomes, or changes in approved protocols for the use or care
of human subjects, vertebrate animals, biohazards, and/or select agents during the reporting period. If
required, were these changes approved by the applicable institution committee (or equivalent) and reported
to the agency? Also specify the applicable Institutional Review Board/Institutional Animal Care and Use
Committee approval dates.



Significant changes in use or care of human subjects

Not Applicable — Nothing to Report

Significant changes in use or care of vertebrate animals

Nothing to Report

Significant changes in use of biohazards and/or select agents

Nothing to report




6. PRODUCTS: List any products resulting from the project during the reporting period. If there is
nothing to report under a particular item, state “Nothing to Report.”

o Publications, conference papers, and presentations
Report only the major publication(s) resulting from the work under this award.

Journal publications. List peer-reviewed articles or papers appearing in scientific, technical, or
professional journals. Identify for each publication: Author(s), title; journal; volume: year; page
numbers, status of publication (published; accepted, awaiting publication; submitted, under review;
other); acknowledgement of federal support (ves/no).

1. Huang CT, Guo X, Batinka C, Lupold SE, Pomper MG, 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 Sep 8;17(9):3392-3402.

2. Hapuarachchige S, Huang CT, Donnelly MC, Batinka C, Lupold SE, Pomper
MG, Artemov D. Cellular Delivery of Bioorthogonal Pretargeting Therapeutics in
PSMA-Positive Prostate Cancer. Mol Pharm. 2020 Jan 6;17(1):98-108.

3. Hapuarachchige S, Artemov D. Theranostic Pretargeting Drug Delivery and

Imaging Platforms in Cancer Precision Medicine. Front Oncol. 2020 Jul
22;10:1131.

Books or other non-periodical, one-time publications. Report any book, monograph, dissertation,
abstract, or the like published as or in a separate publication, rather than a periodical or series.
Include any significant publication in the proceedings of a one-time conference or in the report of a
one-time study, commission, or the like. Identify for each one-time publication: author(s); title;
editor, title of collection, if applicable; bibliographic information; year, type of publication (e.g.,
book, thesis or dissertation); status of publication (published; accepted, awaiting publication;
submitted, under review; other); acknowledgement of federal support (yes/no).

Nothing to report

fion as
noted above. List presentations made during the last year (international, national, local societies,
military meetings, etc.). Use an asterisk (*) if presentation produced a manuscript.

1. S Hapuarachchige, C Huang, J Flores, C Barinka, D Artemov. “MR and optical imaging
study to evaluate effects on bioorthogonal click therapy in prostate cancer mouse models”,
ISMRM Annual Meeting Proceedings, 3593, Paris (2018).

2. D. Artemov “Treatment Monitoring Using Smart MRI Agents”, Educational Course
Theranostics & Novel Molecular Probes, ISMRM Annual Meeting, Paris (2018).

3. S Hapuarachchige, RC Mease, W Lesniak, CT Huang, G Si, D Artemov. WMIC Annual
Meeting Proceedings, GA138, Montreal (2019).




Website(s) or other Internet site(s)

List the URL for any Internet site(s) that disseminates the results of the research activities. A short
description of each site should be provided. It is not necessary to include the publications already
specified above in this section.

hopkinsmedicine.org/radiology/research/divisions/cancer-imaging-research

this is a general site for the Division of Cancer Imaging Research at the Department of
Radiology and Radiological Science at JHU School of Medicine.

Technologies or techniques
Identify technologies or techniques that resulted from the research activities. Describe the
technologies or techniques were shared.

Nothing to report

Inventions, patent applications, and/or licenses

Identify inventions, patent applications with date, and/or licenses that have resulted from the
research. Submission of this information as part of an interim research performance progress
report is not a substitute for any other invention reporting required under the terms and conditions
of an award.

Nothing to report

Other Products

Identify any other reportable outcomes that were developed under this project. Reportable outcomes
are defined as a research result that is or relates to a product, scientific advance, or research tool
that makes a meaningful contribution toward the understanding, prevention, diagnosis, prognosis,
treatment and /or rehabilitation of a disease, injury or condition, or to improve the quality of life.
Examples include:

o data or databases,

o physical collections;

o audio or video products,

o software;

o models;

o educational aids or curricula;
e instruments or equipment,



research material (e.g., Germplasm; cell lines, DNA probes, animal models),
clinical interventions;

new business creation; and

other.

PSMA -pretargeting system based on anti-PSMA 5D3 mAb and its fragments for specific imaging
g/therapy of prostate cancer.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Provide the following information for: (1) PDs/Pls; and (2) each person who has worked at least one
person month per year on the project during the reporting period, regardless of the source of compensation
(a person month equals approximately 160 hours of effort). If information is unchanged from a previous
submission, provide the name only and indicate “no change”.

Example:

Name: Mary Smith

Project Role: Graduate Student

Researcher Identifier (e.g. ORCID ID): 1234567

Nearest person month worked: 5

Contribution to Project: Ms. Smith has performed work in the area of combined error-
control and constrained coding.

Funding Support: The Ford Foundation (Complete only if the funding

support is provided from other than this award.)

Name: Dmitri Artemov
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Contribution to Project: In vivo imaging, data interpretation, providing overall guidance to the project
Funding Support: NIH/NCI, NIH/NIBIB
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Nearest person months worked: 3
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Name: Colin Huang
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Nearest person months worked: 6

Contribution to Project: Maintaining cell cultures, performing routine tests, confocal microscopy and image
processing

Funding Support: NIH/NCI




Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the
last reporting period?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

If the active support has changed for the PD/PI(s) or senior/key personnel, then describe what the change
has been. Changes may occur, for example, if a previously active grant has closed and/or if a previously
pending grant is now active. Annotate this information so it is clear what has changed from the previous
submission. Submission of other support information is not necessary for pending changes or for changes
in the level of effort for active support reported previously. The awarding agency may require prior written
approval if a change in active other support significantly impacts the effort on the project that is the subject
of the project report.

Nothing to report

What other organizations were involved as partners?
If there is nothing significant to report during this reporting period, state “Nothing to Report.”

Describe partner organizations — academic institutions, other nonprofits, industrial or commercial firms,
state or local governments, schools or school systems, or other organizations (foreign or domestic) — that
were involved with the project. Partner organizations may have provided financial or in-kind support,
supplied facilities or equipment, collaborated in the research, exchanged personnel, or otherwise
contributed.

Provide the following information for each partnership:
Organization Name:

Location of Organization: (if foreign location list country)
Partner’s contribution to the project (identify one or more)

e Financial support;
o In-kind support (e.g., partner makes software, computers, equipment, etc.,
available to project staff),
o Facilities (e.g., project staff use the partner’s facilities for project activities),
o Collaboration (e.g., partner’s staff work with project staff on the project);
o Personnel exchanges (e.g., project staff and/or partner’s staff use each other’s facilities, work at

each other’s site); and
o Other.
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Development of 5D3-DM1: A Novel Anti-Prostate-Specific
Membrane Antigen Antibody-Drug Conjugate for PSMA-Positive
Prostate Cancer Therapy
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Venu Raman, Dmitri Artemov, and Sudath Hapuarachchige*
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ABSTRACT: Prostate cancer (PC) is a potentially high-risk
disease and the most common cancer in American men. It is a
leading cause of cancer-related deaths in men in the US, second
only to lung and bronchus cancer. Advanced and metastatic PC is
initially treated with androgen deprivation therapy (ADT), but
nearly all cases eventually progress to castrate-resistant prostate
cancer (CRPC). CRPC is incurable in the metastatic stage but can
be slowed by some conventional chemotherapeutics and second-
generation ADT, such as enzalutamide and abiraterone. Therefore,
novel therapeutic strategies are urgently needed. Prostate-specific
membrane antigen (PSMA) is overexpressed in almost all aggressive PCs. PSMA is widely used as a target for PC imaging and drug
delivery. Anti-PSMA monoclonal antibodies (mAbs) have been developed as bioligands for diagnostic imaging and targeted PC
therapy. However, these mAbs are successfully used in PC imaging and only a few have gone beyond phase-I for targeted therapy.
The 5D3 mADb is a novel, high-affinity, and fast-internalizing anti-PSMA antibody. Importantly, SD3 mAb demonstrates a unique
pattern of cellular localization to the centrosome after internalization in PSMA(+) PC3-PIP cells. These characteristics make SD3
mAb an ideal bioligand to deliver tubulin inhibitors, such as mertansine, to the cell centrosome, leading to mitotic arrest and
elimination of dividing PC cells. We have successfully developed a SD3 mAb- and mertansine (DM1)-based antibody-drug
conjugate (ADC) and evaluated it in vitro for binding affinity, internalization, and cytotoxicity. The in vivo therapeutic efficacy of
5D3-DM1 ADC was evaluated in PSMA(+) PC3-PIP and PSMA(—) PC3-Flu mouse models of human PC. This therapeutic study
has revealed that this new anti-PSMA ADC can successfully control the growth of PSMA(+) tumors without inducing systemic
toxicity.

o High binding affinity o
HO @ PSMA

o Centrosomal localization

Centrosome

o Efficient drug release

o Fast internalization

KEYWORDS: prostate cancer, prostate-specific membrane antigen (PSMA), drug delivery, targeted therapy,
antibody-drug conjugates (ADC), MCC linker, anti-PSMA antibody, SD3 antibody, mertansine (DM1)

1. INTRODUCTION enhancing therapeutic efficacy and minimizing systemic
toxicity.
Prostate-specific membrane antigen (PSMA) is an integral

frer | d bronch Over 174.000 Ameri membrane protein with a molecular weight of 110 kDa and
after lung and bronchus cancer. Over 174, erican men consisting of 750 amino acids.” PSMA is overexpressed in

were diagnosed with PC last year, and 18% of PC patients die practically all malignant PC tumors compared to non-prostatic

. . 12 o
yearly from this devastating decease.”” Androgen deprivation tissues.”'® It is also known that cancer aggressiveness,

androgen blockage, and deprivation enhance PSMA expression

In the USA, prostate cancer (PC) is the most common cancer
in men and the second leading cause of cancer-related death

therapy is initially effective in most metastatic PCs, but PCs

eventually become resistant to hormone-based therapeutics levels.""'* Following binding by bioligands, such as anti-PSMA
and progress into castrate-resistant prostate cancer (CRPC).‘?"4 monoclonal antibodies (mAbs), low-molecular weight com-
At this stage, CRPC has typically metastasized to the bone and

eventually to other vital organs of the body.” Second-line Received:  April 27, 2020 it
chemotherapeutics and hormone ablation therapies, such as Revised:  August S, 2020 £ g |
docetaxel and enzalutamide and abiraterone, can extend Accepted: August 6, 2020

survival; however, approximately 15—25% of patients will not Published: August 17, 2020

6,7

respond to second-line therapy.”” Novel targeted therapeutics

are urgently needed to improve metastatic CRPC treatment by

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.molpharmaceut.0c00457
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pounds, and peptides, PSMA is readily internalized.>"* These
characteristics make PSMA a perfect target for the develop-
ment of diagnostic imaging probes and targeted therapeutics
for PC.">7'*

7E11 was the first anti-PSMA antibody originally developed
using LNCaP PC cells as an antigen. The 7E11 mAb binds to
the intracellular epitope of PSMA that is only exposed in
apoptotic or necrotic PC cells.'” ™' Therefore, 7E11 mAb can
be used as a bioligand for imaging PC but not for targeted
therapy. Following the development of 7E11, a series of anti-
PSMA mAbs were developed that targeted the extracellular
moiety of PSMA. Some of anti-PSMA mAbs have been
humanized, making them feasible for diagnosis or therapy
without inducing the anti-mouse immune response. Among
them, the humanized J591 mAb (HuJ591) was the most
successful mAb, to date, with high binding affinity to the
extracellular moiety of PSMA, and is widely used for PC
imaging and radiotherapy. Following PSMA binding, the J591-
PSMA complex internalizes quickly and localizes to endosomes
in the cells, which enables efficient delivery of chemo-
therapeutics to the target cell. MLN2704 is an antibody-drug
conjugate (ADC) that utilizes the anti-PSMA characteristics of
HuJ591 for the targeted drug delivery of the anti-tubulin agent,
mertansine (DM1), in PC therapy. However, MLN2704 has a
narrow therapeutic window in metastatic CRPC therapy
because of the poor stability of the disulfide linker.**

SD3 is a mAb that specifically binds to the extracellular
domain of PSMA with sub-nanomolar affinity. This mAb has
been previously used for targeted-imaging of PSMA(+) PCs.”
By comparison, the binding affinities of SD3 and J591 mAbs to
PSMA are 0.14 and 1.2 nM, respectively, as determined by
enzyme-linked immunosorbent assay. SD3 mAb exhibits
improved characteristics as a bioligand for targeting PC
because of a nearly 10-fold higher binding affinity compared
to J591.%*

We have recently used SD3 mAb for pretargeting therapy in
PSMA(+) PC cells by the sequential treatment of SD3-based
pretargeting components, followed by a drug delivery
component, which recognizes two components on the targeted
cell surface by trans-cyclooctene-tetrazine bioorthogonal click
chemistry.”> Our proof-of-concept study revealed interesting
results in vitro, showing a significant reduction of cell viability
in PSMA(+) PC3-PIP PC cells compared to PSMA(—) PC3-
Flu cells.”” However, in animal models, an 8—24 h period is
required to clear the unbound mAb from circulation before the
second drug delivery component can be administered. Our in
vitro studies revealed that 75% of surface-bound SD3 mAbs are
internalized within the first 2 h and remained inside cells for
more than 24 h.*>® Within this time-frame, surface-bound 5D3
mAbs are internalized and not available on the cell surface.
High binding affinity, fast internalization, and prolonged
persistence of SD3 in the cytoplasm are ideal factors for the
development 5SD3-based anti-PSMA ADCs for the therapy of
PSMA(+) PC.

Our studies have also revealed that SD3 mAb has a unique
pattern of internalization in the target PC cells and it localizes
to the centrosomal compartment in the vicinity of the nucleus.
The centrosome is a cytoplasmic organelle, which serves as an
organizing center for microtubule growth during the interphase
of mitosis. Therefore, the SD3 mAb can be conjugated with
anti-tubulin drugs, such as mertansine (DM1) and paclitaxel,
to directly deliver these agents to the centrosome and induce
mitotic arrest and killing of cancer cells. Hence, our target-
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specificity is not limited to targeting PSMA(+) receptors on
PC cells but also applies to specific delivery of drugs to the
centrosome that is vital for cell division.

DML is used as a chemotherapeutic for ADC development
and was discovered in the Maytenus ovatus shrub.”*~** It is an
anti-tubulin agent that inhibits the assembly of microtubules
leading to the induction of mitotic arrest and the killing of cells
at sub-nanomolar concentrations.”” The antimitotic effects of
maytansine derivatives are linked to their ability to bind to
tubulin, inhibiting microtubule assembly.’” DML is not target-
specific and can attack healthy tissues as well, resulting in
severe side effects and systemic toxicity.”’ To circumvent the
lack of specificity, DM1 is typically conjugated to a target-
specific antibody to be used as an ADC. The drug thiol
functional group can be used for standard conjugation with
antibodies without a reduction in toxicity. The unique
characteristics of anti-PSMA SD3 mAb: high target-specificity,
enhanced binding affinity, fast internalization, and localization
at the centrosome combined with the high cytotoxicity of DM1
can provide significant advantages for the development of the
anti-PSMA SD3-DMI1-based ADC that targets PSMA(+) PC
cells by mitotic arrest, leading to cell death.

2. MATERIALS AND METHODS

2.1. Antibody, Chemicals, and Reagents. Anti-PSMA
mAb, 5D3 was produced following the protocol described
previously and stored in 0.02% NaN;/phosphate-buffered
saline (PBS).”* The drug, DMI, was purchased from Abcam,
Inc. The heterobifunctional linker, sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC),
amine-reactive fluorophores, Dulbecco’s phosphate-buffered
saline (DPBS), and BupH phosphate-buffered-saline were
purchased from Thermo Fisher, Inc, and rhodamine B
isothiocyanate—dextran (70 kDa) was purchased from
Sigma-Aldrich, Inc. All organic solvents were of HPLC-grade,
purchased from Fisher Scientific, and used without further
purification.

2.2. Synthesis of ADC. The SD3 mAb was buffer-
exchanged from 0.02% NaN;/PBS into 2 mM ethylenediami-
netetraacetate (EDTA)/BupH PBS (pH 7.2) by 30 kDa
MWCO ultracentrifugation filtration. A fraction of the SD3
sample (5 mg in 1.0 mL of 2 mM EDTA/BupH PBS) was
treated with freshly prepared Sulfo-SMCC [10-fold molar
excess, 0.15 mg in 10 uL of anhydrous dimethyl sulfoxide
(DMSO)] and stirred at ambient temperature for 2 h. The
resulting product, SD3-MCC (2.5 mg in 1.0 mL of 2 mM
EDTA/BupH PBS), was treated with a 2-fold molar excess of
DM1 (0.15 mg in 10 uL of anhydrous DMSO) over the linker.
The mixture was stirred at ambient temperature for 24 h. For
optical imaging, unconjugated SD3 mAb or 5D3-MCC were
labeled with fluorophores using 10 molar equivalents of amine-
reactive fluorophores, AlexaFluor-488-NHS or CF-680-NHS,
for 1 h at room temperature.

2.3. Ultracentrifugation and MALDI-TOF Analysis.
Amicon ultracentrifugation filter units (4 or 15 mL capacity,
30 kDa MWCO) were used to exchange buffer, concentrate
samples, and remove unreacted low-molecular weight reactants
and byproducts after each step of the conjugation process. The
samples were further purified by passing through Sephadex G-
2S5 resin. ADCs and conjugates were also passed through a 0.22
pum membrane syringe filter for sterilization before drug
administration. Molecular weights of intermediates and final
products were determined using the Voyager DE-STR matrix-
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assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometer (Mass Spectrometry and Proteomics
Facility, JHU School of Medicine). The average number of
MCC heterobifunctional groups and DM1 molecules con-
jugated per mAb were 6 and 2.8, respectively, and were
calculated based on the change in the molecular weight. The
number of fluorophores conjugated per mAb was determined
following the Thermo Fisher protocol for determination of the
degree of labeling for amine-reactive probes. The size of ADC
was measured by dynamic light scattering (DLS) using a
Nano-ZS90 Zetasizer (Malvern Instruments, UK).

2.4. Cells. PSMA(+) PC3-PIP and PSMA(—) PC3-Flu cells
were used to study the binding affinity, internalization, and
therapeutic efficacy in vitro and to generate dual-tumor mouse
models. Both cell types were grown in RPMI 1640 medium
(supplemented with 10% FBS and 1% penicillin—streptomy-
cin) and maintained in a humidified incubator at 37 °C in a 5%
CO, atmosphere. Cells were confirmed to be free of
mycoplasma contamination.

2.5. Cell Analysis by Flow Cytometry. SD3-DM1 ADC
binding affinity was tested in PC3-PIP and PC3-Flu cells
seeded in a 6-well plate (0.4 million/well) and grown for 24 h
to ~60% confluency. Fluorescent SD3-DM1-AF-488 or SD3-
AF-488 (20 pg/mL) was incubated with cells for 30 min at 4
°C. Unbound excess mAbs or ADCs were washed once using
DPBS, and cells were harvested by trypsinization. Cells were
resuspended in buffer and fixed by 4% paraformaldehyde
(PFA). Cells were analyzed on a BD LSR II flow cytometer
using 488 nm laser for AlexaFluor 488. Fluorescence
histograms for DM1 conjugated and unconjugated SD3 on
PSMA(=+) cells were generated by FlowJo software.

2.6. In Vitro Optical Imaging. Internalization and
localization of SD3 mAb and its drug conjugates were studied
in PSMA(+) cells. PSMA(+) PC3-PIP or PSMA(—) PC3-Flu
cells were seeded (4-well chamber slides, 0.2 million cells per
well) and grown for 1—-2 days to 80—90% confluency. Medium
was removed in each chamber, and cells were treated with 150
UL of 20 ug/mL of SD3-AF-488 or SD3-DM1-AF-488 and
incubated at 37 °C for 30 min, 1, 6, 12, and 24 h under 5%
CO, in a humidity-controlled incubator. For one chamber
treated with SD3-AF-488, cells were pulsed with 70 kDa
rhodamine—dextran (100 pg/mL) along with SD3-AF-488.
Cells were washed with DPBS for S min and fixed by 4% PFA
on ice for 10 min. Nuclei were counterstained using Hoechst
33342 (10 pg/mL in H,O at RT for 10 min) and wet-
mounted. The images were collected using a Zeiss Axiovert
200 fluorescence microscope system equipped with an LSM
510-Meta confocal module and processed using Zeiss Zen
software.

2.7. Cytotoxicity of 5D3-DM1 in PSMA(+) Cells.
Cytotoxicity and cell viability were assayed by treating PC3-
PIP and PC3-Flu cells in 96-well plates in RPMI 1640 culture
media with SD3-DM1 ADC over a range of concentrations.
Briefly, cells were seeded in a 96-well plate (2000 cells/well)
and grown for 24 h to 40—50% confluency. Wells were treated
with increasing concentrations of SD3-DM1 or pure DM1
equivalent to the DM1 concentration in SD3-DM1 ADC (1;
10; 100; 1000; 10,000; and 100,000 ng/mL). After 48 h
incubation, ICg, values of SD3-DM1 ADC and corresponding
free DM1 were determined using the WST-8 assay (Dojindo
Molecular Technologies), following the manufacturer’s proto-
col. Briefly, cells in each well in 100 L of the fresh media were
treated with 10 yL of WST-8 reagent and incubated at 37 °C.
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During incubation, WST-8 tetrazolium salt is reduced by
dehydrogenase in living cells, forming a yellow formazan dye
with A, at 450 nm. After 3 h, the absorbance was measured at
450 nm. The concentration of the formazan dye in the media
produced by dehydrogenases is directly proportional to the
density of viable cells in the well. The cell viability of treated
cells was normalized to readings in untreated control cells,
which were considered to have 100% viability. Data were fitted,
and ICy, values for DM1 and 5D3-DM1 were calculated using
Prism (GraphPad, San Diego CA).

2.8. Human PC Animal Models. Healthy, four-to-six-
week-old, male athymic nude mice were used for this study.
For PSMA(+) and PSMA(—) dual-tumor mouse models, PC3-
PIP and PC3-Flu cells were grown to 70—80% confluency in
RPMI 1640 media, trypsinized, and 5x10° cells were
reconstituted in SOuL of RPMI 1640/Matrigel (1:1) for
each inoculation and maintained at 4 °C. PSMA(+) cells were
subcutaneously inoculated in the left and right flanks of the
animal. When each tumor volume reached 100—150 mm?® in
size, mice were used for in vivo imaging and therapeutic and
toxicological studies. All animal experiments were carried out
in accordance with protocols approved by the Johns Hopkins
University Animal Care and Use Committee and were
conducted in strict compliance with all federal and institutional
guidelines. At the end of imaging and therapeutic experiments,
mice were euthanized according to the protocol.

2.9. Determination of In Vivo Therapeutic Efficacy.
Four groups of male athymic nude mice, subcutaneously
inoculated with PC3-PIP and PC3-Flu human PC cells, were
administered three different doses of SD3-DM1-CF-680 (1.0,
2.5, and 5.0 mg/kg in 200 uL of saline) and 200 uL of saline
for the control group. Mice were imaged using a Xenogen IVIS
200 Optical Imaging system to confirm the tumor uptake of
SD3-DM1-CF-680. The second therapeutic dose was given
after two weeks. The sizes of the tumors were measured with a
caliper every other day during the complete treatment. The
tumor volume was calculated using the formula (L X W*)7/6,
where L is the longest diameter (the major axis) and W is the
tumor width, measured perpendicular to the major axis.

2.10. Toxicological Study. The live toxicological assess-
ment included daily clinical observations, body weight
measurements every other day, and food consumption. After
the 3-week treatment, animals were euthanized and the blood
was immediately collected for complete blood count (CBC)
and for the analysis of the toxicological chemistry profile.
Blood urea nitrogen (BUN), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) were analyzed to
determine the long-term liver and kidney toxicity of the
drug. After euthanization, tumors and vital organs, liver,
kidney, heart, spleen, lungs, sternum, small intestine, colon,
and gallbladder, were extracted, preserved in 10% neutral-
buffered formalin, and embedded in paraffin. H&E staining was
performed on 4 pm sections following a standard protocol.
Toxicology studies were carried out in treated and untreated
tumor-bearing mice and healthy mice. Metastatic tumors in
vital organs were also preserved for future analyses.

2.11. Statistical Analysis. The in vitro therapeutic study
was executed in triplicate per plate, and duplicate independent
experiments were conducted for statistics. The one-way
analysis of variance (ANOVA) was used for the omnibus F-
test. Changes in the cell viability were considered significant (p
value < 0.05) when the F value was greater than the critical
value of the F-distribution. In in vivo experiments, the statistical
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Scheme 1. Synthesis of the SD3-DM1 ADC and Its Fluorescence Analogues®
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“In the first step, SD3 mAb was functionalized by reaction with the Sulfo-SMCC heterobifunctional linker (i) and conjugated with DM (ii). The
resulting SD3-DMI (iii) and SD3 mAbs (iv) were labeled with AF-488 (for in vitro imaging and flow cytometric analysis) or CF-680 (for in vivo

optical imaging).
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Figure 1. Characterization of SD3-DM1 ADC. (A) MALDI-TOF spectra of SD3 mAb, intermediate SD3-MCC, and SD3-DM1 ADC. (B) DLS
analysis and size distribution of SD3 mAb (i) and SD3-DM1 (ii). (C) Fused flow cytometric histogram of PSMA(+) PC3-PIP and PSMA(—) PC3-
Flu cells labeled with SD3-DM1-AF-488 (i) and SD3-AF-488 (ii), showing that there is no change in the PSMA labeling properties of SD3 after
modification. Note: Histograms were plotted in red (PC3-PIP cells) and blue (PC3-Flu cells) for both SD3-DM1-AF-488 and SD3-AF-488 for

direct comparison.

analysis (t-test) between multiple-dose treated and untreated
groups was performed using JMP 12.1.0 Statistical Discovery
from SAS. A p value of less than 0.05 was considered
significant (*p < 0.05). Survival curves in Kaplan—Meier
analysis use the time when the tumor has reached a four-fold
increase in the volume relative to the initial tumor volume as
the surrogate endpoint.

3. RESULTS

3.1. Synthesis of 5D3-DM1 ADCs. In the synthesis of
SD3-DM1 ADC, approximately six MCC groups were
conjugated per antibody molecule (Scheme 1). Two
equivalents of DM1, with respect to the number of attached
MCC groups, were used for the drug conjugation. The final
ADC had an average of 2.8 DMI molecules per antibody.
Because DML1 is a hydrophobic molecule, a 24 h reaction time
in the rotating mixer was required for this conjugation. The
resulting ADC was labeled with AlexaFluor 488 or CF-680
NIR fluorophores for in vitro imaging and flow cytometry or in
vivo imaging experiments, respectively. Unconjugated 5D3
mADb was also labeled with AF-488 dyes for control imaging
and flow cytometry. The average number of fluorophores per
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antibody was maintained as approximately two. The molecular
weights of 5D3-MCC and SD3-DM1 ADC were measured by
MALDI-TOF. The number of conjugated groups and drugs
was determined based on the shift of molecular weights, as
shown in Figure 1A. Changes in size after modifications
determined by DLS were not statistically significant (Figure
1B).

3.2. Cell Analysis by Flow Cytometry. Figure 1C shows
the histograms of PC3-PIP and PC3-Flu cells treated with
5D3-DM1-AF-488 or 5D3-AF-488. PC3-PIP cells overexpress
PSMA compared to PC3-Flu cells. There were no significant
changes between the histograms of cells treated with SD3-
DM1-AF-488 and 5D3-AF-488, proving that the conjugation
of drug molecules does not change the PSMA-specificity and
binding properties of SD3 mAb.

3.3. In Vitro Cellular Imaging. PSMA(+) PC3-PIP cells
were labeled with fluorescent SD3-AF-488 and SD3-DM1-AF-
488 conjugates, and confocal images are shown in Figure 2.
Both mAb and ADC were internalized quickly and localized in
the cytoplasm within 30 min and remained in the cell for more
than 24 h. Unlike other cancer-cell-specific antibodies (Figure
S1), both SD3 (Figure 2A) and SD3-DM1 ADC (Figure 2B)
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Figure 2. Confocal fluorescence images of SD3 mAb and SD3-DM1
ADC in PSMA(+) PC3-PIP cells. Internalized SD3-AF-488 (A) and
5D3-DM1-AF-488 (B) after 1 h. (C) Perinuclear localization of 5D3-
AF-488. (D) Cells treated with SD3-AF-488 (green) and dextran—
rhodamine (red, visualizing endosomes), a dividing cell exhibiting the
mAbs localized to the centrosomes. (Scale bar: 50 ym).

were localized in the vicinity of the nucleus immediately after
internalization. This unique behavior was further analyzed by
observing dividing cells at high resolution (Figure 2C). The
enlarged view in Figure 2C shows a late anaphase stage of a
mitotic cell. The 5D3-AF-488 conjugate appears to be
associated with the centrosomes of dividing cells. When cells
are incubated with SD3-AF-488 and co-treated with the
rhodamine-B dextran (70 kDa) endosome marker, the two-
color images reveal that SD3 localization does not overlap with
late endosomes and lysosomes (Figure 2D). No significant
uptake of SD3-DM1 ADC was observed in PSMA(—) PC3-Flu
cells (Figure S2).

3.4. In Vitro Therapeutic Study. The SD3-DM1 ADC
and unconjugated DM1 were used for microscale determi-
nation of the drug cytotoxicity in PSMA(+) PC3-PIP and
PSMA(—) PC3-Flu cells (Figure 3). For the direct comparison
of cytotoxicity, the dose was normalized for DM1 concen-
trations in nM. The most pronounced cytotoxicity was
observed for PSMA(+) PC3-PIP cells treated with SD3-
DM]1, with a corresponding ICs, value of 0.70 nM (Figure 3A).
The same drug in PSMA(—) PC3-Flu cells had an IC, of
13.98 nM. Cell treatment with matching concentrations of the
free DM1 drug was less toxic for both PC3-PIP and PC3-Flu
cells, with IC;, values of 603.8 and 7352 nM, respectively
(Figure 3B). These results suggest that the cytotoxicity of SD3-
DM1 was target-mediated by the antibody.

3.5. In Vivo Therapeutic Efficacy. PSMA(+) PC3-PIP
and PSMA(—) PC3-Flu dual-tumor mouse models were used
in this study following the treatment schedule shown in Figure
4A. In this study, we selected three doses for the treatment
plan to evaluate the therapeutic efficacy of the drug. Four
groups of mice were treated with increasing doses of 5D3-
DM1 (1.0, 2.5, and 5.0 mg/kg, and saline as a control). The
second dose was administered on day 14. On day 21, mice
were euthanized and the toxicological profiles were evaluated
in all mice. A day after the administration of the second dose of
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Figure 3. In vitro cytotoxicity in PC3-PIP and PC3-Flu cells. (A)
Cytotoxicity of SD3-DM1 in PSMA(+) PC3-PIP (IC, = 0.70 nM)
and PSMA(—) PC3-Flu (ICs, = 13.98 nM) cells. (B) Cytotoxicity of
DM1 equivalent to SD3-DM1 in PSMA(+) PC3-PIP (ICy, = 603.8
nM) and PSMA(-) PC3-Flu (ICs, = 735.2 nM) cells. ICs, values
were calculated using the GraphPad/Prism software.

5SD3-DM1-CF-680, dual-tumor mice were imaged using a
Xenogen IVIS 200 Optical Imaging system (Figure 4B).
Compared to the untreated mice [Figure 4B(i)], SD3-DM1-
CF-680 treated mice showed a high tumor uptake by the
PSMA(+) PC3-PIP tumor [Figure 4B(ii)]. The volumes of
PC3-PIP tumors in SD3-DM1-CF-680 treated mice were
smaller than that of PSMA(—) or untreated tumors. Only a
slight uptake of ADC was seen in the PC3-Flu tumor in the
same mouse.

The therapeutic effects of SD3-DM1-CF-680 in PSMA(+)
PC3-PIP tumors are shown in Figure S. In this study, mice
treated with the highest dose of 5.0 mg/kg showed the
maximum, and statistically significant, therapeutic efficacy in
PSMA(+) tumors compared to all other doses; however, 5.0
mg/kg is not the maximum tolerated dose for SD3-DM1-CE-
680. As shown in Figure 5A, the relative tumor volume was
significantly lower (*p < 0.05) from day 1S onward with
respect to the untreated group. At the end of the therapy, the
2.5 mg/kg dose treatment also provided significantly higher
therapeutic efficacy compared to the 1.0 mg/kg dose and saline
treatment (#p < 0.05) at day 21. However, the 1.0 mg/kg dose
was unable to produce significant therapeutic efficacy. The
treatment response of PSMA(—) PC3-Flu tumors was
observed, and the results are shown in Figure SB. Interestingly,
the growth rate of PC3-Flu tumors was slightly lower
compared to the untreated mice; however, it was not
statistically significant at any dose regimen.

Figure 5C shows changes in relative tumor volumes among
PSMA(+) PC3-PIP and PSMA(—) PC3-Flu tumors in
multiple treatment groups on day 21 (end of the treatment).
The overall efficacy was higher in PSMA(+) tumors and the
5.0 mg/kg dose group exhibited significantly (*p < 0.05)
higher therapeutic efficacy in PSMA(+) tumors compared to
PSMA(—) tumors. The 2.5 mg/kg treatment was not
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Figure 4. In vivo therapeutic study. (A) Dosing schedule of in vivo therapy, imaging, and toxicological study. (B) In vivo NIR fluorescence images of
drug delivery. The tumor uptake of SD3-DM1-CF-680 in PSMA(+) PC3-PIP and PSMA(—) PC3-Flu dual-tumor mouse models. (i) Untreated
and (i) treated with 2.5 mg/kg of SD3-DM1-CF-680. Images were obtained 24 h after the administration of ADC at day 18.
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Figure S. In vivo therapeutic effect of SD3-DM1-CF-680 in human PC xenograft mouse models (n = 6/group). Therapeutic efficacy of SD3-DM1-
CF-680 (1.0, 2.5, and 5.0 mg/kg) in (A) PSMA(+) PC3-PIP PC tumors and (B) PSMA(—) PC3-Flu PC tumors in mouse models. (C) Relative
tumor volumes at day 21 in mice treated with multiple-doses for PC3-PIP and PC3-Flu tumors. The Kaplan—Meier analysis of the surrogate
survival. Kaplan—Meier graphs were plotted using the time taken to reach four times the initial tumor size as the endpoint in (D) PSMA(+) PC3-
PIP PC tumors and (E) PSMA(—) PC3-Flu PC tumors in mouse models (n = 10/group).

significantly efficacious when PSMA(+) and PSMA(—) tumors
were compared. Overall, the 5.0 mg/kg dose showed a
statistically significant therapeutic efficacy in PSMA(+) tumor
models compared to all other dose treatment groups, the
untreated group, and PSMA(—) tumors.

The Kaplan—Meier surrogate survival results for untreated
mice and mice treated with SD3-DM1-CF-680 are shown in
Figure SD,E. The results demonstrated that the 5.0 mg/kg
treatment increased the survival of mice with PSMA(+) tumors
(*p < 0.05), and approximately, 50% of tumors did not reach
the four-fold relative tumor size during the treatment. All other
treated and untreated PSMA(+) and PSMA(—) tumors
exceeded four-fold relative tumor growth before day 19.

3.6. Systemic Toxicity of the Therapy. At day 21, mice
were euthanized and blood was collected for CBC and
toxicology chemical profile analyses. The CBC showed no
significant change between healthy, tumor-bearing untreated,
and treated mice. BUN (Figure 6A) and ALT (Figure 6B)
levels in treated and untreated mice were within the normal
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range; however, AST (Figure 6C) was elevated in both the
untreated and treated tumor-bearing groups. Mice were
weighed every other day to evaluate the in vivo toxicity of
SD3-DM1 (Figure 6D). A slight weight loss was observed in all
treated mice; however, it was insignificant compared to
untreated healthy mice. The H&E staining was performed in
fixed tissue samples and did not show organ toxicity of the
treatment in any of the experimental mice. Figure 7 shows high
necrosis in PSMA(+) PC3-PIP tumors (Figure 7A) compared
to PSMA(—) PC3-Flu tumors (Figure 7B), the animal group
treated with the 5.0 mg/kg dose. However, we observed
necrosis in both tumor models that is typically observed in
large experimental tumors. We observed no tissue damage in
the liver and kidney of mice treated with the 5.0 mg/kg dose
(Figure 7C).

4. DISCUSSION

PSMA is widely used as a biomarker to image PC, drug
delivery, and radioligand therapy.”™** PSMA-specific small
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Figure 7. H&E staining of tumors and organs in a 5.0 mg/kg dose-treated mouse. (A) PSMA(+) tumor at 10X (i) and 40x (ii). (B) PSMA(—)
tumor at 10X (i) and 40X (ii). (C) Liver tissue (i) and kidney tissue (ii) at 40X. Study shows high necrosis in the PSMA(+) PC3-PIP tumor, low
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images).

molecules, peptides, and mAbs are used as the bioligands with
which to target PSMA. The 5D3 antibody has a sub-nanomolar
affinity for PSMA, and we have previously used this antibody
for pretargeting therapy and proved the concept in vitro. The in
vivo pretargeting therapy with SD3 mAb is challenging because
of its fast internalization rates. Nevertheless, high target-
specificity and affinity, together with the fast internalization
rate, make SD3 mAb an ideal bioligand with which to target
PSMA and serve as a platform for the development of
therapeutics. In addition, after internalization, SD3 localizes to
the centrosome, an organelle critical for cell division. The
centrosome organizes microtubules during cell division; hence,
5D3 is ideal for delivering anti-tubulin agents to this organelle.
We are currently studying the specific mechanisms that drive
SD3 localization to centrosomes and suggest that a receptor-
mediated specificity is involved in this phenomenon.
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The anti-tubulin agent, DM1, has been successfully used for
the development of ADC to treat other cancers. For example,
trastuzumab- and DMIl-based T-DMI, developed through
amine conjugation chemistry, is a novel FDA-approved ADC
used to treat HER2(+) breast cancer (ICy, = 0.22—4.26
nM).*® PSMA-targeting small therapeutic molecules have also
been tested to treat PSMA(+) PC, and most of them have an
ICy, in the nanomolar range (1—800 nM).”” Nevertheless,
DML is still a popular drug in ADC development.” In T-DM1,
the anti-HER2 trastuzumab is conjugated with DM1 through
an MCC linker. We used the same MCC conjugation
chemistry in SD3-DM1 development, rather than a disulfide
linkage to avoid the rapid dissociation as seen with the
MLN2704.>* There was no significant degradation of 5D3-
DM1 observed in PBS storing for 9 months at 4 °C (Figure
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$3). The complete stability test for SD3-DM1 in PBS and
plasma will be performed in the future.

In SD3-DM1 ADC synthesis, SD3 mAb was first function-
alized with maleimide groups by conjugation with an MCC
linker using amine-NHS ester conjugation chemistry. Amino
groups are common in proteins, and this conjugation
chemistry is widely used for mAb modification with drugs
and imaging agents. Non-specificity and lack of control in the
reaction are challenges in amine conjugation of mAbs. Amine
conjugation also has limited control in maintaining the
reproducibility of the drug loading. We judiciously maintained
the reaction conditions, such as molar equivalent, concen-
tration of reactants, pH, agitation, and temperature, to ensure
the consistency of drug loading. The number of MCC groups
per mAb was limited to six. After purification, two equivalents
of DM1, with respect to the total molar content of MCC
groups in the reaction, were reacted with SD3-MCC. Precise
control and maintenance of the MCC load and equivalents of
the reactants are important so that the mAb is not overloaded
with hydrophobic DM1 that could lead to mAb precipitation.
Batches of unconjugated SD3 and 5D3-DM1 ADCs were
labeled with suitable fluorophores for direct in vitro and in vivo
optical imaging. Therefore, the mAb and its conjugates could
be tracked without the use of secondary antibodies.

The molecular weights of SD3-MCC and SD3-DM1 were
measured by MALDI-TOF. The number of conjugated
moieties per mAb was calculated based on the shifts in
molecular weights. We performed flow cytometry analysis to
observe any adverse changes in 5D3 for PSMA upon
conjugation. Flow cytometry results revealed that there was
no change in the PSMA labeling properties of 5D3 after
modification. In this study, the total conjugation in fluorescent
SD3-DM1 was maintained at no more than 12 groups per
antibody. For comparison, we and others have previously
observed that up to 20 foreign groups can be substituted per
trastuzumab without altering its binding affinity.**~*’

Unlike other antibodies, which follow receptor-mediated
clathrin endocytosis, SD3 mAb almost immediately localizes to
the vicinity of the nucleus (Figure 2C). The same
phenomenon was observed after SD3 was conjugated with
DMI1 to form SD3-DM1 ADCs. High-resolution confocal
images of mitotic cells revealed that SD3 mAb localizes to the
centrosome. We postulate that specific delivery of anti-tubulin
agents to the centrosomes is a crucial factor for the success of
SD3 ADC therapy. Images of PC3-PIP cells treated with SD3-
AF-488 and rhodamine-labeled dextran to distinguish the
centrosome and endosome compartments revealed that these
compounds are localized in different cellular compartments
and that internalized SD3 mAbs are likely localized at the
centrosomes. The specific mechanisms of this phenomenon are
still unresolved and are the subject of our ongoing research.

In vitro assays showed that the PSMA(+) PC3-PIP cell line
is highly sensitive to treatment with the 5D3-DMI that
demonstrated the lowest ICy, value of 0.70 nM compared to
PCMA(—) PC3-Flu cells (ICs, = 13.98 nM). Interestingly, the
control study, using free DM1 with a dose equal to the drug
content in ADC, exhibited ICs, values of 603.8 and 735.2 nM
for PC3-PIP and PC3-Flu cells, respectively. The preclinical
IC,, value for MLN2704 is 1.4 nM for PSMA(+) LNCaP cells
compared to 61.3 nM for PSMA(—) PC3 cells."" Successful
results of in vitro studies highlighted the potential and provided
the rationale to use SD3-DM1 ADCs in vivo to determine the
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therapeutic efficacy and toxicological effects in preclinical
models of PSMA(+) human PC.

We have shown that SD3-DM1-CF-680 is effective in in vivo
subcutaneous dual xenograft mouse models of human PC.
Two doses of 2.5 and 5.0 mg/kg SD3-DM1 ADC resulted in a
significant reduction of PSMA(+) PC3-PIP tumors compared
to PSMA(—) PC3-Flu tumors. However, the 1.0 mg/kg dose
was not sufficient to impair tumor growth. We also observed an
insignificant reduction of PSMA(—) tumors compared to
untreated mice, presumably because of nonspecific accumu-
lation and degradation of cytotoxic ADCs in the tumor due to
the enhanced permeability and retention (EPR) effect.*>*
The highest dose used in the study, 5.0 mg/kg, was below the
maximum tolerated dose. However, we suggest that the high
therapeutic efficacy of SD3-DM1 in PSMA(+) tumors is
attributable to the combination of efficient delivery of ADC to
the tumor by the EPR effect, specific targeting of the PSMA(+)
cancer cell surface receptor, and rapid internalization and
intracellular delivery of the cytotoxic cargo to the centrosome
within the target cancer cell. The results of the study
demonstrate a significant effect of the SD3-DMI1 targeted
therapy in PC3-PIP tumors treated with the 5.0 mg/kg dose
compared to the low-dose treatments (*p < 0.05). Fifty
percent of PSMA(+) PC animals survived without reaching the
surrogate survival endpoint (four times the initial tumor
volume) during the 21 day treatment with 5.0 mg/kg SD3-
DML. In all other groups treated with lower doses, including
PSMA(—) models, tumors reached four times the initial tumor
volume limit before the therapy was completed.

No clinical manifestations of systemic toxicity were detected
in mice treated with SD3-DMI1. During the course of the
treatment, the mean body weight of mice in each treatment
group remained practically unchanged, including healthy mice
and mice treated with SD3-DM1 (Figure 6D). The platelet
(PLT) count dropped, and the white blood cell (WBC) count
was elevated after treatment; however, all counts were still
within the healthy range (Figure S4).

We observed no pathological alterations in liver, kidney,
heart, spleen, lungs, sternum, small intestine, colon, or
gallbladder in treated animals. Metastatic tumors were
observed in the kidneys of untreated mice (Figure SS) but
not in treated mice. Considerably large necrotic areas were
seen in both treated and untreated PSMA(+) and PSMA(-)
(Figure 7). The inner regions of solid tumors received
insufficient blood supply, resulting in oxygen and glucose
deprivation and necrosis.”*~*” Hence, we believe that extensive
necrosis in the core of untreated and PSMA(—) tumors is due
to these ischemic conditions.

5. CONCLUSIONS

We have developed a novel ADC for the treatment of PC using
the high target-specificity, binding affinity, and centrosomal
localization of anti-PSMA SD3 mAb and high cytotoxicity of
DM1. The SD3-DM1 ADC labeled with imaging agents
demonstrated a high and homogeneous tumor uptake in
PSMA(+) tumors. The SD3-DMI1 conjugates also resulted in a
high tumor response without any notable adverse systemic
effects. Antibody modification using amine functional groups
did not alter its binding with PSMA. Two cycles of treatment
using a 5.0 mg/kg dose provided efficient control of PSMA(+)
tumor growth, which resulted in 50% of mice surpassing the 21
day duration of the study. The treatment was also safe, as, in
our studies, we observed no clinical manifestations, weight loss,
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or adverse changes in the CBC and blood chemistry of the
treatment groups, except for the elevation of the AST level and
the reduction of the PLT count due to complications of large
tumors. The H&E of vital organs, including the liver and
kidney, did not show any necrosis or tissue damage. Almost all
tumors have a necrotic core induced by oxygen and glucose
deprivation at the end of treatment. Based on our experimental
results, we are confident that SD3-DM1 can become a new and
highly efficacious therapy for aggressive PC. We envision
future clinical applications of this strategy, which will increase
the therapeutic efficacy while minimizing the systemic toxicity
in PC patients possibly before metastasis into vital organs and
bones.
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ABSTRACT: Prostate cancer is primarily fatal after it

becomes metastatic and castration-resistant despite novel Pretargeting mAb g 3 ::é?g;':;’;’;’)
combined hormonal and chemotherapeutic regimens. Hence, 5D B O T —
new therapeutic concepts and drug delivery strategies are -~ PSIA h
urgently needed for the eradication of this devastating disease. ® '"‘er'f'ifafiff

Here we report the highly specific, in situ click chemistry \ o) 3

driven pretargeted delivery of cytotoxic drug carriers to =)

PSMA(+) prostate cancer cells. Anti-PSMA SD3 mAb and its T~ PR

F(ab’), fragments were functionalized with trans-cyclooctene
(TCO), labeled with a fluorophore, and used as pretargeting
components. Human serum albumin (ALB) was loaded with the DM1 antitubulin agent, functionalized with PEGylated
tetrazine (PEG,-Tz), labeled with a fluorophore, and used as the drug delivery component. The internalization kinetics of
components and the therapeutic efficacy of the pretargeted click therapy were studied in PSMA(+) PC3-PIP and PSMA(-)
PC3-Flu control cells. The F(ab’), fragments were internalized faster than SD3 mAb in PSMA(+) PC3-PIP cells. In the two-
component pretargeted imaging study, both components were colocalized in a perinuclear location of the cytoplasm of PC3-PIP
cells. Better colocalization was achieved when SD3 mAb was used as the pretargeting component. Consecutively, the in vitro cell
viability study shows a significantly higher therapeutic effect of click therapy in PC3-PIP cells when SD3 mAb was used for
pretargeting, compared to its F(ab’), derivative. SD3 mAb has a longer lifetime on the cell surface, when compared to its
F(ab’), analogue, enabling efficient cross-linking with the drug delivery component and increased efficacy. Pretargeting and
drug delivery components were cross-linked via multiple bioorthogonal click chemistry reactions on the surface of PSMA(+)
PC cells forming nanoclusters, which undergo fast cellular internalization and intracellular transport to perinuclear locations.

KEYWORDS: pretargeted therapy, drug delivery, PSMA(+) prostate cancer, nanomedicine, bioorthogonal click chemistry

1. INTRODUCTION The prostate-specific membrane antigen (PSMA) is a type II
membrane protein that is highly expressed in aggressive
PC.”""® Due to the cell-surface and cancer-specific nature of
PSMA, and its rapid cellular internalization and recycling
kinetics, PSMA is a leading target for primary and metastatic
PC diagnosis, imaging, and therapy.'”~>' PSMA has glutamate
carboxypeptidase activity and can be targeted with small-

Prostate cancer (PC) is the most common noncutaneous
malignancy in American men.' > Over 170 000 new cases of
PC are diagnosed, and approximately 30 thousand patients die
from PC each year in the US.* Conventional treatments such
as surgery, radiation, and androgen deprivation are effective;

however, PC is essentially ;ncurable once it becomes metastatic molecule substrate analogues as well as engineered peptides,
and castration-resistant.”~~ That outcome persists despite the aptamers, and antibodies.”””*' Nanosize hyperbranched
approval of several new drugs and combined hormonal and

. . 10,11 .
chemotherapeutic regimens. Novel therapeutic approaches Received: July 23, 2019

. )

and cancer-specific drug delivery strategies are urgently needed Revised: November 22, 2019
for the improved management and eventual complete Accepted: November 25, 2019
eradication of this devastating disease.'>™ Published: December 16, 2019
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Scheme 1. Synthesis of SD3 mAb and Its F(ab’),-Based Pretargeting Components”
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(i) SD3 mAb was treated with TCO-NHS to obtain SD3(TCO); and then (ii) labeled with a suitable fluorophore to obtain the final product,
SD3(TCO)g(Fluor),. The same synthetic route was followed starting with F(ab’), of SD3 to obtain (i) F(ab’),(TCO)g and (ii)
F(ab’),(TCO)g(Fluor),. Subscripted numbers in the formulas indicate the number of TCO or fluorophores attached per biomolecule.

polymers conjugated with PSMA-specific small molecules,
peptides, and anti-PSMA antibodies have also been success-
fully studied as therapeutic delivery platforms targeting
PSMA(+) PC in mouse models.”> Anti-PSMA antibodies
typically enhance the internalization of PSMA and can be used
for the delivery of isotopes and drugs targeting PSMA(+)
prostate cancers.” Only two monoclonal antibodies, J591 and
7E11, have moved to clinical trials, and radiolabeled variants of
J591 have progressed to Phase IL>*7*° The 5D3 mAb is a
novel anti-PSMA mAb, recently developed and used for
imaging PC.” In preclinical binding and imaging studies, the
SD3 mAb has demonstrated higher PSMA binding affinity
when compared to J591.%"%

Antibody—drug conjugate (ADC) drug delivery systems
have shown promising results in cancer therapy over recent
decades.”” ™" Target specificity and the use of a minimum
amount of highly cytotoxic chemotherapeutics increase ADC
efficacy.” Moving forward, pretargeted drug delivery can be an
even more effective strategy by circumventing the use of highly
cytotoxic chemotherapeutics with significant off-target effects
in cancer treatment.””*> We have previously developed a
bioorthogonal pretargeted two-component drug delivery
system driven by trans-cyclooctene (TCO) and PEGylated
tetrazine (PEG,-Tz) in situ click chemistry for specific delivery
of therapeutics to HER2(+) breast cancer.** This strategy can
be applied to other cancer types such as PC, which overexpress
cancer-specific PSMA on the cell surface.

The trans-cyclooctene-tetrazine (TCO-Tz) click chemistry is
a strain-promoted reaction that does not require catalysts and
can proceed under mild conditions. TCO-Tz click chemistry is
ideal for biological applications, as it can be performed under
physiological conditions and releases no toxic byproducts.***’
This inverse-electron demand Diels—Alder (IEDDA) cyclo-
addition reaction exhibits exceptional kinetics (k > 100 000
M~ s7!) and chemoselectivity. We have utilized this
bioorthogonal click reaction for in situ conjugations of two
components in physiological conditions to enhance the cellular
internalization of drugs, and this strategy has shown enhanced
therapeutic efficacy in preclinical breast cancer models. In this
study, we have applied and extended the strategy of
bioorthogonal pretargeted drug delivery to PSMA(+) PC
using novel functionalized SD3 mAb or its F(ab’), domains as
the pretargeting component, and the highly cytotoxic drug,
mertansine (DM1)-loaded human serum albumin (ALB), as
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the drug delivery component. This approach has demonstrated
high efficacy in PSMA(+) PC cells.

2. MATERIALS AND METHODS

2.1. Antibody, Chemotherapeutics, and Chemicals.
5D3 mAb in PBS with 0.02% NaN; was prepared as described
previously and used after buffer exchange to pure BupH
phosphate buffered saline (PBS).”” Mertansine (DM1) was
purchased from Abcam, Inc. The amine-reactive linkers, TCO-
NHS and methyltetrazine-PEG,-NHS esters, were purchased
from Sigma-Aldrich Corp. and KeraFast, Inc., respectively.
Sulfo-SMCC heterobifunctional crosslinker, NHS esters of
fluorophores, and Dulbecco's phosphate-buffered saline
(DPBS) were purchased from ThermoFisher, Inc.

2.2. 5D3 mAb Fragmentation. The F(ab’), fragments of
5D3 mAD were prepared using the Pierce Mouse IgG1 Fab and
F(ab’), Preparation Kit (Thermo Scientific) following the
manufacturer’s protocol. Briefly, SD3 antibody (3 mg in 0.5
mL of PBS) was digested for 24 h at 37 °C in mouse IgGl
digestion buffer with the provided Immobilized Ficin resin in
the presence of cysteineeHCl (0.5 mL of 0.7 mg/mL).
Digested F(ab’), fragments were separated from the resin by
centrifugation (5000g, 1 min) followed by 3 separate washes
with provided protein A binding buffer to collect a total of 2.0
mL. The F(ab’), fragments were purified using a Nab protein
A plus spin column and protein A binding buffer.

2.3. Synthesis of Pretargeting Components. The 5D3
mAb or F(ab’), fragments (2 mg in 500 uL of PBS) were
treated with TCO-NHS ester (250 mol equiv in 10—20 uL of
anhydrous DMSO) and incubated for 2 h. The 2—4% DMSO/
PBS reaction mixture was initially cloudy, and TCO-NHS ester
was not completely soluble. However, the reaction mixture was
clear after 1-2 h, and excess TCO-NHS and byproducts were
removed by ultrafiltration (Scheme 1). The product was
further purified by size-exclusion column chromatography
(SEC). The comparatively higher equivalent of TCO-NHS
ester was required for this reaction, possibly due to poor
solubility. The number of TCO groups attached per antibody
or antibody fragments was determined based on the change of
molecular weight measured by Voyager DE-STR MALDI-TOF
mass spectrometer (Figure S1). The change of molecular
weight corresponds to the total molecular weights of TCO
groups attached to SD3 or F(ab’),.

The number of groups attached is denoted as the
subscripted number in the formulas. The hydrodynamic
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Scheme 2. Synthesis of the Albumin (ALB)-Based Drug delivery Component”
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HQN‘NS?( 0 @] ASS:
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PBS/2 mM EDTA
\\ PH6.5 H,N
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ALB(DM), 5
(iii) Tz-PEG,-NHS
PBS, pH 7.2
RT,2h
N

J @**ng @
B st

ALB(DM), ;(PEG,-Tz)o(Fluor), ©

(iv) Fluor-NHS
PBS pH 7.2, RT, 2

ALB(DM), ;(PEG,-Tz),

(i) ALB was treated with the sulfo-SMCC bifunctional linker to obtain ALB(MCC),. (ii) It was conjugated with DM1 drug molecules, and the
resultant ALB(DM1),, was treated with (iii)) NHS-PEG,-Tz ester to obtain ALB(DM1),3(PEG,-Tz)o. (iv) It was labeled with a suitable
fluorophore to obtain the final product, ALB(DM1);;(PEG,-Tz),o(Fluor),. The subscripted numbers in the formulas indicate the number of

MCC, DM1, PEG,-Tz groups, or fluorophores attached per protein.

diameter of components was measured by dynamic light
scattering (DLS) using a Nano-ZS90 (Malvern Instruments,
U.K.) Zetasizer (Figure S2). For imaging experiments and flow
cytometry, the native SD3 antibody, F(ab’),, and function-
alized SD3(TCO)g, and F(ab’),(TCO);g (~500 uL of 1 mg/
mL in PBS) were labeled with AlexaFluor 488 or CyS by
adding AlexaFluor 488 NHS ester or CyS-NHS ester (10—20
mol equiv in 10 L of anhydrous DMSO) and stirred for 2 h,
and excess dye was removed by ultrafiltration. A fraction of
fluorescent SD3(AF-488), (250 pug in 250 uL in PBS) was
further labeled with a low-pH fluorescence indicator, pHrodo,
by adding pHrodo-NHS (20—S50 mol equiv in 10 uL of
anhydrous DMSO). After stirring for 2 h, the excess dye was
removed by ultrafiltration. After fluorescence labeling, all
products were further purified by SEC chromatography. The
degree of fluorescence labeling was determined following the
manufacturer’s protocol.

2.4. Synthesis of Delivery Components. Human serum
albumin (ALB, 20 mg in 4 mL of PBS) was treated with a 10-
fold molar excess of sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC)
in dry DMSO and stirred for 2 h (Scheme 2). The excess
SMCC and byproducts were removed by ultrafiltration, and
the product was further purified by size-exclusion chromatog-
raphy (SEC). The ALB functionalized by SMCC (10 mg in 2
mL of PBS with 2 mM EDTA, pH 6.5) was treated with
mertansine (DM1, 10 mol equiv in 10 uL of anhydrous
DMSO) and stirred for 20 h at room temperature. The excess
DM1 was removed by ultrafiltration, and the product,
ALB(DM1);3, was further purified by SEC chromatography.
ALB(DM1);; (S mg in 1 mL of PBS) was functionalized with
PEG,-Tz by adding methyltetrazine-PEG,-NHS ester (100
mol equiv in 10 L of anhydrous DMSO) and stirring for 2 h.
The resulting product ALB(DM1);3(PEG,-Tz),, was purified
by ultrafiltration, followed by SEC chromatography. The
product, ALB(DM1);3(PEG,-Tz),, (3 mg in 1 mL of PBS),
was treated with rhodamine-NHS ester or AlexaFluor 488
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NHS ester (20 mol equiv in 10—20 L of anhydrous DMSO)
and stirred for 2 h to obtain ALB(DM1);,(PEG,-
Tz),0(Rhod), and ALB(DM1),(PEG,-Tz),,(AF-488),. The
product was finally purified by ultrafiltration followed by SEC
chromatography. After each step, the molecular weights of
intermediates and final products were determined using the
Voyager DE-STR MALDI-TOF mass spectrometer. The
degree of MCC linker conjugation, DM1 drug load, and
PEG,-Tz functionalization were determined based on the
change of molecular weights (Figure S1) and is denoted as
subscripts in formulas. The degree of fluorophore labeling was
determined following the manufacturer’s protocol.

2.5. Purification of the Products. After each step of the
synthesis, the excess small molecular reagents and byproducts
were removed by Amicon ultrafiltration using 15 mL, 30 kDa
MWCO units (for >2 mg samples) or 0.5 mL, 30 kDa MWCO
units (for <2 mg samples). The products were further purified
by SEC chromatography by the Waters binary pump/dual
absorbance HPLC system equipped with a YMC-Pack Diol-
300 (300 X 8.0 mm LD,; particle size, S ym; pore size, 30 nm)
size-exclusion column, using 0.1 M PBS with 0.2 M NaCl (pH
7.2) as the mobile phase.

2.6. Cells. PSMA(+) PC3-PIP and PSMA(—) PC3-Flu cells
were used to prove the strategy in PSMA(+) PC. Cells were
grown in RPMI 1640 medium supplemented with 10% FBS
and 1% penicillin—streptomycin and maintained in a
humidified incubator at 37 °C with 5% CO,. Cells were
confirmed to be free of mycoplasma contamination.

2.7. Time-Dependent Internalization of Pretargeting
Components. PC3-PIP or PC3-Flu cells were seeded in 4-
well chamber slides (0.2 million cells per chamber) and grown
for 24—48 h to 80—90% confluency. Each chamber was treated
with 150 uL of 20 pg/mL of SD3(AF-488), or F(ab’),(AF-
488), and incubated at 37 °C under CO, and humidity-
controlled conditions. Chambers at each time point (15 min, 1,
6, 24 h) were washed with Dulbecco’s phosphate buffered
saline (DPBS) for S min and fixed using 4% paraformaldehyde
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(PFA) for 10 min on ice. The nuclei were counterstained using
Hoechst 33342 and wet mounted. Images were taken using an
inverted confocal microscope and analyzed using dedicated
software developed in the IDL and MatLab environment.
Briefly, the program searches for the cell membrane-
extracellular medium interface using a user-defined coarse
outline of the cell membrane. The algorithm provides the
precise position of the plasma membrane based on the
intensity gradient analysis of the images. Membrane areas with
low fluorescence signals are interpolated using neighboring
regions with a high fluorescence intensity. Integral fluorescence
localized to the membrane (within the search radius from the
interface) and the integral internalized signal within the space
enclosed within the membrane was evaluated for each cell
within the field of view. The measured values are exported in a
tabular format.

2.8. mAb Internalization Inhibition Study. PC3-PIP
cells (0.2 million/chamber) were seeded in 4-well chamber
slides and grown for 24—48 h to 80—90% confluency. Each
chamber was treated with 150 yL of 2 pg/mL SD3(AF-488),
in DPBS in the presence of endocytosis inhibitors,
chlorpromazine hydrochloride (10 pg/mL), methyl-f-cyclo-
dextrin (5 mM), or Nocodazole (20 uM). Two control
experiments were performed treating PC3-PIP cells with 2 ug/
mL SD3(AF-488) alone and incubated at 4 and 37 °C.** After
1 h, cells were washed with DPBS and fixed with 4% PFA in
PBS. After the nuclear counterstaining by Hoechst 33342, the
slide was wet mounted, and cells were imaged using a Zeiss
AxioObserver confocal fluorescence microscope with an
LSM700 confocal module.

2.9. Flow Cytometry Analysis. For the determination of
PSMA expression levels, PC3-PIP and PC3-Flu cells were
seeded in a 6-well plate (0.4 million/well) and grown for 24 h
to ~90% confluency. Then cells were treated with SD3(CyS5),
or F(ab’),(CyS), (20 pug/mL) and incubated for 30 min at 4
°C. Cells were washed once using DPBS and harvested by
trypsinization. Cell pellets were resuspended in buffer and fixed
by 4% PFA for flow cytometry. To prove the click delivery,
PSMA(+) PC3-PIP and PSMA(—) PC3-Flu cells were seeded
in a 6-well plate (0.4 million/well) and grown for 24 h to
~90% confluency. Then, cells in each well were treated with
one of the reactive pretargeting components, SD3-
(TCO)4(CyS),, E(ab’),(TCO)4(CyS), or unreactive SD3-
(CyS),, and F(ab’),(CyS), (20 ug/mL), and incubated for 20
min at 37 °C. Cells were washed once with DPBS, treated with
a drug delivery component, ALB(DM1),5(PEG,-Tz),,(AF-
488), (50 pg/mL in DPBS), and incubated for 30 min at 37
°C. Then, the treating solution was replaced by fresh media,
and cells were incubated for an additional 1.5—-2 h. Cells were
washed once using DPBS and harvested by trypsinization. Cell
pellets were resuspended in buffer and fixed by 4% PFA. Cells
were analyzed on a BD LSR II Flow Cytometer using red (633
nm) and blue (488 nm) lasers for CyS and AlexaFluor 488,
respectively. Histograms for PSMA expression levels and
fluorescence density plots for each click delivery tests are
presented in Figure 2.

2.10. In Vitro Two-Component Delivery Imaging
Study. PC3-PIP and PC3-Flu cells grown in 4-well chamber
slides were treated with SD3(TCO)g(AF-488), or F-
(ab’),(TCO)s(AF-488), (150 pL of 20 pug/mL in each well)
and incubated at 37 °C for 30 min, and unbound pretargeting
components were washed by DPBS. Cells were then treated
with ALB(DM1),5(PEG,-Tz),o(Rhod), (150 uL of 50 ug/mL
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in DPBS) at 37 °C for 30 min. After the washing step, DPBS
was replaced by the growth medium, and the incubation was
continued for 30 min, 1, 2, and 4 h. After each time point,
selected chambers of cells were fixed by 4% PFA for 20 min at
4 °C and washed with deionized H,O. Fixed slides were
imaged using the Zeiss AxioObserver confocal fluorescence
microscope with an LSM700 confocal module and analyzed
using NIH Image].

2.11. In Vitro Study of Pretargeted Therapy. PC3-PIP
or PC3-Flu cells (2000 cells/well in 200 L of a medium) were
seeded in a 96-well plate and incubated at 37 °C for 24 h.
Cultured cells were treated with or without modified or
unmodified SD3 or its F(ab’), fragments (20 yug/mL in 100 uL
of DPBS) and incubated at 37 °C for 20 min. Cells were
washed with DPBS and incubated for 2 h with or without the
drug delivery component ALB(DM1);;(PEG,-Tz),o(Rhod),
or with DM1 (1.5 pg/mL in 100 uL of DPBS). After
treatment, cells were washed with DPBS and resupplied with
fresh media. After the incubation for 48 h, the cell viability was
determined using the WST-8 assay, following the manufac-
turer’s protocol. Briefly, cells in 100 uL of media were treated
with 10 pL of the WST-8 reagent per well and incubated at 37
°C. After 3 h, the absorbance was measured at 450 nm. The
WST-8 is tetrazolium salt, which is reduced by dehydrogenase
in living cells forming a yellow formazan dye. This dye turns
media into a yellow color (450 nm absorption peak). The
concentration of the formazan dye in the media produced by
the activities of dehydrogenases in living cells is directly
proportional to the number of viable cells. The cell viability of
treated cells was normalized to readings in untreated control
cells, which were considered to have 100% viability.

2.12. Statistical Analysis. The in vitro therapeutic study
was performed in triplicate per plate, and duplicate
independent experiments were performed for statistical
analysis. The WST-8 assay test was quadruplicated per plate,
and triplicate independent experiments were carried out for the
statistical analysis. The one-way analysis of variance (ANOVA)
was used for the omnibus F-test, and the Scheffé’s test was
used for post hoc analysis (StatPlus:mac, AnalystSoft Inc.,
Alexandria, VA, USA). Changes in the cell viability were
considered significant (p-value < 0.0S) when the F value is
greater than the critical value of the F-distribution.

3. RESULTS

3.1. Design and Synthesis of Components. Anti-PSMA
SD3 mAb and F(ab’), fragments of SD3 mAb were labeled
with AlexaFluor-488 for the in vitro internalization experi-
ments. For pretargeting experiments, SD3 mAb and F(ab’),
were first functionalized with TCO bioorthogonal reactive
groups. The number of TCO groups was maintained at ~8 for
both biomolecules. The second delivery component that was
based on human serum ALB was functionalized by the SMCC
linker and conjugated with DM1 by maleimide—thiol
conjugation. It was further functionalized with tetrazine, the
corresponding bioorthogonal click reactive group. The number
of drug molecules and tetrazine groups was maintained at ~3
and ~10, respectively. Molecular weights of all intermediate
and final components were measured by MALDI-TOF (Figure
S1). The number of conjugated groups and drugs was
determined based on the change of molecular weight, as
shown in Figure S1. The sizes of components were measured
by dynamic light scattering using the Zetasizer (Figure S2).
Changes in size after modifications were not statistically
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significant. For optical imaging, both mAb and ALB conjugates
were labeled with rhodamine and AlexaFluor 488 fluorophores,
respectively. For flow cytometry analysis, pretargeting and drug
delivery components were labeled with CyS and AlexaFluor
488, respectively, to match with the configuration available in
the FACS instrument.

3.2. Analysis of the Internalization of Pretargeting
Components. The internalization of fluorescence-labeled
SD3 and F(ab’), fragments was studied in vitro with PSMA(+)
PC3-PIP cells (Figure S3). The fluorescence intensity of
internalized and cell surface-bound components was measured
by a dedicated software developed in IDL and MatLab. The
ratio of the internalized and membrane-bound fluorescence
was reported for each cell in the field of view. Both
components exhibit similar internalization rates; 75% of cell
surface-bound 5D3 was internalized within 2.5 h, whereas 75%
of the internalization of F(ab’), took approximately 1 h. The
fluorescence intensity faded with time; however, a significant
amount of the pretargeting component was retained in the
cytoplasm for up to 24 h. No significant specific binding and/
or internalization was detected in PSMA(—) PC3-Flu cells
(data not shown).

3.3. Localization of the Pretargeting Component.
SD3(AF-488),(pHrodo), was used to determine the cellular
microenvironment in which 5D3 mAb was localized after
internalization. pHrodo red is an intracellular fluorescent pH
indicator that only becomes fluorescent, at low pH (<6.5). The
dye is typically used for the identification of late endosomes.
After 4 h of incubation with PSMA(+) PC3-PIP cells, the
intracellular compartments were bright red. This signal
colocalized with the green 5D3 signal, indicating localization
within the acidic late-stage endosomes (Figure 1A). Internal-

A

Figure 1. Internalization study of SD3 mAb. (A) Internalization of
SD3(AF-488),(pHrodo),, green channel (i), low-pH-activated red
channel (i), and merged image (iii) (scale bar: 100 pm). (B)
Internalization of SD3 at 4 °C (i) and 37 °C (ii) and internalization of
SD3 in the presence of internalization inhibitors, chlorpromazine
hydrochloride (iii), methyl-f-cyclodextrin (iv), and nocodazole (v)
(scale bar: 100 ym).

ization was further investigated by imaging PC3-PIP cells
treated with SD3(AF-488), at 4 °C and at 37 °C in the
presence of internalization inhibitors such as chloropromazine
hydrochloride, which inhibits clathrin-mediated endocytosis;
methyl-f-cyclodextrin, which inhibits caveolae-mediated endo-
cytosis; and nocodazole, which is an antineoplastic agent that
interferes with the polymerization of microtubules (Figure 1B).
The fluorescence images of cells treated at 4 °C showed no
internalization of SD3. Despite the presence of inhibitors, SD3
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was predominantly internalized at 37 °C and localized in the
cytoplasm, proving that internalization is not entirely
controlled by clathrin-mediated or caveolae-mediated endocy-
tosis, which agrees well with previously reported results.”>**>°

3.4. Flow Cytometric Analysis of Click Delivery. As
shown in FACS histograms in Figure 24, both SD3(CyS), and
F(ab’),(CyS), have high binding affinity in PSMA(+) PC3-
PIP cells, and no accumulation was observed in PSMA(-)
PC3-Flu cells. Figure 2B shows density dot plots for both Cy$
and AF-488 channels. Both pretargeting and drug delivery
components accumulated in PC3-PIP cells but not in PC3-Flu
cells. Reactive SD3(TCO)(CyS), and F(ab’),(TCO)4(Cy5),
pretargeting components and the ALB(DM1);;(PEG,-
Tz),0(AF-488), drug carrier were used in these experiments.
When the experiment was repeated using click unreactive
pretargeting components (without the TCO group), SD3-
(Cys), and F(ab'),(CyS),, accumulation of CyS-labeled
pretargeting components was high in PC3-PIP cells and low
in PC3-Flu cells, respectively (Figure 2C). The fluorescence
signal corresponding to ALB(DM1);;(PEG,-Tz),,(AF-488),
was low in both cell lines as there was no specific click reaction
between the components.

3.5. Imaging Assessment of Click Delivery. Figure 3A
shows images of PC3-PIP cells treated with the two-
component pretargeting system. First, the pretargeting
component SD3(TCO),(AF-488), labeled the PSMA recep-
tors on the cell surface. After washing the excess and unbound
pretargeting components, cells were treated with the second
delivery component, ALB(PEG,-Tz),4(Rhod),. Both compo-
nents underwent multiple strain-promoted TCO-Tz click
reactions in physiological conditions, self-assembled, and
formed nanoscale clusters on the cell surface. The nanoscale
clusters can efficiently internalize into the cytoplasm.’"**

In this experiment, colocalization of two components was
observed in the cytoplasm, depicting an eflicient bioorthogonal
two-component drug delivery in PSMA(+) PC cells using a
SD3 mAb-based pretargeted strategy. Multichannel images
were rendered in the Amira 3D software platform (Thermo
Fisher) to visualize the colocalization of two components in
the cells (Figure 3B). We conducted an in vitro control
experiment using the second delivery component, ALB(PEG,-
Tz),0(Rhod),, without the pretargeted step. PSMA(+) PC3-
PIP cells treated with ALB(PEG,-Tz),;o(Rhod), in the absence
of pretargeting SD3(TCO)s(AF-488),, showed low accumu-
lation of the delivery component on the cell surface or in the
cytoplasm (Figure S4).

The pretargeting components, SD3(TCO)s(AF-488), or
F(ab’),(TCO)s(AF-488),, and the drug-carrier component,
ALB(DM1);;(PEG,-Tz),o(Rhod),, were first used to analyze
time-dependent delivery by fluorescent imaging. In this
strategy, the pretargeting component-labeled cell surface
PSMA receptors react with the second component via in situ
bioorthogonal TCO-Tz click reactions. Multiple click reactions
among the components form nanoscale clusters that internalize
faster and more efficiently than individual components.>
Based on the fluorescence image analysis, the time for
internalization of 75% of 5D3-based pretargeting and delivery
component complexes was 4 h (Figures 4 and 5). On the other
hand, F(ab’),-based pretargeting was significantly faster and
resulted in the internalization of 75% of complexes within 2 h
(Figures 6 and 7). Further analysis of fluorescence images of
F(ab’),-based delivery shows that a significant amount of
F(ab’),(TCO), is dispersed in the cytoplasm without
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Figure 2. Flow cytometry analysis of the pretargeted click-chemistry delivery. (A) PSMA expression levels in (i) PC3-PIP and (ii) PC3-Flu cells.
Combined histograms of untreated cells and cells treated with SD3(CyS), and F(ab’),(CyS),. (B) Pretargeted delivery in the presence of the click
reaction between Alb(DM1),;(PEG,-Tz),,(AF-488), and reactive (i) SD3(TCO)4(CyS), in PC3-PIP cells, (ii) F(ab’),(TCO)s(CyS), in PC3-
PIP cells, (iii) SD3(TCO)s(CyS), in PC3-Flu cells, and (iv) F(ab’),(TCO)4(CyS), in PC3-Flu cells. (C) Pretargeted delivery in the absence of a
click reaction between ALB(DM1);5(PEG,-Tz),,(AF-488), and unreactive (i) SD3(CyS), in PC3-PIP cells, (ii) F(ab’),(Cy5), in PC3-PIP cells,
(iii) SD3(CyS), in PC3-Flu cells, and (iv) F(ab’),(CyS), in PC3-Flu cells.
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ALB(DM1);,(PEG,Tz),o(Rhod),. Panel A: Localization of the first

> . > component, SD3(TCO)s(AF-488),, over time after treatment with
delivery in PSMA(+) PC3-PIP cells, (A) using SD3(TCO)y(AF- the drug delivery component (postdrug treatment time 30 min, 1, 2, 4
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cytoplasm of PSMA(+) cells. red channels. (Scale bar: 100 uM.)

Figure 3. Fluorescence images of the pretargeted two-component

colocalization with the red channel. These free F(ab’),(TCO),

were internalized before in situ bioorthogonal click reactions mAb, or F(ab’), fragments alone to evaluate the effect of

with the drug delivery component. pretargeting components on cell viability. Finally, two cell
3.6. Click Therapy on PSMA(+) Cells and Therapeutic chambers were treated with ALB(DM1), ;(PEG,-Tz),, or pure

Efficacy. PSMA(+) PC3-PIP and PSMA(—) PC3-Flu cells DM1 equiv of the DM1 concentration in ALB(DM1);,(PEG,-

were treated following the therapeutic schedule shown in Tz); to measure the effect of the drug or the drug carrier
Table 1. First, four series of cell chambers were treated with without the pretargeting paradigm.
SD3(TCO)s, F(ab’),(TCO)s, unconjugated SD3, or uncon- As shown in Figure 8, the combination of SD3(TCO)g and

jugated F(ab’),, washed to remove excess pretargeting ALB(DM1);,(PEG,-Tz),, showed selective and enhanced
components, and subsequently treated with the drug delivery toxicity in PSMA(+) PC3-PIP cells when compared to the
component, ALB(DM1), ;(PEG,-Tz);,. Next, four-cell cham- combination of nonfunctionalized 5D3 and ALB-
bers were treated with SD3(TCO);, F(ab’),(TCO)s SD3 (DM1)5;3(PEG,-Tz),,, or any other signal treatment compo-
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Figure 6. Time-dependent images of PSMA(+) PC3-PIP cells in
pretargeted drug delivery using F(ab’),(TCO)4(AF-488), and
ALB(DM1);,(PEG,-Tz),o(Rhod),. Panel A: Localization of the
first component, F(ab’),(TCO)g(AF-488),, over the time after
treatment with the drug delivery component (postdrug treatment
time 30 min, 1, 2, 4 h). Panel B: Localization of the second drug
delivery component, ALB(DM1);3(PEG,-Tz),y(Rhod),, over the
time after the treatment. Panel C: Merged images of corresponding
green and red channels. (Scale bar: 100 yM.)
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Figure 7. Change of the internalized and cell surface fluorescence
intensity ratio of (A) SD3-F(ab’),(TCO)s(AF-488), and (B)
ALB(DM1); ;(PEG,-Tz),,(Rhod), with time.

nent alone. This enhanced toxicity was not observed in
PSMA(—) PC3-Flu cells, suggesting PSMA specificity.
Surprisingly, the smaller F(ab’), fragments could not replicate
this PSMA-specific toxicity. Click therapy using SD;(TCO);
and F(ab’),(TCO)s with ALB(DM1);;(PEG,-Tz),, as a drug
delivery component exhibits a reduction of cell viability of 30%
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Table 1. Click Therapy Treatment Schedule

Treat Pretargeting comp. (20 pg/mL, Drug delivery comp. (S0 ug/
group 130/180 nM) mL, 600 nM)
1 SD3(TCO), ALB(DM1);4(PEG,Tz) 1
2 F(ab'),(TCO), ALB(DM1);5(PEG,Tz) 1
3 sD3 ALB(DM1); 5(PEG,-Tz),
4 F(ab'), ALB(DM1);4(PEG,Tz) 1
5 SD3(TCO),
6 F(ab’),(TCO);
7 SD3
8 F(ab’),
9 DM1 (2 uM)®
10 ALB(DM1),4(PEG,Tz),

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

and 55% of PSMA(+) PC3-PIP cells respectively, whereas the
corresponding cell viabilities of PSMA(—) PC3-Flu cells were
49% and 40% when using SD3(TCO); and F(ab’),(TCO); as
pretargeting components, respectively. The therapeutic effect
of the combination of SD3(TCO)g and ALB(DM1);,(PEG,-
Tz),, was significantly higher compared to the treatment using
ALB(DM1);,(PEG,-Tz),, alone and the nonclick combina-
tion of SD3 mAb and ALB(DM1),;(PEG,-Tz),, in PC3-PIP
cells. The treatment schedule of PSMA(—) PC3-Flu cells
showed a significantly lower decrease in cell viability. Control
experiments with ALB(DM1); ;(PEG,-Tz) , and its equivalent
DM1 treatment result in comparable 57% and 55% cell
viabilities in PC3-PIP cells and 63% and 55% cell viabilities in
PC3-Flu cells, respectively. The controlled, targeted two-
component delivery without click conjugation using pure 5SD3
and F(ab’), with ALB(DM1),;(PEG,-Tz),, reduces the cell
viability to 48% and 52% in PC3-PIP cells and 45% to 42% in
PC3-Flu cells; however, this is not significantly different
compared to ALB(DM1),,(PEG,-Tz),, alone.

4. DISCUSSION

We selected anti-PSMA 5D3 as a pretargeting mAb due to its
high binding affinity compared to other existing/commercially
available anti-PSMA mAbs. Antibodies that have been used as
imaging agents and drug carriers are biocompatible, and their
intrinsic amine groups can be easily used for modification and
conjugation purposes. Approximately eight TCO groups per
mAb provide the optimal substitution ratio for receptor
binding and multiple click reactions with the delivery
component to produce cross-linked nanoclusters without
interfering with the binding affinity.””> Human serum albumin
is used in the clinic, as the drug-carrier molecule (Abraxane) >
and as a platform for the development of drug delivery
components.”>*® Albumin is a hydrophilic globular protein,
which is highly stable in a broad pH range (pH 4—9), up to
40% ethanol, and temperature up to 60 °C. Albumin is also
used as a drug carrier for delivery of hydrophobic low-
molecular-weight chemotherapeutics in cancer therapy.””>*
We have used PC3-PIP and PC3-Flu cells in this study to
validate the concept in PC. PSMA is highly overexpressed in
PC3-PIP cells compared to PC3-Flu cells, as proven in Figure
2A. In our experiments, F(ab’), alone was internalized faster
than SD3 mAb (75% of SD3 in 2.5 h vs 75% of F(ab’), in 1 h),
presumably due to their small size and efficient cross-linking of
PSMA receptors on the cell surface. However, the fast
internalization is a disadvantage in pretargeted delivery since
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Figure 8. Cell viability-based in vitro therapeutic study of pretargeted two-component drug delivery. SD3(TCO);s (A) and F(ab’),(TCO); (B)
were used as a pretargeting component. Control experiments were performed with the pretargeting component alone; pure DMI1 or with
ALB(DM1),;(PEG,-Tz),, without pretargeting components. The combination of SD3(TCO)g and ALB(DM1);3(PEG,-Tz),, showed selective
and enhanced toxicity in PSMA(+) PC3-PIP cells when compared to the combination of nonfunctionalized SD3 and ALB(DM1), ;(PEG,-Tz);, or
treatment with a free drug or drug-carrier component alone. This enhanced toxicity was not observed in PSMA(—) PC3-Flu cells, suggesting PSMA
specificity. PSMA-specific toxicity of the smaller F(ab’), fragments, used as the pretargeting component, could not replicate this of complete SD3

mAb (*p < 0.05, **p < 0.005).

the time window spent by the pretargeting component on the
cell surface is critical for click reactions with the second drug
delivery component. After internalization, the receptors could
be recycled, and the pretargeting component was retained in
the cytoplasm, rendering it unavailable for reaction with the
drug carrier.

Next, we assessed the pretargeted delivery driven by TCO-
Tz click chemistry in PSMA(+) PC3-PIP and PSMA(—) PC3-
Flu cells. When the click delivery has taken place in PSMA(+)
cells, the colocalized Cy5S and AF-488 fluorescence signals
corresponding to SD3(TCO)4(CyS), or F-
(ab’),(TCO)s(Cys), and ALB(DM1),,(PEG,-Tz),(AF-
488), are detected in each cell (Figure 2B); both fluorescence
signals are higher in the FACS density plot. However, when
nonreactive compounds are used, high fluorescence signals of
the pretargeting components only are detected in PSMA(+)
cells but not in PSMA(—) cells (Figure 2C). The pretargeting
component SD3(TCO)g(AF-488), labeled the cell surface
PSMA receptors and stayed on the membrane for at least 30
min. The second-component, ALB(PEG,-Tz),,(Rhod),,
undergoes multiple in situ TCO-Tz click reactions with the
pretargeting components on the cell surface, making cross-
linked nanoclusters, leading to their rapid internalization.
Multiple functional groups (TCO or Tz) per component, the
close proximity of PSMA receptors in PSMA(+) cell surface,
and fast kinetics (~300 000 M~! s7!) of TCO-Tz click reaction
facilitate the formation of nanoclusters of two components on
the cell surface.”® If solutions of both components (~10 mg/
mL) are mixed at room temperature, the mixture rapidly
becomes cloudy because of multiple click reactions between
components and the formation of large protein—protein
complexes.

The cross-linking is not feasible on cells with a low or absent
expression of PSMA, and therefore, this strategy can be used to
selectively deliver drugs to malignant cells. Pretargeted click
therapy was further investigated by a time-dependent study of
PC3-PIP cells using SD3(TCO),(AF-488), (Figure 4) and
F(ab’),(TCO)4(AF-488), (Figure 6) with ALB-
(DM1),,;(PEG,-Tz),o(Rhod),. In these studies, both compo-
nents were colocalized on the cell surface. However, a
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significant amount of unconjugated or unreacted F-
(ab”),(TCO)4(AF-488), was observed in endosomes in the
cell cytoplasm, due to its fast internalization, and was not
available for in situ click conjugation and the formation of
nanoclusters.

In vitro therapeutic study reveals no reduction in cell viability
by SD3 mAb or its TCO conjugated analogues (Figure 8).
However, treatment of PC3-PIP cells with ALB-
(DM1);5(PEG,-Tz);, or its equivalent concentration of pure
DM1 almost equally reduced cell viability. An efficient cross-
linking of two components, SD3(TCO); and ALB-
(DM1);5(PEG,-Tz),o, on the targeted cell surface leads to
enhanced cellular internalization and results in the highest
therapeutic effects in PSMA(+) PC3-PIP cells compared to
PSMA(—) PC3-Flu cells. Substituting the complete mAb with
its F(ab’), fragment as a pretargeting component does not
enhance the therapeutic efficacy of ALB(DM1),3(PEG,-Tz),,.
Free DMI is a highly cytotoxic molecule (ICs, in a low
nanomolar range for most cancer cells)®® and reduces cell
viability to ~60% after 2 h incubation at a concentration of 2
UM. As a naturally abundant carrier and transporting protein in
the blood, albumin is one of the most important proteins taken
nonspecifically by cells. Hence, we observed the therapeutic
effects of untargeted ALB(DM1);;(PEG,-Tz),o(Rhod), in
both PC3-PIP and PC3-Flu cells. Interestingly, in the control
study shown in Figure S4, we observe a minimal uptake of
ALB(DMI1),,(PEG,-Tz) ,(Rhod), in PC3-PIP cells. For
comparison, in similar experiments with HER2-positive and
HER2-negative breast cancer cells and albumin—paclitaxel
conjugates (paclitaxel IC5, = 2.5—7.5 nM),"" we observed
moderate cytotoxicity of the carrier, which reduced cell
viability to ~70—75%." Enhanced cell-kill effects of the free
and albumin-bound DM1 even with limited uptake of the free
form and albumin-bound drug after 2 h pulse treatment of cells
can be attributed to the significantly higher cytotoxicity of the
drug (IC5, = 1.1 nM).”® We have also observed an
enhancement (not statistically significant) of cell viability
after pure SD3, F(ab’),, and SD3(TCO)g, and F(ab’),(TCO),
treatment. It appeared to be a slight enhancement of cell
growth by anti-PSMA agents, possibly due to interference with
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signaling pathways in cells. As proven by the mAb and F(ab’),
internalization study, fast internalization kinetics of the F(ab’),
domain, and its small size, has diminished the efficient cross-
linking with the drug delivery component and therefore
resulted in the reduced eflicacy.

Our previous study of HER2(+) breast cancer in orthotopic
mouse models using anti-HER2 mAb, trastuzumab proved that
this strategy can be successfully applied in vivo because HER2
receptors inherently exhibit poor internalization even after
ligand binding. Ideally, internalization and pharmacokinetics of
the pretargeting agent should have a similar time scale. In the
case of PSMA receptors, both SD3 mAb and its F(ab’),
fragments have fast internalization rates, which may present a
problem for in vivo applications. While the system provided an
enhanced specific kill of PSMA(+) PC cells in vitro, the
internalization kinetics of the pretargeting agent has been
identified as a critical parameter, affecting the treatment
efficacy. This will become an issue for in vivo applications,
where the timing of administration of the drug-carrier
component should be optimized based on pharmacokinetics
and tumor accumulation of the pretargeting component. We
envision that for successful translation of the technology in
vivo, further advances in the design of pretargeting components
with a relatively fast clearance time and sufficient persistence
on the cellular membrane is required.

5. CONCLUSION

Based on our experimental results, the overall efficacy of the
pretargeted approach critically depends on several factors: (1)
efficient binding of the pretargeting moiety to the target
receptor; (2) sufficient time on the cell surface before
internalization to enable click chemistry cross-linking with
the drug delivery component; (3) highly cytotoxic therapeutic
cargo, such as the DM1 microtubulin inhibitor of microtubule
polymerization. On the basis of encouraging results obtained in
vitro experiments, we are currently extending our study to
investigate strategies for delaying internalization and evaluate
the therapeutic effects of the pretargeted strategy in vivo in
mouse models of human PC.
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