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Radiopharmaceuticals: Safety Considerations

* Acute toxicity

— Hematologic, renal, hormonal (neuroendocrine tumors)

* Long-term toxicity

— Hematologic, renal, secondary malignancies

* Risk mitigation
— Safety monitoring and supportive care
— Labeling
— Post-marketing requirements



: : . FDA
Recent Radiotherapeutic Approvals for Oncology Indications .
Radium Ra 223 dichloride (XOFIGO®) 2013

for the treatment of patients with castration-resistant prostate cancer, symptomatic bone
metastases and no known visceral metastatic disease

» 3.6 month improvement in median OS; delay in time to first symptomatic skeletal event

Lutetium Lu-177 dotatate (LUTATHERA®) 2018
for the treatment of somatostatin receptor-positive gastroenteropancreatic neuroendocrine
tumors (GEP-NETSs), including foregut, midgut, and hindgut neuroendocrine tumors in adults

> Improved PFS: HR 0.21 (0.13, 0.32); improved median OS: HR 0.52 (0.32, 0.84)
lobenguane 1-131 (AZEDRA®) 2018

for the treatment of adult and pediatric patients 12 years and older with iobenguane scan

positive, unresectable, locally advanced or metastatic pheochromocytoma or paraganglioma
who require systemic anticancer therapy

» 25% of patients had anti-HTN meds dose reduced by at least 50% for at least 6 mo; ORR 22% (14, 33)
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Bone Marrow Toxicity

FDA NRC Workshop October 14, 2020



Acute/Subacute Hematologic Toxicity

Bone marrow is radiosensitive and a dose-limiting organ

Maximum absorbed dose of 2 Gy to BM
— Potential binding of products to bone marrow stem cells
— Cross-dose from source organs and tumors
— Variation in bone marrow absorbed dose between patients

Acute/subacute myelosuppression is generally tolerable

Risk factors associated with grade 3 or 4 toxicity:
— Age >70vyrs
— Prior chemotherapy
— Creatinine clearance
— Bone metastases




Radium Ra 223 dichloride: Hematologic Toxicity

e Safety data from 600 patients with metastatic CRPC with bone mets
 58% of patients received prior docetaxel

 Median duration of treatment of 20 weeks (6 cycles)

e 13 patients (2%) experienced bone marrow failure
— 2 fatal events
— 7 patients had ongoing pancytopenia at time of death
— 7 patients required transfusion support

* Permanent discontinuation in 4% of pts for anemia or thrombocytopenia
— Grade 3-4 thrombocytopenia higher in patients who received prior docetaxel

e (CBCs Q4 weeks prior to dose; nadir CBCs not well characterized

* Separate single-dose study showed neutrophil and platelet count nadirs at 2 to 3
weeks (doses 1 to 5 times recommended dose) and recovery at approximately 6
to 8 weeks



FDA
Radium Ra 223 dichloride: Hematologic Toxicity .

Table 4: Hematologic Laboratory Abnormalities

Hematologic Xofigo (n=600) Placebo (n=301)
Laboratory Grades Grades Grades Grades
Abnormalities 1-4 34 1-4 3-4

% %% % %%
Anemia 93 6 88 6
Lymphocytopenia 72 20 53 7
Leukopenia 35 3 10 <
Thrombocytopenia 31 3 22 <
Neutropenia 18 2 5 <

Laboratory values were obtained at baseline and prior to each 4-week cycle.

Uncertainties: ability to tolerate concomitant or subsequent cytotoxic chemotherapy; optimal
sequencing of treatments; disease related myelosuppression due to marrow infiltration
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I-131 lobenguane: Hematologic Toxicity

Safety data from 88 patients with recurrent or unresectable, locally advanced or
metastatic pheochromocytoma or paraganglioma

— Grade 3-4 thrombocytopenia: 50%

— Grade 3-4 neutropenia: 59%; Grade 4=16%
— Grade 3-4 anemia: 24%

— Febrile neutropenia: 5%

Blood count nadirs occurred 4 — 8 weeks following infusion
— Maedian time to nadir: platelets - 4.3 wks, neutrophils - 5.4 wks, Hb: 6.7 wks

Median time to recovery was 2 wks for platelets and neutrophils
24% of patients received red cell transfusions; 16% received platelets

Approximately 9% required G-CSF and 3% received erythropoietin




Lutetium Lu-177 dotatate: Hematologic Toxicity

e NETTER-1: 223 patients with progressive, midgut carcinoid tumors
randomized to Lu-177 dotatate (n=111) or LA octreotide (n=112)

* Myelosuppression was common

LUTATHEEREA and Long-Acting Long-Acting Octreotide (60 mg)
Laboratory Abnormality’ Octreotide (30 mg) (N =111) (N=112)
All grades %o Grade 3-4 %o All grades %o Grade 3-4 %

Hematology

Lymphopenia 20 +4 39 4
Anemia 81 0 54 1
Leukopenia 55 2 20 0
Thrombocytopenia 53 1 17 0
Neutropenia 26 3 11 0
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FDA
Longterm hematologic toxicity: Myelodysplasia and Leukemia .

* Risk factors for chronic toxicity
— Duration from first to last cycle of PRRT
— Prior chemotherapy and/or RT
— Platelet toxicity during PRRT

— Tumor invasion of marrow

* Lutetium Lu-177 dotatate
— NETTER-1 (n=111): 3% pts developed MDS
— ERASMUS (n=811): 2% pts developed MDS
<1% pts developed acute leukemia

 Jobenguane |-131
— 6/88 (7%) developed MDS or acute leukemia at 9 months to 7 years
— All patients received prior chemo or radiotherapy
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Persistent Hematologic Dysfunction after Peptide Receptor Radionuclide Therapy [Li®Za)
with 177Lu-DOTATATE: Incidence, Course, and Predicting Factors in Patients with
Gastroenteropancreatic Neuroendocrine Tumors (Bergsma et al, Journal of Nuclear Medicine 2018)

TABLE 3
Characteristics of 11 of 274 GEP NET Patients with PHD after PRRT with '77Lu-DOTATATE * 4% (11/274) patients developed PHD
Administered PRRT BM Latency * RRof 2.7 based on registry data
Patient Age activity period . .
no. Sex (y) Diagnosis Previous therapy (GBg) Interrupted  Protocol Cytopenia  Diagnosis  (mo) * Median latency period of 41 mo
358 F 70 NET  Cold octreotide 300  No on  Hb MDS, RARS 424 * No correlation with gender, age, bone mets,
297 F 60 NET  Cold octreotid 168.6 Yes, maxi 0 Hb, PLT, Hypoplasi 36.3 : :
ol octreoce oS, maximum LN Lo popEsia prior chemotx, prior EBRT, renal fx, heme
kidney dose WBC
293 M 61 PNET Chemoembaolization 29.3 No On  Hb, PLT CML 423 toxicity during PRRT
284 M &7  PNET — 297 No On  Hb MDS, RAEB-Il 333
252 F 64 NET  Cold octreotide 30.0 No On  Hb, WBC Pancytopenia  45.7
241 F 41  PNET — 26.3 Yes, On  Hb, PLT, Aplasia 343 =
hematologic WBC . R T e & [ @
toxicity % decline o
185 M 74  PNET - 26.4 No On  Hb, PLT  MDS/MPN: 636 £ Liio o
CMML-1 E Q
158 M 62 NET  Cold octreotide 222 Yes, maximum  Off  Hb, PLT, MDS, RAEB-Il 154 © 2
kidney dose WBC _g 1100 %
102 M 68  NET — 30.0 no On  Hb, PLT, MDS, 202 =] <
WBC hypocellular = teo £
a1 F 59 MET Cold octreotide, 227 Yes, maximum On Hb, PLT, AML 83.5 E | E
local EBRT kidney dose WBC T g_
81 F 58 NET  Cold octreotide 223 Yes, maximum  On  Hb, PLT, Myelofibrosis/  40.8 1110 5
kidney dose WBC MPM 0 12 24 36 48 &0 72
Time (in months) after the first PRRT cycle
PMET = pancreatic NET; EBRT = external-beam radiotherapy; Hb = hemoglobin; PLT = platelets; WBC = white blood cells; RARS =
refractory anemia with ringed sideroblasts; CML = chronic myeloid leukemia; RAEB = refractory anemia with excess blasts; CMML = AGURE 4. Course of hemoglobin (red) and mean corpuscular volume
chronic myell:l-rnonl:l-l:::.-'til:: leukemia. [blue) in patient 185, diagnosed with MDS/MPN after PRRT with 777 Lu-
DOTATATE. Time zero is date of last PRAT cycle. Decling in hemoglobin

was followed by increase in mean corpuscular volume (armows).
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Radiopharmaceuticals: Renal Toxicity

 Kidney uptake of radiopeptides can
cause nephrotoxicity after PRRT.

o Radiopeptides reabsorbed in the
proximal tubule.

<= Small peptide, antibody fragment or protein
® Llarger protein or antibody

T Small peptide bound to larger protein

& Radioisotope
8

Transporter (AA, PEPT, or OAT/OCT)

o Renal retention causes a high
radiation dose to kidneys.

— Endocytic receptor, e.g., megalin
Peptidase

~—  Specific receptor (e.g., SSTR)
Endosome

O Lysosome

Intercellular transport

FIGURE 1. Overview of glomerular and proximal tubular handling of proteins and peptides. AA = amino acid transporter;
OCT = organic cation transporter; PEPT = oligopeptide transporter.
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Radiolabeled SSAs: Renal Toxicity

Acute kidney damage occurs 2 weeks to 6 months after PRRT

Chronic kidney damage less common

— damage to glomeruli, tubular atrophy and interstitial fibrosis

Risk factors: baseline anemia, HTN, diabetes

Risk of radiation nephropathy dependent on the radionuclide

— 9%-octreotide has higher energy emission and longer penetration range is than 77Lu-octreotide
Amino acid co-infusion-competitive inhibition at PT

Lutetium Lu-177 dotatate (NETTER-1)

— @Gr 3-4 creatinine elevation was 1%

— No meaningful difference between arms for creatinine or creatinine clearance at median
follow up of 19 mos.
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FDA
Neuroendocrine Tumors: Acute Hormonal Crises .

NETs have characteristic symptoms based on excessive and uncontrolled
release of metabolically active substances

Carcinoid crisis = medical emergency
— Manipulation of a carcinoid tumor or pheochromocytoma - anesthesia, procedures, chemotx
— Flushing, hypotension, extreme changes in BP, diarrhea, bronchoconstriction, arrhythmias

“Hormonal crises following receptor radionuclide therapy with the radiolabeled
somatostatin analogue [177Lu-DOTAO,Tyr3] octreotate” (de Keizer, 2008)
—  6/479 pts (1%) with GEPNET or pheochromocytoma experienced hormonal crises during cycle 1
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Radiopharmaceuticals: Risk Mitigation

* Choice of radionuclide

e Eligibility criteria

* |ndividual dosimetry

e Safety monitoring during infusions
* Amino Acid coinfusion

* Supportive care

— Antiemetics
— Stem cell infusion protocols

e Sufficient safety follow-up
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FOA
Risk Mitigation: Product Label .

* Sections 2, 5, 6 - placeholder
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Risk Mitigation: Post Marketing Requirements

Objectives
— To conduct further safety studies of patient populations at highest risk
— To provide evidence-based dose modifications and monitoring recommendations

PMRs for Radium Ra 223 dichloride

— Observational safety study for general longterm safety
— Randomized trial to assess risk of BM suppression and for secondary malignancies
— Re-treatment study

PMRs for lobenguane I-131 and Lutetium Lu-177 dotatate

— Requirement to submit cumulative safety analyses after 5 and 10 years of follow-up
to characterize the risks of MDS, leukemia and other secondary malignancies

— Lu-177 dotatate has a PMR to investigate longterm renal toxicity
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Radiopharmaceuticals: an active drug development area

Tabde 2 | Selected RFT agents that are on the market or under development

RPT agent Compamy Indication Proporties Development phase  NCT number Rofs Baryer Mesothelintumours  Anti-mes othelin-cemither Phase & s onuiting WL TO350 7452
Immunocon jugate
ium- 223 Baryer Bone matastasis Caloium analogue Comimeercially = S e
hibrde awaillatile Baryer Proes tate tusmaour PEMA-targe ting o-emither Phaese | seonuiting MCTOSTI 4747
*-loaded glaw BTC e arti Radioe mblization of ler C ialh _ T neovascula ture u'nnl.l:;nmy.lg:v: PS M
micrsphe res mailigna noies microvasculature availahle - - S -
wiiadedresin  CDHGenetech/  Hepatic Radicembolizationcfiver  Comamencially - nam | Ti-taballed Bayar lymghamms e o Phase L active,not  NCTO2561878 -
micmsphers Sirbex marligna noies microwasculature available o fugnbe: (022! g
twmoars fymphoma)
1in L " ” i — I ULLE
piedne L Thyroid concer T 7|y labelled CancerTageted  Prostaie,tumour ~ PSMA-medistedbinding ~ Phasebactie.not  NCTO3A2ZE]]  “os-im
! mll'l ﬂlelliﬂl'fﬂr llzn;ls Foouage CTH-140% Technobogies e asoula tune neCnuiting
Rind . _ - "Habelled Cellectar Paediatic cancer "7 Habedle d phoos phaolipsd Phase & s onuiting NCTO34T 5462 i
bl Lttma o pein gtohydrooysy ‘ ey I | =1 3T head and neck ether analoquetarge ting
Mt availshle cmulti oo cull spciiic Bpid raft Phase | s pended NCTOH10 5543
190y-Labelled Nowrtis/hAA  Mewoendocrine  55R-mediated binding Commercially - e myeloma lekaemia, microdomats | towing ta LOMDAR  yr 0095 2508
DOTATATE TS available vmphoma Phaese Il recruting
I [mIBC: Pragenics Admnergic Active uptabemechanismuia  C cially - e " Ha helle d Cellectar Unmsponsivesolid 7 |-labelle d phaos phaolipid Phase | notrecruiting  MCTO2ITES1S R
moppior tumows  theadrenaline tansporter availahle LR 1404 tumour. madtiple ether analoguetange ting
and'shorage in presynaptic mycloma cancer celbs pecific lipid raft P §; complatec NLTOLAQ 663
microdomains
V" Habelled 20104 5 : ' Hhase ol artibodty targe ting NCTO266 5065 B hr-labhe lied 16l Fusion Phamna  MSOLC pan-cancer  Insulin growth fcior 1 Phase | weonuiting HCTOST4 6451 rad
Pharmaceuticals  tainsplant L 045" cedls for bone FP-01 tawget tuMmOus
|preparation maarroe ablation before
trans plantation FesmiCpcloSam  Owncoli Ot CERairCoHma Bindiing to hydrosyapatite Phase | notyet ML %61 2866 nunm
17 ar-Labe fled Novwartis! Pros tain F5MA-mediated hinding Phase ll; active.not  NCTO351 1664 - linth erape utics Ceoad RIS
g Emdocyts P e rling A Prdabefied OhranaMed’ S5R tumaurs 55R-mediated binding Phase L acthe.not  NCTO3466216 v
ovacla e AMTATE* Radiomedix recruiting
7 Lar-labe Bed HNosartie’ A GRPR " tumsours {GRPE bindin Phase Il; completed NCTO3T2 4253 e
NeoBOMEL E l;t A - Bed RM? ABX GmibH GRPR: tumours GRPR binging First in hyman - i
" Ho microsphers  Teruma He partic Radicembolization of fver  Phase Il unknown  NCTO206 7988 - Lw Bayer HERL"tumours Anti-HERD-c-emitter Preclinical - o
maligna noies microvasculature recruftment status TR AT
1 babe fled lpsen Meuroendacrine SSR-mediatedbindngand  Phase L1l NCTO250 207 e | Podabelled PLE*  OvanoMed! Sald tumaurs - Preclinical - |
DOTA-JR11 tumaurs intermalization Coellectar
7 Lur-labe lled HNosartie’ A A Pros taie PSMA-mediated binding and  Phase L necruiting NCTO340 0855 Ve f T dahelled OiranoMed’ TEM1" tumaours - Pre clinical - -
PaMA-R2 Canoe L tumour internalization aTEMi1* Maonphotek
U Pb-labelled OranoMed! Lesicae mia/ C D57 antibady o-targeting Preclinical = =
oA ) Q-taArg eing L5 NoslicManovector  lymphoma
5 AcLabe led Actinium levksemia MDS  CD33amibodyatargeting  Phasebwithdawn  NCTo70sasg  mwe (| 7At-labelled Tikix Phprmas Multiplemysloma - Py clinical - -

_ aCDI Pharm.aceuticals wn' /

Sgouros, Nature Reviews 2020




FOUA
Summary .

Radiopharmaceutical development is an active and growing field for the
targeted treatment of various cancers.

Longterm toxicity must be considered in the benefit:risk assessment for
radiolabeled products; prevention is key as some end organ toxicities may be
irreversible.

Standard clinical practices have evolved to safely administer
radiopharmaceuticals while mitigating risk for acute and chronic radiation-
associated toxicity.

FDA recognizes the need for patient access to effective treatments and continues
to work closely with sponsors to strategize on how to enhance dosing while
minimizing radiation-associated toxicities.
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