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Introduction: Gum arabic-coated radioactive gold nanoparticles (GA-'* AuNPs) offer several
advantages over traditional brachytherapy in the treatment of prostate cancer, including homog-
enous dose distribution and higher dose-rate irradiation. Our objective was to determine the
short-term safety profile of GA-'"®*AuNPs injected intralesionally. We proposed that a single
treatment of GA-'"*AuNPs would be safe with minimal-to-no evidence of systemic or local
toxicity.

Methods: Nine dogs with spontaneously occurring prostatic cancer were treated. Injections
were performed with ultrasound or computerized tomography guidance. Complete blood
counts, chemistry panels, and urinalyses were performed at weekly intervals for 1 month and
imaging was repeated 4 weeks postinjection. Planar scintigraphic images were obtained within
30 minutes of injection.

Results: No statistically significant difference was found in any hematologic or biochemical
parameter studied, nor was any evidence of tumor swelling or abscessation found in eight
dogs with repeat imaging; one dog died secondary to urethral obstruction 12 days following
injection. At 30 minutes postinjection, an average of 53% of injected dose in seven dogs was
retained in the prostate, with loss of remaining activity in the bladder and urethra; no systemic
uptake was detected.

Conclusion: GA-'"AuNP therapy had no short-term toxicity in the treatment of prostatic cancer.
While therapeutic agent was found in the prostate immediately following injection, some loss of
agent was detected in the bladder and urethra. Localization of radioactivity within the prostate
was lower than anticipated and likely due to normal vestigial prostatic ducts. Therefore, further
study of retention, dosimetry, long-term toxicity, and efficacy of this treatment is warranted
prior to Phase I trials in men.

Keywords: brachytherapy, prostatic cancer, safety trial

Introduction

Prostate cancer (PC) is the most common cancer diagnosed in men, of which over
28,000 died from this disease in the United States in 2012.! Current treatment modali-
ties for local control of cancer include radical prostatectomy, external beam radiation
therapy, and brachytherapy. Brachytherapy has the advantage of emitting short-range
radiation directly to the tumor, thereby protecting normal tissues with decreased off-
target effects compared to external beam radiation therapy.>* However, off-target
effects such as urethral stricture, rectal bleeding, and erectile dysfunction are still
seen and, in part, may be related to the number of implants placed for appropriate
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dosing to the tumor.*> Furthermore, failure of treatment
occurs in 25% or more of men with high Gleason score PC.
This localized failure is due to multiple factors, including
large tumor volume and difficulty achieving a geometrically
optimal distribution of seeds, resulting in heterogeneous dose
distribution increasing the rate of significant side effects.>”’
Since an increase in side effects can be expected with
increased number of implants and higher radiation dose, a
safe and homogenously distributed form of brachytherapy
with reduced placement trauma would be ideal to improve
disease control while limiting side effects.

Brachytherapy with low dose-rate radiation (LDR)
(palladium-103 and iodine-125) and high dose-rate radia-
tion (HDR) (gold-198 and iridium-192) has been used to
treat PC.¢* Recent studies have indicated that HDR may be
more effective than LDR for high-grade PC.** LDR modali-
ties with longer half-lives give a lower initial dose rate to
tumor, which can be less effective in treating fast-growing
or low-o/B-ratio tumors such as high-grade PC.*® In fact,
HDR with '’Ir has been used successfully with optimal dose
distribution, but with the disadvantage of multiple invasive
procedures required for optimal therapy.® Radioactive gold
("8 Au) has an average gamma-ray energy of 412 keV; this
isotope supplies a greater dose depth and less anisotropy in
tissue with a shorter half-life (2.7 days) compared to lower-
energy radionuclides when used in shielded discrete sources.
When used as a non-shielded source, the large majority of the
dose is derived from the beta-particle component of the decay
which has an average energy of approximately 320 keV.*
In men, implanted ** Au seeds provided the benefits of HDR
including greater dose depth and delivering prescribed dose in
a shorter period of time with limited invasiveness (only one
procedure for implantation compared to multiple treatments
with %’Ir); however, '®Au seeds still have the potential dis-
advantages of other seed brachytherapy treatments, including
heterogeneous dose distribution.®

¥ Au nanoparticles (NPs) have the potential to over-
come the disadvantage of heterogeneous dose distribution
with traditional seed brachytherapy due to their size. Gum
arabic, a glycoprotein, is used as a stabilizer for '*AuNPs
and provides a nontoxic coating that prevents aggregation
in vivo.!" NPs of up to 100 nm tend to accumulate in tumors
due to the irregularity of tumor vessels, large pore size, and
poor lymphatic drainage.'' The hydrodynamic diameter of
gum arabic-coated “*AuNP (GA-'"®AuNP) is 85 nm and
may permit effective penetration of the particles into porous
tumor vasculature and diffusion through the interstitium of
the tumor.'' Evaluation of biodistribution of nonradioactive

gum arabic-coated gold NP (GA-AuNP) in mice and pigs
showed distribution to the liver and spleen when injected
intravenously.'>!* Therefore, any NP not retained in the tumor
and entering systemic circulation would likely localize in
one of these organs following vascular clearance. In a PC3
implanted SCID mouse model study, intratumoral injection
of the nonradioactive surrogate of GA-'"" AuNPs resulted in
homogenous distribution throughout the tumor on computed
tomography (CT) scan 24-hours postinjection.'® In another
previously reported study using the prostate tumor mouse
model, 408 uCi (30 uL) of GA-'"®AuNPs were administered
as a single injection into the prostate tumor and compared
to a control group. Greater than 75% of radioactivity was
retained within the tumor at 24 hours, and treated mice had a
tumor volume reduction of 82% compared to controls at the
end of the 30-day study period.">'¢ No off-target effects were
noted in any treated mouse other than transient and revers-
ible weight loss.'® The homogenous distribution revealed
in the mouse model suggested further studies should utilize
the homogenous distribution model for dosimetry. These
studies together demonstrated safety, tolerability, uniform
distribution, and efficacy of GA-'""*AuNPs. Therefore,
GA-""AuNPs provide promise for an effective, minimally
invasive treatment with fewer adverse effects than current
standards of care.'® Furthermore, several gold NPs of differ-
ent sizes and shapes have been reported in the literature. The
prominent NPs include glutathione, bovine serum albumin,
or polyethylene glycol-conjugated gold NPs. Even though
these NPs have ideal in vivo characteristics, they are not
easily synthesizable using “*Au as a precursor.!”' On the
other hand, GA-""®AuNPs utilized in the present study were
synthesized using a one-step procedure directly from '*Au.
This is an important advantage for clinical utilization.

The objective of the current study was to determine the
safety of GA-"®AuNPs injected intralesionally in the treat-
ment of naturally occurring prostatic cancer, using compan-
ion dogs with spontaneously occurring PC as a translational
model. We proposed that treatment would be safe, systemic
toxicoses would not occur, and that short-term off-target
effects would not be evident in this set of dogs.

Materials and methods

Animals

This project was approved by the University of Missouri
Animal Care and Use Committee (ACUC protocol #6488).
Dogs with spontaneously occurring prostatic cancer were
recruited from those routinely treated at the University of
Missouri Veterinary Medical Teaching Hospital. Castrated
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or intact male dogs of any age, breed, or size diagnosed with
prostatic carcinoma by cytology or biopsy, with a life expec-
tancy of greater than 6 weeks and informed owner consent,
were eligible for enrollment. Metastasis to lymph nodes in
the sublumbar region was permitted, with the intent to treat
affected nodes by a separate injection of GA-'**AuNPs if
affected. Dogs were excluded if a significant comorbidity was
present, concurrent bladder tumor or extension of prostate
tumor into the bladder was present, or if metastasis to any
site other than lymph nodes in the sublumbar region was
identified and determined to result in a life expectancy of
less than 6 weeks. Pretreatment evaluation was performed
within 2 weeks of planned injection and included complete
blood count, plasma biochemistry panel, urinalysis, thoracic
radiographs, abdominal ultrasound, and abdominal CT
scan. A urethral stent was placed in some dogs if a contrast
cystourethrogram was performed and evidence of urethral
obstruction was established.

Nine dogs were enrolled. All dogs were castrated and
mixed breed was the most common breed of dog repre-
sented (n=3). Other breeds included were Nova Scotia duck
tolling retriever (n=1), Boston terrier (n=1), beagle (n=1),
chow chow (n=1), Beauceron (n=1), and Irish setter (n=1).
Ages ranged from 8 to 12 years and body weights from 6 to
43 kg, with a mean of 24.5 kg. Eight dogs had cytologic
confirmation of carcinoma and one dog had histopathologic
confirmation. Three dogs had prior chemotherapy (mitox-
antrone or carboplatin) and nonsteroidal anti-inflammatory
treatment, and four dogs had treatment with nonsteroidal
anti-inflammatory drugs alone prior to trial enrollment;
two dogs had no prior therapy. Two dogs had metastasis
to lymph nodes in the sublumbar region at initial evalua-
tion and one dog had a small soft tissue nodule in the lungs
found on CT scan, potentially representing pulmonary

metastasis. This latter dog’s tumor had been refractory to
prior chemotherapy; since this finding was incidental and not
thought to be life limiting, this dog was enrolled in the study.
Three dogs had urethral stents placed prior to GA-""*AuNP
injection following a contrast cystourethrogram that revealed
significant urethral obstruction caused by tumor invasion.
Tumor volume ranged from 10.8-69.4 cm® and was vari-
able based on dog size and rate of tumor growth (Table 1).
In all dogs, normal prostate was not distinguishable from
prostatic tumor. Lymph nodes were not included in tumor
volume measurements.

GA-'AuNP production

University of Missouri Research Reactor irradiation facilities
were used for the production of 1 Au and the GA-**AuNPs in
the volume and dose requested by previously published meth-
ods with slight modifications.!° Briefly, gold foil was irradi-
ated at a flux of 8x10"* neutrons/cm?/s; the radioactive foil
was then dissolved with aquaregia, dried, and reconstituted
in hydrochloric acid to yield H**AuCl,. GA-"**AuNPs were
produced by the addition of the reducing agent tris hydroxym-
ethyl phosine-alanine (P(CH,NHCH(CH,)-COOH);, in the
presence of gum arabic. The final solution was brought to
a pH of 7 and sterile filtered. The gold concentration in the
final nanoparticulate suspension was 0.325 mg/mL (1.6 mM;
9.026x10'5 NPs). Production of GA-"" AuNPs was confirmed
by quality control tests including radio thin layer chromatog-
raphy and ultraviolet—visible spectroscopy. Radio thin layer
chromatography confirmed that >98% of the H"**AuCl, was
in the nanoparticulate form. The physicochemical parameters
were established using the nonradioactive analogue (GA-
AuNP). Particles had a hydrodynamic diameter of 85 nm
(£20 nm) and zeta potential of 24.5£1.5 mV as determined
by dynamic light scattering measurements. The core size of

Table | Dog weights, three-dimensional tumor volume measurements, percent volume change, and total activity injected into each

prostate tumor

Dog BED group Weight Pretreatment Posttreatment tumor Volume Activity injected
(Gy) (kg) tumor volume (cm®) volume (cm?®) decrease (%) (mCi)

I 50 224 10.81 7.52 30 48

2 50 I 20.06 20.29 -1 3.0

3 105 29.7 50.94 Death prior to week 4 N/A 6.2

4 105 18.8 27.81 31.36 -12 4.5

5 105 337 34.06 34.1 -0.1 5.8

6 105 39.6 69.4 71.71 -3 13.8

7 105 21.6 27.44 12.3 55 9.1

8 105 6.6 20.47 19.85 3 6.4

9 105 37 53.65 67.57 -26 838

Abbreviation: BED, biologically equivalent dose.
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the particles was 12—15 nm as determined by transmission
electron microscopy.'®

Dosimetry

Naturally-occurring canine prostate tumors differ in size
and geometry in proportion to the breed size and duration
of growth. Therefore, dosimetry was calculated separately
for each dog using the published standard American
Association of Physicists in Medicine Task Group-43 for-
mulation with tumor volume calculated on pretreatment
CT scans.*?® All dogs were injected with a quantity of
GA-'""AuNPs calculated to deliver a biologically equivalent
dose (BED) of 50 Gy for feasibility (n=2) or 105 Gy (n=7) for
treatment. The following formulas were used for calculation:

Teff= 1+ (B/ov) x [Di/ (W=A)] x [1/ (1—eerr)

X [1—e2MTetr — (2MA) X (1—e- 00 Terr] (1)

D (T,;) =D, (1.44T, ) (1" TerrTi2) @)
BED =D (T ) RE (T ) —In2 (T ,/oT)) 3)
TCP = eXp[—NOe(ﬂxBED)] )
0=0.15/Gy )

B=0.05/Gy? ©

where D is dose in cGy; D, is initial dose rate; e is average beta
particle energy in MeV, ~0.321 for ®Au; exp is exponential
function; A is decay constant for '"Au; A is effective decay
constant (0.693/T,
inversely proportional to the repair half-time; N is number

,); lLis time constant for sublethal repair,

of tumor cells initial present; Re is repair effectiveness; T, ,
of "*Au is 2.7 days; TCP is tumor control probability; T, is
potential doubling time of prostate tumor cells (42 days);
and T . is effective half-life in days.

These calculations yielded a dose 0of 0.17 mCi '* Au/gram
of tissue to deliver a BED of 105 Gy assuming 100% retention
and homogenous distribution of the NPs through the tissue
of interest. Since retention was actually 75% in the mouse
SCID PC3 model, a target injection dose was calculated to
approximately 0.20 mCi/g of tumor tissue, with tumor volume
determined using three-dimensional measurements obtained
from pretreatment CT scans. The estimated dose based on
these calculations was 63,630 rad/mCi/g of prostate tumor
tissue. Distribution was monitored immediately postinjection
using nuclear scintigraphy as described below.

Intratumoral injection of GA-'AuNPs was performed
using aseptic technique and ultrasound (n=1) or CT-guided
(n=8) needle placement under general anesthesia. Needle

placement varied based on tumor size and position within
the pelvic canal, with planned injection sites 1 cm apart. The
volume of the tumor and the number of required injection
points were predetermined using a previously performed
diagnostic CT scan. The dogs were positioned in dorsal
recumbency and 25-gauge spinal needles were inserted into
the prostate using ultrasound (n=1) or CT (n=8) guidance at
approximately 1 cm intervals. The number of needles used
varied from two to eight. Based on the volume determina-
tions from previous imaging studies, the specific activity of
the radioisotope in the suspension was adjusted to a volume
of 100200 UL at each injection site, with the total prescribed
dose evenly divided among the total number of injection
sites. Following recovery from anesthesia, dogs were housed
in standardized radiation isolation facilities. Planar images
were obtained by whole body scintigraphy within 30 minutes
postinjection to monitor the presence of GA-'* AuNPs within
the prostate. Region of interest (ROI) evaluation was used to
estimate the amount of GA-'*®AuNP present in the prostate,
urethra, and bladder. The prostate to bladder retention ratio
of GA-'8AuNP was calculated for each dog imaged. All dogs
were hospitalized in radiation isolation until acceptable radio-
activity levels were reached for release criteria as determined
by the Radiation Safety Officer. Appetite, attitude, urination,
and defecation were monitored twice daily, and subjective pain
score was monitored once daily while hospitalized. Interven-
tion for pain included oral or injectable opioids at the discretion
of the attending veterinarian. Nonsteroidal anti-inflammatory
drugs were not allowed unless started at least 2 weeks prior
to study. Monitoring included weekly complete blood count,
serum chemistry panel, and urinalysis for 4 weeks following
release from radiation isolation. Wilcoxon signed rank test
was used to compare the following values pre- and posttreat-
ment in all dogs: white blood cell count; red blood cell count;
neutrophil count; platelet count; liver enzymes (alkaline
phosphatase and alanine aminotransferase); and renal values
(blood urea nitrogen and creatinine). A CT scan was obtained
4 weeks after treatment to identify evidence of posttreatment
tumor swelling or abscessation. Prostatic volume at each time
point was calculated in two different ways: using the standard
geometric formula for calculating the volume of an ellipsoid;
and the length X width x height measurements times pi divided
by 6 method commonly used in oncology. Measurements
were also obtained from a three-dimensional computerized
system which calculates the volume of the prostate based on
the cross-sectional area and voxel thickness for each section
of the prostate. No chemotherapy or radiotherapy other than
GA-""®AuNP was allowed during the 4-week trial period.
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Results

Two dogs were treated with a single treatment to a BED of
50 Gy for feasibility of injection, and seven dogs were treated
with a single treatment to a BED of 105 Gy. The BED of
105 Gy was used as it is standard dose administered to men
with prostate cancer receiving brachytherapy.?'*? Ultrasound-
guided injection was used for the first dog treated, and due to
the less than ideal imaging characteristics of ultrasound for
needle placement, CT was used to guide needle placement
in the remaining eight dogs. The total injected activity was
based on prostate tumor size as outlined in Table 1. The target
injection dose was 0.17 mCi per cm? assuming 80% reten-
tion as seen in mouse models. Dogs were housed in radiation
isolation for a period of 59 days, until released by the radia-
tion safety officer. During this time, a standardized quality
of life form was completed once daily for six dogs in the
BED of 105 Gy group. One dog had no evidence of changes
in posture, attitude, or appetite. One dog had one episode
of vomiting 7 days posttreatment, but no other evidence of
discomfort or gastrointestinal abnormalities. Three dogs had
a transient decrease in appetite lasting from 1 to 3 days after
treatment; appetite recovered without intervention in all three
dogs. One dog was restless and had a decreased appetite for
4 days following treatment, but subsequently recovered with
no intervention. One dog, that also experienced a transient
decrease in appetite, needed to have manual bladder expres-
sion twice following injection for bladder emptying prior
to resuming normal voluntary urination. No dog required
interventional therapy within 7 days posttreatment, and no
other acute side effects were clinically evident immediately
following treatment.

Local complications were potentially seen in one of the
seven dogs in the BED of 105 Gy group. This dog was treated
to a BED of 105 Gy and had a partial urethral obstruction
present prior to presentation; urethral stenting was not avail-
able at our institution at this time. Twelve days following
injection, and 5 days following discharge to dog owners, a
full urethral obstruction resulted in bladder rupture and death
of this dog. Full postmortem examination was not performed;
however, the prostate and bladder were examined. Tumor
progression leading to full urethral obstruction versus edema
caused by injection of GA-'** AuNPs and resultant inflamma-
tion could not be determined.

Imaging was planned in all nine dogs 4 weeks follow-
ing treatment with GA-'*AuNP; eight dogs had a CT scan
4 weeks postinjection; one dog died prior to week 4 as
described above. There was no evidence of tumor swelling,
abscessation, or cyst formation in any dog imaged. Although

changes in tumor volume were not an endpoint of this study,
most dogs had stable disease using three-dimensional tumor-
volume measurements. Two dogs had a decrease in tumor
volume of 30% and 50%, respectively, and one dog had an
increase in tumor volume of 26%. The other six dogs in this
study had minimal changes in tumor volume. Representative
pre- and posttreatment images in one of the treated dogs with
50% tumor-volume reduction is shown in Figure 1; these
images also reveal no evidence of tumor edema or abscess
formation following treatment. Pre- and posttreatment tumor
volumes are detailed in Table 1.

Systemic toxicity in treated dogs was evaluated by
measuring blood parameters prior to treatment and then
weekly for 4 weeks. Six of nine dogs completed the weekly
bloodwork for the 4-week trial period, all in the 105 Gy BED
group; two dogs in the BED 50 Gy group had only pretreat-
ment and 4-week posttreatment bloodwork performed. One
dog died prior to completion of study, having only pretreat-
ment and 1-week posttreatment parameters measured. The
complete blood count and serum chemistry parameters are
provided in Table 2. There were no statistically significant
differences between pre- and posttreatment values for the fol-
lowing parameters for dogs in the 105 Gy BED group: total
white blood cell count (P=0.8203); total red blood cell count
(P=0.3594); neutrophil count (P=0.5703); platelet count
(P=1.0000); alkaline phosphatase (P=0.2422); alanine amin-
otransferase (P=0.7422); blood urea nitrogen (P=1.0000); and
creatinine (P=1.0000). Mean weight at study enrollment was
24.5 kg (range 6.6—39.8 kg) and 23.5 kg (range 6.7-39 kg)
at study completion.

Whole body planar imaging was performed within
30 minutes postinjection in seven dogs in the 105 Gy BED
group using a window centered on the 412 keV photon
peak and a +/— window of 10% to monitor distribution of
radioactivity. The scintigraphic images indicate no evi-
dence of nanoconstruct in the liver and spleen, which are
the main target organs for systemically distributed NPs of
this type.'®!® The planar images obtained within 30 minutes
postinjection for seven dogs are shown in Figure 2. Leakage
of AuNPs into the bladder, urethra, and extraprostatic
region was observed in six of the seven dogs and is indi-
cated in Figure 2 by yellow (bladder), red (urethra), and
white (extraprostatic region) arrows. The localization of
GA-""AuNP was calculated for each dog using ROI evalu-
ation and ranged from 21% to 90% with an average of 53%.
The main source of radioactivity loss was through the urinary
tract via direct drainage of NPs into the urethra (four dogs)
and bladder (three dogs).
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DFOV: 16.1x18.7 cm

DFOV: 18.9x22.1.cm.

Figure | Pre- and 4-week postinjection CT images of one of the dogs with prostatic carcinoma treated with GA-'*AuNP that showed 50% tumor volume reduction.
Notes: (A) CT image of prostate carcinoma of the dog prior to treatment; (B) posttreatment CT image of same dog’s prostate tumor after 4 weeks. These images were
chosen to represent the cross-section of the prostate at the same level; respiration, changes in bowel position, size and position of the urinary bladder, and the angle at which
the pelvis is positioned affect the position of the prostate within the pelvic cavity between the two imaging studies. Scale bars representing | cm per division on these images
are at the right hand side of the image. Prostatic volume was calculated in two different ways: the standard geometric formula for calculating the volume of an ellipsoid; and the
length x width X height measurements times pi divided by 6 method commonly used in oncology. Measurements were also obtained from a three-dimensional computerized
system which calculates the volume of the prostate based on the cross-sectional area and voxel thickness for each section of the prostate.

Abbreviations: CT, computed tomography; GA-'*AuNP, gum arabic-coated radioactive gold nanoparticles.

Discussion

Overall, intralesional injection of GA-'** AuNPs was found to
be safe in this group of dogs with naturally occurring prostatic
cancer. Evaluation of feasibility and safety in this population
of dogs with naturally occurring prostate tumors recapitulates
the previously demonstrated murine model safety.'® Behav-
ioral changes immediately postinjection were minimal and
resolved without intervention, and no difference in param-
eters was found in hematologic or biochemical parameters
pre- and posttreatment. Imaging 4 weeks following treatment
revealed no evidence of tumor abscessation or cyst formation

in any dog imaged. One dog died due to either tumor pro-
gression or tumor swelling resulting in complete urethral
obstruction; this dog had evidence of partial urethral obstruc-
tion due to the prostatic tumor prior to treatment; therefore,
if urethral obstruction is present, relief of obstruction via
urethral stenting is recommended in the dog model.
Accurate dosimetry is important in any brachytherapy
procedure; the same is true for intralesional GA-'"*AuNPs.
Both the homogenous distribution model and the point source
model may be accurate with intralesional NPs. Although
distribution of gadolinium and ethanol injected into the

Table 2 Complete blood count and serum biochemical panel results in six dogs

Parameter Pretreatment Week | Week 2 Week 3 Week 4

Total white blood cells/uL 10,228 (6,370-16,400) 9,173 (6,240-11,210) 8,295 (6,080-9,780) 8,456 (5,400-17,000) 8,578 (5,900-10,740)
Total red blood cells x10¢/uL  6.18 (5.6-6.96) 6.55 (5.35-7.15) 6.36 (4.84-7.08) 6.32 (5.34-7.18) 6.33 (5.61-6.91)
Neutrophils/uL 8,284 (4,008-13,776) 6,468 (3,240-9,190) 7,077 (4,090-12,920) 4,951 (4,077-12,920) 6,365 (4,250-7,980)
Platelets x10%/uL 361 (217-488) 478 (275-571) 421 (266-531) 425 (338-548) 334 (131-534)
Alkaline phosphatase U/L 150 (39-433) 168 (28-454) 121 (25-311) 88 (32-293) 123 (26-265)
Alanine aminotransferase U/L 32 (17-49) 31 (16-48) 34 (17-73) 39 (10-71) 35 (23-60)

Blood urea nitrogen mg/dL 20 (14-33) 18 (13-29) 23 (10-29) 22 (13-36) 20 (16-29)
Creatinine mg/dL 0.9 (0.6-1) 0.95 (0.8-1.4) 1.02 (0.6-1.7) 1.03 (0.6-1.6) 0.96 (0.6-1.4)

Note: Data are represented as the mean and range.
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Figure 2 Scintigraphic images recorded within 30 minutes postinjection of GA-'*AuNP in seven dogs.

Notes: (A-G) Dogs three to nine, respectively. These images reveal presence of radioactive gold nanoparticles within the prostate postinjection as indicated by the blue
arrows; the multiple injection points within the prostate tumor are clearly seen in one of the dogs (C). Leakage of small amounts of radioactive gold nanoparticles into
bladder, urethra, and extra prostate region following injection in six of seven dogs is noted by the yellow, red, and white arrows, respectively.

Abbreviation: GA-'"*AuNP, gum arabic-coated radioactive gold nanoparticles.
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prostate have been studied in normal dogs, these models do
not take into account NPs size, porous tumor vasculature,
poor tumor lymphatic drainage, or tumor tissue structure, all
of which are integral to determining distribution and reten-
tion of GA-'"® AuNP.? Additionally, in dogs, PC obliterates
normal prostate gland structure and in most dogs normal pros-
tate is not detectable.?* Therefore, in the present study, the
homogenous distribution model was used for calculation of
the delivered dose as this was the dose distribution observed
in the murine implanted tumor model."*'>!¢ In this model,
virtually the entire dose deposition is assumed to be from
beta particle emissions of ®Au’s decay; these particles have
arange of 1.0 mm in tissue with a homogenous backscatter
pattern. Because of its high energy, the 412 keV gamma ray
has less than 1% local absorption and is therefore overlooked
in the dosimetry calculation. Even though it is unlikely that
diffusion of GA-"AuNPs is completely uniform due to the
presence of tissue planes, blood vessels, and vestigial struc-
tures, during injection, interstitial pressure is generated that
is great enough for migration of the suspension along paths
of least resistance. Based on the planar images in Figure 2, it
is evident that diffusion is taking place by partial loss of agent
from the prostate into the urethra and bladder. Therefore, the
homogenous distribution model is the more appropriate of the
two dosimetry models for this agent. Prior to studies in men,
injections administered into human prostates ex vivo may be
helpful in dosimetry, as normal tissue structure played a role
in gadolinium distribution and leakage, and residual normal
prostate tissue is present in many men with prostate cancer.?
Further study is ongoing to confirm the ideal dosimetric
scheme in dogs; once these studies are complete, further
studies will be performed to both confirm safety and study
efficacy in this model prior to Phase I trials in men.

Many methods are available to detect gold NPs in tis-
sues. CT, micro-CT, MRI, and optical radiance have been
described in various models.*? In this study, we elected to
use nuclear scintigraphy to detect radioactivity associated
with the gold NPs. Images at later time points should be
considered in future studies to monitor the distribution of
radioactivity within the prostate tumors in addition to CT
scans to better predict dispersal of GA-'"*AuNPs following
injection.

A BED of 105 Gy was calculated for seven dogs in the
treatment arm of this study, and was adjusted for >75%
mean tumor retention seen in mouse models.'® Planar images
recorded in seven dogs within 30 minutes postinjection
confirmed the presence of GA-'** AuNP within the prostate in
all seven dogs. As prostatic tumors in dogs obliterate normal

prostate structure, no to minimal delineation between normal
prostate and tumor tissue was visualized on CT scan in this
group of dogs; therefore, we assumed that the total amount
of GA-'AuNP estimated in prostate through ROI evaluation
by planar imaging is expected to be present in the tumor.
The average amount of GA-'*AuNP localized in prostate
at 30 minutes postinjection based on planar images is ~53%
and is lower than that seen in mice models (154.05%140.7%
injected dose/g) at 30 minutes.'® The reduced tumor retention
is likely more reflective of what might be expected in men with
naturally occurring prostate cancer and underscores the impor-
tance of using spontaneously occurring disease in dogs as
models to bridge the gap between murine models and people.
Given the erratic nature of tumor vasculature and poor lym-
phatic drainage in most solid tumors,'! nuclear scintigraphy at
later time points would be necessary to determine long-term
retention, distribution, and diffusion of GA-'""AuNP. Prior
to Phase I studies in men, further investigation to optimize
dosimetry is indicated. Injection into the tumor was guided
by ultrasound or CT imaging, and the invasive nature of these
tumors dictates that some ductal structures are likely to remain
within grossly affected tumor tissue and be responsible for
loss of agent through the bladder.

Toxicity of gold in tissues is an important consideration
in gold NP treatment. Similar to previous studies using inert
gold NPs, toxicities to normal tissues was minimal.*® Toxic-
ity was measured systemically with complete blood counts
for bone marrow function, serum biochemical profile, and
urinalysis for hepatic and renal function, and locally with
CT scan 4 weeks posttreatment. Quality of life forms were
used during the initial hospitalization period. Dogs showed
minimal behavioral signs of discomfort or systemic malaise.
There was no change in white blood cell, red blood cell, or
platelet parameters between weeks demonstrating a lack
of bone marrow toxicity in this treated group of dogs. In
previous studies, reticuloendothelial system uptake of non-
radioactive gold NPs in general and GA-AuNP specifically
have been observed upon systemic administration;!'*!163
therefore, systemic uptake and toxicity issues related to
those were of particular concern in this study. However, no
changes in renal parameters or liver enzymes were found
between weeks, suggesting no toxicity to these organs.
Restlessness and decreased appetite were the most common
changes seen following treatment, which could be due to
discomfort or in-hospital boarding. These changes resolved
spontaneously. One dog in this study died due to urethral
obstruction and bladder rupture — due to the unavailability of
a full postmortem examination, we were unable to determine
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if this obstruction was caused by tumor progression or
delayed inflammation, or infection caused by injection. As
most dogs are diagnosed late in the stage of disease, partial
or complete urethral obstruction is a common clinical find-
ing, and placement of a urethral stent was recommended in
dogs that had difficulty urinating and evidence of obstruction
prior to GA-' AuNP injection when this intervention became
available at our institution.

Many studies have been performed investigating the
toxicity and distribution of nanoparticulate gold, and both
the size and the coating used for gold NPs will significantly
affect the distribution and toxicity.*'** For example, a poly-
ethylene glycol coating on a gold NP with a hydrodynamic
size of 27.6 nm in size at doses ranging from 0.17—4.26 mg/kg
results in acute inflammation and apoptosis of hepatocytes
following intravenous administration compared to no abnor-
malities or acute toxicities following intravenous adminis-
tration of 2 mg/kg of gum arabic-coated gold NPs with a
hydrodynamic size of 85 nm.*"* In mouse model studies
using gold nanoparticles, the median lethal dose is 3.2 g of
Au per kg.3* Since dogs in our study were administered much
lower doses of gold — a maximum of 0.325 mg of gold — no
tissue toxicity from gold alone was anticipated. Toxicity to
local tissues caused by **AuNPs was thought to be a result
of cellular uptake and tissue necrosis. Indeed, necrosis was
the major finding on histopathologic exam of prostatic
carcinoma in tumor-bearing mice treated with intralesional
GA-'AuNP.'* CT scan 4 weeks following treatment did not
reveal evidence of abscess formation or tumor edema. While
none of the tests performed to evaluate toxicity are as sensi-
tive as postmortem examination and histopathology, this is
an inherent limitation when performing a clinical trial using
client-owned animals.

Dogs used in this study were typical of those that develop
spontaneously-occurring cancer of the prostate. All dogs in
this treatment group were castrated years prior to diagnosis,
a finding consistent with a large epidemiological study
identifying castration as a risk factor for development of
prostate cancer in dogs.** They were typically older dogs and
the range of their body size and tumor volume demonstrates
the feasibility of intraprostate injection, as all were injected
successfully with retention in the target tissue. Similarly,
the geometry of their intrapelvic organs is quite similar to
men and revealed no early off-target effects of the radiation.
Radiation doses administered were much more similar to
those that would be prescribed for men than those that are
prescribed in mice. Thus, injection volumes are similar and
support further feasibility of translation to men. Although

efficacy was not an endpoint in this study, it is of particular
note that tumor volume stability and even tumor reduction
was noted in some dogs. Two of the eight dogs with posttreat-
ment imaging had substantial tumor volume reduction (30%
and 55%, respectively) and four dogs had relatively stable
disease. Prostatic carcinoma in dogs is a rapidly progres-
sive cancer, and stable disease in the face of no other cancer
therapy may indicate early efficacy of this treatment. In fact,
the 30-day study time period was chosen based on historical
data reporting a median survival time of 0-30 days in dogs
with untreated prostate cancer.*® Further dose-escalation
study with a larger number of dogs is warranted to confirm the
effectiveness of this therapy in high grade castration-resistant
prostate cancer prior to Phase I trials in men.

This study is unique in that it utilizes a naturally occur-
ring model of aggressive prostatic cancer to bridge the gap
in translational science between rodent models and humans.
Currently, there is no commonly used model of spontaneously
occurring PC, and the treatment results obtained in mice with
induced PC may not be analogous to expected results in men,
nor can local or systemic toxicities be predicted accurately
using a rodent model with implanted cancer. Prostate cancer
in dogs is high grade and independent of hormonal influence.
Similarly, a subset of men develop high grade PC, which
becomes independent of hormonal influences late in the
disease course and is refractory to most monotherapies.* %
Dogs represent an ideal model for PC due to many similari-
ties, including the influence of aging on cancer formation,
an intact immune system, and shared environment with men.
Additional advantages to the canine model include their use
as a large animal model for imaging and treatment within a
naturally condensed lifespan.?*

Conclusion

Although traditional brachytherapy using '®Pd or '*I seeds
are successful in treating men with low grade prostatic can-
cer, significant numbers of men with intermediate and high
grade disease relapse following treatment.>*¢° Highlighting
the importance of successful irradiation, evidence in the liter-
ature suggests that achieving early local control in intermedi-
ate and high Gleason score prostatic carcinoma can decrease
the risk of disease metastasis.?*> Therefore, treatment options
that provide excellent control of local disease while sparing
normal tissues can improve both the quality and quantity
of life in men with PC. It is hypothesized that due to size,
GA-"" AuNPs have more homogenous dose distribution and
higher emission of energy compared to current brachytherapy
seeds used to treat PC. The gum arabic glycoprotein provides
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a nontoxic coating on NPs with a hydrodynamic diameter
of 85 nm and is highly stable in vivo.'® The ease of produc-
tion combined with the properties of 1**Au and the safety of
GA-""® AuNP make this new treatment an exciting advance-
ment in prostatic cancer therapy. While this study was not
powered to evaluate outcome, ongoing studies will evaluate
long-term efficacy and optimize dosimetry.

This study provides evidence that intralesional injection
of GA-"®AuNP is safe with minimal short-term systemic
toxicity in the naturally occurring large animal model of
prostatic cancer. The favorable safety profile of GA-** AuNP
in this group of dogs suggests that further study for dosimetry
and therapeutic efficacy in dogs with prostate cancer and
subsequent Phase I clinical trials in men are warranted.
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