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Abstract

Background: The SH-group at Cys-34 of human serum albumin (HSA) is a unique and
accessible functional group that can be exploited for efficient linkage of a maleimide containing
cytotoxic drug derivative to albumin. The specific maleimide chemistry used for production of the
maleimide-linked albumin drug (MAD) is critical, however, to minimize the plasma concentration
of “free” cytotoxic drug spontaneously released from albumin carrier thus decreasing dose-
limiting host toxicity while enhancing the plasma half-life from minutes to days (ie,
pharmacokinetic effect) and tissue concentration of the MAD in the extracellular cellular fluid at
sites of cancer (ie, EPR effect).

Methods: To accomplish this goal, a chemical synthesis was developed using 2-fluoro-5-
maleimidobenzoic acid to stably link the potent cytotoxic chemically modified analogue of the
naturally occurring sesquiterpene y-lactone, thapsigargin, 8-O-(12-aminododecanoyl)-8-O-
debutanoy! thapsigargin (12ADT), to Cys-34 of albumin to produce 12ADT-MAD.

Results: Using FITC-labeling, LC/MS analysis, and in vitro growth and clonogenic survival
assays on a series of 6 human prostate cancer lines (LNCaP, LAPC-4, VCap, CWR22R,1, PC3,
and Du145), we documented that 122ADT-MAD is endocytosed by prostate cancer cells where it is
degraded into its amino acids liberating cysteinyl-maleimide-12ADT which is both chemically
stable at the acidic pH of 5.5 present in the endosome while retaining its high killing ability (1Csq
50 nM) via SERCA inhibition.

Conclusions: Based upon these positive in vitro validation results, the in vivo efficacy versus
host toxicity of this 12-ADT-MAD approach is presently being evaluated against a series of patient
derived androgen responsive and castration resistant human xenografts in immune-deficient mice.
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1| INTRODUCTION

Cancer cells are “obligate parasites” which absolutely depend on systemic nutritional
support as well as metabolic cooperation with host cells in order to produce a tumor
microenvironment that can sustain their lethal growth.> While evolution has produced a
physiology to continuously provide adequate systemic supply of nutrients through the blood
to normal tissue, as cancer cells grow, they eventually exceed the existing local blood supply,
which results in the tumor microenvironment becoming acidic, hypoxic, and low in
nutrients. Continued malignant growth in such a compromised (ie, stressful)
microenvironment requires cancer cells to initiate autophagy to parasitize the host’s energy
and nutrients. In the 1920s, Warburg and the Cori’s demonstrated the importance of
carbohydrate metabolism and lactate generation by cancers.23 Since then, a variety of
potential low molecular weight nutrients, such as fatty acids, ketone bodies, and amino acids
have been identified. The first indications that plasma proteins, like albumin, might be
involved in tumor autophagic nutrition were reported by Mider in the late 1940°s. This
report concluded that tumors act as “nitrogen traps” after comparing the protein metabolism
of normal tissue and of tumor tissue.* These studies demonstrate one-way passage of amino
acids from the body pool to the tumor without any appreciable return and that even the stress
of starvation does not release tumor protein for the body. In 1954, Babson and Winnick
reported that cancer cells, unlike normal cells, utilized plasma proteins more efficiently than
free leucine.® Based on these findings, they concluded that tumor growth in the starving
animal and in the cachectic human is driven by the cancer cell’s acquired ability to trap
plasma proteins and to use the degradation products (amino acids) for proliferation, a
process that normal cells do not do. Later, it was shown that albumin, in order to be utilized
for its amino acid content, enters cancer cells by an active process of endocytosis.5

More recent experiments using 1V injected [111In]DTPA labeled albumin documented that
large amounts of labeled albumin metabolites are retained within sites of cancer (ie, more
than 20% of total injected albumin is concentrated in Dunning rat prostatic adenocarcinomas
by 3 days following a single dose of radiolabeled albumin).8 This is significant because
cancer cells must tap the energy and nitrogen resources of its host with high efficiency in
order to proliferate. The required substrates, oxygen, glycolytic energy, and nitrogen must be
transferred to the tumor by blood and plasma. Proteins account for 70% of the solubilized
substances in plasma. Another 20% consist of a multitude of low molecular weight organic
substrates (glucose, amino acids, fatty acids, urea, creatine, uric acid, glycerol) and the
remaining 10% are inorganic ions. Plasma proteins are high quality nutrient and carry most
of the readily available nitrogen and energy reserves of the host.? Albumin is the most
abundant among these proteins accounting for about 50-70% of the human plasma protein
reserve. Its relevance as a metabolic reserve is demonstrated by comparing the millimolar
concentrations of the amino acids in albumin with the concentration of free amino acids in
plasma. Assuming a physiologic albumen concentration of 40 g/L, the concentration of
amino acids that are released after complete lysosomal degradation of albumin (ie, 317 mM)
exceeds the free amino acids in the plasma (ie, 2.7 mM) 117-fold.® Besides providing amino
acids, albumin catabolism also provides a considerable source of energy, providing a
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rationale for why autophagic uptake and degradation of albumin is a fundamental acquired
characteristic of cancer cells.57

While the half-life of albumin in the body is ~19 days in humans, its plasma half-life is only
about 1 day.10 This is because despite tight endothelial barrier function, albumin constantly
leaves the plasma via endothelial transcytosis and enters un-degraded into the extracellular
fluid throughout the body. Due to this transcytosis, albumin makes ~15 around trips from the
extracellular fluid returning back to the blood via the lymphatic thoracic duct during its life-
span.10 Besides transcytosis, albumin also extravasates into the extracellular fluid within
sites of metastatic cancer due to a characteristic decrease in tumor endothelial barrier
function which, coupled with a lack of a functional lymphatic drainage at these sites,
produces a cancer specific process known as the enhanced permeability and retention (ie,
EPR) effect.1! We have documented that due to this malignancy driven EPR effect, a small
molecule therapeutic drug bound to albumin in the blood stream is concentrated
appropriately sixfold within sites of prostate cancer within 24 h of dosing.12

Coupling drugs to albumin in the blood is quite straightforward.13 This is because albumin
has a modular structural organization producing a heart-shaped molecule composed of three
homologous domains, each containing an A and B subdomain.14 The 1A domain contains a
surface accessible cysteine at amino acid position 34 (Cys-34), Figure 1. Approximately
70% of circulating albumin in the blood stream contains the accessible Cys-34, not blocked
by endogenous sulfhydryl scavenger compounds such as cysteine, homocysteine,
glutathione, or nitric oxide. The concentration of these low molecular weight sulfhydryl
compounds in human blood plasma in their reduced form, that is, cysteine (10-12 uM),
homocysteine (0.15-0.25 uM), cysteinylglycine (3—4 uM), glutathione (4-5 pM) is low
when compared to the total thiol concentration in human plasma, which is in the range 400—
500 uM.2® Thus, the free thiol group (SH) at the Cys-34 position of HSA accounts for 80—
90% of the total thiol concentration in blood plasma.1® Importantly, the SH group of Cys-34
of HSA is the most reactive thiol group in human plasma because of the low pK; of Cys-34
in HSA, which is approximately seven compared to 8.5 and 8.9 for cysteine and glutathione,
respectivelyl® at physiological pH. Taken together, the SH group of Cys-34 of HSA is a
unique and accessible functional group of a plasma protein that can be exploited for in situ
coupling of circulating albumin following intravenous administration of a thiol-reactive
prodrug.13 The X-ray structure of the defatted protein structure reveals that cysteine-34 is
located in a hydrophobic crevice on the surface of the protein that is approximately 10-12 A
deep.1* When HSA is complexed with long-chain fatty acids as in the X-ray structure in
which seven molecules of myristic acid (ie, denoted in gray circles in Figure 1) are bound,
the crevice opens up, exposing the sulfhydryl group Cys-34.17 This allows efficient coupling
of this Cys-34 sulfhydryl to small molecular cytotoxic compounds containing a thiol-
reactive (eg, maleimide) group which follows second-order kinetics with second-order rate
constants in the range 600-2250 L mol~1 min~1, with the highest rate constant occurring
when all of the myristic acid binding sites of albumin are saturated, as occurs in the blood.1®

Thus, the SH-group at Cys-34 of HSA is a unique and accessible functional group that can
be exploited for efficient linkage of a maleimide containing cytotoxic drug derivative to
albumin.13:15 The specific maleimide chemistry used for production of the maleimide-linked
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albumin drug (MAD) conjugate is critical in order to minimize the plasma concentration of
“free” cytotoxic drug spontaneously released from albumin carrier thus suppressing its acute
host toxicity while enhancing both the plasma half-life (ie, from minutes to days) and tissue
concentration of the MAD at sites of cancer (ie, EPR effect). N-alkyl maleimides are
commonly used as linkers for the conjugation of the sulfhydryl group in cysteine of proteins
to other therapeutic molecules to form succinimide-thioether ring. This succinimide
thioether ring (STR) linkage, however, undergoes significant spontaneous cleavage by a
retro-Michael reaction under physiologic conditions, Figure 2.18:19 When this reaction
occurs in-vivo, it results in dose-limiting systemic toxicity as the therapeutic agent is
spontaneously released to circulate in the blood forming adduct with other sulfhydryl
containing species like gluthathione, cysteine etc. generating a systemically toxic molecule
TM, Figure 2. In contrast, it has been documented that opening of the succinimide-thioether
ring (succinimidyl hydrolysis) to form succinamic acid thioether results in forming a stable
drug-protein-conjugate (SDPC) with a very long half-life of up to 2 years, Figure 2.20 Thus,
if succinimide-thioether that is formed upon conjugation of sulfhydryl group of protein to
maleimide is hydrolysed to the succinamic acid thioethers to form the SDPC, this would
eliminate the problem of poor in-vivo stability of the protein-drug conjugate. Further
investigations have shown that the electron withdrawing inductive effect of the N-substituent
on the nitrogen of the succinimide-thioether plays a major mechanistic role in determining
the rate of the succinimidy hydrolysis to succinamic acid thioethers.2% Thus, in the present
study, 2-fluoro-5-maleimidobenzoic acid (compound 3 in Figure 3) was used for stably
linking a potent cytotoxic drug to Cys-34 of albumin since it possesses the required electron
withdrawing inductive ability needed by combining the resonance effect of the aromatic ring
and the electron withdrawing property of fluorine at para position to the nitrogen of the
succinimide-thioether ring.20-22

Selection of an “appropriate” cytotoxic drug for such 2-fluoro-5-maleimidobenzoic acid
coupling to albumin is based upon the following requirements: (i) it must be chemically
linkable via an acid stable bond to 2-fluoro-5-maleimidobenzoic acid; (ii) it must itself be
chemically stable at the acidic pH 5.5 environment of the endosome; and (iii) it must retain
its potent cytotoxicity when liberated in the endosome coupled to free cysteine. Based upon
these requirements, a chemically modified analogue of the naturally occurring sesquiterpene
y-lactone, thapsigargin, 8-O-(12-aminododecanoyl)-8-O-debutanoyl thapsigargin (12ADT),
Figure 3, was chosen as the initial cytotoxic drug stably coupled to albumin. This is because
12ADT is acid stable and contains a primary amine allowing its covalent coupling via
formation of a peptide bond.23 12ADT is a potent inhibitor (ICsg 10 nM) of their
endoplasmic reticulum (ER) calcium ATPase (ie, SERCA 2b) pumps and thus induces
depletion of the high (ie, >500 uM) Ca*? in the ER, inducing both an ER stress response and
a “capacitance entrance” of extracellular Ca*2 in human mCRPCs producing a sustained
increase in intracellular Ca*2 (Ca;) to >1 uM over the next 18-36 h.23 The combination of
ER stress and a sustained elevation of Ca;, eventually results in the apoptotic death of
mMCRPC with an LDsg of <50 nM.23 As part of this death response, AR protein expression is
rapidly decreased in AR positive mMCRPC cells.?4 In addition, 12ADT kills even multidrug
resistant cells lacking apoptotic Bak and Bax proteins.2> An additional factor is that
12ADT’s potent killing ability is retained when coupled to single amino-acids.2324:26
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2| MATERIAL AND METHODS

2.1| General information

All solvents and reagents used were obtained from commercial sources and used without
further purification. The *H- and 23C—NMR spectra were obtained on a Bruker Avance 111
500 MHz NMR spectrometer at 500 and 125 MHz, respectively in deuterated dimethyl
sulfoxide (DMSO-dg). Chemical shifts are in & units (ppm). MALDI-MS was done using
Voyager DE-STR MALDI-TOF. Purity of the compounds was determined with reverse
phase-HPLC. The purity of all the compounds was determined to be >95%.

HPLC Method 1 was used for analytical reversed-phase HPLC to determine the purity of the
synthetic compounds using a Waters Delta 600 Controller equipped with a variable
wavelength UV-vis detector (Waters 2487 Dual A. Absorbance Detector) set to detect at 215
and 285 nm and a Vydac 218TP54 (C18, 5 um, 4.6 mm. i.d. X 250 mm) analytical column.
The flow rate was 1.3 mL/min; mobile phase A: 5% MeCN, 95% water and 0.1% TFA.
Mobile phase B: 100% MeCN, 0.1% TFA. Gradient: 0-2 min 100% mobile phase A; 2-20
min gradual change to 100% mobile phase B; 20-25, 100% mobile phase B; 25-27 min
gradual change to 100% mobile phase A; 27-30 min, 100% mobile phase A. Injection
volume: 100 pL.

HPLC Method 2 was used for preparative purification of compounds 4 and 6. Flow rate: 25
mL/min; mobile phase A: 5% MeCN, 95% water and 0.1% TFA. Mobile phase B: 100%
MeCN, 0.1% TFA. Gradient: 0-4.0 min, 100% mobile phase A; 4.0-20.0 min gradual
change to 100% mobile phase B; 20.0-20.5 min 100% mobile phase B; 20.5-21.0 min,
sharp change to mobile phase A; 21.0-24.0 min mobile phase A. Injection volume: 1.0 mL.

2.2 | Synthesis of 2-fluoro-5-maleimidobenzoic acid-12ADT (compound 4)

Thapsigargin was purified from Thapsia garganica seeds and 12 ADT analogue synthesized
as described in detail previously.22 Synthesis was performed as summarized in the synthetic
scheme shown in Figure 3. To obtain a stable HSA coupled 12ADT through the Cys-34 of
albumin, we utilized 2-fluoro-5-maleimidobenzoic acid derivative, compound 3. This
compound was synthesized as previously reported,23:24 but with modifications that facilitate
a more efficient isolation and purification for large scale synthesis, as presented in Figure 3.
To accomplish this synthesis, 5-amino-2-fluorobenzoic acid (5.0 g, 1 molar equivalent) and
maleic anhydride (4.7 g, 1.5 molar equivalent) were separately dissolved in 100 mL acetic
acid. The maleic anhydride clear solution was gradually added to the clear solution of 5-
amino-2-fluorobenzoic acid and a slurry was formed. The mixture was placed in oil bath for
refluxing and it became a clear, homogenous brown liquid upon heating. It was then refluxed
at 180-190°C for 2 h. Solvent and all volatiles were evaporated from the mixture by using
rotary evaporator to give a pale brown powdery precipitate. This crude product precipitate
was then triturated in water, filtered and residue washed with water. The residue was air
dried to afford 2-fluoro-5-maleimidobenzoic acid, compound 3 (5.94 g, 78.4% yield). 1H
NMR (500 MHz, DMSO-dg) 7.20 (1H, s), 7.46 (1H, t, /= 10.0 Hz), 7.60-7.65 (1 H, m),
7.87 (1H, dd, J= 3.0 Hz, 6.5 Hz), 13.35-13.65 (1H, br s); 13C NMR (125 MHz, CDCl5)
118.5, 120.5, 127.9, 130.5, 133.5, 135.1 (2C), 159.2, 161.5 (2C), 164.8. HPLC purity 98.4%.
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To obtain compound 4, purified compound 3 (300 mg, 1.277 mmol, 2.5 molar equivalent to
12ADT) was dissolved in 20 mL DMF. This was followed by the addition of N-
hydroxysuccinimide (NHS) (293.7 mg, 2.554 mmol; 2 molar equivalent to 3) and
dicyclohexylcarbodiimide (DCC) (527 mg, 2.558 mmol; 2 molar equivalent to 3). The
reaction mixture was stirred at room temperature for 3 h and then filtered. The filtrate was
added to a solution of 12ADT (397 mg, 0.5103 mmol; 1 molar equivalent to compound 3) in
DMF and 5 molar equivalent of N,N-diisopropylethylamine (DIPEA). The reaction mixture
was stirred at room temperature and monitored with MALDI-MS for indication of the mass
of the desired product. The reaction was stopped after stirring for 2 h and solvent was
evaporated completely. The crude product was then purified using preparative HPLC
(method 2) to give N-aryl-maleimide-12ADT, compound 4. Yield: 57%, brown powder;
MALDI-MS m/z 1018.33, ([Cs3H71FN,O15 + Na]™, calcd. 1018.14), HPLC tg is 12.5 min
and purity is 97.8%.

2.3| Kinetics of 2-fluoro-5-maleimidobenzoic acid-12ADT (compound 4) coupling to HSA

To determine its coupling Kinetics, a mixture of 10 mM of compound 4 in phosphate
buffered saline (PBS) pH 7.4 containing 100 uM solution of HSA was incubated for various
time spans up to 24 h at 37°C. The mixture was then centrifuged at 18 000g for 15 min to
remove any precipitate. Supernatants were then assayed using Ellman’s reagent (G-
Biosciences cat# BC87) according to manufacturer’s instructions to determine the amount of
free HSA cysteine in each solution. Samples were read at 412 nm and free thiol
concentration was determined using an extinction coefficient of 14,140 M~1 cm™1.

2.4| Production of 122ADT-MAD (compound 5)

A total of 10 mM solution of compound 4 was prepared in DMSO and an aliquot of this was
diluted with fetal bovine serum (FBS) to 100 uM. This was incubated at 4°C, room
temperature, and 37°C to obtain the optimum reaction condition. Reactions at room
temperature and 37°C were monitored over a 2 h period and the reaction at 4°C were
monitored over a 24 h period. Since FBS contains ~400 uM albumin, all compound 4 added
was expected to covalently react with albumin in FBS. To determine this, at each time point
100 pL aliquot was taken and added to 300 pL of acetonitrile and the mixture was vortexed
and centrifuged at 13 000 rpm for 6 min. The supernatant obtained was analyzed by
analytical HPLC and MALDI-MS to determine the presence of unreacted compound 4.

2.5| Synthesis of cysteinyl-2-fluoro-5-maleimidobenzoic acid-12ADT (compound 6)

Synthesis was performed as summarized in the synthetic scheme shown in Figure 4. To
obtain compound 6, 30 mg (0.0301 mmol) of compound 4 was dissolved in 3.5 mL DMF
and to this was added3.5 mL acetone and 50 uL of DIPEA. This clear solution was then
added gradually to a solution of L-cysteine (43.7 mg, 0.3612 mmol) in 2.5 mL PBS, pH 8
buffer solution. The homogenous mixture was incubated at 40-50°C for 5 min and then
stirred at room temperature for 2 h. The crude product was purified using preparative HPLC
(method 2) to give compound 6. Yield: 82%, pale brown powder; MALDI-MS m/z 1139.94,
([Cs6H78FN3017S + Na]*, caled. 1139.29), HPLC tg is 15.5 min and purity is 96.7%.
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2.6 | Fluorescent-labeling of human serum albumin (HSA)

Human serum albumin (recombinant expressed in rice) was purchased from Sigma-Aldrich,
Saint Louis, MO (Sigma cat#A9731) and reconstituted in PBS. To covalently couple a
fluorescent label to the reactive lysines of HSA, NHS-fluorescein (Thermo Fisher, Rockford,
IL, cat# 46410), dissolved in DMSO, was mixed in 10-fold excess with the HSA at a pH of
7.4. This reaction took place at room temperature for 2 h in the dark. To quickly assess the
efficiency of the reaction, the labeled protein was passed through a dye removal column
(Thermo Fisher cat# 22858) according to manufacturer’s recommendations and the effluent
was analyzed by absorbance at 450 and 280 nm. For microscopy and cell based assays, all
labeled HSA preparations were purified using a AKTAprime Plus FPLC System (GE
11001313) using a HiLoad Superdex 200 PG (GE 28989335) column with PBS pH 7.4 as
the buffer. One milliliter fractions were collected and screened using A280, A450, and SDS
PAGE for the presence of relevant amounts of labeled HSA. Positive fractions were pooled
and sterile filtered for downstream purposes.

2.7| Celllines and cell culture assays

The culture conditions and media for all of the human prostate cancer lines used in these
studies (ie, LNCaP, LAPC-4, VCaP, CWR22Rv1, PC-3, DU-145) are as described
previously.23:24 All lines were mycoplasma negative using the MycoSensor PCR Assay kit
(Agilent Technologies, La Jolla, CA) and genetically authenticated within the last 6 months
using STR profiling performed by the Johns Hopkins Genetic Resource Core Facility. Cell
viability at various times post exposure to test compounds was determined using trypan blue
exclusion as previously described.23 The dose-response ability of test compounds to kill
prostate cancer cells was determined using a clonogenic survival assay as described
previously,23 with the results expressed as the nmol/L concentration needed to lose 50% of
the clonogenic ability (ie, LDsg) after 48 h of exposure to the test compound. In addition,
MTT growth assays performed as described previously?” were used to confirm the
clonogenic results. SERCA pump inhibition, expressed as the concentration needed to
inhibit 50% of the enzymatic activities (ICsg value) and the change in the intracellular Ca*2
concentration were determined as previously described.23

2.8 | Fluorescence imaging

To assess cell uptake of HSA, cells were plated at confluency in 6-well plates and treated
with 500 nM fluorescent HSA constructs for various time points. The media was then
removed and cells were washed with PBS three times. Cells were then fixed with methanol
and stained with ProLong™ Diamond Antifade Mountant with DAPI (Thermo Fisher cat#
P36962). Cells were then imaged using a Nikon C1si True Spectral Imaging Confocal Laser
Scanning Microscope System. All images were analyzed using ImageJ software.

2.9 | Cellular production of cysteinyl-2-fluoro-5-maleimidobenzoic acid-12ADT
(compound 6) from 12ADT-MAD

LNCaP cells were incubated with 500 nM 12ADT-MAD in RPMI-1640 media containing
10% fetal bovine serum for 24 h and then the media removed and the cells washed,
trypsinized, and centrifuged. Cell pellets containing 107 cells were homogenized using a
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hand held glass homogenizer (Kimble Kontes size 22) in 1 mL of Complete Protease
inhibitor (Roche Diagnostics, Indianapolis, IN) buffer. This whole homogenate was
deproteinated with the addition of 3 volumes of acetonitrile containing 0.1% Formic acid
(CH3CN/0.1% FA) and after mixing, samples were centrifuged at 15 000 RPM x 5 min.
Resulting supernatant and calibration standards of Cysteinyl-maleimide-12ADT were
separately analyzed by liquid chromatography coupled to a quadripole mass spectrometer
(LC/MS/MS) (Applied Biosystems ABI 3000 triple quadrapole MS).

3| RESULTS

3.1] Kinetics of 2-fluoro-5-maleimidobenzoic acid 12ADT (compound 4) coupling with

HSA

Initially, the kinetics of coupling 2-fluoro-5-maleimidobenzoic acid (compound 3) to the
sulfhydryl group of a low molecular weight compound (ie, 2-mercatoethanol) was evaluated.
When compound 3 was incubated with excess 2-mercaptoethanol (10 molar equivalent) in
DMSO-dg and the reaction was monitored using 1H-NMR. Within 30 min, complete
disappearance of the peak corresponding to the maleimide peak at 7.20 and the presence of
the peaks that indicate the expected Michael addition reaction and the formation of
succinimide-thioether (indicated by peaks at 2.95 [1H, m], 3.31 [1H, m], 4.18 [1H, m]) were
observed. These results prove that just like the common N-alkyl-maleimide derivative, 2-
fluoro-5-maleimidobenzoic acid also undergo fast Michael addition reaction with sulfhydryl
group to form succinimide-thioether. Based upon these positive results, the kinetics of 2-
fluoro-5-maleimidobenzoic acid 12ADT (compound 4) coupling to HSA was tested. These
studies documented that within 30 min, there was >95% loss of albumin associated free
sulfhydryl.

3.2 | Rapid cellular uptake of 2-fluoro-5-maleimidobenzoic acid coupled human serum
albumin (HSA)

HSA was fluorescein-labeled via n-linkage to a series of lysines using standard techniques
and FPLC purification. An aliquot of the fluorescently labeled HSA was coupled via Cys-34
to 2-fluoro-5-maleimidobenzoic acid (ie, compound 3). A variety of human prostate cancer
cells were incubated in tissue culture with 500 nM of either the fluorescein-HSA with
unreacted Cys-34 (ie, fluorescein-HSA) or fluorescein-HSA-maleimide coupled proteins and
at various times, the cultures were washed, methanol fixed, counter-stained with DAPI to
identify nuclei which are blue, and examined for green fluorescein-albumin using confocal
microscopy. Unexpectedly, but significantly, only the 2-fluoro-5-maleimidobenzoic acid
coupled fluorescein-labeled HSA is rapidly (ie within minutes) internalized producing both
punctate endosomal and diffuse cytoplasmic staining, with little uptake of the green
fluorescein-HSA with unreacted Cys-34 even after 4 h, Figure 5A. Western blot analysis
demonstrated that >90% of the fluorescein-label in the cytoplasmic fraction is associated
with small peptides and free fluorescein-labeled-lysine consistent with albumin degradation
in the endosome. This is consistent with earlier studies documenting that endothelial cells
transcytose unmodified albumin without degrading it, but albumin in which Cys-34 is
capped with gold is taken up and degraded by the cells into its amino acids.28 Such selective
cellular uptake of fluorescein-HSA-2-fluoro-5-maleimidobenzoic acid is not toxic to
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prostate cancer cells as documented by its lack of growth inhibitory ability even after 5 days
of exposure at 10 uM, Figure 5B.

These data document that when Cys-34 in albumin is “capped,” the protein is “recognized”
differently than unmodified albumin and is phagocytized and degraded into its free amino-
acids by cancer cells. Thus by capping albumin with a 2-fluoro-5-maleimidobenzoic acid
coupled cytotoxic drug, we hypothesize that the resultant resulting maleimide-linked
albumin drug (MAD) can selectively concentrate in the extracellular fluid (ECF) at sites of
metastatic prostate cancer due to the combination of an enhanced serum half-life and tumor
specific EPR effect. Once in the tumor ECF, MAD is taken up by the cancer cells and
degraded within endosomes to liberate its cytotoxic moiety.

3.3 | Kinetics of coupling of 2-fluoro-5-maleimidobenzoic acid-12ADT to albumin in situ in
serum to produce 12ADT-MAD

There are two possible methods to produce 12ADT-MAD (compound 5) for therapeutic
systemic delivery. The first is to couple 2-fluoro-5-maleimidobenzoic acid-12ADT
(compound 4) with albumin directly ex vivo as presented in Figure 3 and then purify the
12ADT-MAD for subsequent intravenous injections. Alternatively, since we have
documented that the rate of coupling to albumin is so rapid, compound 4 could be injected
intravenously allowing coupling in the blood to the high (~400 uM) albumin concentration
producing 12ADT-MAD in situ, as long as there are no serum components which either
compete for or inhibit such coupling. To test for this possibility, the kinetics of such in situ
coupling was evaluated by incubating 100 uM of compound 4 with fetal bovine serum
containing ~400 uM albumin at 37°C. These results documented that coupling of compound
4 with albumin produces compound 5 rapidly in the serum (ie, >90% of the compound 4 is
covalently linked to albumin within 5 min with essentially no free non-protein bound
compound 4 being detectable after 30 min).

3.4| Therapeutic efficacy of 122ADT-MAD against prostate cancer cells

The dose response cytotoxicity of 122ADT-MAD (compound 5) was evaluated against a
series of six human prostate cancer lines (LNCaP, LAPC-4, VCap, CWR22R,/1, PC3, and
Du145). These results demonstrated that cell death is extensively induced in all lines with
ICsq values ranging from 100 to 250 nM. Figure 6 presents representative data for the PC3
and LNCaP cell lines. Importantly, therapeutic response is totally dependent upon the
12ADT as part of the MAD since the albumin coupled aryl-maleimide without the 12ADT
has no growth inhibitory ability, Figure 5B. Using fluorescein labeling and LC/MS, we
documented that 122ADT-MAD is endocytosed by prostate cancer cells where it is degraded
into amino acids liberating cysteinyl-maleimide-12ADT (compound 6). Compound 6 was
separately documented to be chemically stable at the acidic pH of 5.5 in the endosome and
to retain potent killing ability (ICsq <50 nM) for prostate cancer cells. This cell killing is due
to its SERCA inhibition (IC5¢ 20 nM) inducing an ER stress response and a “capacitance
entrance” of extracellular Ca*2 in the prostate cancer cells causing an increase in
intracellular Ca*2 (Ca;) to >1 pM producing apoptotic death.
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4| DISCUSSION

Based upon these positive in vitro validation results, the in vivo dose-response efficacy
versus host toxicity of this12ADT-MAD approach is presently being evaluated against a
series of patient derived androgen responsive and castration resistant human xenografts in
immune-deficient mice. As part of this testing, we are comparing the dose-response of anti-
tumor efficacy versus host toxicity of intravenously injected ex vivo synthetically produced
12ADT-MAD versus in situ generated 12ADT-MAD produced by intravenous injection of 2-
fluoro-5-maleimidobenzoic acid-12ADT. These future studies will thus define which
approach is optimal for clinical translation.
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Cys*

Sudlow’s
site |

FIGURE 1.
Molecular structure of human serum albumin (HSA) with an indication of its subdomains

(1A, 1B, A, 1B, 1A, an HIB), of the N and C termini, of Sudlow’s sites | and Il and of the
seven fatty acid binding sites (FA1 to FA7). The side chain residues of Cys-34 are shown as
purple spheres.
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FIGURE 2.
Rationale for chemical instability of N-alkyl linked maleimide-drug coupling to albumin
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FIGURE 3.
Chemical scheme for synthesizing 2-fluoro-5-maleimidobenzoic acid (compound 3), 2-

fluoro-5-maleimidobenzoic acid-12ADT (compound 4), and albumin coupling to produce
12ADT-MAD (compound 5)
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Chemical scheme for synthesizing cysteinyl-2-fluoro-5-maleimidobenzoic acid-12ADT
(compound 6)

Prostate. Author manuscript; available in PMC 2019 March 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Akinboye et al.

Page 16

(A) Fluorescein-HSA Fluorescein-HSA-Maleimide Coupled
(500 nM, 4 hrs) (500 nM, 1 hr)
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FIGURE 5.
A, Differential uptake by PC-3 human prostate cancer cells of 500nM FITC-HSA at4 h vs

500 nM FITC-HSA-maleimide at 1 h. Blue fluorescence is due to DAPI staining of DNA
and Green fluorescence is due to fluorescein-HSA-maleimide uptake. B, Dose-Response of
LNCaP and PC-3 human prostate cancer cells to 5 day of fluorescein-HSA-maleimide as
evaluate percent viability compared to untreated control cells.
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FIGURE 6.
Kinetics of the dose response toxicity of 12ADT-MAD to LNCaP and PC-3 human prostate
cancer cells

Prostate. Author manuscript; available in PMC 2019 March 07.



	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	General information
	Synthesis of 2-fluoro-5-maleimidobenzoic acid-12ADT (compound 4)
	Kinetics of 2-fluoro-5-maleimidobenzoic acid-12ADT (compound 4) coupling to HSA
	Production of 12ADT-MAD (compound 5)
	Synthesis of cysteinyl-2-fluoro-5-maleimidobenzoic acid-12ADT (compound 6)
	Fluorescent-labeling of human serum albumin (HSA)
	Cell lines and cell culture assays
	Fluorescence imaging
	Cellular production of cysteinyl-2-fluoro-5-maleimidobenzoic acid-12ADT (compound 6) from 12ADT-MAD

	RESULTS
	Kinetics of 2-fluoro-5-maleimidobenzoic acid 12ADT (compound 4) coupling with HSA
	Rapid cellular uptake of 2-fluoro-5-maleimidobenzoic acid coupled human serum albumin (HSA)
	Kinetics of coupling of 2-fluoro-5-maleimidobenzoic acid-12ADT to albumin in situ in serum to produce 12ADT-MAD
	Therapeutic efficacy of 12ADT-MAD against prostate cancer cells

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6

