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Ferronostics: Measuring Tumoral Ferrous Iron with PET to
Predict Sensitivity to Iron-Targeted Cancer Therapies

Ning Zhao', Yangjie Huang', Yung-hua Wang', Ryan K. Muir®, Ying-Chu Chen?, Junnian Wei', Nima Hooshdaran',
Pavithra Viswanathl, Youngho Seol’3, Davide Ruggero3 ’4, Adam R. Renslo**? , and Michael J. Evans*!~>

! Department of Radiology and Biomedical Imaging, University of California, San Francisco, San Francisco, California; Department
of Pharmaceutical Chemistry, University of California, San Francisco, San Francisco, California; *Helen Diller Family Comprehensive
Cancer Center, University of California, San Francisco, San Francisco, California; and *Department of Urology, University of

California, San Francisco, San Francisco, California

Although cancer has been known for decades to harbor an insatiable
appetite for iron, only recently has the chemistry emerged to exploit
this altered state therapeutically, by targeting the expanded cytosolic
labile iron pool (LIP) of the cancer cell. The state of the art includes
therapies that react with the LIP to produce cytotoxic radical species
(in some cases also releasing drug payloads) and molecules that ex-
acerbate LIP-induced oxidative stress to trigger ferroptosis. Effectively
implementing LIP-targeted therapies in patients will require bio-
markers to identify those tumors with the most elevated LIP and thus
most likely to succumb to LIP-targeted interventions. Toward this
goal, we tested whether tumor uptake of the novel LIP-sensing radio-
tracer "8F-TRX aligns with tumor sensitivity to LIP-targeted therapies.
Methods: '8F-TRX uptake was assessed in vivo among 10 subcuta-
neous and orthotopic human xenograft models. Glioma and renal cell
carcinoma were prioritized because these tumors have the highest rel-
ative expression levels of STEAPS, the oxidoreductase that reduces
ferric iron to the ferrous oxidation state, in the Broad Institute Cancer
Cell Line Encyclopedia. The antitumor effects of the LIP-activated pro-
drug TRX-CBI, which releases the DNA alkylator CBI, were compared
in mice bearing U251 or PC3 xenografts, tumors with high and inter-
mediate levels of '8F-TRX uptake, respectively. Results: '8F-TRX
showed a wide range of tumor accumulation. An antitumor assess-
ment study showed that the growth of U251 xenografts, the model
with the highest '®F-TRX uptake, was potently inhibited by TRX-CBI.
Moreover, the antitumor effects against U251 were significantly great-
er than those observed for PC3 tumors, consistent with the relative
8F_TRX-determined LIP levels in tumors before therapy. Lastly, a do-
simetry study showed that the estimated effective human doses for
adult male and female mice were comparable to those of other '8F-
based imaging probes. Conclusion: We report the first evidence—to
our knowledge—that tumor sensitivity to an LIP-targeted therapy can
be predicted with a molecular imaging tool. More generally, these
data bring a new dimension to the nuclear theranostic model by show-
ing a requirement for imaging to quantify, in situ, the concentration of
a metastable bioanalyte toward predicting tumor drug sensitivity.
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IRON-TARGETED THERANOSTICS FOR CANCER  *

All cancer cells have an inescapable need for more iron than
do normal tissues to support the intense energetic demands that
come with indefinite proliferation (/). Cancer cells are thought to
increase their intracellular supply of ferric iron (Fe**) primarily by
augmenting expression of the transferrin receptor, which binds
and internalizes circulating holo-transferrin through endocytosis
(Fig. 1A). Cancer cells also overexpress the oxidoreductase
STEAP3 within lysosomes, which enables the reduction of ferric
iron to the more soluble and bioavailable ferrous oxidation state
(Fe®™). Ferrous iron is subsequently transported into the cytosol—
the reservoir of cytosolic ferrous iron making up the labile iron
pool (LIP)—where it can then be trafficked to ferritin for storage
or to the mitochondria for conversion to the iron—sulfur cluster and
heme cofactors that support essential enzyme functions in the cell
(2). An expanded LIP, however, risks oxidative damage from the
reactive oxygen species produced via ferrous iron—promoted Fen-
ton reactivity with oxygen and hydrogen peroxide. Normal cells
thus maintain a modest LIP, in part by storing iron in ferritin or ex-
porting excess iron via ferroportin. To survive with an elevated
LIP, cancer cells become especially reliant on cellular defense
mechanisms that protect from reactive oxygen species, a state that
if perturbed can lead to iron-dependent cell death, or ferroptosis
(3). Thus, an expanded LIP is emerging as a defining metabolic
feature that distinguishes cancer cells from normal cells.

Because no other metal can substitute for iron in biology, it has
long been hypothesized that ferroaddiction in cancer might be ex-
ploited therapeutically (/). However, chemical strategies focusing
on depriving cancer of ferric iron with chelation therapy or deliv-
ering cytotoxic payloads to cancer by targeting transferrin receptor
(e.g., transferrin-CRM107) were not effective clinically (4). More
recently, the emergence of ferrous iron—specific chemistry has en-
abled a new therapeutic approach that directly targets LIP expan-
sion in cancer cells (5). This approach draws conceptually from
the mechanism of the antimalarial artemisinin, which kills blood-
stage Plasmodium falciparum parasites via reactive intermediates
formed by following an initial Fenton chemistry with ferrous iron
heme (6). This reaction yields a heme adduct that can no longer be
detoxified by the parasite, resulting in broad oxidative damage to
parasite membranes and macromolecules (Fig. 1B). The over-
whelming clinical success of artemisinin has established that fer-
rous iron—dependent pharmacology involving the Fenton reaction
can be exploited to safely treat disease in humans (including chil-
dren). Newer synthetic antimalarial 1,2,4-trioxolanes (e.g., artefe-
nomel) meanwhile inspired the design of LIP-activated trioxolane
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FIGURE 1. Expansion of LIP is a general feature of cancer and can be targeted for cancer treatment and imaging. (A) How cancer cells can adjust rela-
tive expression levels of iron regulatory proteins to expand LIP. LIP expansion comes with either increase in expression of proteins required to import fer-
ric iron and convert it to ferrous iron (TFRC, STEAP3, DMT1) or reduction in machinery cells used to export iron through reduced expression of FPN or in-
creased expression of FPN1 inhibitory protein HAMP. (B) Structure of artemisinin and carbon-centered radical arising from reaction of endoperoxide
with iron(ll)heme in blood-stage Plasmodium falciparum parasites, leading to oxidative stress from reactive oxygen species, protein alkylation, and para-
site death. Structure of TRX-CBI and LIP promoted reaction leading to release of cyclopropylbenzindoline cytotoxin. (C) Structures of antimalarial artefe-
nomel and "®F-TRX reactivity-based probe to measure LIP with PET. On exposure to LIP, 1,2,4-trioxolane reacts to produce '®F-linked carbon-centered
radical, which crosslinks biomolecules and is retained within cells. CBI = cyclopropylbenzindoline; DMT1 = divalent metal transporter 1; FPN1 = ferro-
portin 1; HAMP = hepcidin; ROS = reactive oxygen species; TFRC = transferrin receptor; TRX = trioxolane.

prodrugs, such as trioxolane-cyclopropylbenzindoline (TRX-CBI),
that are activated by the expanded LIP within cancer cells to pro-
duce cytotoxic free radicals while releasing and activating CBI, a
potent DNA alkylator (Fig. 1B) (5,7). Proof-of-concept data in
preclinical models show that trioxolane caging of therapeutic
payloads increases the tolerated doses of many drugs and that in-
tratumoral LIP levels efficiently activate the prodrug, releasing the
payload to realize potent antitumor effects.

In parallel with these developments, other new approaches for
treating cancer by targeting iron dyshomeostasis have emerged
within the past 10 years. For example, several groups have
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developed therapies that exacerbate LIP-associated redox stress
and trigger ferroptosis. (3) These include several mechanistically
unrelated drugs, such as inhibitors of the cystine/glutamate anti-
porter XxCT (e.g., erastin) or biochemical inhibitors (e.g., RSL3) of
glutathione peroxidase 4. Moreover, an emerging narrative from
several groups suggests a role for ferroptosis in tumor immunolo-
gy, both as a mechanism by which tumor cells productively re-
spond to immune checkpoint inhibitors and as a vector to produce
immune stimulatory signaling molecules in the tumor microenvi-
ronment (8,9). Lastly, recent data have also shown that inhibiting
lysosome function with autophagy inhibitors in fact kills cancer
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cells by provoking acute LIP starvation (/0). Collectively, these
observations highlight the promise of exploiting the LIP for cancer
treatment.

One crucial unmet need to address in advancing clinical trials
with LIP-targeted therapies is a method to measure LIP in the tu-
mors of cancer patients. Indeed, LIP levels in patient tumors have
never been quantified, and a biomarker for LIP could be applied
prospectively to define which tumors harbor the highest LIP levels
and might be especially vulnerable to LIP-targeted therapies. The
benefit of such a theranostic approach is now well established and
in routine clinical use to select patients for endoradiotherapies
such as '"’Lu-DOTATATE (Lutathera; Advanced Accelerator Ap-
plications) and '*'I-iobenguane (Azedra; Progenics Pharmaceuti-
cals) (11).

Since ferrous iron rapidly oxidizes once the native cellular envi-
ronment is disrupted, it cannot be reliably quantified from tumor
biopsy samples. Therefore, we developed a novel radiotracer
termed '8F-TRX to quantify LIP in situ with PET (72). '"SF-TRX
is based on the structure of artefenomel, an antimalarial with ex-
cellent pharmacokinetics that is currently in phase 2 clinical trials
(Fig. 1C) (13). On reaction with the LIP in tissues, Bp_TRX frag-
ments to generate an 'SF-labeled carbon-centered radical interme-
diate that crosslinks cellular proteins and becomes sequestered
within those cells. Thus, stable cellular accumulation of '®F is ex-
pected to be proportional to LIP concentration. We recently dis-
closed imaging data supportive of this mechanism of action in
mice by showing that tissue retention of '*F-TRX was responsive
to supplementation or withholding of iron (/2). Herein, we report
the first evidence—to our knowledge—suggesting that 'SF-TRX
can be applied to identify tumors likely to respond to an LIP-
targeting drug, and these data bring a new dimension to the
nuclear theranostic model by showing the value of quantifying the
concentration of a metastable bioanalyte in situ and thereby pre-
dicting tumor drug sensitivity.

MATERIALS AND METHODS

General Methods

Chemicals were purchased and used without further purification. A
rabbit polyclonal antibody targeting STEAP3 (catalog number 17186-
1-AP) was purchased from Proteintech. A polyclonal antibody target-
ing B-actin (catalog number 656120) was purchased from Fisher
Scientific. Isotopes were produced by the Radiopharmacy at the Uni-
versity of California, San Francisco. All cell lines were purchased
from American Type Culture Collection and cultured according to the
manufacturer’s recommendations. Both '®F-TRX and TRX-CBI were
prepared according to previously reported procedures (3,12).

FerroFarRed

Cancer cells (10,000/well) were seeded into 96-well clear-bottom
plates. After 24 h, the culture medium was removed, and 100 wL of
Hanks balanced saline solution containing FerroFarRed (5 uM; Groyo
Chemical) and Hoechst stain (1 ug/mL) were added into each well
and incubated at 37°C for 50 min. The solution was removed and re-
placed with Hanks balanced saline solution buffer. The plate was
scanned on a fluorescence microscope (IN Cell 6500 analyzer; GE
Healthcare). The fluorescent intensity was quantified by the overall
fluorescence strength generated by FerroFarRed dye.

Immunoblot

Cells were lysed in radioimmunoprecipitation assay buffer supple-
mented with protease and phosphatase inhibitor cocktails (Thermo-
Fisher Scientific). The cell lysates (20 ug/sample) were separated
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using 4%—12% tris acetate gels (Invitrogen). The proteins were trans-
ferred to polyvinylidene difluoride membranes, blocked with 5% (w/v)
bovine serum albumin solution, and immunoblotted with anti-STEAP3
antibody (1:1,000) or actin (1:4,000) for 1 h at room temperature. The
blots were incubated with a secondary antibody coupled to horseradish
peroxidase (1:5,000) for 30 min and developed using enhanced chemi-
luminescent detection reagent (ThermoFisher Scientific) and ultrasen-
sitive film (Biorad).

Animal Studies

All animal experiments were performed under the approval of the
Institutional Animal Care and Use Committee at the University of Cal-
ifornia, San Francisco. Athymic nu/nu mice (4—6 wk old) were pur-
chased from Charles River. Cells (1 X 10°) were mixed with Matrigel
(Corning) and RPMI 1640 medium (1:1 v/v) and implanted into the
left leg. Tumors were palpable by 2—4 wk. Orthotopic glioma tumors
were established as previously described (/4). Ten days after injection,
tumor burden was confirmed by MRI and the mice were transferred
for PET/CT studies.

For antitumor assessment studies, TRX-CBI was dissolved in a for-
mulation comprising 5/4/1 polyethylene glycol 400/20% 2-hydroxy-
propylcylcodextrine in water/dimethylsulfoxide. The mice were
treated with TRX-CBI (7.5 mg/kg) or saline via intraperitoneal admin-
istration. Tumor volumes were measured with digital calipers, and
mouse weight was monitored twice weekly.

Small-Animal PET/CT Imaging

Data were acquired with a Siemens Inveon small-animal PET/CT
scanner. For dynamic acquisitions, the mice were anesthetized before-
hand with 1.5%2% isoflurane and positioned on the scanner bed, af-
ter which approximately 30 MBq of 'F-TRX were injected via the
tail vein in a volume of 100—150 uL per mouse. All PET imaging
data were decay-corrected, reconstructed with CT-based attenuation
correction, and analyzed with AMIDE software. Regions of interest
were manually placed to calculate SUV ., data. Dosimetry was cal-
culated as previously reported (/5).

Biodistribution Studies

After radiotracer injection, the mice were euthanized with CO,
(gas) asphyxiation. Blood and tissues were collected, washed, dried,
and weighed. The activity of each tissue was measured with a y-coun-
ter. All data were decay-corrected and expressed as a percentage of
the injected dose per gram of tissue.

Autoradiography

Ninety minutes after injection of '*F-TRX, the mice were anesthe-
tized and perfused with cold phosphate-buffered saline via cardiac
puncture. Tissues were immediately collected and flash-frozen in opti-
mal-cutting-temperature compound on dry ice, sectioned to 20 pm,
and mounted on glass slides. The slides were then exposed on a GE
Healthcare phosphor storage screen and developed on an Amersham
Typhoon 9400 phosphor imager. The autoradiography images were
processed using ImageJ software.

Statistics

An unpaired, 2-tailed Student ¢ test was used to determine statisti-
cally significant differences between 2 treatment arms. Statistically
significant differences in animal survival were analyzed with a log
rank (Mantel-Cox) test. Pearson correlation was performed using
Prism, version 8.0 (GraphPad). In all cases, P values of less than 0.01
were reported as statistically significant.
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RESULTS

We previously demonstrated the feasibility of LIP-dependent tu-
mor detection with '"®F-TRX using a small pilot group of mouse
and human tumor models (/2). To better understand the dynamic
range of '*F-TRX uptake in tumors, we profiled 'SF-TRX uptake
in a larger panel of 10 subcutaneous human tumor xenografts. For
this study, we chose to prioritize glioma and renal cell carcinoma,
because a comparative analysis of STEAP3 expression levels
across cell lines from the Broad Institute Cancer Cell Line Ency-
clopedia (https://portals.broadinstitute.org/ccle) showed these 2
tumor types to have the highest mean expression, and previous
studies have relied on STEAP3 overexpression as a biomarker of
iron dyshomeostasis in cancer (Supplemental Fig. 1; supplemental
materials are available at http:/jnm.snmjournals.org) (/6). Biodis-
tribution studies at 90 min after injection in mice bearing subcuta-
neous xenografts showed that the tracer uptake ranged from
approximately 5%—1% of the injected dose per gram of tissue
(Fig. 2A). We compared these data with STEAP3:actin expression
levels per tumor type (Fig. 2B). A scatterplot showed a trend to-
ward a positive correlation with '*F-TRX uptake in tumors, with a
Pearson correlation » value of 0.56. However, there were some ex-
amples in which relative STEAP3 expression over the tumor panel
did not correlate well with relative tumoral uptake of 18F-TRX,
and the correlation did not achieve statistical significance (P =
~0.08; Supplemental Fig. 2). We did find that the '*F-TRX data
aligned with LIP levels detected using the Fe(Il)-activated fluoro-
genic dye FerroFarRed (/7), which is activated by a distinct
Fe(II)-dependent reactivity, suggesting that some of the cancer cell
lines use mechanisms beyond STEAP3 overexpression to expand
LIP (Fig. 2C).

We next asked whether tumors with high avidity for '*F-TRX
are sensitive to LIP-targeted therapies. For these studies, we tested
tumor sensitivity to TRX-CBI, an LIP-activated prodrug that re-
leases the DNA alkylator cyclopropylbenzindoline (5). After
showing that U251 cells were sensitive to the drug in vitro (Sup-
plemental Fig. 3), we performed a 35-d antitumor assessment
study treating mice bearing subcutaneous U251 xenografts with
vehicle or TRX-CBI (7.5 mg/kg every 4 d). Tumor volume was
significantly reduced by TRX-CBI compared with vehicle (Fig.
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FIGURE 2. Survey of '8F-TRX uptake in vivo reveals range of LIP
concentrations in human glioma and renal tumors. (A) Biodistribution data
collected from subcutaneous tumors in nu/nu mice at 90 min after injec-
tion of ™F-TRX (n = 4/tumor type). (B) Immunoblot for STEAP3 showing
that protein expression aligns in part with '8F-TRX uptake among those
tumors with highest and lowest radiotracer uptake in vivo. Comparison of
STEAP3:actin ratios (n = 3/cell line) with "®F-TRX uptake per tumor cell
indicated trend toward positive correlation (Pearson r = 0.56), although
correlation did not achieve statistical significance (P = ~0.08; Supplemen-
tal Fig. 2). (C) Immunofluorescence data showing relative intensity of LIP in
A172 and U251 cells in vitro using FerroFarRed. Below the images is
shown quantification of fluorescent intensity. *P < 0.01. %ID = percent-
age injected dose; a.u. = arbitrary units; RFU = relative fluorescence
units; TRX = trioxolane.

3A; Supplemental Fig. 3). Moreover, TRX-CBI significantly ex-
tended mouse survival, and mice treated with TRX-CBI lived past
40 d, whereas all mice receiving vehicle were euthanized by day
38 (Fig. 3B).

We then asked whether tumors with significantly different lev-
els of "SF-TRX uptake had differential sensitivity to TRX-CBI.
For this study, we compared tumor responses between the U251
and PC3, as we previously showed that PC3 tumors have signifi-
cantly lower '®F-TRX uptake (Fig. 4A) but subcutaneous PC3 tu-
mors are still highly sensitive to treatment with TRX-CBI (7.5
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FIGURE 3. Tumor model that has high uptake of "8F_TRX and is sensitive to treatment with LIP-targeted therapy. (A) Tumor volume data from antitu-
mor assessment study show that U251, human glioma model with highest "®F-TRX uptake among tumors surveyed, is responsive to treatment with
TRX-CBI. Mice (n = 6/arm) were dosed with vehicle or TRX-CBI at 7.5 mg/kg every 4 d. (B) Kaplan-Meier plot shows relative survival of mice treated

with vehicle vs. TRX-CBI. Hazard ratio was 27. *P < 0.01. TRX = trioxolane.
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plot of uptake of FerroFarRed in U251 vs. PC3 cells, which shows that U251 has higher LIP than PC3 (middle); and representative fluorescent mi-
croscopy images (right). (B) Plot showing percentage change in PC3 and U251 tumor volume from day 0. Mice were treated with TRX-CBI at 7.5
mg/kg, every 4 d. (C) Representative immunoblot data showing that PC3 and U251 express equivalent STEAP3 (left) and biodistribution data col-
lected 4 h after injection of ®8Ga-citrate in mice bearing subcutaneous PC3 or U251 tumors (n = 4/tumor) (right). Despite higher LIP levels, U251
consumes less ®3Ga®* bound to transferrin than do PC3 tumors. *P < 0.01. %ID = percentage injected dose; a.u. = arbitrary units; RFU = relative

fluorescence units; TRX = trioxolane.

mg/kg every 4 d) (5). Calculating the percentage change in tumor
volume from day 0 showed that TRX-CBI more potently inhibited
U251 tumor growth than PC3 growth (Fig. 4B). The differential
sensitivity was observed despite the fact that both tumors ex-
pressed equivalent levels of STEAP3 (Fig. 4C; Supplemental Fig.
4). Moreover, we tested whether the uptake of **Ga-citrate aligned
with tumor sensitivity, as ®Ga®* is a ferric iron mimetic that
binds to transferrin in serum (/8). Interestingly, PC3 tumors were
significantly more avid for ®*Ga** than were U251 tumors, further
underscoring the utility and importance of measuring intracellular
LIP levels specifically (with '®F-TRX) as opposed to net ferric
iron import via ®*Ga** -transferrin (Fig. 4C).

Our preclinical data showing that glioma can have sufficiently
high LIP levels for targeted drug delivery coincide with recent
data indicating that tumors from patients with high-grade glioma
overexpress STEAP3 and transferrin receptor and that genetically
ablating STEAP3 potently inhibits the proliferation and survival of
glioma (/6). Thus, LIP-targeting therapies may be particularly
well suited to glioma, and to confirm that LIP expansion is detect-
able with "SF-TRX PET in a more clinically relevant glioma
model, we established orthotopic U87 MG tumors in mouse
brains. Glioma lesions were visually obvious on PET, and region-
of-interest analysis showed significantly higher '®F-TRX uptake at
90 min after injection than in involved adjacent white matter
(Figs. 5A and 5B; Supplemental Fig. 5). Analysis of the radiotrac-
er distribution within the brain with autoradiography showed
'E-TRX uptake within the tumor and low levels in normal brain
(Fig. 5C).

Lastly, to assess the feasibility of human studies with 'SF-TRX,
we conducted a rodent dosimetry study to estimate human-
equivalent organ-absorbed doses and effective doses (Table 1).
Dosimetry was calculated by analyzing dynamic 90-min PET ac-
quisitions in tumor-naive male and female nu/nu mice. The data
were fitted using the EXM module of the OLINDA/EXM package,
version 1.1, to derive time-integrated activity coefficients. Organ
doses were estimated using OLINDA, version 2.0, and effective
doses were computed using the ICRP publication 103 tissue-
weighting factors implemented in OLINDA, version 2.0. In both
sexes, the effective dose was less than 0.02 mSv/MBq, or the ap-
proximate value for a routine PET acquisition with '*F-FDG (19).
The organs receiving the highest absorbed dose were the heart
wall, lungs, and liver.

IRON-TARGETED THERANOSTICS FOR CANCER

DISCUSSION

Herein, we show that 'SF-TRX can distinguish LIP levels
among tumors, and we point to those that might be most likely to
respond to LIP-targeted therapies. A survey of 10 human xeno-
graft models revealed that glioma and renal cell carcinoma harbor
a wide range of LIP concentrations. U251, the model with the
highest 'F-TRX uptake, was highly sensitive to treatment with
TRX-CBI, an LIP-activated prodrug. A comparison of the relative
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FIGURE 5. LIP expansion is detectable in orthotopic glioma model with
"8E_TRX. (A) "®F-TRX PET/CT data showing radiotracer uptake in U87 MG
tumor (arrow) implanted within right hemisphere of mouse brain. Image
was acquired at 90 min after injection. (B) Quantification of '8F-TRX up-
take using region-of-interest analysis of PET data from mice bearing U87
MG tumors (n = 3). Tumor uptake was compared with uptake in unin-
volved normal white matter in contralateral region of brain. *P < 0.01. (C)
Digital autoradiography showing distribution of radiotracer within coronal
section of mouse brain. Tissue was stained with hematoxylin and eosin
and merged with pseudo color image of autoradiography. %ID = percent-
age injected dose; DAR = digital autoradiography; H&E = hematoxylin
and eosin; TRX = trioxolane.
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TABLE 1

Human-Equivalent Doses for "®F-TRX

Absorbed dose

Organ Female (60 kg) Male (73 kg)
Adrenals 0.0136 = 0.0008 0.0141 = 0.0005
Brain 0.0042 = 0.0002 0.0030 * 0.0006
Breast 0.0081 = 0.0003

Esophagus 0.0136 = 0.0004 0.0112 *= 0.0013
Eyes 0.0067 = 0.0003 0.0073 = 0.0001

Gallbladder wall
Left colon
Small intestine

0.0123 = 0.0007
0.0116 = 0.0004
0.0096 * 0.0004

0.0161 = 0.0006
0.0111 = 0.0002
0.0113 = 0.0002

Stomach wall 0.0114 = 0.0005 0.0117 = 0.0008
Right colon 0.0103 = 0.0005 0.0118 = 0.0003
Rectum 0.0103 = 0.0002 0.0111 = 0.0003
Heart wall 0.0407 = 0.0007 0.0206 * 0.0089
Kidneys 0.0164 = 0.0011 0.0151 = 0.0016
Liver 0.0312 = 0.0026 0.0303 * 0.0025
Lungs 0.0261 = 0.0008 0.0138 *= 0.0054
Ovaries 0.0099 * 0.0003

Pancreas 0.0129 + 0.0007 0.0126 *= 0.0006
Prostate 0.0114 = 0.0004

Salivary glands
Red marrow
Osteogenic cells

0.0074 = 0.0003
0.0089 = 0.0003
0.0072 = 0.0003

0.0086 = 0.0002
0.0090 = 0.0002
0.0078 = 0.0002

Spleen 0.0102 = 0.0004 0.0102 = 0.0002
Testes 0.0088 = 0.0002
Thymus 0.0136 = 0.0004 0.0108 *= 0.0016
Thyroid 0.0092 = 0.0003 0.0095 * 0.0004

Urinary bladder wall

Uterus
Total body
Effective dose

0.0201 = 0.0041
0.0104 = 0.0002
0.0097 = 0.0004
0.0126 = 0.0003

0.0286 *+ 0.0050

0.0096 = 0.0002
0.0103 *= 0.0009

Data are mGy/MBq except for effective dose, which is mSv/
MBq. These data were calculated using OLINDA, version 2.0, with
ICRP publication 103 tissue-weighting factors based on 90-min dy-
namic PET acquisition in male or female C57BI6/J mice.

antitumor effects conferred by TRX-CBI treatment revealed that
U251 tumors responded more durably than PC3 tumors, a human
prostate cancer model with approximately 2-fold lower uptake of
""F-TRX. Since these data suggest a role for LIP-targeted thera-
pies in the treatment of glioma, we further tested whether LIP ex-
pansion is evident on PET in an orthotopic model of high-grade
glioma. On PET, U87 MG tumors were clearly detectable, com-
pared with the level of uptake in uninvolved brain tissue. Lastly, a
dosimetry study in mice showed the estimated effective doses to
humans to be lower than those of '*F-FDG. Collectively, these ob-
servations make a strong case for human translation of "SF-TRX
to collect the first measurements of LIP in tumors.

The finding that pretreatment '*F-TRX uptake in tumors is pre-
dictive of sensitivity to treatment with a prodrug that requires LIP

activation provides an important confirmation that tracer uptake in
tumors at extended time points after injection (i.e., 90 min) is pre-
dominantly if not entirely due to LIP-triggered probe fragmenta-
tion and cellular sequestration. On PET, we of course cannot
distinguish between the different chemical species to which the
radioisotope is attached, and these data provide important clarity
on the unavoidable ambiguity as to whether the tumor signal is
also in part derived from iron-independent tumor retention of un-
reacted '*F-TRX through an unknown mechanism.

Although the relative tumor LIP levels with '*F-TRX could be
corroborated with the structurally and mechanistically distinct
chemosensor FerroFarRed, relative STEAP3 expression did not al-
ways correlate with LIP levels. Tumors that do not overexpress
STEAP3 likely use alternative mechanisms to expand the LIP,
such as overexpressing HAMP to prevent ferrous iron export by
ferroportin or liberating iron from cellular ferritin stores. Con-
versely, PC3 tumors that have high STEAP3 expression but
relatively moderate LIP may express high levels of ferroportin
compared with tumors such as U251. More generally, the biologic
complexity of iron homeostasis suggests that LIP expansion may
not be predictable for all tumor types by qualitatively assessing ex-
pression levels of a single protein biomarker using immunohisto-
chemistry. Moreover, although it is not clear whether *Ga’* is a
STEAP3 substrate, it is a well-established surrogate for ferric iron
biodistribution. Thus, our early data showing that relative tumoral
uptake of “®*Ga-citrate and '"*F-TRX do not align suggest that LIP
levels may not be easily inferred from measurements of tumoral
uptake of ferric iron. All these observations, although preliminary,
converge to underscore the potential utility of a ferronostic para-
digm in which direct measurement of tumoral iron levels with 'SF-
TRX PET is applied to prospectively identify tumors that might
respond to iron-targeted therapies. We are currently expanding the
scope of this study to treat additional tumor models with TRX-
CBI and other LIP-activated prodrugs that release payloads mech-
anistically unrelated to CBI to test this hypothesis more
thoroughly.

Finally, iron dysregulation occurs in many human disorders,
including neurodegenerative and cardiovascular diseases and in-
flammation (20-22). Applying 'F-TRX in the respective patient
populations to define the extent of LIP expansion in affected tis-
sues will be an important milestone toward understanding the ther-
apeutic potential of LIP-targeted therapies beyond oncology. We
are currently working to translate 'F-TRX into the clinic to test
this hypothesis.

CONCLUSION

We report evidence that tumor sensitivity to an LIP-targeted
therapy can be predicted with a molecular imaging tool. These
data bring a new dimension to the nuclear theranostic model by
showing a requirement for imaging to quantify, in situ, the concen-
tration of a metastable bioanalyte toward predicting tumor drug
sensitivity.
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KEY POINTS

QUESTION: Are tumoral levels of the LIP as measured with "°F-
TRX PET a predictive biomarker of tumor sensitivity to iron-targeted
therapies?

PERTINENT FINDINGS: A survey of '8F-TRX uptake in 10 human
xenograft models identified the glioma model U251 as having the
highest level of the LIP. An antitumor assessment study showed
that the ferrous iron-activated prodrug TRX-CBI potently inhibited
growth. The antitumor effects were greater than those observed
against PC3 tumors, human prostate cancer with approximately
2-fold lower "8F-TRX uptake.

IMPLICATIONS FOR PATIENT CARE: To our knowledge,
"8F_TRX is the first translational in vivo imaging probe that can
measure labile iron concentrations in tumors, a finding that could
evolve into a new theranostic paradigm to identify tumors likely
to succumb to iron-targeted therapies currently under
development.
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