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Abstract: We have previously described the remarkable capacity of radioiodinated alkyl phospho-
lipids to be sequestered and retained by a variety of tumors in vivo. We have already established
the influence of certain structural parameters of iodinated alkyl phospholipids on tumor avidity,
such as stereochemistry at the sn-2 carbon of alkylglycerol phosphocholines, meta-or para-position
of iodine in the aromatic ring of phenylalkyl phosphocholines, and the length of the alkyl chain
in alkyl phospholipids. In order to determine the additional structural requirements for tumor
uptake and retention, three new radioiodinated alkylphospholipid analogs, 2—4, were synthesized
as potential tumor imaging agents. Polar head groups were modified to determine structure-tumor
avidity relationships. The trimethylammonio group in 1 was substituted with a hydrogen atom
in 2, an ammonio group in 3 and a tertiary butyl group in 4. All analogs were separately labeled
with iodine-125 or iodine-124 and administered to Walker 256 tumor-bearing rats or human PC-3
tumor-bearing SCID mice, respectively. Tumor uptake was assessed by gamma-camera scintigraphy
(for [I-125]-labeled compounds) and high-resolution micro-PET scanning (for [I-124]-labeled com-
pounds). It was found that structural modifications in the polar head group of alkyl phospholipids
strongly influenced the tumor uptake and tissue distribution of these compounds in tumor-bearing
animals. Phosphoethanolamine analog 3 (NM401) displayed a very slight accumulation in tumor as
compared with phosphocholine analog 1 (NM346). Analogs 2 (NM400) and 4 (NM402) lacking the
positively charged nitrogen atom failed to display any tumor uptake and localized primarily in the
liver. This study provided important insights regarding structural requirements for tumor uptake
and retention. Replacement of the quaternary nitrogen in the alkyl phospholipid head group with
non-polar substituents resulted in loss of tumor avidity.

Keywords: radioiodinated phospholipid ether analogs; alkyl phosphocholines; tumor imaging

1. Introduction

Synthetic phospholipid ether (PLE) and alkyl phosphocholine (APC) analogs are
among a class of antitumor agents which do not interact with DNA while inducing apopto-
sis in cancer cells, minimizing damage to normal cells [1-6]. Prior work in our laboratories
demonstrated that PLE and APC analogs are selectively sequestered by a variety of animal
tumors and human tumor xenografts [3,7-11]. Recently reported SAR effects for several
series of phospholipid ether and alkyl phosphocholine analogs demonstrated that: (a) the
glycerol backbone is not necessarily required for the tumor avidity, since the hydrophobic
portion of the molecule can be simplified to a long-chain alcohol bearing w-iodophenyl
group; (b) the alkyl chain must contain >11 methylene groups; (c) there appears to be no
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specificity for the position of iodine on the phenyl ring [11]. Previous structure-activity
studies identified NM404 (18-(p-iodophenyl)octadecyl phosphocholine, Figure 1) as the best
tumor imaging agent among nine PLE and APC analogs with tumor-to-background ratios
greater than five [11]. When labeled with the appropriate isotope of iodine, NM404 may
become a universal tumor-selective theranostic (diagnostic and therapeutic) agent since it
displayed significant tumor selectivity and prolonged retention in myriad xenograft and
spontaneous primary and metastatic tumors of human and animal origin [3]. It is generally
believed that the enhanced uptake of alkylphosphocholines involves lipid membrane rafts
found more highly concentrated in tumor cell membranes [3,5,6]. In vitro studies con-
ducted with 1?°I-NIM404 in PC-3 prostate cancer cells pretreated with Filipin III, an agent
that sequesters cholesterol and thus disrupts membrane lipid raft integrity, resulted in a
40% reduction in '2I-NM404 uptake compared with untreated PC-3 cells, thus supporting
the role of lipid membrane rafts in tumor accumulation of APC analogs [3]. Furthermore, a
60% reduction in the uptake of optically active BODIPY-NM404 was observed by confocal
microscopy in A549 NSCLC tumor cells pretreated with methyl-B-cyclodextrin, a selective
disrupter of membrane lipid raft activity [3]. Therefore, entry of NM404 into cancer cells is
likely facilitated by membrane lipid rafts overexpressed in tumors resulting in the observed
selective sequestration and retention of APC analogs in both primary and metastatic lesions
regardless of anatomic location, even those in brain and lymph nodes.
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Figure 1. APC Structural classes.

Initial studies aimed at determining the influence of molecular structure on the tumor
retention of PLE and APC analogs indicated that for glycerol-derived PLE analogs, the
stereochemistry at the sn-2 position of glycerol was not a factor in the tumor uptake and
retention: R- and S-enantiomers showed no difference in tumor uptake [10]. Moreover,
alkyl chain length appears to be a key determinant in tumor retention of these compounds
as it alters the hydrophobic properties of these analogs. As reported, decreasing the chain
length from C12 to C7 minimized tumor uptake, however, chain length increases led to
enhanced tumor sequestration with concomitant delay of plasma clearance [11].

Synthetic PLE and APC analogs with the following modifications in the polar part of the
phospholipid molecule have been described in the literature: heterocyclic analogs [12-19], nucleo-
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side conjugates [20], 2-(2-trimethylammonioethoxy)ethyl and congeneric oligo(ethyleneoxy)ethyl
analogs [21], 2-(trimethylarsonio)ethyl [22], 2-(trimethylphosphonio)ethyl [22] and (dimeth-
ylsulfonio)ethyl analogs [23], analogs with carbon-phosphorus bonds [24,25], analogs with
an increased number of methylene groups between quaternary nitrogen and phosphate
group [12,18,19,26,27], as well as ethanolamine [28,29], serine [28-32], threonine [32] and
inositol [33,34] analogs. A series of glycosylated antitumor ether lipids (GAELs) which kill
cancer cells by an apoptosis-independent mechanism has recently been reported [35,36].
Most of these compounds were synthesized for structure-activity studies in an attempt to
improve antineoplastic properties and other biological activities of PLE and APC analogs
but no information was provided relating to their biodistribution properties. Furthermore,
none of these compounds were radiolabeled and all were tested at much higher mass doses
than our radioiodinated PLE and APC analogs.

Further analysis of the structural requirements for selective accumulation of PLE and
APC analogs in tumor cells led to the present study to address the role of the quaternary
nitrogen in the polar head group of phospholipid molecule in the tumor uptake. Here, we
report the synthesis, tissue distribution, and tumor imaging studies of three radioiodinated
alkyl phospholipid analogs 2, 3 and 4 (Figure 2). Their polar head groups have variations in
steric bulk and polarity. In these compounds, the choline part of the molecule is substituted
with the moieties of ethanol in 2, ethanolamine in 3 and 3,3-dimethyl-1-butanol in 4. Due
to the ease of the synthesis, and availability of 12-(p-iodophenyl)dodecanol 5 in our lab, we
have decided to limit the alkyl chain length to 12 methylene groups in this comparison.
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Figure 2. Structures of polar head group modified alkyl phospholipids.

2. Materials and Methods
2.1. Chemistry

All chemicals and solvents were acquired from Aldrich Chemical Co. (Milwaukee,
WI, USA). Silica Gel 60 Fas4 plates (MilliporeSigma, Burlington, MA, USA) were employed
for analytical thin-layer chromatography. Visualization of developed plates was achieved
by illumination under 254 nm UV light and/or by charring after immersion in cerium
molybdate stain followed by heating on a hot plate. For flash chromatography, silica
gel 32-63 um from Fisher Scientific (Hanover Park, IL, USA) was used. NMR data were
collected on Unity Inova 400 and 500 spectrometers. Chemical shifts are reported in parts
per million (ppm) relative to tetramethylsilane (TMS), and spin multiplicities are given as s
(singlet), t (triplet), dt (doublet of triplets), q (quartet), m (complex multiplet). Elemental
analyses of the compounds agreed to within +0.4% of the calculated value. High-resolution
mass spectra were obtained on an IonSpec 7 Tesla HiResMALDI FT-Mass Spectrometer at
the Analytical Instrumentation Center of University of Wisconsin School of Pharmacy.

12-(p-Iodophenyl)dodecyl phosphocholine (1) was synthesized as described earlier
by Rampy et al. [9].

12-(p-Iodophenyl)dodecyl-H-phosphonate (6). To a solution of imidazole (1 g,
14.7 mmol) in methylene chloride (13 mL) at 0 °C was added phosphorus trichloride
(0.28 mL, 3.2 mmol) in methylene chloride (3 mL) for 10 min followed by triethylamine
(1.2 mL, 8.3 mmol). Reaction mixture was stirred for 10 min at 0 °C, then cooled to —15 °C
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and 12-(p-iodophenyl)dodecanol 5 [9] (420 mg, 1.08 mmol) in methylene chloride (15 mL)
was added slowly over 30 min. After stirring for additional 30 min, the reaction mixture
was quenched by 1M triethylammonium bicarbonate buffer solution (3 mL). After 10 min,
the mixture was diluted with MeOH-H,O mixture (1:1, 70 mL). Organic layer was sepa-
rated and washed with water. Aqueous layer was extracted with chloroform (2 x 35 mL)
and extracts were washed with water. Extracts were dried over Na,SO4 and evaporated.
The residue was purified by silica gel chromatography in CHCl3-MeOH-Et3N (95:5:1) to
afford the product, 12-(p-iodophenyl)dodecyl-H-phosphonate triethylammonium salt. This
compound was dissolved in CHCl3 (20 mL) and MeOH (20 mL) and washed with 0.05 N
HCI (18 mL). Chloroform extract was dried over Na,SO, and evaporated to give 12-(p-
iodophenyl)dodecyl-H-phosphonate, 340 mg (70%); 'H NMR (400 MHz, CDCl;-CD;0D
1:1): 7.58 and 6.95 (two dt, | = 8.4, 1.9 Hz, 2H each, IC4Hy), 6.73 (d, ] = 622 Hz, P-H), 3.83 (q,
J=7.0Hz, 2H, CH,OP), 2.56 (t, ] = 7.6 Hz, 2H, ArCH,), 1.66-1.54 (m, 4H, ArCH,CH, and
CH,CH,OP), 1.40-1.24 (m, 16H, (CH,)g); 3'P NMR (161.8 MHz, CDCl3-CD30D 1:1): 5.90.
Anal. (C18H30103P) C, H, N.

12-(p-Iodophenyl)dodecyl phosphoethanolamine (3). To a solution of dried 12-(p-
iodophenyl)dodecyl-H-phosphonate 6 (95 mg, 0.21 mmol) and N-BOC-ethanolamine
(0.1 mL, 0.65 mmol) in pyridine (2.5 mL) was added NPCl (116 mg, 0.63 mmol). The
reaction mixture was stirred at room temperature for 1 h and a solution of iodine (100 mg,
0.39 mmol) in pyridine—THF—water (5:5:1, 1.1 mL) was added. The reaction mixture
was stirred for 10 min, quenched with Na;S,03 solution, and mixed with CHCI3 (20 mL),
MeOH (20 mL) and water (15 mL). The chloroform layer was separated, and the aqueous
layer was extracted again with CHCl3; (2 x 20 mL). Extracts were combined, dried over
NaySO4 and evaporated. The residue was dissolved in methylene chloride (1 mL) and
cooled to 0 °C before trifluoroacetic acid (1 mL) and 70% perchloric acid (1 mL) were added.
The reaction mixture was stirred for 20 min and quenched by careful addition of saturated
aqueous NaHCOj solution (20 mL). After gas evolution had ceased, the reaction mixture
was poured into the mixture of CHCl; (20 mL) and MeOH (20 mL). The reaction mixture
was mixed with CHCI3 (20 mL), MeOH (20 mL) and water (15 mL), chloroform layer was
separated, and aqueous layer was extracted again with CHCl3 (2 x 20 mL). After drying the
organic phase over Na;SO,4 and evaporation of solvents, the residue was purified by silica
gel chromatography in CHCl3-MeOH-H,O (65:25:2) to yield the product after precipitating
with acetone, as a white powder (70 mg, 65%); 'H NMR (500 MHz, CDCl3-CD30D 2:1):
7.58 and 6.94 (two dt, | = 8.3, 1.9 Hz, 2H each, IC¢Hy), 4.07-4.02 (m, 2H, POCH,CH,N), 3.87
(q,J = 6.6 Hz, 2H, CH,OPOCH,CH,N), 3.13-3.09 (m, 2H, CH;N), 2.55 (t, ] = 7.7 Hz, 2H,
ArCH,), 1.66-1.54 (m, 4H, ArCH,CH, and CH,CH,0), 1.40-1.24 (m, 16H, (CH;)g). HRMS:
calculated for CogH3zgINOLP (M + H*) 512.1421, found 512.1396. Anal. (CyoHj35I04P) C,
H, N.

12-(p-Iodophenyl)dodecyl phospho-[3,3-dimethyl-1-butyl] ester (4). To a solution of
dried 12-(p-iodophenyl)dodecyl-H-phosphonate 6 (110 mg, 0.24 mmol) and 3,3-dimethyl-
1-butanol (0.072 mL, 0.6 mmol) in pyridine (2 mL) was added NPCI (110 mg, 0.6 mmol).
The reaction mixture was stirred for 40 min at room temperature and a solution of iodine
(100 mg, 0.39 mmol) in pyridine—THF—water (5:5:1, 1.1 mL) was added. After 10 min, the
reaction was quenched with Na;S,03 solution and transferred into separation funnel with
CHCl3 (20 mL), MeOH (20 mL) and H,O (15 mL). The chloroform layer was separated and
aqueous phase was extracted with additional CHCl3 (2 x 20 mL). Extracts were combined,
dried over NaySO, and evaporated. The residue was purified by silica gel chromatography
in CHCl3-MeOH—25% aqueous ammonium hydroxide (9:1:0.05) to give 104 mg (76%)
of the product as the ammonium salt; I'H NMR (500 MHz, CDCl3—CD50D 2:1): 7.58 and
6.94 (two dt, | = 8.1, 1.8 Hz, 2H each, IC¢Hy), 3.94-3.88 (m, 2H, POCH,CH,Cme3), 3.84 (q,
J = 6.4 Hz, 2H, CH,OPOCH,CH,Cmes), 2.55 (t, ] = 7.7 Hz, 2H, ArCH5), 1.66-1.54 (m, 4H,
AI‘CH2CHZ and CH2CH20), 1.59 (t, ] =78 HZ, 2H, CH2Cme3), 1.42-1.24 (1’1’1, 16H, (CHz)g),
0.94 (s, 9H, C(CH3)3). HRMS: calculated for Co4HypInaO4P (M + Na't) 575.1758, found
575.1779. Anal. (Cp4Hy5INO4P, ammonium salt) C, H, N.
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12-(p-Iodophenyl)dodecyl phospho-ethyl ester (2). This compound was synthe-
sized utilizing the same procedure described for 4 from 12-(p-iodophenyl)dodecyl-H-
phosphonate 6 (82 mg, 0.18 mmol), absolute ethanol (0.03 mL, 0.53 mmol) and NPCI (97 mg,
0.53 mmol) in pyridine (2 mL) to give 71 mg (77%) of the product as the ammonium salt; 'H
NMR (500 MHz, CDCl3-CD3OD 2:1): 7.58 and 6.94 (two dt, ] = 8.1, 1.8 Hz, 2H each, IC4Hy),
3.92 (quintet, ] = 7.0 Hz, 2H, POCH,CHj3), 3.84 (q, ] = 6.4 Hz, 2H, CH,OPOCH,CHj3), 2.55
(t,] =7.7 Hz, 2H, ArCH,), 1.65-1.55 (m, 4H, ArCH,CH; and CH,CH,0), 1.40-1.24 (m, 19H,
(CH,)g and POCH,CH3). HRMS: calculated for CogHzqInaO4P (M + Na't) 519.1132, found
519.1141. Anal. (CyoH37INO4P, ammonium salt) C, H, N.

2.2. Radioiodination of Phospholipid Analogs

Labeling with Iodine-125. Radioiodination of compounds 1-4 with iodine-125 was
accomplished as previously reported [37]. Radiochemical purity was established by radio-
TLC with unlabeled material serving as a reference standard. Specific activity for compound
1-4 ranged from 0.5 to 3.0 Ci/mmol.

Labeling with lodine-124. Phospholipid analogs 1-4 were radiolabeled with iodine-124
via a modified isotope exchange reaction utilizing ammonium sulfate as the exchange
medium [38]. Briefly, the phospholipid analog (30 pg in 30 pL of ethanol) was added
to a glass vial containing ammonium sulfate (10 mg) dissolved in 20 pL of deionized
water. Following addition of sodium iodide-124 (up to 2 mCi in <50 uL 0.IN NaOH, IBA
Molecular, Reston, VA, USA), the resulting mixture was diluted with 200 pL of ethanol and
a tandem coconut charcoal/glass wool trap apparatus inserted via 18-gauge needle into
the reaction vial. The reaction vial was heated at 145 °C for 45 min, 50 mL of air injected
into the reaction vial, and then subsequently heated at 155 °C for an additional 30 min.
After cooling, ethanol (300 uL) was added to the resulting dry residue and the reaction
vial vortexed briefly to aid extraction of the PLE analog. The suspension was filtered and
solvent evaporated. The remaining residue was dissolved in 70 pL of ethanol (NM346,
NM401) or alternatively in chloroform/methanol/water (65:10:1) (NM400, NM402) prior
to HPLC purification.

HPLC Purification and Formulation of Radioiodinated Phospholipids. Preparative HPLC
purification was performed on a Gilson System HPLC using a silica gel cartridge column
(33 x 4.6 mm, 3 um, Perkin Elmer) with a guard column (Hypersil Silica, 10 x 4.6 mm, 5 um,
Supelco, Bellefonte, PA, USA) and eluted (1 mL/min) with either isopropanol/hexanes/
water (52:40:8) for NM346 and 401 or chloroform/methanol/water (65:10:1) for NM400 and
402. Radioactivity and UV (230 and 254 nm) were used for detection and pure fractions
were collected for each radiolabeled compound. Radiochemical purity exceeded 98% in
all cases and radiochemical yields ranged from 20% to 70%. Following solvent removal
in vacuum, the remaining pure radioiodinated compound was solubilized in water using
Tween-20 (2%) as a surfactant. The final solution was filtered (0.22 pm) prior to injection.
For more details on formulation, see Ref. [11].

2.3. Biology

Cell Lines, Culture Conditions and Animals. All information on these subjects is provided
in Ref. [11]. PC-3 prostate tumor cells were obtained from ATCC (American Type Culture
Collection). All procedures using animals conformed strictly to the guidelines set forth
by the animal care units of each respective institution, which reviewed and approved the
experimental protocol.

Gamma Camera Scintigraphy and Tissue Distribution. Walker tumor-bearing rats (n = 3 per
compound) received formulated alkyl phospholipid analogs labeled with iodine-125
(30-50 uCi per animal in 0.5 mL of 2% Tween saline) administered intravenously via
tail vein. Dose standards (1, 2, 5, 10% of injected dose) were prepared for use during whole
body gamma scanning of the animal. Dose standards consisted of 10 mL physiological
saline and radiolabeled phospholipid analog in 20 mL polyethylene (HDPE) scintillation
vials. Standards were placed on the camera with the animal during the imaging proto-
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col. Sedation of tumor-bearing animals was achieved by i.m. administration of ketamine
(87 mg/kg) and xylazine (13 mg/kg). Scanning was performed with a Siemens LEM Mobile
camera fitted with a high sensitivity-low energy collimator able to detect the low-energy
(35 keV) gamma rays emitted by iodine-125. Image acquisition and data storage was
achieved with a Siemens MicroDELTA/ Micro VAX computer system. Images (20 min
acquisition) were obtained at 24 and 120 h after administration of the radiolabeled agents
(Figure 3). Following the 120 h scan, each animal was sacrificed for subsequent and tissue
distribution analysis as described in Ref. [11].

THYROID

Figure 3. Representative gamma camera planer scans of rats bearing the Walker-256 carcinosarcoma
at 24 h (top row) and 120 h (bottom row) following administration of iodine-125 labeled alkyl
phospholipid polar head group analogs 1 (NM346), 2 (NM400), 3 (NM401) and 4 (NM402). L = liver
and abdominal activity, D = dose standard, T = tumor.

MicroPET Scanning. The iodine-124 labeled alkyl phospholipid analogs (60-80 uCi in
200 uL) were injected intravenously (lateral tail vein) into human PC-3 tumor-bearing SCID
mice (n = 2 for each compound). Tumor-bearing mice were scanned 24 h after injection of
the respective iodine-124 labeled analog on a Concorde Microsystems R4 microPET scanner
(CTI/Siemens, Knoxville, TN, USA) utilizing a 20 min acquisition time and filtered back
projection image reconstruction. Three-dimensional projection images (Figure 4) were used
for comparison in order to show all radioactivity in an animal simultaneously.



Pharmaceutics 2023, 15,171

7 of 12

Figure 4. The 3D-microPET projection images obtained in human PC-3 prostate tumor-bearing
mice 24 h after i.v. injection of iodine-124 labeled alkyl phospholipid polar head group analogs
NM346 (A), NM400 (B), NM401 (C) and NM402 (D). Although NM404 is not a C12 analog, its image
(E) is included for comparison. Tumor indicated by the arrow. Compared to NM346 which affords
significant liver and gut activity as well as some tumor uptake, analogs NM400, NM401 and NM402
display similar liver and gut activity but no tumor uptake.

3. Results and Discussion

Phospholipids 2, 3 and 4 were synthesized using the H-phosphonate method [39,40]
(Scheme 1). This method was chosen because it allows using a common intermediate,
H-phosphonate monoester 6, that does not require any protecting group on the phos-
phorus center. Phosphitylation of 12-(p-iodophenyl)dodecanol 5 [9] with PClz /imidazole
gave 12-(p-iodophenyl)dodecyl-H-phosphonate 6. In the next step, H-phosphonate 6
was coupled with the second alcohol component (N-BOC-ethanolamine, 3,3-dimethyl-1-
butanol or ethanol) in the presence of an activating agent NPCl, (2-chloro-5,5-dimethyl-
1,3,2-dioxaphosphorinane 2-oxide). Without isolation, the intermediate H-phosphonate
diester was oxidized to the phosphodiester by iodine in pyridine-THF-water. This one-pot
procedure afforded compounds 2 and 4 which were isolated after chromatography as
ammonium salts. In the synthesis of ethanolamine analog 3, the N-BOC phosphodiester
intermediate was subjected to deprotection to provide 3.

o) 0
a I d I
IO(CH2)120H — |O(CH2)1ZO$OH — |O(CH2)1ZO$OCHZCH3
H OH
5 6 2

/

O

N
Q ® I
|4©7(CH2)120|?OCH2CH2NH3 |4©7(CH2)120E)OCH20H2CM83

)

OH
3 © 4

Scheme 1. Reagents, solvents and conditions: (a) (i) PCl3, Im, EtsN, CH,Cl,, -15 °C, 30 min, (ii) aque-
ous TEAB bulffer, 70%; (b) (i) N-BOC-ethanolamine, NPCl, Py, room temp., 1 h, (ii) I, Py-THF-H;O,
room temp., 10 min, (iii) CF3CO,H-HCIO,, CH,Cl,, 0 °C, 20 min, 65%; (c) (i) 3,3-dimethyl-1-butanol,
NPCI, Py, room temp, 40 min, (ii) I, Py-THF-H,O, room temp., 10 min, 76%; (d) ethanol, NPCl, Py,
room temp, 40 min, (ii) I, Py-THF-H,O, room temp., 10 min, 77%.

To evaluate the capacity of new alkyl phospholipid head group analogs to accumu-
late in and visualize tumors, compounds 1-4 were labeled separately with two different
isotopes of radioiodine and evaluated in two different tumor models. In the first series of
experiments, compounds were radiolabeled with iodine-125 via an isotope exchange in
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pivalic acid [37]. Tumor imaging was performed in Walker-256 tumor-bearing rats at 24
and 120 h following i.v. administration of each radioiodinated analog (Figure 3). NM346
(1), the alkyl phosphocholine analog, accumulated in the Walker-256 tumor, permitting its
visualization. Although an acceptable image of the tumor was obtained at 24 h, additional
radioactivity was still observed in the abdominal area and bladder. By 120 h the abdominal
activity had essentially cleared leaving most of the remaining radioactivity in the tumor.
In contrast, analog 2 (NM400, the phosphoethanol derivative) and 4 (NM402, the carbon
isostere of choline) concentrated primarily in the abdominal region (liver and gastrointesti-
nal tract) with no visible uptake in the tumor at either time point. Compound 3 (NM401,
the ethanolamine derivative) displayed a slight degree of accumulation in the tumor after
24 h with only slight enhancement by 120 h but to a much lesser extent than NM346.

At the end of the 120 h gamma camera scanning protocol, the animals were euthanized
and subjected to tissue distribution analyses. Biodistribution results are summarized in
Table 1. NM346 (1) had the highest levels of radioactivity in the blood, duodenum, lung and
tumor. Tumor levels of radioactivity after administration of NM346 were 2.04 & 0.18% ID/g
as compared with NM401 (3) which had a 0.36 &= 0.08% ID/g in the tumor. NM400 and
NM401 had very low tumor radioactivity levels (<0.1% ID/g). Although NM402 did not
accumulate in the tumor, it displayed the highest levels radioactivity in the liver (3.3 & 0.5%
ID/g, 25.3 & 2.5% dose/organ). NM400 (1.3 & 0.07% ID/g, 15.4 + 1.0% dose/organ) and
NM402 (1.14 £ 0.17% ID/g, 10.7 £ 0.8% dose/organ) had much lower levels of activity in
the liver. NM346 possessed liver levels of radioactivity (0.84 £ 0.12% ID/g, 11.79 &+ 1.5%
dose/organ) similar to those of NM401.

Table 1. Tissue distribution of 12°I-labeled APC analogs in tumor-bearing rats 120 h after i.v. injection ?.

Tissue 1 2 3 4
(NM346) (NM400) (NM401) (NM402)

Adrenal — 0.04 £+ 0.01 0.18 £ 0.02 0.05 £+ 0.00
Blood 0.22 +£0.03 0.07 £+ 0.00 0.19 £ 0.05 0.04 +0.01
Bone Marrow — 0.05 £ 0.01 0.13 £ 0.01 0.03 £ 0.01
Duodenum 0.80 £+ 0.06 0.13 £ 0.01 0.32 £ 0.06 0.40 £+ 0.02
Fat — 0.03 4+ 0.02 0.11 £ 0.03 0.02 £ 0.00
Heart — 0.03 £+ 0.00 0.11 £ 0.02 0.02 £ 0.00
Kidney — 0.82 +0.02 1.32 +0.23 0.31 £ 0.03
Liver 0.84 +0.12 1.30 &+ 0.07 1.14 +0.17 3.30 £ 0.48
Lung 0.68 £ 0.11 0.07 £ 0.01 0.26 £+ 0.05 0.04 £ 0.00
Muscle — 0.02 £+ 0.00 0.06 £+ 0.02 0.02 £ 0.00
Ovary — 0.06 4+ 0.00 0.17 +0.03 0.04 £+ 0.01
Plasma — 0.10 £ 0.00 0.30 £+ 0.09 0.06 £+ 0.01
Spleen — 0.04 £+ 0.00 0.16 £ 0.03 0.02 £ 0.00
Thyroid 13.95 £ 0.80 49.30 4+ 21.59 19.21 £ 3.65 28.88 + 3.31
Tumor 2.04 £0.18 0.07 £ 0.03 0.36 +0.08 0.04 £+ 0.01

Tumor/Blood 9.27 1.00 1.89 1.00

Tumor/Kidney — 0.09 0.27 0.13

Tumor/Liver 243 0.05 0.32 0.01

? Results are expressed as mean % administered dose per gram + s.e.m. (n = 3).

In the second series of experiments, phospholipids 1-4 were labeled with iodine-124 (a
positron emitting isotope) via an isotope exchange reaction using ammonium sulfate as the
exchange medium [38]. Iodine-124 labeled analogs 1-4 were administered to human PC-3
tumor-bearing SCID mice and microPET images were obtained. Figure 4 shows microPET
scans of the animals obtained 24 h after i.v. administration of radioiodinated polar head
group analogs 1-4. Alkyl phosphocholine analog NM346 (1) accumulated to a modest
extent in the tumor and afforded its visualization. As in the previous set of experiments
with iodine-125 labeled compounds, significant activity in liver and intestinal tract was
observed with [I-124]-NM2346. lodine-124 labeled analogs without nitrogen in the polar
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head group, NM400 and NM402 localized almost exclusively in the abdominal area of the
animal and failed to accumulate in the tumor at the 24 h time point.

MicroPET imaging studies with iodine-124 labeled compounds in the PC3 prostate
tumor xenograft mouse model provided results similar to the gamma camera scintigraphy
with iodine-125 labeled compounds in the rat Walker-256 carcinosarcoma model.

4. Rationale

The gamma emitter, 2° (35 keV) was the most suitable probe for the preliminary
planar scintigraphy imaging studies of the labeled alkyl phospholipid analogs with the
Walker 256 tumor model. The subsequent 3-D imaging by micro-PET with 24I-labeled
analogs in the PC-3 tumor-bearing mice provided volume imaging of the animal to give a
better picture of the compound distribution.

The Walker 256 carcinosarcoma model (a rat mammary tumor line) was routinely
used to determine biodistribution of >°I-labeled APC analogs. The Walker 256 rat model
also permitted 2-D planar scintigraphic imaging with the same labeled analogs given the
inherent resolution limitations of the technique. As research shifted to 3-D volume imaging
by microPET with the corresponding ?*I-labeled APC compounds, the PC-3 SCID mouse
model was more suited to the microPET device, allowing for exquisite depiction of in vivo
biodistribution of the labeled compounds.

A specific rationale was used in the design of each of the polar head group analogs.
In NM400 molecule, the hydrogen atom is substituted for the trimethylammonio group
present in NM346. As the data shows, NM400 had cleared from a majority of the tissues with
significant uptake in the duodenum, kidney, liver, plasma and thyroid. Most of this activity
was associated with the liver. Previous work by Bishop and coworkers [41] demonstrated
that ether lipid analogs such as hexadecylphosphocholine can be broken down in a fashion
consistent with the action of phospholipase D. Some years ago, we have investigated the
breakdown of alkylphosphocholines such as NM324 (meta-iodophenyl isomer of NM346)
by phospholipase D [42]. In the presence of trace quantities of ethanol, a phosphoethanol
derivative (similar to NM400) could be generated. In fact, nothing concerning the biological
disposition of exogenously administered phosphoethanol derivatives has been reported
to date.

The disposition of NM401, the ethanolamine derivative, was evaluated in tumor-
bearing animals for several reasons. Since it is a zwitterion, the charge distribution in the
polar head group would be similar to the tumor avid NM346 although the steric environ-
ment of nitrogen atom in NM401 is different. As a result, the overall size and hydration of
the polar head group of NM401 would be expected to be quite different from NM346. In
addition, phosphatidylethanolamine is the second most common phospholipid component
of mammalian cell membranes and has been reported to be elevated in certain types of
cancer [43]. Of the four analogs tested, NM346 had the greatest tumor avidity. NM401
displayed a very slight accumulation in the tumor, however this uptake of radioactivity
did not afford an adequate tumor-to-nontarget ratio.

The third compound, NM402, was designed to evaluate the importance of the pos-
itively charged quaternary nitrogen atom in the phosphocholine head group. This was
accomplished by replacing the positively charged quaternary nitrogen with a tetrasubsti-
tuted carbon atom. 3,3-Dimethyl-1-butanol can be viewed as a choline isostere in which
positively charged trimethylammonium group is substituted with a neutral tertiary butyl
group. This substitution results in a slight change in molecular weight of the compound
and produces a phospholipid molecule with a negative charge on the phosphate. NM402
did not demonstrate any tumor avidity and instead displayed extensive accumulation
(3.3% ID/g) in the liver as late as 120 h after administration (Table 1).

As mentioned previously, we have shown bulk tolerance in the aromatic ring of these
radioiodinated phospholipid analogs illustrated by the fact that replacement of the aromatic
iodine even with large near-infrared imaging moieties and metal chelates does not impede
tumor uptake of these APC analogs which have stimulated use of these agents as real time
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surgical tumor margin illuminators and as cancer theranostics and immune stimulators,
respectively [3,44—47].

5. Conclusions

Additional understanding of the role of the APC quaternary nitrogen, its steric envi-
ronment and the significance of the polar head charge on uptake and retention of these
analogs has been obtained. The presence of the quaternary nitrogen in the polar head
group is critical to the tumor avidity of the APC molecule as evidenced by the inability of
the negatively charged analogs NM400 and NM402 to accumulate in tumor cells. This is
crucial information in the ongoing development of the alkyl phosphocholine platform for
multimodal tumor imaging and therapy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics15010171/s1, TH-NMR spectra of compounds 6, 2,
3and 4.

Author Contributions: Conceptualization, R.E.C.; methodology, R.E.C. and J.P.W.; formal analy-
sis, M.A.R,; investigation, A.N.P, M.A.R,, M.A.L. and B.Y.D.; data curation, AN.P,, M.A.R. and
B.Y.D.; writing—original draft preparation, A.N.P.,; writing—review and editing, ] PW.; visualization,
AN.P, M.AR. and B.Y.D.; supervision, R.E.C. and ]J.P.W.; project administration, R.E.C. and ] P.W.;
funding acquisition, R.E.C. and ]. P.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the NIH grants CA-92412 (J.P.W.), CA-08349 (R.E.C.).

Institutional Review Board Statement: Institutional Review Board Statement. These studies were
conducted in accordance with and approved by the University of Wisconsin IACUC committee,
animal use protocols M005853 and M005532.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors wish to acknowledge Thomas C. Stringfellow and Gary Girdaukas
of the Analytical Instrumentation Center in the University of Wisconsin, School of Pharmacy, for their
help in obtaining NMR and mass spectra, respectively, and the UWCCC Small Animal Imaging and
Radiotherapy Facility for small animal imaging expertise and resources (NCI Grant P30CA014520).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mollinedo, F.; Gajate, C.; Martin-Santamaria, S.; Gago, F. ET-18-OCHj3 (Edelfosine): A selective antitumor lipid targeting apoptosis
through intracellular activation of Fas/CD95 death receptor. Curr. Med. Chem. 2004, 11, 3163-3184. [CrossRef] [PubMed]

2. Gajate, C.; Mollinedo, F. Biological activities, mechanisms of action and biomedical prospect of the antitumor ether phospholipid
ET-18-OCHj (edelfosine), a proapoptotic agent in tumor cells. Curr. Drug Metab. 2002, 3, 491-525. [CrossRef]

3. Weichert, J.P; Clark, P.A.; Kandela, I.K.; Vaccaro, A.M.; Clarke, W.; Longino, M. A.; Pinchuk, A.N.; Farhoud, M.; Swanson, K.I;
Floberg, ].M.; et al. Alkylphosphocholine Analogs for Broad Spectrum Cancer Imaging and Therapy. Sci. Transl. Med. 2014,
6,240ra75. [CrossRef] [PubMed]

4. Jendrossek, V.; Handrick, R. Membrane targeted anticancer drugs: Potent inducers of apoptosis and putative radiosensitisers.
Curr. Med. Chem.—Anti-Cancer Agents 2003, 3, 343-353. [CrossRef] [PubMed]

5. Zaremberg, V.; Ganesan, S.; Mahadeo, M. Lipids and Membrane Microdomains: The Glycerolipid and Alkylphosphocholine
Class of Cancer Chemotherapeutic Drugs. In Lipid Signaling in Human Diseases; Gomez-Cambronero, J., Frohman, M.A., Eds.;
Springer Nature Switzerland AG: Berlin/Heidelberg, Germany, 2020; pp. 261-288.

6. Jaffres, PA.; Gajate, C.; Bouchet, A.M.; Couthon-Gourves, H.; Chantome, A.; Potier-Cartereau, M.; Besson, P.; Bougnoux, P;
Mollinedo, E; Vandier, C. Alkyl ether lipids, ion channels and lipid raft reorganization in cancer therapy. Pharmacol. Ther. 2016,
165, 114-131. [CrossRef] [PubMed]

7. Meyer, K.L.; Schwendner, S.W.; Counsell, R.E. Potential tumor or organ-imaging agents. 30. Radioiodinated phospholipid ethers.
J. Med. Chem. 1989, 32, 2142-2147. [CrossRef]

8.  Plotzke, K.P.; Rampy, M.A.; Meyer, K.; Ruyan, M.; Fisher, S.J.; Wahl, R.L.; Skinner, RW.S.; Gross, M.D.; Counsell, R.E. Biodistribu-

tion, metabolism, and excretion of radioiodinated phospholipid ether analogs in tumor-bearing rats. J. Nucl. Biol. Med. 1993, 37,
264-272.


https://www.mdpi.com/article/10.3390/pharmaceutics15010171/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15010171/s1
http://doi.org/10.2174/0929867043363703
http://www.ncbi.nlm.nih.gov/pubmed/15579006
http://doi.org/10.2174/1389200023337225
http://doi.org/10.1126/scitranslmed.3007646
http://www.ncbi.nlm.nih.gov/pubmed/24920661
http://doi.org/10.2174/1568011033482341
http://www.ncbi.nlm.nih.gov/pubmed/12871080
http://doi.org/10.1016/j.pharmthera.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27288726
http://doi.org/10.1021/jm00129a020

Pharmaceutics 2023, 15,171 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rampy, M.A.; Chou, T.S.; Pinchuk, A.N.; Skinner, RW.S.; Gross, M.D.; Fisher, S.; Wahl, R.L.; Counsell, R.E. Synthesis and
biological evaluation of radioiodinated phospholipids ether analogs. Nucl. Med. Biol. 1995, 22, 505-512. [CrossRef]

Rampy, M.A,; Pinchuk, A.N.; Weichert, ].P.; Skinner, R W.S.; Fisher, S.].; Wahl, R.L.; Gross, M.D.; Counsell, R.E. Synthesis and
biological evaluation of radioiodinated phospholipids ether stereoisomers. J. Med. Chem. 1995, 38, 3156-3162. [CrossRef]
Pinchuk, A.N.; Rampy, M.A_; Longino, M.A.; Skinner, RW.S.; Gross, M.D.; Weichert, ].P.; Counsell, R.E. Synthesis and structure-
activity relationship effects on the tumor avidity of radioiodinated phospholipid ether analogues. |. Med. Chem. 2006, 49,
2155-2165. [CrossRef]

Vogler, W.R,; Olson, A.C.; Okamoto, S.; Shoji, M.; Raynor, R.L.; Kuo, ].E; Berdel, WE,; Eibl, H.; Hajdu, J.; Nomura, H. Comparison
of selective cytotoxicity of alkyl lysophospholipids. Lipids 1991, 26, 1418-1423, (2-(N-pyridinio)ethyl analog). [CrossRef] [PubMed]
Stekar, J.; Hilgard, P.; Voegeli, R.; Maurer, H.R.; Engel, J.; Kutscher, B.; Noessner, G.; Schumacher, W. Antineoplastic activity
and tolerability of a novel heterocyclic alkylphospholipid, D-20133. Cancer Chemother. Pharmacol. 1993, 32, 437-444, (2-(N-
methylpiperidinio)ethyl analog). [CrossRef] [PubMed]

Koufaki, M.; Polychroniou, V.; Calogeropoulou, T.; Tsotinis, A.; Drees, M.; Fiebig, H.H.; LeClerc, S.; Hendriks, H.R.; Makriyannis,
A. Alkyl and alkoxyethyl antineoplastic phospholipids. J. Med. Chem. 1996, 39, 26092614, (2-(N-methylmorpholino)ethyl and
2-(N-methylpiperidino)ethyl analogs). [CrossRef] [PubMed]

Duclos, R.IL, Jr.; Chia, H.H.; Abdelmageed, O.H.; Esber, H.; Fournier, D.J.; Makriyannis, A. Syntheses of racemic and nearly opti-
cally pure ether lipids and evaluation of in vitro antineoplastic activities. ]. Med. Chem. 1994, 37, 4147-4154, (chiral methylcholine,
2-(N,N-dimethylamino)ethyl, 2-(N-methylpyrrolidino)ethyl and 2-(N-methylmorpholino)ethyl analogs). [CrossRef]

Hilgard, P; Klenner, T.; Stekar, J.; Noessner, G.; Kutscher, B.; Engel, J. D-21266, a new heterocyclic alkylphospholipid with
antitumour activity. Eur. J. Cancer 1997, 33, 442-446, (1,1-dimethyl-piperidin-4-yl analog, Perifosine). [CrossRef]

Van Ummersen, L.; Binger, K.; Volkman, J.; Marnocha, R.; Tutsch, K.; Kolesar, J.; Arzoomanian, R.; Alberti, D.; Wilding, G. A
phase I trial of perifosine (NSC 639966) on a loading dose/maintenance dose schedule in patients with advanced cancer. Clin.
Cancer Res. 2004, 10, 7450-7456, 1,1-dimethyl-piperidin-4-yl analog (Perifosine). [CrossRef]

Miyazaki, H.; Ohkawa, N.; Nakamura, N.; Ito, T.; Sada, T.; Oshima, T.; Koike, H. Lactone and cyclic ether analogs of platelet-
activating factor. Synthesis and biological activities. Chem. Pharm. Bull. 1989, 37, 2379-2390, (w-(thiazolio)alkyl analogs).
[CrossRef]

Miyazaki, H.; Nakamura, N.; Ito, T.; Sada, T.; Oshima, T.; Koike, H. Synthesis and antagonistic activities of enantiomers of cyclic
platelet-activating factor analogs. Chem. Pharm. Bull. 1989, 37, 2391-2397, (w-(thiazolio)alkyl analogs). [CrossRef]

Hong, C.I; Nechaev, A ; Kirisits, A.J.; Vig, R.; West, C.R.; Manouilov, K.K.; Chu, C.K. Nucleoside conjugates. 15. Synthesis and
biological activity of anti-HIV nucleoside conjugates of ether and thioether phospholipids. . Med. Chem. 1996, 39, 1771-1777.
[CrossRef]

Ukawa, K.; Imamiya, E.; Yamamoto, H.; Aono, T.; Kozai, Y.; Okutani, T.; Nomura, H.; Honma, Y.; Hozumi, M.; Kudo,
I; et al. Synthesis and antitumor activity of new amphiphilic alkylglycerolipids substituted with a polar head group, 2-
(2-trimethylammonioethoxy)ethyl or a congeneric oligo(ethyleneoxy)ethyl group. Chem. Pharm. Bull. 1989, 37, 3277-3285.
[CrossRef]

Stekar, J.; Noessner, G.; Kutscher, B.; Engel, J.; Hilgard, P. Synthesis, antitumor activity, and tolerability of phospholipids
containing nitrogen homologues. Angew. Chem. Int. Ed. 1995, 34, 238-240. [CrossRef]

Kates, M.; Adams, G.A.; Blank, M.L.; Snyder, F. Chemical synthesis and physiological activity of sulfonium analogues of platelet
activating factor. Lipids 1991, 26, 1095-1101. [CrossRef]

Bittman, R. The 2003 ASBMB-Avanti award in lipids address: Applications of novel synthetic lipids to biological problems. Chem.
Phys. Lipids 2004, 129, 111-131, (Phosphonocholine analogs). [CrossRef]

Kley, ].T.; Unger, C.; Massing, U. Synthesis of isosteric phosphono analogs of biologically active alkylphosphocholines. Monatsh.
Chem. 1998, 129, 173-185, (3-(trimethylammonio)propylphosphonate analogs). [CrossRef]

Ukawa, K.; Imamiya, E.; Yamamoto, H.; Mizuno, K.; Tasaka, A.; Terashita, Z.; Okutani, T.; Nomura, H.; Kasukabe, T.; Hozumi,
M.; et al. Synthesis and antitumor activity of new alkylphospholipids containing modifications of the phosphocholine moiety.
Chem. Pharm. Bull. 1989, 37, 1249-1255. [CrossRef]

Jendrossek, V.; Hammersen, K.; Erdlenbruch, B.; Kugler, W.; Kruegener, R.; Eibl, H.; Lakomek, M. Structure-activity relationships
of alkylphosphocholine derivatives: Antineoplastic action on brain tumor cell lines in vitro. Cancer Chemother. Pharmacol. 2002, 50,
71-79. [CrossRef]

Geilen, C.C.; Haase, A.; Wieder, T.; Arndt, D.; Zeisig, R.; Reutter, W. Phospholipid analogues: Side chain- and polar head
group-dependent effects on phosphatidylcholine biosynthesis. J. Lipid Res. 1994, 35, 625-632. [CrossRef] [PubMed]
Alunni-Bistocchi, G.; Orvietani, P.L.; Ricci, A.; Binaglia, L.; Orlando, M.; Orlando, P. Synthesis of 1-O-alkyl-2-O-methyl-
glycerophospholipids with potential antitumor activity. Farmaco 1990, 45, 499-509. [PubMed]

Brachwitz, H.; Langen, P.; Dube, G.; Schildt, J.; Paltauf, F.; Hermetter, A. Halo lipids. 10. Synthesis and cytostatic activity of
O-alkylglycerophospho-L-serine analogs. Chem. Phys. Lipids 1990, 54, 89-98. [CrossRef]

Brachwitz, H.; Olke, M.; Bergmann, J.; Langen, P. Alkylphospho-L-serine analogues: Synthesis of cytostatically active alkylphos-
phono derivatives. Bioorg. Med. Chem. Lett. 1997, 7, 1739-1742. [CrossRef]

Kazi, A.B.; Hajdu, J. Synthesis of phosphoserine and phosphothreonine ether-glycerolipids via 2,2,2-trichloro-t-butyl phospho-
dichloridite coupling. Tetrahedron Lett. 1992, 33, 2291-2294. [CrossRef]


http://doi.org/10.1016/0969-8051(94)00115-Z
http://doi.org/10.1021/jm00016a019
http://doi.org/10.1021/jm050252g
http://doi.org/10.1007/BF02536579
http://www.ncbi.nlm.nih.gov/pubmed/1819744
http://doi.org/10.1007/BF00685887
http://www.ncbi.nlm.nih.gov/pubmed/8258191
http://doi.org/10.1021/jm9509152
http://www.ncbi.nlm.nih.gov/pubmed/8691459
http://doi.org/10.1021/jm00050a011
http://doi.org/10.1016/S0959-8049(97)89020-X
http://doi.org/10.1158/1078-0432.CCR-03-0406
http://doi.org/10.1248/cpb.37.2379
http://doi.org/10.1248/cpb.37.2391
http://doi.org/10.1021/jm950620o
http://doi.org/10.1248/cpb.37.3277
http://doi.org/10.1002/anie.199502381
http://doi.org/10.1007/BF02536509
http://doi.org/10.1016/j.chemphyslip.2004.01.004
http://doi.org/10.1007/PL00010153
http://doi.org/10.1248/cpb.37.1249
http://doi.org/10.1007/s00280-002-0440-8
http://doi.org/10.1016/S0022-2275(20)41176-9
http://www.ncbi.nlm.nih.gov/pubmed/8006517
http://www.ncbi.nlm.nih.gov/pubmed/2222722
http://doi.org/10.1016/0009-3084(90)90064-X
http://doi.org/10.1016/S0960-894X(97)00301-6
http://doi.org/10.1016/S0040-4039(00)74193-1

Pharmaceutics 2023, 15,171 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ishaq, K.S.; Capobianco, M.; Piantadosi, C.; Noseda, A.; Daniel, L.W.; Modest, E.]. Synthesis and biological evaluation of
ether-linked derivatives of phosphatidylinositol. Pharm. Res. 1989, 6, 216-224. [CrossRef]

Qiao, L.X,; Nan, EJ.; Kunkel, M.; Gallegos, A.; Powis, G.; Kozikowski, A.P. 3-Deoxy-D-myo-inositol 1-phosphate, 1-phosphonate,
and ether lipid analogues as inhibitors of phosphatidylinositol-3-kinase signaling and cancer cell growth. . Med. Chem. 1998, 41,
3303-3306. [CrossRef] [PubMed]

Weichert, ].P.; VanDort, M.E.; Groziak, M.P,; Counsell, R.E. Radioiodination via isotope exchange in pivalic acid. Appl. Radiat. Isot.
1986, 37, 907-913. [CrossRef]

Mangner, T.J.; Wu, J.L.; Wieland, D.M. Solid-phase exchange radioiodination of aryl iodides. Facilitation by ammonium sulfate.
J. Org. Chem. 1982, 47, 1484-1488. [CrossRef]

Lindh, I.; Stawinski, ]J. A general method for the synthesis of glycerophospholipids and their analogues via H-phosphonate
intermediates. J. Org. Chem. 1989, 54, 1338-1342. [CrossRef]

Stawinski, J.; Kraszewski, A. How to get the most out of two phosphorus chemistries. Studies on H-phosphonates. Acc. Chem.
Res. 2002, 35, 952-960. [CrossRef]

Bishop, EE.; Dive, C.; Freeman, S.; Gescher, A. Is metabolism an important arbiter of anticancer activity of ether lipids? Metabolism
of SRI 62-834 and hexadecylphosphocholine by [*P]-NMR spectroscopy and comparison of their cytotoxicities with those of
their metabolites. Cancer Chemother. Pharmacol. 1992, 31, 85-92. [CrossRef]

Rampy, M.A. Strategies for Tumor Imaging with Radioiodinated Phospholipid Ether Analogs. Ph.D. Thesis, The University of
Michigan, Ann Arbor, MI, USA, 1995.

Bergelson, L.D. Tumor lipids. Prog. Chem. Fats Lipids 1972, 13, 1-59. [CrossRef]

Arthur, G.; Schweizer, F.; Ogunsina, M. Synthetic Glycosylated Ether Glycerolipids as Anticancer Agents. In Carbohydrates in Drug
Design and Discovery; Jimenez-Barbero, J., Canada, FJ., Martin-Santamaria, S., Eds.; The Royal Society of Chemistry: Cambridge,
UK, 2015; pp. 151-179.

Nachtigal, M.W.; Musaphir, P.; Dhiman, S.; Altman, A.D.; Schweizer, F.; Arthur, G. Cytotoxic capacity of a novel glycosylated
antitumor ether lipid in chemotherapy-resistant high grade serous ovarian cancer in vitro and in vivo. Transl. Oncol. 2021,
14,101203. [CrossRef]

Patel, R.; Hernandez, R.; Carlson, P.; Grudzinski, J.; Bates, A.; Jagodinski, J.; Erbe, A.; Marsh, I.; Aluicio-Sarduy, E.; Rakhmilevich,
A.; et al. Low-dose targeted radionuclide therapy renders immunologically “cold” tumors responsive to immune checkpoint
blockade. Sci. Transl. Med. 2021, 13, eabb3631. [CrossRef] [PubMed]

Zhang, R.R.; Schroeder, A.B.; Grudzinski, ].J.; Rosenthal, E.L.; Warram, ]. M.; Pinchuk, A.N.; Eliceiri, K.W.; Kuo, ].S.; Weichert,
J.P. Beyond the margins: Real-time detection of cancer using targeted fluorophores. Nat. Rev. Clin. Oncol. 2017, 14, 347-364.
[CrossRef] [PubMed]

Hernandez, R.; Walker, K.L.; Grudzinski, J.J.; Aluicio-Sarduy, E.; Patel, R.; Zahm, C.D.; Pinchuk, A.N.; Massey, C.F,; Bitton, A.N.;
Brown, R.J.; et al. (90)Y-NM600 targeted radionuclide therapy induces immunologic memory in syngeneic models of T-cell
Non-Hodgkin’s Lymphoma. Commun. Biol. 2019, 2, 79. [CrossRef] [PubMed]

Grudzinski, J.].; Hernandez, R.; Marsh, I.; Patel, R.B.; Aluicio-Sarduy, E.; Engle, ].; Morris, Z.; Bednarz, B.; Weichert, ].P. Preclinical
Characterization of (86/90)Y-NM600 in a Variety of Murine and Human Cancer Tumor Models. J. Nucl. Med. 2019, 60, 1622-1628.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1023/A:1015961416370
http://doi.org/10.1021/jm980254j
http://www.ncbi.nlm.nih.gov/pubmed/9719581
http://doi.org/10.1016/0883-2889(86)90291-1
http://doi.org/10.1021/jo00347a022
http://doi.org/10.1021/jo00267a020
http://doi.org/10.1021/ar010049p
http://doi.org/10.1007/BF00685092
http://doi.org/10.1016/0079-6832(73)90003-7
http://doi.org/10.1016/j.tranon.2021.101203
http://doi.org/10.1126/scitranslmed.abb3631
http://www.ncbi.nlm.nih.gov/pubmed/34261797
http://doi.org/10.1038/nrclinonc.2016.212
http://www.ncbi.nlm.nih.gov/pubmed/28094261
http://doi.org/10.1038/s42003-019-0327-4
http://www.ncbi.nlm.nih.gov/pubmed/30820474
http://doi.org/10.2967/jnumed.118.224808
http://www.ncbi.nlm.nih.gov/pubmed/30954941

	Introduction 
	Materials and Methods 
	Chemistry 
	Radioiodination of Phospholipid Analogs 
	Biology 

	Results and Discussion 
	Rationale 
	Conclusions 
	References

