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1 Executive Summary

1.1 Introduction

Fluciclovine (18F) (Axumin) is a new molecular entity (NME) and a radioactive 
diagnostic agent. Fluciclovine (18F) positron emission tomography (PET) is indicated to 
identify sites of recurrence of prostate cancer in patients with suspected recurrence 
based on rising prostate specific antigen (PSA) post therapy. The proposed maximum 
radiation dose is 370 MBq (10 mCi) and the mass dose is 10 mcg via single intravenous 
administration. 

Fluciclovine (18F) is a synthetic L-leucine analogue. L-leucine is actively transported 
into mammalian cells by amino acid transporters, mainly by the L-type amino acid 
transporter (LAT-1) and ASC amino acid transporter 2 (ASCT2). Both LAT1 and ASCT2 
are neutral amino acid transporters and are upregulated in cancer cells. 

1.2 Brief Discussion of Nonclinical Findings
Pharmacology

In vitro pharmacology studies demonstrated that [14C]-FACBC1 uptake was rapid with 
peak uptakes at 5 to 30 minutes in human prostate adenocarcinoma (PCa) cell lines. 
The uptake by PCa cell lines was higher than that by normal human prostate epithelial 
cell line PrEC at early time points (1.62 to 8.56 times higher at 5 and 15 minutes and 
significantly higher in 4 of the 5 PCa lines at 30 minutes). In vivo pharmacology studies 
demonstrated that 18F-anti-FACBC was rapidly distributed in tumor tissue in mice with 
the highest or near the highest tumor/tissue ratios at 5 minutes post dosing. 

Safety pharmacology

No remarkable adverse effect on CNS, CVS and respiratory functions were observed 
and high safety margins were achieved [human dose multiples (HDM) ≥ 18 based on 
body surface area (BSA)].

PK/ADME

The radioactivity (%ID/g) was mainly located in the pancreas, thymus gland, kidneys, 
muscle, stomach, and bone marrow in rats following single intravenous anti-[18F]-
FACBC. Anti-[18F]-FACBC was mainly excreted through urine in both rats and monkeys 
with a faster rate in female rats than male rats (2 fold higher). 

Anti-[14C]-FACBC or anti-[18F]-FACBC was not metabolized in vivo (less than 5%) and 
in vitro in rat, dog, monkey, and human liver microsomes. Anti-[18F]-FACBC did not 
bind to plasma proteins in rats. 

1 FACBC was the code name of Fluciclovine used in nonclinical studies, also referred to 
as GE-148 or NMK36.
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1.3.2 Additional Non Clinical Recommendations
Decreasing the specification of  is recommended based on possible negative 
effect on efficacy and manufacture feasibility. 
1.3.3 Labeling
The labeling will be reviewed separately. 

2 Drug Information

2.1 Drug
CAS Registry Number (Optional) N/A

Generic Name: Fluciclovine (18F)

Code Name: FACBC, GE-148, or NMK36

Chemical Name: anti-1-amino-3-fluorocyclobutane-carboxylic-acid 

Molecular Formula/Molecular Weight: C5H8
18FNO2/132.13

Structure or Biochemical Description

Figure 1. Structure of Fluciclovine (18F)

Pharmacologic Class: Radioactive diagnostic agent
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Fluciclovine (18F) was originally discovered at Emory University and subsequently 
developed as a PET agent by  GE Healthcare (GE-148-F18 
injection, IND 107707), and by Blue Earth Diagnostics Ltd. 

The pharmacology studies are briefly reviewed below. 
 
In Vitro Studies 

Study No. P060612. Uptake of FACBC and FDG by human prostate cell lines 

The uptake of [14C]-FACBC was evaluated in five human prostate adenocarcinoma 
(PCa) cell lines including DU145, PC-3, MDA PCa 2b, LNCaP, and 22Rv1 and one 
normal human prostate epithelial cell line PrEC. [14C]-FDG was used as a comparator 
but data is not showed. Each cell line was incubated in the presence of 10 mcmol/L of 
[14C]-FACBC. The radioactivity in cell lysates was measured using a liquid scintillation 
counter and the protein content was determined using a BCA Protein Assay kit. The 
amount of [14C]-FACBC taken up by the cells at each time point was calculated using 
the radioactivity in the cell lysate and protein weight, and expressed as pmol/mg protein. 

[14C]-FACBC uptake was rapid with peak uptakes at 5 minutes for MDA PCa 2b, at 15 
minutes for PC-3 and 22Rv1, or at 30 minutes for DU145 and LNCaP (Figure 4). The 
uptakes by the PCa cell lines were higher than that by PrEC at early time points (1.62 to 
8.56 times higher at 5 and 15 minutes and significantly higher in 4 of the 5 PCa lines at 
30 minutes). 

Figure 4. Uptake of [14C]-FACBC in human prostate cells 

DU145, PC-3, MDA PCa 2b, LNCaP, and 22Rv1 were PCa cell lines and PrEC was a normal human 
prostate epithelial cell line. Each bar represented mean ± SD (n=5); *: p<0.05, ***: p<0.001 significantly 
different from PrEC (Aspin-Welch's test or Student's t-test)
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In vivo studies 

Study No. K36-EF0001. Assessment of NMK36 Accumulation in Tumor (DU 145)

The distribution and accumulation of NMK36 (18F-anti-FACBC, lot NMK36-R7154) in 
tumor tissue were evaluated in mice (BALB/c Slc-nu/nu, male only, 20.74-25.64 g, 12 
wks) bearing DU145 cells (human prostatic carcinoma cells, subcutaneously implanted). 

Mice (fasted for 4 hours) were intravenously administered 370 MBq/kg of 18F-anti-
FACBC 20 days post implantation. At 5, 30, or 120 minutes post-injection (PI), 5 mice 
were sacrificed, and bladder, right femoral muscle, tumor, urine, and blood were 
collected. Tissue and body fluids were weighed and cpm for each sample measured. 
The radioactivity distribution [%injected dose (ID)] was determined and tumor/tissue 
ratios were calculated. The data were presented in Table 4 and Table 5. 

18F anti-FACBC was rapidly distributed in tumor tissue with the highest or near the 
highest tumor/tissue ratios at 5 minutes post-dosing. 

Table 4. Radioactivity Distribution (%ID/g) of NMK36

Table 5. Tumor-tissue ratios of NMK36 in mice bearing DU145 cells

Pharmacology studies for  
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More importantly, the  concentration under the proposed specification is as 
high as  while FACBC is 2 mcg/mL only. This ratio of FACBC to  
is . The ratio was lower in a nonclinical batch  and in clinical batches. 
Furthermore,  concentrations in 21 batches made by the final manufacturing 
process were much lower (range: ). 
Therefore, the reviewer recommends the applicant reduce the specification for 

 The reviewer communicated the recommendation with the review team.

4.2 Secondary Pharmacology
Two summary study reports evaluated the uptakes of FACBC by other transporters and 
receptors for potential off-target effects.  The reports are briefly reviewed below. 

Study No. RPT- DEV-002. To investigate potential secondary pharmacological 
effects of fluciclovine

In vitro uptake studies were conducted to evaluate whether FACBC was a potential 
substrate for ABC transporters BCRP and multidrug resistance 1 [p-glycoprotein (p-gp)] 
(MDR1), hepatic uptake transporter OATP1B1, renal uptake transporters OAT1/3 and 
OCT2, and multidrug resistance-associated protein 4 (MRP4). 

Flp293/mock, Flp293/OAT1, HEK/mock, HEK/OAT3, HEK/OCT2, HEK/OATP1B1 cells, 
and GenoMembrane vesicles (Sf9 Cell Membrane Vesicles) with ABC drug transporters 
(BCRP, MDR1 or MRP4) were used in the presence of 10 mcM [14C]-FACBC. The 
results were presented below. 

ABC drug transporters (BCRP, MDR1 or MRP4)

According to the submission, [14C]-FACBC was uptaken by MDR1 and MRP4. 
However, the significant differences in uptakes from the negative controls were noted in 
MRP4 at 2 and 5 minutes only (Figure 8). MDR1-mediated uptake values were 1.1 
pmol/mg protein at 2 minutes, and MRP4-mediated uptake values were 2.8 and 4.1 
pmol/mg protein at 2 and 5 minutes, respectively. The values of positive controls [3H-
verapamil at 0.1 mcM for MDR1 or 3H-estradiol-17β-D-glucuronide (E2-17βG) at 10 
mcM for MRP4] were 15.3 or 314.5 pmol/mg protein for MDR1 or MRP4, respectively, 
at 2 minutes. Therefore, the results suggested that FACBC was not a major substrate 
for either MDR1 or MRP4.
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Figure 8. Uptake of [14C]-FACBC in Sf9 Cell Membrane Vesicles Expressing MDR1 (A) 
or MRP4 (B) or Control Vesicles

Each bar represented the mean ± standard deviation (SD) (n=3).

Uptake of [14C]-FACBC by BCRP was lower than that in negative control vesicles at all 
time-points.

The additional competitive binding studies demonstrated that FACBC inhibited the 
binding of [3H]-E2-17βG to MRP4 or [14C]-digoxin to MDR1 in a concentration 
dependent manner with IC50 values of 6.7 mM or 3.3 mM, respectively, indicating weak 
binding activities. FACBC had no effect on the uptake of E3S (substrate for BCRP).

Taken together, the results suggested that FACBC was not a major substrate for either 
MDR1 or MRP4, and FACBC was not a substrate for BCRP.

OAT1

There was no difference in [14C]-FACBC uptakes between the OAT1-transfected cells 
and the mock-transfected control cells. In contrast, OAT1-mediated uptake of [14C]-p-
aminohippuric acid (PAH at 1 mcM, a known substrate of OAT1) was observed in the 
OAT1-transfected Flp293 cells but not in the mock-transfected control cells. 

The additional competitive binding study demonstrated that FACBC inhibited the binding 
of [14C]-PAH to OAT1 in a concentration-dependent manner with IC50 values of 4.0 
mM, indicating weak binding activities.

SLC transporters OAT3, OCT2, and OATP1B1

[14C]-FACBC uptakes by OAT3, OCT2, or OATP1B1 were similar between the 
transporter-transfected cells and the mock-transfected cells (Figure 9). For example, 
[14C]-FACBC uptake peaked at 15 minutes with values of 11.74 ± 0.34 nmol/mg protein 
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for mock-transfected cells and 9.14 ± 0.20 or 9.80 ± 0.31 nmol/mg protein for OAT3 or 
OCT2-transfected cells, respectively. 

The additional competitive binding studies demonstrated that FACBC did not inhibit the 
binding of [3H]-ES binding to OATP1B1 or OAT3 at concentrations < 6.7 mM. 
 
Figure 9. Uptake of [14C]-FACBC by HEK Cells Expressing OCT2, OAT3 or OATP1B1 
or Mock Transfected Cells

Each bar represented the mean ± SD (n=3)

Reviewer’s comment

[14C]-FACBC uptakes by other transporters tested were low, indicating that FACBC is 
not a significant substrate for these transporters.

Study No. AL-4114-G. Investigation of the Binding Properties of , anti-
FACBC and  to Various Receptors 

The applicant evaluated binding properties of  anti-FACBC (lot # 070723), and 
 (lot # 05N083C) to G-protein coupled and ligand-gated ion channel 

receptors. 

The receptor binding properties were evaluated by calculating percentage inhibitions of 
the binding of a specific radiolabeled tracer in the presence of 3 mM unlabeled test 
articles. Non-specific binding was determined by conducting the binding assay in the 
presence of excess unlabeled receptor ligand to ensure that receptor binding sites were 
saturated. The receptor binding inhibition assay conditions were validated by using the 
relevant unlabeled receptor ligand (agonist/antagonist). The total receptor binding was 
calculated by conducting the assay in the absence of any unlabeled receptor binding 
agent. 
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GLP: UK and OECD
Quality assurance statement: yes
Study initiation date: September 29, 2008
Drug: anti-FACBC Lot NMK36-RCF8355

Study design:
Two groups of male Wistar rats (6/grp), ~6 weeks old, weighing 201 to 225 g, received a 
single i.v. administration of either test article at 43 mcg/kg (Group 1) or vehicle (Group 
2), via tail vein using a volume of 20 mL/kg at an infusion rate of 2 mL/min. The vehicle 
for the test article was an aqueous formulation of mannitol (10 mmol/L) pH 3.2,
511 mOsm/kg, no buffer added. The vehicle control was an aqueous formulation of 
mannitol (10 mmol/L) pH 3.3 at 478 mOsm/kg, no buffer added. 

Respiratory parameters (tidal volume, rate of respiration, and minute volume) were 
measured continuously for a 6-hour post-dose period. Means of readings over 15 min 
intervals for up to 6 hours were calculated and reported.

Results

Administration of 43 mcg/kg anti-FACBC to rats had no remarkable effect on respiratory 
parameters when compared to the vehicle treated group. Baseline values for the two 
groups were as follows:

Values are means ± standard error of the mean
TV, tidal volume; MV, minute volume; brpm, breath per minute

Following an increase in respiratory parameters in the first 15-minute post dose period, 
administration of the vehicle did not elicit any noticeable changes in respiratory 
parameters over the 6 hour observation period (See Table below).

S = two-sample T-test

Report’s conclusion
Intravenous administration of 43 mcg/kg anti-FACBC  formulation to rats had no 
remarkable effect on respiratory parameters when compared to the vehicle treated 
group.

 Study No. 2789-020: A 2-Dose Crossover Intravenous Cardiovascular
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Arterial Blood Pressure and Heart rate: Systolic, diastolic and mean arterial blood 
pressure and heart rate were relatively stable following vehicle treatment throughout the 
12-hour monitoring period. Administration of FACBC  formulation at a dose of 
5.4 mcg/kg did not elicit any noteworthy changes in blood pressure or heart rate during 
the 12-h recording period.

ECG Waveform: Administration of the test article did not elicit any noticeable changes in 
ECG intervals including QTc interval, or in the morphology of the ECG waveforms. One 
animal was found to have an inverted T wave following administration of vehicle as well 
as the test article at several different time points. According to the sponsor, this change 
in T wave morphology is not unusual in the dog.

Report’s conclusions:
Intravenous administration of FACBC  formulation given at a dose of 5.4 mcg/kg 
to conscious dogs did not elicit any biologically significant changes in cardiovascular 
parameters when compared to either baseline or vehicle treatment.

Reviewer’s comments
The sponsor tested one dose only. Moreover, the dogs were administered the drug by 
infusion, whereas the clinical protocol is for the use of bolus intravenous administration.
This was communicated to the sponsor. The sponsor was asked to provide evidence 
that this route was appropriate to evaluate cardiovascular safety in dogs.

 Study No. 081010.DPY: Effects of  on Cloned hERG
Potassium Channels Expressed in Human Embryonic Kidney Cells.

Conducting laboratory: 
Study report location: Module 4
GLP: Yes with some exceptions in regard to the formulation analyses.
Quality Assurance Statement: Yes
Drug:  Lot YOAM080905, MW 131.13, Purity %
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 Low uptake was seen in the eye ball (~0.06%ID at 5 min), which increased to 
~0.09%ID at 6 hrs, and some slow accumulation was seen in the brain (from 
~0.25%ID at 5 min to ~0.84%ID at 6 hrs).

Overall, the pattern of distribution of the retained radioactivity was similar in both males 
and females. Differences seen between the biological fate of radioactivity in male and 
female rats were principally due to the more extensive urinary excretion in females.

The main route of excretion of anti-[18F] FACBC was via the kidneys and urine: 60%ID 
in urine for females and 31%ID in urine for males at 16 hrs post dose. For both sexes, 
the feces only accounts for 0.4%ID at 16 hrs. The urinary excretion of anti-[18F] FACBC 
in female rats was approximately double that observed for male rats at 16 hrs post-
dose. The reason for this difference is unclear.

In male rats, the relatively higher amounts of anti-[18F]FACBC retained in the body (not 
excreted in the urine) can be accounted for, almost completely, by increased retention 
in the muscle (41% in males, 24% in females) and skin (16%ID in males, 5%ID in 
females) at 16 hrs.

Conclusion
Following i.v. administration of anti-[18F] FACBC to rats, radioactivity is rapidly 
distributed throughout the body allowing delivery to tissues. This widespread distribution 
suggests the tracer is made available to sites of increased amino acid transport such as 
occurs in malignancies. The radioactivity is predominantly excreted via the urinary route 
with very small amounts being excreted via the gastrointestinal route.

Study P070415: Distribution, Excretion and Metabolism after Single Intravenous
Administration of anti-[14C] FACBC in Rats.

Tissue distribution and urine, feces, and air excretion was assessed in rats
(n=3/sex/time point) following a single i.v. administration of anti-[14C] FACBC (332 
kBq/kg and 160 nmol/kg) at a volume of 1 mL/kg. The presence of metabolites was 
assessed in the urine.

Results

Distribution: for male rats at 168 and 336 hours and for female rats at 168 hours post-
dose, muscle and pancreas had the highest radioactivity distribution. In female rats at 
168 hrs post injection, highest radioactivity was measured in the pancreas followed by 
the stomach. No radioactivity was detected in any tissue in female rats at 336 hours 
post-dose.

Excretion: excretion of anti-[14C] FACBC occurred mainly through urine. At 168-hours, 
the radioactivity excreted in urine and feces was respectively 75%ID and ~1.4%ID in 
males and 97%ID and 1.1%ID in females. At 336-hours, excretion in urine and feces 
was respectively 95%ID and 2.8%ID in male rats, and 98%ID and 1.2%ID in female 
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rats. From these results, anti-[14C] FACBC clearance was slower in males than in 
females.

Metabolism: no peaks corresponding to metabolites of anti-[14C] FACBC were detected 
in the urine.

Study No. K36-PD0003: Metabolite Analysis, Distribution in Blood Cells, and
Plasma Protein Binding Following Administration of anti-[18F] FACBC to rats.

Location: Module 4, Volume 3
Initiation of study: 13 July 2007
Conducting laboratory: 
Test substance: NMK36 (aqueous solution containing anti-[18F] FACBC)
Lot #: NMK36-R7174 and MNK36-R7194

Study design
Sprague-Dawley rats (n=15/sex) were injected MNK36 and distribution ratios in blood 
cells and plasma protein unbound fractions were calculated at 5 min, 1 hr, and 3 hr after 
administration of 0.2 mL of anti-[18F]FACBC (n=3/time point). Rats were under 
anesthesia for blood collection. The radiochemical components in plasma were 
analyzed by thin layer chromatography (TLC). The radiochemical components in 
cumulative urine collected from 0 to 6 hours after administration were also analyzed by 
TLC. Plasma protein unbound fraction was determined using ultrafiltration.

The stability of anti-[18F] FACBC in blood from the time of blood collection until the 
analysis and the stability of anti-[18F] FACBC in urine form the time of urine collection 
until the analysis were also studied.

Results

Distribution in blood cells: the means of the distribution ratios of radioactivity in blood 
cells at 5 min to 3 hours after administration was constant (slightly over 30%) in male 
and female rats.

Plasma protein binding: the mean protein unbound fractions, from 5 min to 3 hrs after 
administration, were slightly higher than 100% (102.60-109.65%). Thus, anti-[18F] 
FACBC did not bind to plasma proteins of rats.

Metabolites in plasma and urine: 6 species other than anti-FACBC were found, 4 
corresponded to the peaks of radiochemical contaminants contained in NMK36 and
2 resulted from the in vivo metabolism of the radiochemical components of NMK36 or 
were the decomposition or metabolism products of NMK56 components in blood or 
urine. However, in both male and female rats, intact anti-[18F] FACBC accounted for 
more than 95-99% of the radioactivity in the plasma and urine samples at 5 minutes, 1 
hour and 3 hours post injection.
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Study K36-PD0001: In Vitro Metabolism of anti-[18F] FACBC. 

Location: Module 4
Initiation of study: 20 April 2007
Conducting laboratory: 
Test substance: NMK36 (aqueous solution containing anti-[18F] FACBC
Lot #: NMK36-R7174 and NMK36-R7194
Positive control: [14C] Testosterone
SA: 2.08 GBq/mmol

Study design
The reaction system was prepared in a tube with anti-[18F] FACBC as the substrate.
After 5 minute incubation at 37°C, 50 mcL of NADPH generator was added to each of 
the reactions systems and the systems were incubated for additional 30 minutes at 
37°C. After incubation was complete, cold methanol was added to the tubes, which 
were subsequently centrifuged. TLC analysis was performed on the supernatants.

The radioluminogram of the negative control for NMK36 was similar to that of NMK36, 
thus it was assumed that anti-[18F] FACBC was stable during the incubation and 
extraction procedures.

Conclusion
Based on the results of this study, there was no anti-[18F] FACBC metabolism in vitro, 
and no species difference was noted in rat, dog, monkey, and human liver microsomes.

Study P070417: Radioactivity Concentrations in Blood and Excretion after Single
Intravenous Administration of anti-[14C] FACBC (14C or 18F) to Monkeys.

Location: Module 4
Initiation of study: 28 May 2007
Conducting laboratory: 
Test substance: anti-[14C] FACBC (Lot 20070611)
SA: 2.08 GBq/mmol
Standard: anti-FACBC (Lot 05D281C)

Study design
Blood concentrations and urine and feces excretion were assessed in 3 male 
cynomolgus monkeys (3 years old) following a single i.v. administration of anti-
[14C]FACBC (332 kBq/kg and 160 nmol/kg) at a volume of 1 mL/kg.

Blood samples were collected at 5, 15, 30 min, and 1, 3, 6, 24, 48, 72, 120, 168, and 
240 hrs post-dose. Urine and feces samples were collected during periods of 0-6, 6-24,
24-48, 48-72, 72-120, 120-168, 168-240, 240-336, and 336-504 hrs after the 
administration. Cage washing was collected every 24 hrs.

Reference ID: 3877235

(b) (4)

(b) (4)

(b) (4)



NDA # 208054 Reviewer Yanli Ouyang

37

Study results
The apparent terminal half-life (t1/2) was 35.4 hrs. AUC0-∞ was 0.556%ID•h/g. No 
radioactivity was detected in blood 168 hrs post-dosing. The radioactivity excretions in 
urine and feces were 94.279%ID and 1.391%ID within 504 hrs after the administration, 
respectively.

Report’s conclusions
These results suggested that anti-[14CFACBC was excreted slowly and mainly in urine 
via the kidney in cynomolgus monkeys.

5.2 Toxicokinetics 
Toxicokinetics studies were conducted as part of toxicity studies.
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The following findings were noted in the 43 mcg/kg/day group.
 Statistical significantly decreased body weight gain throughout the treatment 

period in males
 Thinning fur on the dorsal and/or the head area in three females 
 Moderately severe opacity in right eye with moderate lenticular degeneration in 

one female 

Therefore, NOAEL is established at  and dose multiple is 21 based on 
body surface area.

Methods
Doses: 0, 22, 43 mcg/kg/d

Frequency of dosing: Once/day for 14 consecutive days
Route of administration: I.v. infusion pump 1 mL/min via lateral caudal

vein
Dose volume: 20, 10, and 20 mL/kg for 0, 22, and 43 mcg/kg/d

Formulation/Vehicle: Solution/aqueous solution of mannitol (9.99
mmol/L), pH 3.08, osmolality 502 mOsm,
containing 85 ppm ethanol, 8.7 ppm acetonitrile,
21 ppm t-butanol

Species/Strain: Rats/Crl:WI (Han)
Number/Sex/Group: 5/sex/dose

Age: approximately 6 to 7 weeks old on Day 1 of the 
study

Weight: 136.1 and 167.0 g for males and 118.2 and 
142.6 g for females on Day 1 of the study 

Satellite groups: 3/sex/control and 6/sex/drug for toxicokinetics
Unique study design: Micronucleus assay included and reviewed 

under the genetic toxicity section
Deviation from study protocol: None that affected study integrity

Results
Mortality
One female from the control TK group (# 56) was sacrificed on Day 12 due to a 
swollen/damaged right eye caused by the animal’s head protruding out of the restraint 
tube during dosing. No evaluation was conducted because the animal was in the TK 
group. 

Clinical Signs
Three females in the 43 mcg/kg group had thinning fur on the dorsal and/or the head 
area, on days 8, 15-16 or 16. One female (#37) in the 43 mcg/kg group had an opaque 
right eye on days 15-16.

Body Weights
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Ophthalmoscopy
On Day 13, lens opacity and the failure of the pupil to dilate was observed in one female 
(#37) in the 43 mcg/kg/day group. According to the study report, the finding was 
considered to be within normal background observations for this strain and age of rat. 
However, this finding was not noted in the pretreatment period in the same animal.

Hematology
Red blood cell counts were slightly increased in males in the 43 mcg/kg/day group. 
(8.02±0.146 in the 43 mcg/kg/day group vs. 7.52±0.229 in controls, p<0.05). Mean cell 
volume (55.1±1.42 in the 43 mcg/kg/day group vs. 57±1 in controls, p<0.05) and mean 
cell hemoglobin (18.6±0.64 in the 43 mcg/kg/day group vs. 19.7±0.19 in controls, 
p<0.01) were slightly decreased in males in the 43 mcg/kg/day group. Mean cell 
hemoglobin concentration decreased in males in a dose-related manner with significant 
dose response test (34.6±0.65, 34.3±0.92, or 33.7± 0.83, in the 0, 22, or 43 mcg/kg/day 
groups, respectively). Lymphocytes % WBC increased in males in a dose-related 
manner with significant dose response test (64±15.6, 74±5.3, or 78±14, in the 0, 22, or 
43 mcg/kg/day groups, respectively).

Mean platelet volume increased in a dose-related manner in females [7.9±0.28, 
8.3±0.34 (p<0.05), or 8.6±0.49 (p<0.05), in the 0, 22, or 43 mcg/kg/day groups, 
respectively].

Clinical Chemistry
Dose related potassium levels decrease and inorganic phosphorus increase were noted 
in both males and females.  The potassium levels were 6.7±0.25, 5.2±1.05 (p<0.01), or 
4.2±0.58 mmol/L (p<0.001) for 0, 22 or 43 mcg/kg/d male groups, respectively, and 
6.6±0.61, 4.5 ±0.69 (p<0.001), or 4.1±0.46 mmol/L (p<0.001) for 0, 22 or 43 mcg/kg/d 
female groups, respectively. The inorganic phosphorus levels were 2.2±0.17, 2.5±0.26, 
or 2.7±0.19 mmol/L (p<0.01) for 0, 22 or 43 mcg/kg/d male groups, respectively, and 
1.7±0.13, 1.9±0.22 or 2.1±0.28 mmol/L (p<0.05) for 0, 22 or 43 mcg/kg/d female groups, 
respectively. According to the study report, although these small changes could be 
treatment related, all values were within historical reference ranges.

Urinalysis
No remarkable findings

Gross Pathology
Moderately severe opacity in right eye was noted in one female (#37) in the 43 mcg/kg 
group. No other remarkable findings

Organ Weights
No remarkable consistent findings

Histopathology
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Methods
Doses: 0, 5.4, and 10.8 mcg/kg/d

Frequency of dosing: Once daily for 14 consecutive days
Route of administration: Intravenous infusion at 2mL/min

Dose volume: 5, 2.5, and 5 mL/Kg/d for 0, 5.4, and 10.8
mcg/kg/d, respectively
A saline flush was performed before and after
the end of dosing

Formulation/Vehicle: Aqueous solution/mannitol (9.99 mmol/L), pH
3.08, no buffer added (502 mOsm), containing
ethanol 85 ppm, acetonitrile 8.7 ppm, t-butanol
21 ppm

Species/Strain: Dogs/Beagle
Number/Sex/Group: 9/sex

Age: 13 months (at dosing)
Weight: 7.95 to 14.8 Kg (on arrival)

Satellite groups: None
Unique study design: None

Deviation from study protocol: None that affected study integrity

Dogs were dosed via cephalic and saphenous veins according to the following table.

*Human dose multiple calculated based on body surface area for a 60 Kg adult to be given a single dose 
administration of 5 mcg anti-FACBC

Observations time
Mortality Not specified
Clinical Signs Daily, 0.5, 1, 2, and 4 hrs post dose
Body Weights Day -7, pre-dose on day 1, then weekly
Feed Consumption Weekly
Ophthalmoscopy Pre-treatment and on day 13
ECG Pre-treatment & on day 13 pre-dose and 10 min post infusion
Hematology Pre-treatment and at end of Week 2
Clinical Chemistry Pre-treatment and at end of Week 2
Urinalysis Pre-treatment and at end of Week 2
Gross Pathology Day 15 necropsy by i.v. overdose of sodium thiopentone, then 
exsanguination; macroscopic examination on all tissues
Organ Weights Organ weighed: Adrenals, brain, heart, kidneys, liver, ovaries, pituitary 
gland, prostate gland, spleen, testes and epididymides, thyroids and parathyroids, 
uterus including cervix
Histopathology Adequate Battery: yes
Peer Review: no

Reference ID: 3877235







NDA # 208054 Reviewer Yanli Ouyang

49

Methods Pre-incubation method
Strains: Salmonella typhimurium: TA100, TA98,

TA1535, and TA1537
Escherichia coli: WP2uvrA

 Concentrations in definitive study: 312.5, 625, 1250, 2500, & 5000 mcg/plate
Basis of concentration selection: No bacterial growth inhibition or increases

in the number of revertant colonies in the
dose-finding test

Negative control: Saline
Positive control: 2-Aminoanthracene (2AA)

Sodium azide (NaN3)
9-Aminoacridine hydrochloride (9AA)
2-(2-Furyl)-3-(5-nitro-2-furyl) acrylamide
(AF-2)

Formulation/Vehicle: Saline/Saline
Incubation & sampling time: 48 hours

Two plates were used for each combination of bacterial strains, test procedures (with or 
without metabolic activation), and concentrations.
Study Validity
The study met the following criteria for validity.

 There was no bacterial contamination either in the test article solution at the 
highest concentration or in S9 mix in the sterility tests.

 The number of revertant colonies in the negative control and the number in the 
positive control were essentially within the range of the background data 
obtained at the testing facility.

 No factors that affected the test system existed.

Criteria for a positive response:
Results of the test were considered positive when the number of revertant colonies on 
the plates treated with the test article was twice or greater than the number of colonies 
in the negative control and increased concentration dependently.

Results
 No precipitates were noted at any concentration in the absence or presence of 

S9 mix at the start of incubation or on completion of incubation.
 No bacterial growth inhibition was noted for any bacterial strain at any 

concentration in the absence or presence of S9 mix.
 The number of revertant colonies on the plates treated with anti-FACBC was less 

than twice the number of colonies on the plates treated with the negative control 
article for all bacterial strains in the absence and presence of S9 mix.

Conclusions
Anti-FACBC had no mutagenic potential under the conditions of the present study.
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 Concentrations in definitive study: )
Basis of concentration selection: Cell growth inhibition test (No toxicity)

Negative control: Saline
Positive control: Mitomycin C (MMC)

Dimethylnitrosamine (DMN)
Formulation/Vehicle: Saline/Saline

Incubation & sampling time: 6 & 24 hours

Study Validity
The present study was considered valid since it met the following conditions:

 The incidence of cells with chromosomal aberrations was lower than 5% in the 
cells treated with the negative control article; the incidence of cells with 
chromosomal aberrations excluding gaps was 10% or higher in the cells treated 
with the positive control article;

 The incidence of chromosomal aberrations noted in the cells treated with each 
control article was within the range of the background data obtained at the testing 
facility.

 No factors that might affect the test system existed.

Criteria for positive results
When the incidence of cells with numerical or structural aberrations induced by the test 
article was lower than 5%, the result was assessed as negative; from 5 to 10% (10% 
excluded), equivocal; and 10% or higher with a concentration-dependent rise, positive.

Results
The incidence of cells with numerical and structural aberrations induced by 

was less than % by any method; results were negative.

The incidence of cells with chromosomal aberrations induced by the negative control 
article and that induced by each positive control article were within the background data.

It is concluded that  had no potential for inducing chromosomal 
aberrations under the conditions of the present study.

7.3 In Vivo Clastogenicity Assay in Rodent (Micronucleus Assay)

Micronucleus Assay (MA) was included in the repeat dose toxicity study in rats 
(2789-017). The toxicity study is reviewed under the repeat dose study. MA 
relevant information is reviewed below. 

Both peripheral blood and bone marrow micronucleus analysis were conducted. 
The frequency of micronucleated polychromatic erythrocytes (MNPCE) in bone 
marrow and the frequency of micronucleated immature reticulocytes (MNIR) in 
peripheral blood were evaluated.
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Blood samples were collected prior to the first doing, on Day 4 (following the Day 
4 dosing) and Day 15 (approximately 24 hours post the final dosing) post dosing.

Bone marrow samples were collected at approximately 24 hours post the final 
dosing.

Positive controls were cyclophosphamide [CPA, 20 mg/kg, 5 mL/kg, single iv on Day 15 
(approximately 24 hours prior to bone marrow sampling on Day 16)] for bone marrow 
analysis and mitomycin-C [MMC, 2 or 4 mg/kg, 10 mL/kg, single ip on Day 2 
(approximately 48 hours prior to blood sampling)] for peripheral blood reticulocyte 
analysis. 

The slides were stained with acridine orange (AO) and manually counted in a blind 
manner. 

Key Study Findings
FACBC  formulation is negative in the micronucleus assay incorporated into a 2-
week toxicology study in rats.

Study Validity
The reviewer considers the study valid based on the followings.

Bone Marrow Micronucleus Analysis

At least 2000 polychromatic erythrocytes per animal were analyzed for the frequency of 
micronuclei.  

Cytotoxicity was assessed by scoring the number of PCE and normochromatic 
erythrocytes (NCE) in a total of 1000 erythrocytes per animal. FACBC cold formulation 
was not cytotoxic to the bone marrow (no statistically significant decreases in the 
PCE:NCE ratios) at any dose level tested, indicating no adequate target tissue 
exposure. However, reduced weight gain was observed in males in the 43 mcg/kg 
group. 

The highest numbers of MNPCE of negative controls was 3/2000 PCE (0.15%) and was 
within the upper range of historical negative control range (median 2.17, 95% 
confidence interval for mean 0.54 to 4.7 MNPCE/2000 PCE). 

Cyclophosphamide induced a statistically significant increase in MNPCE compared to 
the concurrent vehicle controls (1.86% vs. 0.05%, p≤0.001) and the numbers of MNPCE 
(26-52/2000 PCE) were within historical positive control range (mean 2.1%, median 
47.08, 95% confidence interval for mean 24.22 to 75.37 MNPCE/2000 PCE). 

Peripheral blood micronucleus analysis 
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At least 2000 immature reticulocytes (IR) were assessed for micronuclei per animal 
except for one female in the 43 mcg/kg group (1032 IR count only). 

No cytotoxicity was observed as measured by the percentage of reticulocytes in a total 
of 1000 mature erythrocytes per animal. However, reduced weight gain was observed in 
males in the 43 mcg/kg group. 

The numbers of MNIR of negative controls were 0-5 (0-0.25%). The numbers of MNIR 
of negative controls in pre dose samples were 0-3 (0-0.15%). 

The positive control MMC (2 or 4 mg/kg) induced statistically significant increase (P ≤ 
0.001) in MNIR 48 hours post single dose (group mean %MN IR was 0.04%, 0.75% or 
0.58% in the 0, 2, or 4 mg/kg MMC groups, respectively). However, the initial positive 
control MMC (2 mg/kg) did not induce statistically significant increase in MNIR, which 
was suspected to be due to possible erosion of potency of MMC by the study report. 

Results

Bone Marrow Micronucleus Analysis

The FACBC cold formulation did not induce statistically significant or dose related 
increase in MNPCE (Table 10).  MNPCE was 0-3 (0-0.15%) in the concurrent controls. 
One male in 22 mcg/kg group had higher MNPCE (6, 0.3%), resulted in higher mean 
MNPCE for this group. Two females in 43 mcg/kg group had higher MNPCE (5, 0.25%), 
resulted in higher mean MNPCE for this group.

Table 10. Bone Marrow Analysis 24 hours Post Last Dosing 

PCE: Polychromatic erythrocyte
Sd: Standard deviation
+: Administered once 24 hours prior to bone marrow sampling

Peripheral blood reticulocyte analysis

Pre-Dose 
The pre-dose animal data was used as a reference point for each animal and 
represented as a general observed non-treated range in the absence of an established 
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historical vehicle control range. The micronucleated reticulocytes (MNRET) ranged from 
0-5 MNRET per 2000 RET analyzed for males and 0-2 for females.

Post-Dose-Day 4 and Day 16
The FACBC cold formulation did not induce statistically significant or dose related 
increase in MNRET when compared to the pre-dose or concurrent control levels (Table 
11).

Table 11. Immature reticulocyte analysis
Pre dose

Post Dose (Day 4)

24 hours Post Dose (Day 16)

*IR Immature reticulocyte (Types I, II, III & IV)
**IR Immature reticulocyte (Types I & II)
sd Standard deviation
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+ Administered once 48 hours prior to blood sampling

7.4 Other Genetic Toxicity Studies
N/A

8 Carcinogenicity
Not performed.  The studies are not recommended for a single use agent.

9 Reproductive and Developmental Toxicology
Not performed. 

The applicant did not provide adequate justification for the waiver request. However, 
prostate cancer is most frequently diagnosed among older men with median age at 
diagnosis as 66 years (Figure 11). Therefore, the studies can be waivered based on the 
indicated population. 

Figure 11. Percentage of New Cases by Age Group for Prostate Cancer*

*SEER 18 2008-2012, all races, Males (http://seer.cancer.gov/statfacts/html/prost.html)

9.1 Fertility and Early Embryonic Development
N/A

9.2 Embryonic Fetal Development
N/A

9.3 Prenatal and Postnatal Development
N/A

10 Special Toxicology Studies
The IV irritancy study was reviewed by Dr. Siham Biade under IND107707 and 
was copied below without content edit. 
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Report’s conclusions
The hemolytic activity of the NMK36  was similar to that of saline. Therefore, it 
was considered that intravenous injection of NMK36  formulation caused no 
hemolysis in humans.

Reviewer’s comments
The intended clinical dosing volume is 2 mL, which would result in a ratio of 1:2000 of 
test article to human blood (assuming a total blood volume of 4 L). A ratio of 1:1 used in 
this assay did not reveal hemolytic activity of the test article. However, incubation times 
of 1 minute are too short and may not be appropriate. It is recommended that the 
sponsor use 3 hour incubations for optimum exposure. Therefore, the results of this 
assay are not conclusive.

11 Integrated Summary and Safety Evaluation

Fluciclovine (18F, also referred to as anti-FACBC, FACBC or NMK36) is a synthetic L-
leucine analogue. L-leucine is actively transported into mammalian cells by amino acid 
transporters, mainly by the L-type amino acid transporter (LAT-1) and ASC amino acid 
transporter 2 (ASCT2). Both LAT1 and ASCT2 are neutral amino acid transporters and 
are upregulated in cancer cells. 

Fluciclovine (18F) PET is indicated to identify sites of recurrence of prostate cancer in 
patients with suspected recurrence based on rising prostate specific antigen (PSA) post 
therapy, which is often referred to as biochemically recurrent (BCR) prostate cancer. In 
patients with BCR prostate cancer, determining location of recurrence is important for 
choice of optimal therapy. According to the submission, the diagnostic accuracy of 
current standard imaging tests for identification of sites of recurrence is low. Almost 
90% of the standard battery of imaging tests, including CT/MRI and bone scintigraphy, 
may be negative. 

Pharmacology

In vitro pharmacology studies demonstrated that [14C]-FACBC uptake was rapid with 
peak uptakes at 5 to 30 minutes in five human prostate adenocarcinoma (PCa) cell lines 
tested (DU145, PC-3, MDA PCa 2b, LNCaP and 22Rv1). The uptake by PCa cell lines 
was higher than that by normal human prostate epithelial cell line PrEC at early time 
points (1.62 to 8.56 times higher at 5 and 15 minutes and significantly higher in 4 of the 
5 PCa lines at 30 minutes). 

Furthermore, in vivo pharmacology studies demonstrated that 18F-anti-FACBC was 
rapidly distributed in tumor tissues in mice with the highest or near the highest 
tumor/tissue ratios at 5 minutes post-dosing. 

Safety pharmacology

In hERG assays, 1×10-6 mol/L (the highest concentration tested) of anti-FACBC had 
minimal effect on the hERG current amplitude compared with the controls (91% of the 
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PHARMACOLOGY/TOXICOLOGY FILING CHECKLIST FOR 
NDA/BLA or Supplement

NDA Number: 208054 Applicant: Blue Earth Stamp Date: 09/28/2015

Drug Name: Fluciclovine (18F) 
 

NDA Type: b1

On initial overview of the NDA/BLA application for filing:

Content Parameter Yes No Comment
1 Is the pharmacology/toxicology section 

organized in accord with current regulations 
and guidelines for format and content in a 
manner to allow substantive review to 
begin?  

x

2 Is the pharmacology/toxicology section 
indexed and paginated in a manner allowing 
substantive review to begin? 

x

3 Is the pharmacology/toxicology section 
legible so that substantive review can 
begin? x

4 Are all required  and requested IND studies 
in accord with 505 (b)(1) and (b)(2) 

including referenced literature) completed 
and submitted (carcinogenicity, 
mutagenicity, teratogenicity, effects on 
fertility, juvenile studies, acute and repeat 
dose adult animal studies, animal ADME 
studies, safety pharmacology, etc)?

x

In FDA preliminary meeting responses 
dated on June 24, 2014, FDA stated that 
“FDA agrees that reproductive toxicity 
studies could be waived with scientific 
justification for a single dose PET agent 
with an indication for prostate cancer. 
Please provide a justification in your NDA 
submission.” However, FDA could not 
locate such justification in the NDA 
submission and will issue an information 
request. 

5 If the formulation to be marketed is 
different from the formulation used in the 
toxicology studies, have studies by the 
appropriate route been conducted with 
appropriate formulations?  (For other than 
the oral route, some studies may be by 
routes different from the clinical route 
intentionally and by desire of the FDA).

N/A

6 Does the route of administration used in the 
animal studies appear to be the same as the 
intended human exposure route?  If not, has 
the applicant submitted a rationale to justify 
the alternative route?

x

7 Has the applicant submitted a statement(s) 
that all of the pivotal pharm/tox studies 
have been performed in accordance with the 
GLP regulations (21 CFR 58) or an 
explanation for any significant deviations?

x
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PHARMACOLOGY/TOXICOLOGY FILING CHECKLIST FOR 
NDA/BLA or Supplement

Content Parameter Yes No Comment
8 Has the applicant submitted all special

studies/data requested by the Division 
during pre-submission discussions?

x
See the item 4 above.

9 Are the proposed labeling sections relative 
to pharmacology/toxicology appropriate 
(including human dose multiples expressed 
in either mg/m2 or comparative 
serum/plasma levels) and in accordance 
with 201.57?

x

Review issue.

10 Have any impurity, degradant, 
extractable/leachable, etc. issues been 
addressed?    (New toxicity studies may not 
be needed.) x

The contents of major impurity  
in 21 batches made by the final 
manufacturing process was relatively low 
( ). Discussed the issue 
with the CMC reviewer and will 
recommend lower the specification 
(currently as ).

11 If this NDA/BLA is to support a Rx to OTC 
switch, have all relevant studies been 
submitted?

N/A

12 If the applicant is entirely or in part 
supporting the safety of their product by 
relying on nonclinical information for 
which they do not have the right to the 
underlying data (i.e., a 505(b)(2) application 
referring to a previous finding of the agency 
and/or literature), have they provided a 
scientific bridge or rationale to support that 
reliance? If so, what type of bridge or 
rationale was provided (e.g., nonclinical, 
clinical PK, other)?

N/A

IS THE PHARMACOLOGY/TOXICOLOGY SECTION OF THE APPLICATION 
FILEABLE? ___Yes_____

If the NDA/BLA is not fileable from the pharmacology/toxicology perspective, state the reasons 
and provide comments to be sent to the Applicant.

Please identify and list any potential review issues to be forwarded to the Applicant for the 74-
day letter.

In FDA preliminary meeting responses dated on June 24, 2014, FDA stated that “FDA agrees that 
reproductive toxicity studies could be waived with scientific justification for a single dose PET 
agent with an indication for prostate cancer. Please provide a justification in your NDA 
submission.” However, FDA could not locate such justification in your NDA submission. Please 
provide the justification or provide the location of the justification if you have done so.
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