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Abstract

Recent FDA approvals for treating metastatic disease with radiopharmaceutical therapy (RPT)
have spurred considerable interest to evaluate the therapeutic potential of novel radionuclides.
Radionuclides emitting low-energy electrons (LEE) are promising for treating micro-metastatic
disease due to their potential to reduce off-target toxicity at the cellular level. In this paradigm,
58mCo is one of the most favorable candidates because of its low photon-to-electron ratio,

optimal emission spectra, accessibility and theranostic matching with the positron-emitting >°Co.

This dissertation aims to improve iron target separation for cyclotron produced 55%8mCo,
elucidate cobalt radiochemistry with clinically relevant chelators and explore theranostic
55Co/%8mCo RPT applications. Results demonstrate that cation exchange/extraction
chromatography can achieve better radiochemical purity and reduce processing time compared
to previously published methods using anion exchange-extraction chromatography. The
separated no carrier added (n.c.a.) %°Co could be radiolabeled to Sar derivatives and resulting
complexes were suitable for in vivo applications with retained tumor-targeting properties, though
complex formation was slower than with other clinically relevant chelators. Also, upon
complexation with NO2A, NOTA and DO3A, Co and n.c.a. ®Co exhibited redox activity which
contrasts with previously published work using %°Co. Cobalt-55 served as a convenient
diagnostic congener for ™Co, and %®™Co was able to demonstrate the desired characteristics of
LEE RPT in vitro but likely requires probes with higher tumor uptake and less tendency for
receptor saturation to induce therapeutically meaningful responses in vivo. Nevertheless, the

outlook for theranostic 5Co/¥™Co RPT remains exciting and further research is warranted.



Acknowledgements

None of the work presented in this thesis would have been possible without the support of

friends, family, mentors, and collaborators.

First and foremost, | thank my family for their unwavering support and care. | am extremely
fortunate to receive such unconditional love in my life. | thank my friends from Vancouver for
their support and amiable nature. | thank my partner for always staying optimistic and
supporting me and finding a scholarship for me. | thank my friends from Medical Physics for
their support during my degree. For example, | thank Karsten for buying me cashews and pants
when | most needed them, | thank Jocelyn for lending me a steamer and ironing board before
my defense, | thank Ohyun for enlightening me to the world of steaming eye masks, and | thank
Christian for always driving me around. | thank Darek, Abhijit, Zhouran, Morgan, Jennifer, and
Owen for their hospitality during my stay at the chemistry building. Likewise, | thank Hailey, Jen,
Volkan, Brian, JP, Jennifer, Shelby, and Shefali for showing me UAB and hosting a great HIPPO
experience. | thank John, Adam, Anthony, Gunnar, Robert, and August for their help during the
cross-section experiments at ND. | also would like to thank Chris, Aeli, Kaelyn, Kendall, and
Molly in the UW-Madison Cyclotron Research Group for helping me and for being a great cohort
to work with all these years. | am especially indebted to the SAIRF staff (Justin Jeffery, Ashley
Weichmann and Dr. Zachary Rosenkrans) for their assistance with animal experiments which
ended up being the cornerstone of many of my projects. | would also like to thank U.S. NIH,

U.S. DOE, and NSERC for supporting me during my degree.

| thank Dr. Suzanne Lapi for the great collaborative experience and for the exceptional tips on
professional development that | still refer to years after our initial discussion. | thank Dr. Eszter
Boros for the opportunity to collaborate and perform experiments in her lab, and her time
discussing interesting research topics with me. | thank Dr. Zibo Li, Dr. Zhanhong Wu, Dr.

German Oscar Fonseca Cabrera, and Xinrui for introducing the sarcophagine construct to me



and for being excellent collaborators. | thank Dr. Graham Peaslee for allowing me to perform
cross section experiments with his lab and for helpful discussions during experiments. | thank
Dr. Jeanine Batterton for helpful radiochemistry discussions and for providing 8Ga/HPIC
support. | thank Dr. Andres Mejia from the Research Animal Resources and Compliance
Comparative Pathology laboratory at University of Wisconsin-Madison for interpreting and
conducting mouse kidney histology. | thank Dr. Weibo Cai for generously involving me in his

lab’s exciting and novel research.

| thank the thesis committee for their time and expertise in evaluating my candidacy and for
fostering my growth. | thank Dr. Katherine Gagnon for helping me become a better speaker and
presenter and for contributing to my professional development. Thank you for always reminding
me of professional development opportunities. | thank Dr. Reinier Hernandez for the extended
discussions on miscellaneous topics. Thank you for all the helpful comments regarding
professional life as well. | thank Dr. Ali Pirasteh for sharing his experiences and clinical
expertise, and for creating a memorable defense experience. | immediately applied your wisdom
regarding conservatism and withheld jests during a high-stress day for the lab. | thank Dr. Paul
Ellison for many helpful suggestions throughout the years. Thank you for always diving deeply

into a discussion to ensure the details are correct.

| also would like to give a special mention to each of the UWMCRG staff: | thank Dr. Todd
Barnhart for fixing my tie before the defense and for antics that may or may not have resulted in
temporary confusion on my end. You will always be the finder and fixer (and maybe prankster!),
I may have left some things for you to find in your office... | thank Dr. Eduardo Aluicio-Sarduy for
teaching me and helping me get used to the lab work environment and for providing great life
advice. You gave me the fundamentals necessary to survive in a wet lab chemistry environment
and taught me all the biological assays/techniques that | never would’ve learned without your

encouragement. | thank Dr. Jason Mixdorf for helping with many miscellaneous tasks around



the lab and for all the fun . I'm glad that you ultimately joined the lab! Finally, | thank Dr.
Jonathan Engle, my advisor, for taking a chance with me even when there was no open position
at the time. Your expertise, mentorship and overall cordial attitude serve as an exemplary model
that | will attempt to aspire towards. | joked about “professionally developing” during one of our
chats, but there truly has been a seismic shift in my professional development due to your

willingness to aid me in this area (especially during your sabbatical). Thank you for everything.



Table of Contents

ADSIFACT ... i
ACKNOWIEAGEMENTS ... ii
Table Of CONTENTS ... v
LISt Of FIQUIES ...t e e e et e e e e e e e e e e e e e e e e e eaeeneens iX
LISt Of TADIES ...t XVi
Chapter 1. INtrodUCHION ... e e e e e eeeaaas 1

Chapter 2. Separation of cyclotron-produced cobalt-55/58m from iron targets using

cation exchange chromatography with non-aqueous solvents and extraction

CRIOMEATOGIAPNY ...ttt nnnes 35
2.1 Materials and methods ...........oooo i 36
2.1.1 AG® 50W-X8 and branched-DGA resin Kqg measurements.............ccccceveeeeeiniiiiinnenn. 36
2.1.2 AG® 50W-X8 dynamic elution eXperiment ... 38
2.1.3 lron-54/57 target preparation ... 38
2.1.4 Cobalt-55/58m production from iron-54/57 and radiosynthesis .................................. 39
2.1.5 Sample @NaAlYSIS.........cooooiiiii e ———————— 40
22 RESUIS ... 43
2.2.1 Batch resin derived Ky ... 43
2.2.2 Separation of 558mCo from 3#57Fe using AG® 50W-X8 and branched-DGA............... 45
2.3 DISCUSSION ... 48

2.4 CONCIUSION - e e e e e e e e 50



Vi

Chapter 3. Radiolabeling diaminosarcophagine with cyclotron-produced cobalt-55 and

[>°Co]Co-NT-Sarcage as a proof of concept in a murine xenograft model .................... 52
3.1 Materials and Methods ... 53
3.1.1 Cyclotron production and separation of *Co and 84 Cu...........ccccccceeeiieeeiecciieceeee. 53
3.1.2 RAIOIADEIING ... 54
3.1.3 In vitro stability @NalYSiS ...........eeiiiiiiiiii s 56
3.1.4 ANIMal MOAEIS ..., 56

B2 RESUIS...... 58
3.2.1 Radiolabeling and stability of [°C0o]JC0o-DSar.........ccccccevvuiiieeeiiee e 58
3.2.2 In vivo pharmacokinetics of [*®Co]Co-DSar and [*°C0]COClz.......ceeveeeeeeieiiiiiiiieeeeennn. 61
3.2.3 In vivo pharmacokinetics of [**Co]Co-NT-Sarcage and [**Cu]Cu-NT-Sarcage........... 63

B0 TR T I 1= o1 [ T o 68
3.4 CONCIUSION ... 70
Chapter 4. Redox activity of Co-NOTA COMPIEXES .......covvvviiiiieeeeeeeeeeeciee e, 72
4.1 Materials and mMethOdS ..........coooiiiiiii e 75
4.1.1 Cyclotron production and separation of 55Co............cccccueiiiiiiiiiiiccie e 75
4.1.2 Synthesis of cobalt-chelate CONSIIUCES ............coivviiiiiiiiiiiiii s 76
4.1.3 In vitro stability and cell eXperiments ..........cc..uiiiiiiiiii e 83

S N o1 =TI T Yo 1= 84

4.2 RESUIS...ccoiiiiiieiee 84

4.2.1 Redox speciation analysis for model peptides............oevvieiiiiiiiiiiieiiiiiiiiiiiiiiiiieiiienns 84



vii

4.2.2 Redox speciation of *Co-labeled NO2A-, NOTA- and DO3A-PSMA-617.................. 93
4.2.3 In vitro serum stability and in vitro cell uptake ..o 96
4.2 4 In vivo biodistribution of °Co-labeled NO2A-, NOTA- and DO3A-PSMA-617............ 98
4.3 DISCUSSION ...ttt 101
4.4 CONCIUSION ...ttt ettt e e e e et e e e e e e e e n e e e e e e e e e e aaanes 104

in vivo: pilot studies With dOSIMEtry ... 106
5.1 Materials and Mmethods ..........coooo i 109
5.1.1 Cyclotron production and separation of $5Co and #™Co...........cccccceeuveeviieeeciieeenee 109
5.1.2 Radiolabeling and Stability ... 110
5.1.3 In vitro studies With HT29 CellS ... 111
5.1.4 ANIMAI MOUEIS ...t e e e e 113
5.1.5 DOSIMEIY ...ttt e e e e e 114
5.2 RESUILS ...ttt e e e e e e e et e e e e e e e aeennnnann 115
5.2.1 Radiolabeling and stability of [®®*Co]Co-NT and [*°*C0]Co-SR ..........cccovveeveiiriieeenee 115
5.2.2 IN VItro CEII @SSAYS ....eeiiiiiiiiiieee ittt 116
5.2.3 In vivo PET imaging and dOSIMELIY ...........ueeuuuueiiii e ee e e e e 118
5.2.4 Pilot in Vivo therapy STUQIES .............ueiii e 123
5.3 DISCUSSION ... 125
5.4 CONCIUSION ...ttt e e e e e e e e e e e e e e e ees 129

CONCIUSION ..o e 131



References:..
Appendix A.
Appendix B.
Appendix C.

Appendix D.

viii

............................................................................................................... 132
Nuclear cross section calculations ..., 148
Neutron spectrum unfolding ..o, 149
Concrete shielding simulations.............coovveiiiiiiiieeeee e, 151
Miscellaneous supporting fiQures ... 152



List of Figures

Figure 1-2 Unrestricted electronic collisional stopping power for different particles at
different energies in lIQUId Water. .............uuuiiiiiiii e 7
Figure 1-3 Example cell survival curves for different a/f values using the standard
linear-quadratic model for the survival fraction. ...................euiiiiiiiiiiiiiiiie 9
Figure 1-4 A diagram depicting the stages of the Auger-Meitner effect. ........................ 10
Figure 1-5 The typical range, energy and LET of different types of radiation emitted by
radionUCHdes USEA IN RPT. .. .. i et eeassnensnnnnnnes 11
Figure 1-6 Electron and photon range in water as a function of energy. ....................... 13
Figure 1-7 The fraction of absorbed radiation dose in various tumor sizes of several
radionuclides that may be relevant to RPT. ...........ouiiiiiiiiiie 15
Figure 1-8 Total energy contribution per decay from each transformation of selected
LEE-emitting radionUCHAEs............oooiiiiiiiiiiiiiieee 17
Figure 1-9 (Micro)dosimetry values for several radionuclides relative to *®™Co............. 19
Figure 1-10 Relevant target isotopes for producing *°Co and %¥™Co demonstrated on a
chart of the nuclide format............ ... 21

Figure 1-11 Excitation functions of several nuclear reactions relevant for °Co production

Figure 1-12 Excitation functions of several nuclear reactions relevant for 8mCo
o] yeTe [¥Tex (o] o NSO PPUPURRUPPNt 25
Figure 1-13 Excitation functions of several nuclear reactions from the most likely

contaminating isotopes for 5Co and/or %™Co production ..............ccceeevreevieeceeeeeeene. 28



Figure 1-14 A) Range of different particles in target isotopes for ®Co and/or *™Co

production and B) the physical thick target (TT) yield of %Co and %¥™Co....................... 29
Figure 2-1 Electrodeposited 54Fe target on silver backing.............cccccccvevieveeieceeennen. 39
Figure 2-2 Residual 8™*9Co sample assayed by HPGe over time at a fixed position with
fit corresponding to the Bateman equation...............coooiii i 42

Figure 2-3 A) General separation procedure and (B) elution profile for an irradiated 46

mg %*Fe target using AG® 50W-X8 and branched-DGA .............cceceiiiiieienieneeieeenns 43
Figure 2-4 Measured Kq for A) AG® 50W-X8 and B) TEHDGA resin ..........ccccceeeveenneee. 44
Figure 2-5 Collected load and rinse fractions from the AG® 50W-X8 separation........... 46

Figure 2-6 Measured and calculated physical yields for A) 5°Co (A) and B) %8mCo........ 47

Figure 2-7 Sample radio-HPLC spectra of [*°Co]CoCl2 and %8MCo labeled to NO2A-NT-

Figure 3-1 The chemical structures and relevant information for DiAmSar and NT-
Sarcage used iN thiS WOTK ...........uuiiiiiii e 53
Figure 3-2 A) Sample radio-TLC plate developed with 50 mM EDTA mobile phase that
was used to determine [>°Co]Co-DSar AMA. B) Sigmoid fit used to determine the 50%

(o) Talo oY ol Oo) (0o 1 I 1S =T R 55
Figure 3-3 A) The impact of pH, temperature, and time on [*°Co]Co-DSar AMA. B)
Stability of radiolabeled [*°Co]Co-DSar in PBS, human serum, and 50 mM EDTA ....... 58
Figure 3-4 HPLC chromatograms of the stock NT-Sarcage ligand and Co-NT-Sarcage
ANAIYZEA At 254NIM ..o e e e e aa e aae 60

Figure 3-5 MS from LC-MS analysis of the Co-NT-Sarcage complex .................ccceee. 61



Xi

Figure 3-6 MIP PET/CT images at 1 and 4 h p.i. of (A) [°°Co]Co-DSar and (B)

SO0 (0710 P TSP RU PSR PRRPRRSTI 62
Figure 3-7 Organ uptake values at 1 and 4 h p.i. derived from in vivo PET ROI
quantification for [°°Co]Co-DSar and [PPCOJCOCI2 ......ccecveeeeeeeieee e 62
Figure 3-8 MIP PET/CT images at 1, 4, 9 and 24 h p.i. of A) [°°Co]Co-NT-Sarcage and
B) [B*CUJCU-NT-SAIrCaAGE. ......cvieeieteeieecie ettt ettt ettt eaeeere e reeeae e 65
Figure 3-9 [>°Co]Co-NT-Sarcage organ uptake values in %ID/g at 1, 4, 9 and 24 h p.i.
derived from in vivo PET ROI quantification and ex vivo biodistribution at 24 h p.i. for (A)
MOUSE 1 aNd (B) MOUSE 2 .......oiiiiiiiiiiiiiiiiiieite ittt esasasnnesnnnnnnne 66
Figure 3-10 [f*Cu]Cu-NT-Sarcage organ uptake values in %ID/g at 1, 4, 9 and 24 h p.i.
derived from in vivo PET ROI quantification and ex vivo biodistribution at 24 h p.i. for (A)
MOUSE 1 @Nd (B) MOUSE 2 .......oeiiiiiiiiiiiiiiiiiteee ittt esesnsesesnsnnnnnes 66

Figure 4-1 The reduction potential of various first-row transition metals in aqueous

media against the standard hydrogen electrode ..............ccooiiiiiiiiiiiii e 73
Figure 4-2 The chemical structures of select cobalt-chelate complexes. ...................... 75
Figure 4-3 Chemical Structure Of (1).......cccooiiiriiieeeee e 76
Figure 4-4 Chemical Structure Of (2).......cccooii i 78
Figure 4-5 Chemical Structure Of (3)......ccoeeiiiiiiiiecee e 79
Figure 4-6 Chemical Structure Of (4).........cccoooeiiiiiiiiii e 80
Figure 4-7 Chemical Structure Of (5).......ccoeeeiiiiiiieeee e 81
Figure 4-8 Chemical Structure Of (6)..........cccoeriiiiiiiiiiiie e 82

Figure 4-9 Reaction scheme and corresponding LC-MS analysis for Co(1) incubated

WiIth @nd WItROUL HoO2 ..o e e, 86



Xil
Figure 4-10 Reaction scheme and corresponding LC-MS analysis for Co(2) incubated
With and Without H2O2 ... 87
Figure 4-11 Reaction scheme and corresponding LC-MS analysis for Zn(1) incubated
With and WIthOUt H2O2 ... eeeee e 88
Figure 4-12 Corresponding reaction scheme and HPLC/radio-HPLC chromatograms for
Co(1) and [PPCOJCO(1) SAMPIES ......veeeeieeiieeieeeiie et tee ettt e e sree e sneeeaneas 90
Figure 4-13 Corresponding reaction scheme and HPLC/radio-HPLC chromatograms for
Co(2) and [*°Co]Co(2) samples with the fraction of oxidized [>°Co]Co(2)...................... 92
Figure 4-14 Reaction scheme with proposed structures for Co(4) and corresponding LC-
IMS @NAIYSIS ...t 94
Figure 4-15 Reaction scheme with proposed structures for Co(5) and corresponding LC-
IMS @NAIYSIS .. 95
Figure 4-16 Reaction scheme with proposed structures for Co(6) and corresponding LC-
IMIS @NAIYSIS ...ttt e e e e e e e e et aaaaaaanan 96
Figure 4-17 Radio-HPLC chromatograms for [°°Co]Co(4), [>°Co]Co(5) and [*°Co]Co(6)
incubated in either PBS or human serum..............oooiiiiiiii e 97

Figure 4-18 In vitro cell uptake for each %°Co radiopharmaceutical (left) incubated for 4 h

Figure 4-19 In vivo maximum intensity projection PET/CT and PET images acquired at 1
and 24 W P.i. FOr [P5C0]CO(4) ..o 99
Figure 4-20 In vivo maximum intensity projection PET/CT (left, top) and PET (left,

bottom) images acquired at 1 and 24 h p.i. for [?°CoJCO(5).......ceeeevereecireeeeiieeeeeeeenenn 99



Xiii
Figure 4-21 In vivo maximum intensity projection PET/CT (left, top) and PET (left,
bottom) images acquired at 1 and 24 h p.i. for [°CoJCO(6).........ccccuveeerereecieeeereene. 100
Figure 4-22 The ex vivo biodistribution of [°*°Co]Co(4), [*°Co]Co(5) and [*°Co]Co(6) at 24
o T8 SRR 100
Figure 4-23 Urine metabolite analysis at 1 h p.i. for [°°Co]Co(4), [*°Co]Co(5) and
R O7e] (07T PSSRSO 101
Figure 5-1 Chemical structures of NO2A-NT-20.3 and NOTA-CB-SR142948A .......... 109
Figure 5-2 Radio-HPLC chromatograms of [>°Co]Co-NT (left) and -SR (right) after
incubating in PBS and human serum for 24 N ... 116
Figure 5-3 In vitro evaluations of A) total binding, B) internalization rate, C) subcellular
localization using [°°Co]Co-NT and [*°Co]Co-SR and D) In vitro viability studies for
evaluating the cytotoxicity of [?*™Co]Co-NT and [®™C0o]C0o-SR.......c.ceeeeeceeeeeene. 117
Figure 5-4 In vivo MIP PET/CT and PET images acquired at 1 and 24 h p.i. for [>°Co]Co-
NT with 0.1 nmol of tracer iNJECted .........ccooeeiiiieee e 119
Figure 5-5 In vivo MIP PET/CT and PET images acquired at 1 and 24 h p.i. for [>°Co]Co-
NT with 3 nmol of tracer iNJECted ...........cooeiiiii e, 119
Figure 5-6 In vivo MIP PET/CT and PET images acquired at 1 and 24 h p.i. for [>°Co]Co-
SR with 0.05 nmol of tracer injected...............uoiiiiiiiiie e 120
Figure 5-7 In vivo MIP PET/CT and PET images acquired at 1 and 24 h p.i. for [>°Co]Co-
SR with 1 nmol of tracer iNJected............oooommiiiiiii e 121
Figure 5-8 Ex vivo biodistribution at 24 h p.i. for [®®Co]Co-NT and -SR with low and high

BT BT NS S S . e e e e e e e 121



Xiv
Figure 5-9 In vivo MIP PET images acquired at 4 h p.i. for [°*>Co]Co-SR with 0.05 nmol,
1 nmol of SR, and [%3C0]Co-SR with 1 NMOl Of SR ........ooiieiieieeeeee e 124
Figure 5-10 The relative tumor size of mice after treatment and the respective body
Weights fOr €aCh GroUP .......cooiiiiiiiii e 125

Figure 5-11 Representative mouse kidney slices stained with hematoxylin and eosin

(H&E) and Masson's triChrome........... oo e 125

Appendix Figure A-1 An irradiated >*Fe target electrodeposited on Cu substrate for
evaluating the cross section of S*Fe(p,0)° MN .......cc.ooiiiiiiceeeee e 148
Appendix Figure B-1 Sample figures from adapted neutron spectrum unfolding program
T Y 12T o ISR 150
Appendix Figure C-1 Sample floor plan geometry simulated in Geant4 and MCNP with
dOSIMELry ESHMALES .......uiiiiii e 151
Appendix Figure D-1 Raspberry Pi control interface for the semi-automated chemistry
70T U] 1= SRR 152
Appendix Figure D-2 External PCB coupled to the Raspberry Pi for miscellaneous tasks
such as controlling the valves and motor(s), detecting voltage signals from photodiodes
and/or counting pulses from photomultiplier tube(s)...............uuuuiiiiiiiiiiiiiiiiiiiiiie 152
Appendix Figure D-3 Electroplating setup. A) silver disk cathode on the aluminum base,
B) the acid-resistant plating piece with a Viton™ O ring seal on the bottom (9 mm
plating diameter), C) platinum-coated titanium mesh anode and D) the relevant circuit

(o =T =T 1 o RPN 153

Appendix Figure D-4 The most recent radiochemistry module used for separations .. 153



XV

Appendix Figure D-5 The setup used for drying down the eluted fraction under argon
FIOW @Nd NEAL. ... 154
Appendix Figure D-6 The setup used for developing the radio-TLC plates.................. 154
Appendix Figure D-7 To analyze the developed radio-TLC plate, a radio-sensitive
phosphor plate is exposed to the sealed radio-TLC plate for analysis. ....................... 154
Appendix Figure D-8 Excel spreadsheet to estimate the real-time %™Co activity........ 155
Appendix Figure D-9 Recovery coefficients for >°Co obtained by adding 1.35 MBg/mL

[>°Co]Co-NOTA in aqueous media at pH7.4 into Phantech’s PVC27-GrIT phantom. .. 156



XVi

List of Tables

Table 1-1 Five-year survival rates at the time of diagnosis for different cancers
depending on the cancer stage in the United States.........cccooovriiiiiiiiii 3
Table 1-2 Summary of the nuclear reactions relevant for producing °°Co and %™Co .... 27
Table 2-1 AG® 50W-X8 Kd for selected elements in various mixtures of HCl-acetone.. 45
Table 2-2 Branched-DGA Kd for selected elements in various [HCI]...........ccccccceeee.. 45
Table 2-3 Relevant parameters from different separation methods of cyclotron-
produced-558MCo from Fe targets. .......cc.eeeicuie i 49
Table 3-1 Tabulated organ uptake values in %ID/g derived from in vivo PET imaging for
[5C0]C0o-DSar and [PSCOJCOCI2. ......ccuiieeeeeeee ettt 62
Table 3-2 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution
for [25C0]Co-DSar and [PSC0]JCOCI2. ....c.ueeeeieeeeeeeeeee e 63
Table 3-3 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution
fOr [PC0]JCO-NT-SAIrCAGE .....cceveeeeeeeee et e e et e e e e et e e e e e e et e e eenteeeenaeeans 67
Table 3-4 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution
fOr [B4CUJCU-NT-SAICAGE ... .cceveeeeeeeee et et e e et e e et e e e et e e eenteeeeneeeans 67
Table 4-1 A survey of Co3*?* redox potentials for cobalt-chelate complexes found in
[EEIATUIE ...t nnnes 73
Table 5-1 HT29 cellular absorbed dose rate per unit activity for ™Co and """Lu
calculated from MIRDCEII .........oooiiiie e 118
Table 5-2 Calculated mass-normalized time-integrated relative activity for [®™Co]Co-NT
with 3 nmol NT from integrating time-activity curves and absorbed dose coefficients for

Organs Of INTEIESE. ....ueii e e e e e e e e e e e e e e ennnnaaas 123



XVii

Table 5-3 Calculated mass-normalized time-integrated relative activity for [®®mCo]Co-SR
with 1 nmol SR from integrating time-activity curves and absorbed dose coefficients for

Organs Of INTEIEST. ... e e e e e e e e e eeennnnanns 123



XViii

List of Abbreviations

AEF
AMA
BED
C.a.
CAR
CT
DGA
DiAmSar
DOTA
DTPA
EDTA
EOB
EOS
EtOH
FA

FBS
FDA
GA
HEPES
HPGe
HPLC
ICRP
LC-MS
LEE
LET
MeCN
MICAP-
OES
MIP
MP-AES
MRI
N.c.a.
NHE
NMR
NO2A
NOTA
NTS
NTSR1
OSEM
PBS
PET
RBE
RCSDA

Absorbed Energy Fraction

Apparent Molar Activity

Biologically Effective Dose

Carrier Added

Chimeric Antigen Receptors

Computed Tomography

Diglycolamide
1,8-Diamino-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-eicosane
1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
diethylenetriaminepentaacetic acid
Ethylenediaminetetraacetic acid

End Of Bombardment

End Of Synthesis

Ethanol

Formic Acid

Fetal Bovine Serum

U.S. Food and Drug Administration

Sodium gentisate
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic Acid
High Purity Germanium

High-Performance Liquid Chromatography
International Commission on Radiological Protection
Liquid Chromatography-Mass Spectrometry

Low Energy Electrons

Linear Energy Transfer

Acetonitrile

Microwave Inductively Coupled Atmospheric Plasma Optical Emission
Spectrometer

Maximum Intensity projection

Microwave-Plasma Atomic Emission Spectrometer
Magnetic Resonance Imaging

No carrier added

Normal Hydrogen Electrode

Nuclear Magnetic Resonance
1,4,7-Triazacyclononane-1,4-bis(acetic acid)-7-(acetamide)
1,4,7-Triazacyclononane-1,4,7-triacetic acid
Neurotensin

Neurotensin Receptor 1

Ordered Subset Expectation Maximization

Phosphate Buffered Saline

Positron Emission Tomography

Relative Biological Effectiveness

Range from Continuous Slowing Down Approximation



ROI
RPT
Sar
TACN
TENDL
TFA
TLC

Region of Interest

Radiopharmaceutical Therapy
3,6,10,13,16,19-hexaazabicyclo(6,6,6)icosane
1,4,7-Triazacyclononane

TALY S-based evaluated nuclear data library
Trifluoroacetic Acid

Thin Layer Chromatography

XiX



Chapter 1. Introduction

Improvements in conventional cancer treatments like external beam radiation therapy,
hormonal deprivation, surgery and chemotherapy for cancer therapies have led to better
patient outcomes for a wide variety of cancers. Additionally, treatments utilizing T-cells
genetically modified to express anti-CD19 chimeric antigen receptors (CAR) for
refractory B-cell lymphoma have recently led to increased remission and likely curative
effects [1,2]. Immune checkpoint inhibitor therapies have also improved clinical
outcomes in combination with other treatment modalities such as chemotherapy and
antibody drug conjugates, CAR T-Cell therapy, cancer vaccines and radiation therapy
[3-7]. Of these, radiation therapy remains a favorable option for treating cancer due to
its high efficacy (>40% cure rate) with relatively low induced toxicities and ease of
coupling to other treatment modalities [8]. Improved knowledge in cancer biology [9,10]
and technological developments have been instrumental in expanding the range of
radiation doses without deleterious side effects (known as “therapeutic window”) [11—
13].

Current state-of-the-art external beam radiation therapy modalities can include intensity-
modulation with image guidance to dynamically match dose gradients to tumor
dimensions. Intensity-modulation is typically achieved by physically shaping individual
beamlets at each angle then combining multiple beam profiles (~10-100’s) at different
angles to result in the desired three-dimensional shape [11,13]. Most external beam
radiation therapies utilize photon beams from megavolt electron accelerators, but the
relatively high penetration depth places a physical limit on the therapeutic window.

Alternatively, heavy ions such as protons and alpha particles deposit most of their



energy near the end of their trajectory, known as the Bragg peak, resulting in a
characteristic range that is determined by the particle’s initial energy and the material it
is traversing through [14]. Energy degraders are often used to match the range of the
particles to the depth and size of the tumor. However, even with heavy ion beams, the
shortest distal dose fall-off is still on the order of millimeters even without considering
uncertainties in the range and instrumentation [15,16]. This limits the radiation dose
delivered to tumors since surrounding healthy tissues need to be spared, resulting in
decreased therapeutic efficacy. Furthermore, residual tumors may also develop
radiation resistance throughout the treatment process [17], though this may be less
relevant for heavy ion beams.

Another form of radiation therapy often used in the clinic is brachytherapy, where
encapsulated radiation sources are physically positioned within the body to deliver
localized radiation to tumors [18]. Brachytherapy can attain a smaller distal dose fall-off
range compared to external beam radiation therapy, but the technique is invasive and
limited by constraints of the human body. Despite this, both techniques have been used
to greatly improve the patient’s quality of life and have resulted in numerous cases of
cancer remission, especially when coupled with other treatment modalities [13,19,20].
Notably, the cancer treated with these modalities are often solid tumors that are well-
localized in observable areas.

Metastatic lesions, either originating from single cell/cell clusters spread by primary solid
tumors or developed in parallel, are difficult to treat because of their tendency to localize
in various different parts of healthy tissues [21,22]. Although most migrating cancer cells

are eliminated by stresses during the metastatic cascade, cancer cell clusters



demonstrate improved efficiency in establishing metastatic lesions compared to single
cells [21-23]. Thus, several drugs targeting circulating tumor cell clusters aim to reduce
the metastatic capacity by reducing the cluster size, growth rate or by dissolving
clusters into single cells [24]. Most treatment modalities for metastatic cancer remain
palliative in nature and are not curative, where metastasis accounts for the majority of
all cancer related deaths [22,25,26]. Table 1-1 shows the five-year survival rates for
different cancers and stage at the time of diagnosis, where all cancers diagnosed at

later stages have worse prognosis.

Table 1-1 Five-year survival rates at the time of diagnosis for different cancers depending on the cancer stage in the
United States (based on cancer diagnosed in 2011 and followed until December 31, 2017. Data taken from [27]). The
five-year survival rate refers to the percentage of patients that remain alive after five years.

Female breast Lung Prostate Colorectal
Localized (stage 0&1) 98% 57% 100% 88%
Regional (stage 2&3) 85% 31% 99% 1%
Distant (stage 4) 30% 7% 32% 16%

Recently, several radiopharmaceutical therapy (RPT) agents have either gained U.S.
FDA approval for treating metastatic cancer [28,29] or are currently undergoing clinical
trials [30,31]. Radiopharmaceutical development (and administration) is similar to non-
radioactive pharmaceuticals except with additional considerations for logistics related to
sample decay and radiation safety (see Figure 1-1 for the main components involved in
a RPT agent). In contrast to chemotherapy, RPT agents are typically administered in the
~102 nmol range [29] with diagnostic agents using <10 nmol, whereas non-radioactive
pharmaceuticals require ~10-100's ymol [32]. The low amount of tracer used for
radiopharmaceuticals is mainly because nuclear decay processes are orders of
magnitude more energetic than chemical reactions (typically resulting in higher

cytotoxicity per atom) and gamma rays can be detected with higher sensitivity than



conventional contrast enhanced imaging agents used in Magnetic Resonance Imaging
(MRI) or Computed Tomography (CT) [33]. Maintaining sufficiently low tracer also
avoids the risk of deleterious immune response to macroscopic quantities of the tracer,

where side-effects from RPT are generally due to radiation induced toxicity.

Cell

Unrelated
biomarker

Radionuclide

l---l.....b

Stabilizer Targeting
vector Target
biomarker

Figure 1-1 Cartoon illustration of the major components involved in RPT. Cells generally express protein receptors
involved in cellular signaling processes that can be used as targets for RPT. Targeting vectors used in RPT are often
specific to a particular protein receptor and are coupled with a radionuclide via a linker, which could be as small as a

single chemical bond, and sometimes a stabilizing molecule to reduce radionuclide dissociation. High binding
affinities of the ligand-receptor complex enable targeting vectors to preferentially bind receptors at low concentration.

Once bound, the ligand-receptor complex may internalize into the cell for downstream processing and the receptor

may be regenerated/recycled.

In comparison with other forms of radiation therapy, RPT is a non-invasive treatment
modality that has the potential to seek individual cancer cells in the body. The latter
effect is known as ‘targeting’, which is possible due to different biomarkers that are
(over)expressed on cancer cells compared to healthy organ tissues. The portion of the
radiopharmaceutical that is responsible for seeking these biomarkers is typically
referred to as the ‘targeting vector’. RPT may also be used in combination with other
treatment modalities such as immunotherapy, chemotherapy, surgery and external
beam radiation therapy to improve the overall therapeutic outcome [34,35]. However,

RPT agents often accumulate in healthy organs unrelated to the tumor site, such as



organs involved in excretion, which adds to undesirable off-target radiation dose that

can lead to reduced therapeutic window [36].

One method to lower the off-target radiation dose is to alter the chemical properties of
the targeting vector until there is enhanced tumor uptake relative to healthy organs in
preclinical models. This is typically quantified by measuring the tumor-to-organ ratio in
murine models and then extrapolating to humans. Due to limitations in the availability of
radionuclides, targeting vector optimization is often performed using chemically
dissimilar radionuclides which can change the biodistribution and pharmacokinetics,
leading to inaccurate dosimetry [37]. Fortunately, the radiopharmaceutical agent’s
chemical identity (i.e., in vivo behavior) can be maintained with high fidelity by
elementally matching the radionuclides. In such instances, the therapeutic and

diagnostic radionuclides are commonly referred to as “theranostic matched-pairs” [38].

On the other hand, another way to reduce the off-target radiation dose is to consider
using the same targeting vector but coupled with a radionuclide that emits particles with
a shorter range. Recent research has demonstrated enhanced therapeutic windows
when using radionuclides that emit particles with shorter range for treating small tumors
[39,40]. Particles with different range can also provide synergistic therapeutic effects
depending on the size of the tumors [39,41,42]. The emitted particle for RPT is generally
charged and its range can be derived from the continuous slowing down approximation
(Rcspa), where stopping power is used to determine the rate of kinetic energy loss (n.b.,
Rcspa is the maximum distance traversed by the charged particle but is nonetheless a

good predictor for off-target radiation dose).



Stopping power, or linear stopping power, of a given charged particle at a specified
energy refers to the kinetic energy loss per unit distance in a particular material [43].
Thus, Rcspa can be computed by integrating the inverse of stopping power starting from
its incident energy until the particle has lost its ability to ionize or excite other particles.
Since particles can transfer kinetic energy in the form of collisions with other particles or
via bremsstrahlung, stopping power is categorized into collisional and radiative stopping
power, respectively. The collisional stopping power can be further classified as
electronic, referring to excitations and ionizations of atoms, or nuclear, referring to
elastic collisions with the nucleus of the atoms. Inelastic nuclear processes are not

generally included due to special considerations for nuclear reactions.

A special variation of electronic stopping power that restricts the kinetic energy of
secondary ionized electrons is known as the linear energy transfer (LET). Explicitly, LET
refers to the energy imparted to secondary charged particles in the medium up to a
maximum cut-off energy. For example, if the cut-off energy is set as 10 keV, LET will
only include energy transfer events that result in secondary charged particles with <10
keV. LET is often used in place of electronic stopping power for radiation dosimetry
applications due to its consideration for localized dose transfer [44,45]. For most RPT
applications, LET is typically used without specifying the restricted energies and can
refer to the unrestricted electronic stopping power [46,47]. Subsequent references to
LET in this document will imply unrestricted electronic stopping power to align with
nuclear medicine literature. In any case, LET can be considered as the density of
ionizations or excitations of atoms in the material along the particle’s track and is

dependent on the energy, charge and mass of the particle. Also, LET from a particles



are typically orders of magnitude above [3 particles (see Figure 1-2), due to quantum
mechanical and energy conservation principles governing the energy transfer process

[48], which leads to enhanced cytotoxic effects at the same radiation dose [47,49-51].
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Figure 1-2 Unrestricted electronic collisional stopping power (LET, in the context of nuclear medicine applications) for
different particles at different energies in liquid water. The LET for a, d and p were computed from SRIM software
[48], and electron LET were taken from [62] and ESTAR program [53]. a-helium nucleus, d-deuteron nucleus, p-

proton, e-electron.

Enhanced biological effects are often described by the relative biological effectiveness
(RBE), which refers to the ratio of absorbed doses of two types of radiation (reference
and desired) that result in the same biological outcome. However, RBE is dependent on
the biological endpoint (e.g., dose to eradicate 37% vs 50% of cells), so RBE calculation
methods need to be explicitly stated [54]. RBE determinations have largely been
through experimental observations because theoretical calculations require substantial
knowledge regarding the biological systems (e.g., DNA repair rate, radiation sensitivity,
cell cycle, proliferation rate and/or radionuclide uptake rate) in addition to decay
characteristics of the radionuclide(s) [54-57]. Such methods typically model the cell
survival according to linear-quadratic exponential models [58] where the linear and

quadratic terms are often interpreted as the proportion of “single-hit” lethal events (a)



and “multi-hit” sub-lethal events (), respectively. The a/p ratio has units of dose (Gy),
representing the dose at which the proportion of cell-death is equal for “single-hit” and
“‘multi-hit” events, and is different for different tissues and radiation type. Radiation
oncologists often exploit this difference to spare tissues with lower a/ff compared to
cancer cells (see Figure 1-3). Since different dose rates may also lead to different
biological outcomes, the total dose for a given fractionation scheme is typically
converted into the biologically effective dose (BED). BED assumes each fraction is
delivered in an infinitesimal amount, so the total dose from different dosing regimens
can be normalized using this reference. In essence, equal BED should result in the
same biological outcome. Most applications using BED are related to either external
beam radiation therapy and/or brachytherapy, where the dose rates can be calculated
and controlled with high precision. Given the large uncertainties and complex models
required for RPT dosimetry [54,56], where dosing regimens have simply been
prescribed in activity units [28,29], physical dose is often used in preference to BED for
RPT applications though this may change with developments in radiobiology and RPT

[59]. RPT dosimetry methods at the patient level remain controversial [60].
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Figure 1-3 A) Example cell survival curves for different a/ values using the standard linear-quadratic model for the
survival fraction (SF), where In(SF) = -(aD+BD?). a/3=3 Gy and a/B8=10 Gy is often assumed for most healthy and
cancerous tissues, respectively. =0.002 Gy? was constant for both tissues. B) The total dose can be fractionated to
compound differences in SF for sparing tissues with lower a/B values. Optimizing fractionation schemes for radiation
oncology remains a current area of research.

Although high LET enables a-emitters to eradicate cancer cells at a lower dose and
activity as compared with B-emitters, healthy tissues are also non-discriminately
damaged, so the therapeutic window may not be significantly better (see Table 1
contained in [61], though differences in pharmacokinetics should be considered). In fact,
certain radiosensitive healthy tissues such as bone marrow may be even more
susceptible to the enhanced toxicity of a particles when compared with cancer cells [62]
which will reduce the therapeutic window. Electrons with low energy (often <25 keV),
and subsequently shorter range (Rcspa <20 um in H20), produced from radionuclides
undergoing Auger-Meitner [63] and internal conversion processes also have enhanced
LET compared to B particles and have been proposed to further enhance the
therapeutic window [46,64,65]. Figure 1-4 shows a simplified diagram of the Auger-

Meitner effect, where gamma rays compete against internal conversion electrons and x-
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rays compete against Auger-Meitner electrons. The Auger-Meitner effect could also be

induced by electron capture (which results in an electron vacancy).
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Figure 1-4 A diagram depicting the stages of the Auger-Meitner effect, starting with (I) an electron vacancy in a lower
energy level created by the internal conversion process, leading to an internal conversion electron (ICE), or from
electron capture. Since internal conversion is a mechanism for the nucleus to relax itself to the ground state, a
gamma ray photon can be emitted in lieu of ICE. (ll) The vacancy in the lower energy level is populated by an
electron with higher potential energy. This difference in energy is either converted into an observable x-ray photon or
transferred to an electron. If the imparted energy exceeds the binding energy of the electron, then the electron is
ionized and termed an Auger-Meitner electron (AME). (lll) The cycle repeats itself until the atom relaxes to its ground
state.

Unlike a particles, which can span several cell diameters in range, low energy electrons
(LEE) typically do not traverse beyond one cell diameter [61,64]. Thus, LEE-emitters
may be more effective than a-emitters for treating micrometastatic disease such as
circulating tumor cell clusters (typically <10 cells/cluster [24]). If these radionuclides can
be selectively internalized into cancer cells, then the off-target dose can be further
reduced due to their short range. Figure 1-5 illustrates the major differences between
the three types of radiation considered for RPT, where LEEs are shown to have
considerably reduced range compared to 3 particles and can achieve LET in the same
order of magnitude as a particles. Additionally, even if the radiopharmaceutical is
accumulated in healthy organs, as in the excretion pathway, this reduction in dose may
still apply due to differences in the physiological mechanism of drug uptake for the cell.
Interestingly, the cell (plasma) membrane has been hypothesized to be a useful target

for radiation induced cytotoxicity from LEEs [42,66,67] but further research is needed to
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substantiate this effect as it remains somewhat controversial [68]. The cellular
internalization process, coupled with increased LET, can also improve the probability
that LEE will deliver sufficient dose to sensitive structures of the cell, enhancing
cytotoxicity. Unsurprisingly, most successful applications of LEE-emitters for RPT are
when the radionuclides are DNA-localized [69—72]. In vitro cytotoxicity assays using
DNA-localizing targeting vectors coupled with LEE-emitters have shown RBE>45 in

comparison to acute radiation from external x-ray sources [70].

8 ~ >100’s ym-mm, >100’s keV, <1 keV/um R
O >

Cell

o =& 50-100 pm, ~MeV, >50 keV/pm

LEE @) <20 pm, <20 keV, 1-24 keV/um

Figure 1-5 The typical range, energy and LET of different types of radiation emitted by radionuclides used in RPT. A
black circle roughly matching the diameter of a cell is drawn for reference. (8 refers to beta particles, a refers to alpha
particles and LEE refers to low energy electrons. The listed ranges correspond to Rcspa and are illustrated by the
length of each arrow. The LET is illustrated by the thickness of the arrow. Drawings are not to scale but are kept at
reasonable proportions to highlight the main differences between each radiation type.

In this paradigm, the therapeutic window from using LEE-emitters may be significantly
larger compared to 3- and a-emitters. However, the lack of uniform in vivo tumor uptake,
which is common for pharmaceutic agents in general, can lead to untreated
subpopulations of cells [73,74]. Since the main advantage of utilizing LEE-emitting
radionuclides is for their short range, crossfire contributions will not meaningfully
mitigate tumor heterogeneity effects. Despite this, tumor heterogeneity may not limit the
utility of LEEs in RPT as increased multiple-dosing regimen made available from the
theoretically better therapeutic window may be enough to target remaining tumor cells.
The main challenge for utilizing these low energy electrons is in finding a suitable

targeting vector that is capable of both targeting the tumor in vivo and be transported



12

near radiosensitive areas (e.g., mitochondria, nucleus, DNA) after associating with the

target biomarker.

Furthermore, as depicted in Figure 1-4, the Auger-Meitner effect competes with the
production of x-ray photons, which are far more penetrating than electrons. Assuming 5
keV photons are co-produced during decay, ~700 um of water is needed to attenuate
their initial intensity to <5%, whereas the same amount of water is sufficient to shield
270 keV electrons (see Figure 1-6 for different ranges expected for photons and
electrons [52,75]). Although dose from photons are generally lower than charged
particles due to their large range relative to energy, LEE-emitting radionuclides for RPT
should be filtered based on select criteria to maximize the potential for improving the
therapeutic window beyond - and a-emitters [64,65]. Such considerations are

discussed in the next paragraph.
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Figure 1-6 Electron (solid) and photon (dashed) range in water as a function of energy. The “range” of photons in
water was assumed to be the amount of water needed to attenuate 95% of the incident photon intensity, calculated
using the exponential law. The range of electrons in water refers to the Rcspa range. The dotted line corresponds to

the unrestricted electronic stopping power of electrons at each respective energy, referred to as Electron LET. Arrows
depict the axes that each line references. Photon mass attenuation coefficients and electron Rcspa in water were
taken from [75] and [52], respectively. Electronic stopping power for electrons in water was taken from [52].

To reduce the off-target dose, LEE-emitting radionuclides for RPT applications should
have high electron-to-photon energy ratios. Also, since LEE-emitters are defined to
have less energy compared to the average energy of conventional 3 particles, 50 keV is
often used as a cut-off for the maximum electron energy [64] though other limits related
to range and LET may be more suitable based on radiobiological effects. Thus, a good
selection criterion could be that the total energy emitted from electrons with <50 keV of
kinetic energy outweighs contributions from higher energy electrons and photons.
Although a large electron yield may enhance cytotoxicity when coupled to DNA, likely
due to increased multiply damaged sites, there is still no evidence of enhanced potency
in other scenarios [65]. The remaining criteria for utilizing LEE-emitting radionuclides in

RPT are then akin to the selection criteria of other radionuclides. |.e., the half-life should
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be within hours-days to accommodate transport and handling, chemical processing and
in vivo pharmacokinetics of the agent. Practically, the radionuclide should be capable of
being produced in sufficient quantities, be (radio)chemically pure and stable for in
vitro/in vivo applications. High radionuclidic and radioisotopic purity are desirable to limit
contamination of higher energy electrons and photons. Due to the low physical dose of
LEEs at the tissue and organ scale, administered activity may need to be substantially
higher than with - emitters. Consequently, the (apparent) molar activity (AMA), one
measure of radiochemical purity, needs to be even higher to avoid administering excess
targeting vector that could begin to influence biological processes and/or receptor

saturation [37].

Simulations and mathematical models are often used to better predict radiobiological
effects from different decay characteristics [76—80]. The dosimetric consequences of a
high electron-to-photon energy ratio discussed above can be directly visualized from
simulating the absorbed energy fraction (AEF) of different sized tissues. To simplify the
model, and to facilitate reproducibility between different researchers, tumor and most
organ tissues are often set as water for dosimetry purposes [61,76,81,82]. Thus, the list
of promising candidates for LEE RPT can be efficiently filtered by simulating the AEF in
tumor of various sizes for different radionuclides. For example, radionuclides that
deposit most of their decay energy within shorter distances relative to a-emitters could
potentially achieve better therapeutic windows. Based on simulated results from Figure
1-7, radionuclides that achieve AEF>0.5 before 22°Ac and ?'"At (clinically relevant a-
emitters) are "'Ge (t12=11.43 d, LEE 5.01 keV/decay, photon 4.15 keV/decay), 8™Co

(t12=9.04 h, LEE 22.8 keV/decay, photon 2.01 keV/decay), '®¥MOs (t12=5.8 h, LEE 28.6
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keV/decay, photon 2.24 keV/decay), '3™Rh (t12=56.114 min, LEE 37.6 keV/decay,
photon 1.72 keV/decay) and "'°Sb (t12=38.19 h, LEE 25.8 keV/decay, photon 23.3

keV/decay), in order of lowest size at which AEF reaches 0.5.
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Figure 1-7 The fraction of absorbed radiation dose (absorbed energy fraction, AEF) in various tumor sizes of several
radionuclides that may be relevant to RPT. AEF was simulated by uniformly distributing radionuclides within a solid
sphere of water with unit density (1 g/cm®) in Geant4. The variation between runs was less than 10% (>500k trials per
run). The low AEF from "9™Pt can be attributed to the different decay characteristics between Geant4 and ICRP107
[83] (see Figure 1-8). The simulation utilized the G4EmLivermorePhysics physics package with the electron cut-off
energy at 10 eV, fluo, auger and augerCascade turned on and pixe turned off. These results are in relatively good
agreement (within ~15%) between analytical methods from MIRDCell [78] and other published results using Monte
Carlo methods [81].

The energetic contribution of each major transformation from these radionuclides is
shown in Figure 1-8, where it is apparent that %™Co, '8™Os and '®™Rh can achieve
AEF>0.9 before 225Ac and 2"'At due to their low photon contribution. Unlike '8°™Os and

103mRh, 58mCo can be produced from low energy cyclotrons, effectively separated from
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the target material and stabilized by chelators commonly used in radiopharmaceuticals
such as NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) [84]. Thus, %™Co has been one of the
most suggested candidates for LEE RPT applications [64,65,76] though it has only been

sparsely produced for RPT applications within the last decade [84—88].
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Figure 1-8 Total energy contribution per decay from each transformation of selected LEE-emitting radionuclides.
Nuclear decay data taken from ICRP 107 [83] are presented in black bars whereas nuclear data determined from
Geant4 simulations are presented in gray bars. The decay characteristics suggest that ’'Ge and ""°Sb should barely
achieve AEF=0.5 for microdosimetry applications, which corroborates results from Geant4 simulations. There is a
clear discrepancy between ICRP107 and Geant4 for 9°"Pt, whereas the decay characteristics match well for other
LEE-emitters. The total decay energy between ICRP107 and Geant4 for all radionuclides was within <4%.
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To better elucidate the behavior of 3™Co for RPT applications, Figure 1-9 compares
microdosimetry values for various radionuclides relative to %™Co. The cellular S-value
(Sx~) refers to the proportionality constant that determines the amount of dose
deposited in region X from source region Y per time-integrated activity (thus, Sx—v has
units of [Gy]/[Bg-s]). The 100 um sphere reference used for off-target radiation dose
matches the maximum range in water for a-particles emitted by clinically relevant
radionuclides (4-10 MeV) [51], and can be relevant for assessing radionuclides for
treating circulating tumor cell clusters. Although cellular S-values are greater for alpha
emitters in general, the relative increase in off-target dose is >35x the improvement in
S-values. In addition to the practical benefits of %¥mCo discussed previously, these
microdosimetry comparisons also indicate that 5¥™Co is a promising candidate for LEE

RPT applications.
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Figure 1-9 (Micro)dosimetry values for several radionuclides relative to %8™Co (>1 implies the radionuclide is better
than %8mCo, except for excess energy). All S-values refer to self-dose, where B—A implies A is the source of the
radionuclide and B is the target of interest. C: cell, Cs: cell surface, N: cell nucleus and Cy: cytoplasm. Cellular S-
values were computed using MIRDCell software [78] (cell radius 8 um, cell nucleus radius 5 um), with nuclear decay
data from ICRP107 [83] if unavailable in the software. The total alpha decay energy for ??°Ac and ?"'At from MIRDCell
was 27.7 MeV and 6.78 MeV (Geant4 simulation used 29.6 MeV and 6.96 MeV), respectively. All daughters for 22Ac
and 2" At were included. Excess energy refers to the average residual energy per decay not absorbed by a 100 um
radius sphere of water, assuming uniform distribution. Excess energy calculations for ??*Ac and 2"'At were normalized
to decay energies used in MIRDCell for consistency.

Despite not being directly associated with the decay characteristics of LEE-emitters,
another practical consideration is the possibility for tracking the radiopharmaceutical
agent in vivo. In vivo assessments allow researchers and clinicians to assess the
dosimetry of the compound and can also be useful for predicting patient outcomes
without compromising patient quality of life. As previously alluded to, theranostic
applications using different radioisotopes of the same element enables the most
accurate derivation of dosimetry [37]. Fortunately, ®™Co has the diagnostic congener
%5Co (t12=17.5 h, 1g+=77 %, <Ep+>=569 keV; |y=75 %, Ey=931.1 keV), a positron emitter

useful for non-invasive positron emission tomography (PET) imaging, which can also be
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produced from low energy cyclotrons. Independent of 8™Co applications, 5°Co has also
piqued the community’s interest in Co radiopharmaceuticals owing to their unique
chemistry [89] and improved tumor uptake compared to other radionuclides [90,91].
Furthermore, the production pathways for °*Co can avert long-lived radionuclides to
simplify radioactive waste management. Figure 1-10 illustrates the major production
pathways for 5°Co and %8™Co using low energy accelerators (<30 MeV), where target
isotopes may be 58Ni/>*Fe and 5°Mn/%"Fe/*8Fe/'Ni, respectively, depending on the type
of particles being accelerated. Explicitly, p, d, n and a refer to proton ('H), deuteron (°H),
neutron ('n) and alpha particle (*He), respectively. Although °Ni(d,a)%®™Co is not
practical at <30 MeV in comparison to the other reaction pathways (less yield than
6Ni(p,a)%®™Co), this route becomes viable for deuteron energies >35 MeV. Aside from
55Mn, the only stable isotope of manganese, each of these target isotopes should be
enriched to achieve high radionuclidic and radioisotopic purity and increase radionuclide
yield. The cost of most enriched isotopes has increased due to recent political
circumstances that limit their availability, but all enriched target isotopes for **Co and
58mCo production can be recycled with high recovery [87,92-94]. Additionally, the energy
of the bombarding particle may modulate radionuclidic purity and yield. Although the
radionuclidic purity can increase from radioactive decay if the desired radionuclide has a
longer half-life than co-produced radio-contaminants, most radio-Co contaminants are

long lived.
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Figure 1-10 Relevant target isotopes for producing %Co and %6mCo demonstrated on a chart of the nuclide format. N
refers to the neutron number and Z refers to the proton number. The reaction pathway is listed under the stable
isotope of interest, where arrows point from the target to the product. Different incident particles are denoted by

different line styles (proton: dotted, deuteron: dashed, alpha: solid). Only the most intense transitions are listed, and

B* decay implies electron capture (EC) may be possible as well. B~ and B* energies are in MeV, whereas y energies

are in keV. Decay data were retrieved from NuDat 3.0 [95].

Each nuclear reaction pathway has its own associated threshold energy, with most
having a sharp increase in nuclear cross section after exceeding this limit. The nuclear
cross section is a measure of the probability that a nuclear reaction will proceed
(typically measured as barn or mbarn, where 1 barn=10-2* cm? and would be considered
highly probable), and the nuclear cross section as a function of energy is known as the
excitation function (see Appendix A for a brief discussion on calculating nuclear cross
sections). Consequently, the number of available nuclear reactions inevitably increases
with increase in energy, and additional pathways will compete against reactions with
lower threshold energy. The radionuclide yield [96] can be calculated by integrating the

excitation function, where the target thickness will determine the end point of the
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integration limit. Figure 1-11 through Figure 1-13 show semi-empirical excitation
functions from TENDL-2023 [97] that are relevant for °*Co and 58™Co production. The 30
MeV upper limit for Figure 1-11 through Figure 1-13 was chosen to be inclusive for most
accelerators used in clinical radionuclide production facilities. Since TENDL-2023
excitation functions for these reactions are in fair agreement with experimentally
determined cross sections, experimental cross sections were not included to aid
visualization. Although the most optimal case would be to only produce the desired
radionuclide, it is often not possible to preclude the formation of other radionuclides due
to overlapping excitation functions. Other co-produced radionuclides should be
separated from the desired radionuclide(s) to prevent confounding results in evaluating
experimental data. Also, producing radionuclides with longer half-lives often requires
additional regulatory oversight (e.g., half-lives <65-100 days may be considered “very
short-lived waste” and do not require additional licensing [98]). Fortunately, Mn, Fe and
Ni may be chemically separated from Co to achieve high radionuclidic purity so
radioisotopic purity is generally the limiting factor [92,99-101]. The %Ni(p,x) pathway
(Figure 1-11, left) shows that 5°Co can only be produced with high radioisotopic purity at
<12 MeV, whereas %°Co can be produced with high radioisotopic purity via %*Fe(d,x)
(Figure 1-11, right) for the entire energy range (excluding ®*Co and %3Co since their half-
lives are <0.3 ms and %Co since the cross sections only span 104-10"" mbarn in this
energy range). Moreover, the cross sections for ®*Fe(d,n)*®Co is about an order of
magnitude larger than 58Ni(p,a)®*Co which will result in more 5°Co being produced in
addition to the wider energy range available. With regards to availability, both *Fe and

58Ni can be purified to >99% [92,93] and can be acquired for ~$5/mg and ~$1/mg,
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respectively, in their metallic form. The price of 5*Fe relative to 8Ni may seem large but
recycling efficiencies are typically >95% which makes the effective operational cost
<$0.25/mg. For example, a 1 cm diameter target with 600 mg of >*Fe can fully degrade
30 MeV deuterons (Figure 1-14A) and would only lose $150 of target material per
production which pales in comparison with the operating costs of personnel and particle
accelerator. Thus, if deuteron accelerators are available, 5*Fe is an optimal target
isotope for 5°Co production since %*Fe(d,n)**Co can achieve high radioisotopic purity

and substantially greater yield without being economically limited.

58Ni(p,x) products %*Fe(d,x) products

-t
o
N

Cross section (mbarn)
—t —t
Oo O_‘

5 10 15 20 25 30 0 5 10 15 20 25 30
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Figure 1-11 Excitation functions of several nuclear reactions relevant for °°Co production using data from TENDL-
2023 [97].

On the other hand, all ®™Co production pathways (Figure 1-12) will co-produce %89Co
(t12=70.86 d, 1g+=14.9 %, Eave, +=201.1 keV; 1y=99.45 %, E,=810.76 keV) in addition to
%8mCo decay. The daughter and co-produced %%9Co was ignored for (micro)dosimetry
applications because the impact of 389Co can be significantly reduced by modulating the
biological half-life. Since 89Co is a positron emitter, 89Co can also be used to
corroborate dosimetry derived from 55Co and to potentially track in vivo 58™Co decay

daughters. Practically, due to PET imaging counting statistics, this would require
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targeting vectors with high uptake in tissues. Unless otherwise noted, samples with
higher 58mCo activity compared to %89Co are referred to as %™Co for simplicity. From
Figure 1-12, 8'Ni(p,a)%®™Co, 5’Fe(d,n)*®™Co and **Mn(a,n)*®™Co can attain higher
radioisotopic purity relative to %8Fe(p,n)*®™Co due to lower angular momentum transfer
of (p,n) reactions. Each of the %™Co production pathways is further limited by either the
availability of the target isotope (°8Fe, 6'Ni), availability of accelerator (a-beam), or
radioisotopic purity (°’Fe(d,2n)%’Co). Interestingly, despite experimental cross section
data for %™Co and %89Co [102] agreeing well with calculated results presented in Figure
1-12, a significantly different 589Co/%8m*9Co was reported for 58Fe(p,n)*®™Co at 10.1 MeV

after 1 h of irradiation (expected >1.1% 589Co/%8m*9Co, reported 0.85+0.04% 589Co) [94].
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Figure 1-12 Excitation functions of several nuclear reactions relevant for %8™Co production using data from TENDL-
2023 [97].

Although 8'Ni(p,x), *8Fe(p,x) and *8Fe(d,x) can potentially avoid %"Co (°'Co, t12=271.74

d, 1y,=85.60%, Ey=122.06 keV), isotopically pure *8Fe and ¢'Ni are difficult to acquire,
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and will cost >$100/mg even if they are available for purchase. Similarly, despite the low
cost of ®*Mn and the possibility for °>Mn(a,x) precluding °’Co formation, there are
currently few a-particle accelerators across the world for isotope production and beam

time is often occupied by (pre)clinical production of 2''At or other radionuclides.

For preclinical evaluations, this leaves *’Fe as the most practical target material for
%8mCo, though *8Fe will eventually be necessary to produce clinically relevant quantities.
Compared to the other options, *'Fe is ~$10/mg, and deuteron accelerators are much
more prevalent than a-particle accelerators. However, °’Fe(d,x) produces the
contaminant %’Co via %’Fe(d,2n)*’Co above 4 MeV, which will require additional
coordination for shielding long-lived radioactive biohazard waste. The amount of co-
produced °’Co should not alter the dosimetry of *®™Co RPT agents unless the targeting
vector remains in the body for extended periods of time (>months). The University of
Wisconsin-Madison Cyclotron Research Group has historically adopted °’Fe(d,n)*®™Co

for preclinical evaluations of ®™Co given the lack of 6'Ni and “8Fe.

Cobalt-55 production using isotopically enriched %*Fe targets will need to consider *Fe
contamination due to large °Fe(d,n)®’Co cross sections even at low energies.
Fortunately, >*Fe and %6Fe differ by two mass units which enables separations with
higher resolution. Since producing %8™Co via %’Fe(d,n)*®™Co will lead to *’Fe(d,2n)*’Co
in much greater quantities compared to *Fe(d,n)%"Co (assuming >90% %’Fe
enrichment), 56Fe impurity only reduces %8™Co yield. As shown in Figure 1-12 (center left
and right), 8Fe(d,2n)**™Co is more favorable than >"Fe(d,n)*®™Co so *®Fe

‘contamination’ will increase yield and improve the radioisotopic purity of *™Co. Table
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1-2 summarizes the information regarding nuclear reaction pathways for producing *°Co

and/or %8MCo.

Table 1-2 Summary of the nuclear reactions relevant for producing %°Co and %8mCo. Feasibility and availability were
classified according to the availability of target material and the bombarding particle type. Except for 6*Ni(p,a)¢™Co,
which assumed 14 MeV protons, radionuclide yield determination assumed incident energies of 11, 8.2 and 13 MeV
for protons, deuterons, and alphas, respectively, and thick targets. Calculated physical thick target yield values are
shown in Figure 1-14B. The colon notation refers to the proportion of %6mCo:589Co produced. For example, “1:2” refers
to 1 and 2 nuclei of %8™Co and %%9Co produced, respectively (not activity). The bolded and underlined nuclear
reactions are deemed the most practical for preclinical research based on the discussions in the text.

Nuclear reaction Target Radionuclide yield Likely
price contaminants
($USD)
%8Ni(p,a)°°Co ~$1/mg Very low None <11 MeV
54Fe(d,n)%Co ~$5/mg Moderate 5254Mn, 5°Fe
6'Ni(p,a)%®™Co ~$100/mg Low 61Cu, no %’Co <14
MeV,
1:1 %8Co
%8Fe(p,n)®mCo >$100/mg  Very high None <11 MeV,
1:2 %89Co
57Fe(d,n)%®*mCo ~$10/mg  Moderate 54Mn, %Co,
1:1 %89Co
%8Fe(d,2n)%®mCo >$100/mg  Moderate, very high >10 MeV %Mn, %°Fe, no
57Co <14 MeV,
3:2%89Co
%5Mn(a,n)%®mCo <1$/mg Low None <13 MeV,
(RARE a) 3:2 589Co
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Figure 1-13 Excitation functions of several nuclear reactions from the most likely contaminating isotopes for °Co
and/or ®™Co production using data from TENDL-2023 [97].
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Figure 1-14 A) Range of different particles in target isotopes for °Co and/or %8™Co production. Incident protons (p)
are displayed in dotted lines, deuterons (d) in dashed lines and alphas (a) in solid lines. The range of particles in
matter was calculated using SRIM software [48]. B) The physical thick target (TT) yield of %°Co and %6"Co in MBq/uAh
from several nuclear reaction pathways using cross section data from TENDL-2023 and stopping power and range
from SRIM.

Despite the promising characteristics of ®®mCo for LEE RPT, there has been scant

literature available regarding in vitro and in vivo biological applications of 8™Co

[86,88,103]. One of the first studies utilizing %*™Co with an internalizing probe targeting

the type 2 somatostatin receptor ([>*™Co]Co-DOTA-TATE) demonstrated improved in

vitro cytotoxicity per cumulative decay compared to "'In and '"’Lu using the same

targeting vector [86]. Cellular dosimetry calculations from Figure 1-9 and [77,94] have

predicted improved dose deposition from 58™Co to the target cell compared to

radionuclides that emit higher energy electrons, but such dosimetric considerations

have not been validated until published results from [86]. Despite the promising results

from [86], there have been no published results of in vivo applications of [?*™Co]Co-

DOTA-TATE. From another study evaluating the feasibility of producing sufficient 3mCo

for immuno-RPT applications, ®®™Co was conjugated to an anti-CD105 antibody

([°®mCo]Co-NOTA-TRC105), targeting vasculature associated with the tumor

microenvironment, and administered in vivo using a murine xenograft model [103].
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Although the authors demonstrated that it is feasible to produce %™Co in sufficient
quantities for preclinical evaluations, the high circulation time of [3¥"Co]Co-NOTA-
TRC105 and lack of internalization likely led to the lack of therapeutic response
observed in the study even after administering a total of 300 MBq (8 mCi) [®®*™Co]Co-
NOTA-TRC105 per mouse. More recently, the group from [86] published an in vivo
therapy study that treated murine xenograft models with 8mCo [88]. The *%™Co
radiopharmaceutical targeting prostate cancer ([3¥"Co]Co-DO3A-PSMA-617) was not as
highly internalizing as in [86] and did not have as high tumor uptake but had increased
intracellular uptake in the nucleus. The results from [88] demonstrated a dose-
dependent in vitro cytotoxic effect from [3¥™Co]Co-DO3A-PSMA-617 and had low in vitro
toxicity to control cells with low target expression. Furthermore, in vivo therapy results
demonstrated increased median survival with one mouse having complete response
following two doses of 144 MBq (3.9 mCi) [*®*™Co]Co-DO3A-PSMA-617 (7 days apart).
These nascent results, though preliminary, suggest 8™Co may be viable as a
therapeutic radionuclide, and more research is warranted. Thus, this dissertation aims
to elucidate various radiochemical and radiopharmaceutical applications of 55%8mCo

given the sparse literature available.

Developing novel radionuclides into useful RPT agents requires high chemical,
radiochemical and radionuclidic purity to enable adoption and application. In addition to
avoiding adverse biological effects, cancer cell receptor saturation can also be mitigated
by improving AMA of the radiolabeled compounds. The maximum dose to tumor from a
single administration of activity is proportional to the energy released per unit activity,

AMA, receptor density and cell density of the tumor, and is independent of the mass of
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the tumor if the receptor density and cell density do not change with tumor growth or
death. For example, assuming a cell density of 10° cells/cm?® (upper bound [104]) and
105 receptors/cell, this results in 10'* receptors/cm3. Using Avogadro’s number and
assuming the tumor has a density of 1 g/cm?, the maximum tumor uptake would be 0.17
nmol/g. Assuming an acceptable AMA of 37 MBg/nmol, this implies a maximum of 6.3
MBg/g can be delivered to the tumor in a single dose. For 58™Co (decay energy of 0.19
mJ/MBQq), this would deliver at most 1.2 Gy to the tumor in a single dose, which is far
less than the typical 15-20 Gy prescription doses. Consequently, it is imperative to
achieve the largest AMA to maximize the therapeutic potential for low-energy, short half-
life LEE emitters like 58mCo. Existing methods [92,94] to separate cyclotron produced
55/58mCo from iron targets require lengthy processes and/or long irradiation times, which
lead to decreased activities and radioisotopic purities due to the short half-life of 8mCo.
Also, because of the retention of iron target material on anion exchange resin during the
separation procedure, the current methods require large solution volumes and more
resin material to maintain similar separation factors when scaling up the mass of the
iron targets. Chapter 2 exploits the differences in chloride speciation between Co and
Fe to expediate the Fe recovery process by using cation exchange chromatography and
couples it to extraction chromatography to further improve the sample purity. The cation
exchange-extraction chromatography procedure can reduce the overall separation time,
maintain high Fe and Co recovery, and improve AMA for NOTA and DOTA compared to
previously published methods, thereby facilitating 5°°8™Co development for RPT

applications.
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Although Co can form stable complexes in vivo with several clinically relevant chelators,
there is little to no literature for complexing nanomolar Co with the sarcophagine (Sar)
construct. This is unfortunate as macroscopic Co-sarcophagine complexes exhibit high
kinetic inertness under various stringent conditions [105,106] and have interesting
biological behavior [107]. To fill this gap, Chapter 3 explores n.c.a. ®°Co radiolabeling to
DiAmSar (DSar) and evaluates the stability of the radiolabeled compound by incubating
against human serum and ethylenediaminetetraacetic acid (EDTA) solution. Following
this, >°Co-radiolabeled Sar compounds are administered in vivo in mice to assess the
tumor-targeting potential of Co-Sar radiopharmaceuticals. The results of these
preliminary studies demonstrate that Co-Sar radiopharmaceuticals are promising and
may hold pharmacokinetic advantages over Cu-Sar radiopharmaceuticals, though

systematic studies are needed to ascertain these findings.

Since Co may exist as Co(ll) or Co(lll) in aqueous media with appropriate stabilizing
agents, resulting cobalt-chelate complexes may be prone to oxidation. The oxidation
state of the radionuclide can considerably alter the biodistribution [108,109], though this
behavior has not been explored with radio-Co. In contrast to Co-Sar complexes that
spontaneously oxidize upon exposure to air due to their low reduction potential [110],
Co-NO2A and -NOTA have higher reduction potential [111,112] which may lead to
multiple chemical species after complexation. Chapter 4 explores the oxidation state of
various Co-NOXxA complexes at nanomolar concentration by using **Co. The impact of
pH, temperature, time, Co concentration and reducing/oxidizing agents on oxidation
kinetics are also investigated. NO2A-PSMA-617, NOTA-PSMA-617 and DO3A-PSMA-

617 were then radiolabeled with >*Co and administered in mice to evaluate potential
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differences in the biodistribution profile. Despite previous studies comparing different
chelators with ®°Co, [*°C0]Co-NO2A and -NOTA were assumed to stabilize Co(ll) even

after complexation [113,114]; results from Chapter 4 suggests otherwise.

With examples in the preceding chapters on production, separation, chelation and
oxidation chemistry, Chapter 5 applies 3%%8™Co for theranostic RPT targeting the type 1
neurotensin receptor (NTSR1). The type 1 neurotensin receptor (NTSR1) is expressed
by a variety of cancers including breast, pancreatic, prostate, colon and non-small cell
lung cancers [115], and the ligand-receptor complex has been shown to internalize
close to the cell nucleus [116,117]. Endogenous neurotensin (NTS) has sub-nanomolar
affinity for NTSR1 [118] which enables NTS to be used in trace quantities commonly
employed in nuclear medicine applications. Due to the rapid degradation of endogenous
neurotensin in vivo, several modifications have been investigated to enhance the
metabolic stability [115,119-122]. For example, NO2A-NT-20.3 is an agonistic ligand for
NTSR1, where NT-20.3 refers to neurotensin (6-13) with N-methylation at Arg(8), Tle
substitution for lle(12) and conjugation to NO2A chelator at Lys (6), which has improved
in vivo metabolic stability [115]. Although there exists better targeting vectors than NT-
20.3 for NTSR1, other NTSR1 agonists potentially require specialized techniques to
synthesize [122]. Alternatively, NTSR1 antagonists have improved metabolic stability
over currently available NTSR1 agonists [123]. The enhanced pharmacokinetics have
led to better treatment outcomes in mice [124] with some success in treating metastatic
pancreatic adenocarcinoma [125]. NTSR1 antagonists, such as SR142948A, have
greater tumor uptake in vivo but internalization rates and subcellular localization of

internalized NTSR1 antagonists remain unclear. If NTSR1 antagonists do not
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accumulate in radiation-sensitive compartments of the cell and/or if the internalization
rate is too low, then they may not lead to enhanced therapeutic efficacy for LEE-emitting
radionuclides. Nevertheless, improvements in tumor uptake due to increased metabolic
stability in vivo may enhance anti-tumoral effects. Thus, both NTSR1 agonist and
antagonist are investigated for %%¥mCo RPT to provide additional information for the
nuclear medicine community. In vitro results suggest that the better internalizing NTSR1
agonist radiolabeled with ™Co is more cytotoxic than its NTSR1 antagonist
counterpart, but neither compound demonstrated meaningful therapeutic outcomes in

vivo likely due to low tumor uptake.
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Chapter 2. Separation of cyclotron-produced cobalt-55/58m
from iron targets using cation exchange chromatography

with non-aqueous solvents and extraction chromatography

Disclaimer: this chapter was published in Applied Radiation and Isotopes in
collaboration with the Cyclotron research group at the University of Wisconsin-Madison.
All collaborators participated in editing the manuscript in some way, shape or form.

Existing methods to separate cyclotron-produced %%58™Co from isotopically enriched Fe
targets use anion exchange chromatography to retain the bulk Fe [87,92,94] but
because resin mass must be scaled proportionally with Fe to prevent overcapacity,
these methods require larger elution volumes due to increased resin volume. Although
Thisgaard et al. [87] completed the anion exchange separation process in 35 min, they
only irradiated 7.0 mg/cm? Fe (about 5.5 mg for a 1 cm diameter target) and did not
consider Mn contaminants since they did not observe Mn radionuclides. In contrast,
Valdovinos et al. [92] completed the anion exchange separation process in 2 h using
larger targets (>20 mg). For both methods, the large elution volume (~8-10 mL)
significantly increased the total separation time due to evaporation and further

processing.

Separating Co—Fe through anion exchange is possible due to the differences in anionic
Fe (lll) chloride speciation over Co (ll) under different chemical environments [126,127].
Cation exchange systems can also exploit this difference in chloride speciation, where
non-aqueous media, especially acetone, can further separate Co and Fe species
[99,100,128]. In contrast to anion exchange methods, Co is retained on the cation

exchange resin and Fe remains in the solution. The trace quantities of 3/%™Co
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produced for most applications (37 GBq of ®*Co and %8™Co is equivalent to 308 and 168
ng, respectively, assuming no prior contamination of Co) avoids resin overcapacity,
which can significantly reduce resin mass and elution volume. Reducing the elution
volume will facilitate further processing to improve radiochemical and radionuclidic
purities. Thus, the purpose of this chapter is to present an alternative separation
procedure using cation exchange chromatography and extraction chromatography that
can achieve high radionuclidic and radiochemical purities, low product volume, and

reduce processing time for cyclotron-produced %%/58mCo from %#57Fe targets.

2.1 Materials and methods

2.1.1 AG® 50W-X8 and branched-DGA resin Ka measurements

Aqueous solutions were made from >18 MQ-cm DI H20 (Milli-Q® Ultrapure Water) and
concentrated HCI (Fisher Chemical, Optima grade). All subsequent references to DI
H20 are >18 MQ-cm H20. AG® 50W-X8 (100-200 mesh, Bio-Rad Laboratories) and
N,N,N’,N’-tetra-2-ethylhexyldiglycolamide (branched-DGA, Eichrom Technologies) resin
were purchased from commercial vendors and used without further modification and
purification. Batch resin experiments were performed in triplicate using sealed 1.5 mL
micro centrifuge tubes (VWR International, LLC). AG® 50W-X8 (2044 mg) and
branched-DGA (85+10 mg) were equilibrated with 3 mL of each respective HCI/HCI-

acetone concentration prior to sample contact.

For example, if the sample was in a matrix of 8 M HCI for the batch resin experiment,
the equilibration procedure consisted of first wetting the dry resin (weighed in the 1.5 mL
vial) with 1 mL of 8 M HCI. Then, the vial was vortexed for 5 seconds to agitate the resin

and allowed to sit for ~5 min to let the resin settle and equilibrate. This process was



37

repeated once more prior to removing the supernatant. The entire process of wetting,
agitating, and removing the solution from the resin was repeated twice. Care should be
taken to ensure that minimal resin material is removed, and the resin should be as dry
as possible (<50 L) to reduce errors in computing Kq (depends on resin mass and
volume). This can be achieved by using a pipette with a small tip diameter or filter.
Tilting the vial horizontally and/or centrifuging the vial can also help remove excess

liquid.

HCl-acetone solutions are reported as total concentration of HCI in the solution and
%v/v of acetone (Spectrum Chemical, 99.98%). For reference, 0.25 M HCI/85% acetone
refers to 2.5 mmol HCI and 8.5 mL acetone in 10 mL total volume. Samples were
agitated at room temperature (~25°C) using an Eppendorf ThermoMixer®. Different
timepoints verified equilibrium for AG® 50W-X8 (2, 18, 47 h) and branched-DGA (0.5, 1
h). Samples for AG® 50W-X8 batch resin experiments were prepared using 350 ppm
CoClz, 100 ppm CuClz, 100 ppm FeCls and 350 ppm MnClz (Sigma-Aldrich for all salts,
>99.99%) in 1 mL of solution. To simplify the dilution process, the resulting metal
concentrations were obtained by first combining stocks of each metal in dilute HCI at
much higher concentration (~50 g/L) then aliquoting into each respective solution matrix
(<1 % added volume). Samples for branched-DGA batch resin experiments were
prepared using 100 ppm FeCls and various activities of [(*Cu]CuClz, [*®*Co]CoCl2 and
[®Mn]MnClz in 1 mL of solution. [#*Cu]CuCl2[129] and [®?Mn]MnCl2 [130] were produced
and separated using previously published methods (trace metals from each aliquot of

radioactive samples were <1 ppm). The chosen concentration of stable metals for these
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experiments were based on a compromise between increasing the detected signal and

remaining below ~10% resin capacity.

2.1.2 AG® 50W-X8 dynamic elution experiment

The same resin masses (200 mg AG® 50W-X8 and 85 mg branched-DGA) used in
batch resin experiments were packed into empty fritted 1 mL SPE cartridges (Triskem
International) and conditioned with 3 mL of loading solution (e.g., 0.3 M HCI/80%
acetone) for dynamic elution experiments. All elution experiments used nominal flows of
1 mL/min (based on time taken to pump ~25 mL water). Prior to using isotopically
enriched Fe targets, an AG® 50W-X8 column was vertically loaded from the top with 10
mL of 5 g/L FeClz and various activities of [(*Cu]CuClz, [>°Co]CoCl2 and [*?Mn]MnCl: at
0.3 M HCI/80% acetone and rinsed with 15 mL 0.3 M HCI/80% acetone then eluted with
1.5 mL 8 M HCI. Although Kq values can predict the elution profile during separation, it is
considered good practice to perform dynamic elution experiments using natural material
so that unexpected occurrences can be addressed without losing costly isotopically

enriched material.

2.1.3 Iron-54/57 target preparation

Iron-54 (99.7% %*Fe, 0.28% *°Fe, 0.01% °’Fe, 0.01% 8Fe, ISOFLEX) and °’Fe (0.6%
%Fe, 96.1% °’Fe, 3.3% °®Fe, ISOFLEX) targets (9 mm diameter) were prepared by
electrodeposition using saturated ammonium oxalate (Thermo Scientific) electrolyte
(platinized titanium mesh anode, silver cathode). The electrolyte was buffered using
saturated oxalic acid (Sigma-Aldrich)/HCI and/or ammonium hydroxide (Alfa Aesar) to
pH 2-7 (adapted from [131,132]). Targets were electrodeposited by applying 3.8-4.3 V

across the cell with initial current density 160 mA/cm? (see Appendix Figure D-3). The
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pH was adjusted periodically as the electrolyte depletes (checked ~1-2 h, more
important in the latter parts of plating). Figure 2-1 shows a sample electroplated Fe
target. Iron-54/57 targets were dissolved using 8 M HCI and 30% H20:2 (Sigma-Aldrich,
Optima grade) at ~80°C. Since the amount of HCI| and H202 used for dissolution varies

depending on the amount of Fe, the exact quantities are elaborated in the discussion.

Figure 2-1 Electrodeposited ®*Fe target (9 mm diameter) on silver backing (19 mm diameter).

2.1.4 Cobalt-55/58m production from iron-54/57 and radiosynthesis

Deuteron irradiated (~35 pA, 8.2 MeV) %*Fe (21-50 mg) and ’Fe (60 mg) targets were
processed using the same procedure (see Figure 2-3A. The radiochemistry module is
shown in Appendix Figure D-4). Namely, after dissolution, loading and rinsing, the 8 M
HCI eluate from AG® 50W-X8 was then vertically loaded from the top onto branched-
DGA resin and rinsed with 5 mL 8 M HCI. Co was eluted using 4 M HCI, and 1 mL of the
most activity concentrated fractions were dried down under light argon flow at 95°C (20-
30 min, see Appendix Figure D-5) then reconstituted in 0.1 M HCI for radiolabeling with
NOTA and DOTA. AMA for NOTA (1 h, 20°C) and DOTA (1 h, 85°C) were determined by
titrating 3.7 MBq of >°Co with each respective chelator (150 pL final volume), buffered
with 0.5 M sodium acetate (Sigma-Aldrich) to pH 4.5. Samples were analyzed using
radio-thin layer chromatography (silica gel 60 F2s4; 50 mM EDTA mobile phase,

Appendix Figure D-6). The ligand concentration in each sample for AMA measurements
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ranged from ~20 nM to ~20 uM (10 ng/mL to 10 ug/mL) for both NOTA and DOTA.
Radio-sensitive phosphor screens were exposed to developed plates which were then
read out with Cyclone Plus (PerkinElmer, see Appendix Figure D-7) and digitally
processed using OptiQuant software. AMAs reported in this work correspond to
unweighted arithmetic means and uncertainties correspond to one standard deviation
about the mean (meantSD). Cobalt-58m was directly radiolabeled to functionalized
NOTA (NO2A-NT-20.3) at pH4.5 using sodium acetate buffer and 2 mg/mL sodium
gentisate (Sigma-Aldrich, >99%) for 1 h at 95°C. Radiochemical purity was evaluated by
radio-high-performance liquid chromatography (HPLC). Cobalt-58m was not titrated with
NOTA/DOTA for AMA evaluations because irradiation parameters focused on providing
activity for separate experiments. The load and first 3 mL rinse from AG® 50W-X8 were
evaporated to less than 0.5 mL and then reconstituted in ammonium oxalate electrolyte

for electrodeposition.

2.1.5 Sample analysis

Microwave-Plasma Atomic Emission Spectrometer (4200 MP-AES, Agilent
Technologies) and Microwave Inductively Coupled Atmospheric Plasma Optical
Emission Spectrometer (MICAP-OES 1000, Radom Corp. [133]) used certified
standards to construct calibration curves. MP-AES/MICAP-OES analyzed the following
metals: Cu (A: 324.754 and 327.396 nm), Co (A: 340.512, 345.350, and 350.228 nm),
Fe (A: 259.940 and 371.993 nm) and Mn (A: 257.610 and 259.372 nm). Samples with
acetone were evaporated fully under light Ar flow and reconstituted in 0.1 M HCI for MP-
AES/MICAP-OES. High-purity germanium detector (HPGe, Canberra GC1519, FWHM

at 1173 keV = 1.8 keV) quantified radioactive samples by gamma spectrometry.
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K, for each element was calculated according to:

e E)l

Where C, is the initial concentration of the element in the sample, C, is the
concentration of the element in the aqueous phase, V is the volume of sample in
milliliter (mL) and M is the dry resin mass in grams (g) [100,134,135]. K, reported in this
work was weighted by the inverse of the variance of each replicate and uncertainties
correspond to standard error of the mean. The separation factor of Co-X is calculated
as the fraction of Co in the sample divided by the fraction of X in the sample (i.e.,
%Co/%X), and radionuclidic and radiochemical purities are given as a percentage of
activity. Unless otherwise stated, uncertainties correspond to one standard deviation
about the mean. Residual ®*™*9Co samples were assayed overnight and the 811 keV
gamma emission was fit via the Bateman equation to quantify 8™Co activities (see

Figure 2-2) [94].

Alternatively, a real-time estimate of the %™Co activity may also be acquired from
measuring the %89Co activity. In this method, the initial activity of °3Co at EOB is
estimated by assaying the sample within 10 min of EOB (note: 1 h of decay would
initially increase %89Co activity by ~3% assuming initial %39Co/%®™Co activity ratio is ~1%).
Based on experience, the activity ratio of 58Co to 58mCo is within 0.8-1.2% for irradiation
times of 0.5-2 h for a 5’Fe target thick to 8 MeV deuterons. Thus, the initial ™Co activity
can be estimated from this first assay, and all subsequent parameters of the Bateman
equation can then be determined as a function of time. In this way, the radiochemical

yield from separation, labeling, and/or purification can be determined by assaying %89Co
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in the sample and comparing to the theoretically expected value from the Bateman
equation (i.e., the expected 589Co activity if the sample is allowed to decay without
manipulation). An example spreadsheet is shown in Appendix Figure D-8. Since the
major source of uncertainty (and error) derives from the initial estimate of the ratio of
583Co to 58mCo, this method is reliable to estimate the 8™Co activity in the sample to
<20% deviation from the fit (much less if the saturation factor is taken into consideration
to estimate the initial 539Co/®™Co activity ratio rather than estimating a constant 1%. To
be conservative in the estimated 38™Co activity, one can also estimate a slightly higher
initial %9Co/%®mCo activity ratio). Finally, the 38™Co activity estimate can be corrected by

performing the Bateman fit as previously discussed.

589C0/8mC0=1.21+0.02% EOB
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Figure 2-2 Residual 8m*9Co sample assayed by HPGe over time at a fixed position with fit corresponding to the
Bateman equation (the half-lives of %8mCo and %89Co were set as 9.1 h and 70.86 d, respectively). This sample was
irradiated for 2 h at 35 uA but over a total period of about 3 h due to interruptions from clinical productions. The
activity ratio of %9Co/%¥mCo was about 1.2% for this sample. Only every second data point is plotted.
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Figure 2-3 A) General separation procedure and (B) elution profile for an irradiated 46 mg 5¢Fe target using AG® 50W-
X8 (200 mg) and branched-DGA (85 mg). Fe was quantified by MICAP-OES and Co and Mn were quantified using
%Co and %’Mn tracers and HPGe spectrometry. The target was dissolved using 700 uL 8 M HCI and 300 uL 30%

H20:.
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Measured K, values from batch resin experiments are comparable with previously
published (interpolated) results using similar resin (Figure 2-4A [100] and Figure 2-4B
[134] for AG® 50W-X8 and branched-DGA, respectively). Although Cu should not be
present, it was investigated because trace quantities will significantly reduce
[35%8mC0]Co-NOTA and -DOTA AMA. The K, upper limit of quantification (3500 mL/g
and 4300 mL/g for AG® 50W-X8 and branched-DGA, respectively) was determined by
assessing the linearity and reproducibility of standards at 10-100 ppb for MP-
AES/MICAP-OES. The K, lower limit of quantification (1.2 mL/g) was determined from
the standard deviation of identical sample measurements on each instrument (MP-
AES/MICAP-OES/HPGe, <10% relative standard deviation). Tabulated values are
presented in Table 2-1 and Table 2-2. Equilibrium for AG® 50W-X8 and branched-DGA
was reached in 2 h and 1 h, respectively. K,; for AG® 50W-X8 at 7 and 8 M HCI for Mn,

Cu, Co, and Fe were <1.2 mL/g.

A) B)
104+ LOQ Max 104+ LOQ Max
-------------------- B Co [T AT Ee T AT Fe
i @ | 3
L 1 . . evn ¥ 10 H Co
! — —
Y _ ¢ Cu <D, ¢ Cu
o = 102 * ¢» 5 10 m
8 _EI ¢ ¢ * Fe E TEI . ! ® Mn
< =~ 107 o= 107
= = : o ©
3 k- - 100+ - 0-- g
10 LOQ Min 0 LOQ Min
1 I 1 1 T 1 1 T
.25M/80% .25M/85% .30M/80% .35M/80% 2 4 6 8
[HCI])/%Acetone [HCI] (M)

Figure 2-4 Measured K4 for A) AG® 50W-X8 and B) TEHDGA resin. The Ka upper and lower limit of quantification are
denoted as LOQ Max and LOQ Min, respectively.
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Table 2-1 AG® 50W-X8 K, for selected elements in various mixtures of HCl-acetone.

0.25M 0.25M 0.30 M 0.35M ™ 8M
85% 80% 80% 80% (mL/g)  (mL/g)
(mL/g) (mL/g) (mL/g) (mL/g)
Cobalt 1.34+0.14 1.73+x0.10 1.09+0.05 646+19 <1.2 <1.2
x108 x108 x108
Copper 391429 86.116.5 55.9+4.1 38.4+0.2 <1.2 <1.2
Iron <1.2 1.8+0.3 1.5+0.2 <1.2 <1.2 <1.2
Manganese 1.2710.11 1.53£0.09 982137 5637 <1.2 <1.2
x103 x108

Table 2-2 Branched-DGA K, for selected elements in various HCI concentration.

2M 3M 4 M 7™ 8M
(mL/g) (mL/qg) (mL/qg) (mL/qg) (mL/qg)
Cobalt 6.4+0.4 1.5+0.1 9.5+0.5 56.5+2.1 69.5+3.6
Copper 13.7+1.3 <1.2 7.3x0.5 20.5+0.9 7.7+0.4
Iron 455432 >4300 >4300 >4300 >4300
Manganese 2.4+0.2 <1.2 <1.2 5.1+0.2 6.5+0.3

2.2.2 Separation of 3558mCo from 5457Fe using AG® 50W-X8 and branched-DGA
The dissolution and AG® 50W-X8 separation process took 30-40 minutes with 97+3%
(N=14) decay-corrected Co yield and Co-Fe separation factor >10°. The branched-DGA
separation process took 15-20 minutes with 93+3% (N=14) decay-corrected Co yield
and Co-Mn separation factor >103. The final °°Co samples (N=6) had radionuclidic
purities of 99.9970+0.0016% °°Co, 0.0015+0.0002% °’Co and 0.0015+0.0012% %2Mn
decay-corrected to end of bombardment (EOB). The %™Co sample had radioisotopic
purities of 98.8% 8MCo, 0.8% °89Co and 0.4% °’Co decay-corrected to EOB. Including
the time needed for evaporation, radiolabeling can be started in 1-1.5 h. A sample
elution profile using a 46 mg %*Fe target is given in Figure 2-3B, and the physical load

and rinse fractions are shown in Figure 2-5. Fe recovery was >98% and 5¥%"Fe target
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recycling efficiency (N=15) was 94+3% after 6-7 h of electrodeposition. Residual Fe in

the electrolyte can be recovered.
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Figure 2-5 Collected load and rinse fractions from the AG® 50W-X8 separation process. 2, 20, 500 and 500 uL were
taken from the load, rinse 1, 2 and 3, respectively, for analysis. The yellow-ish hue from FeCls is not visible by eye in
the second and third rinse fraction.

[®°Co]Co-NOTA and -DOTA AMA (N=6) were 89+48 MBg/nmol and 35+7 MBg/nmol,
respectively, decay-corrected to EOB. %°Co (Figure 2-6A) and %™Co (Figure 2-6B)
physical yields from %*Fe and %’Fe targets, respectively, agree well with theoretically
calculated yields after correcting for target beam intercept (correction factor 0.42). 5¥™Co
was quantitatively labeled at 50 MBg/nmol to NO2A-NT-20.3 (decay-corrected to EOB,;
>99% radiochemical purity, see Figure 2-7). 5Co and %™Co activities used in this work

were 160-290 MBq and 690 MBq at EOB, respectively.
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Figure 2-6 Measured and calculated physical yields for A) %5Co (A) and B) %8mCo. Cross sections were taken from [97]
and stopping power was calculated using SRIM [48]. Not all targets presented in this figure were separated using the
method proposed in this work.
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Figure 2-7 Sample radio-HPLC spectra of [°°CoJCoCl2 (bottom) and %™Co labeled to NO2A-NT-20.3 (top). A
reference HPLC spectrum for Co complexed with NO2A-NT-20.3 is also presented (middle). There is an approximate
0.3 min delay from the UV-Vis detector to the radiation detector.
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2.3 Discussion

In comparison to previously published methods, the proposed cation exchange-
extraction chromatography employed in this work can be 0.5-2 h faster and achieves
one of the highest reported [*°Co]Co-NOTA and -DOTA AMA in literature with just 30
pAh of irradiation (see Table 2-3). NO2A-NT-20.3 was quantitatively labeled with %°Co at
74 MBg/nmol at end of synthesis (0.5 h, 55°C, pH 4.5; 106 MBg/nmol decay-corrected
to EOB) and used for separate experiments, corroborating measured [°°Co]Co-NOTA
AMA. The sample loading condition (approximately 10 mL 0.3 M HCI/80%acetone, see
further discussion in the proceeding paragraphs) was chosen based on evaluated K,
and low Co breakthrough from dynamic elution experiments. Although the ratio of K,
seems slightly more favorable at 0.25 M HCI/85% acetone, lower acetone concentration
enables more flexible dissolution conditions for a fixed loading volume. If the eluted Mn
and Co product from AG® 50W-X8 does not need further processing, the acidity can be
reduced with 7 M ammonium chloride solution instead of 8 M HCI [136]. Eluting Co off
the branched-DGA column with 4 M HCI resulted in better AMA, but more concentrated
fractions may be obtained by eluting at lower HCI concentration. Recent experiments
show that 400 uL 3.5 M HCI could elute >90% Co from the branched-DGA column

without compromising AMA, which substantially reduces the evaporation time.
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Table 2-3 Relevant parameters from different separation methods of cyclotron-produced-58"Co from Fe targets.
Unless otherwise stated, AMA is decay-corrected to EOB.

Iron Dissolution, Q AMA
Method mass  geparation, and
(mg) evaporation time (MAh) (MBg/nmol)
AG®1-X8 and _
branched-DGA 24-79 37h 55Co: 44-120, NOTA: 27118 [92]

58mCo: 90-124 .
(Valdovinos) DOTA: 915 [92]

DOTA-X*: 18-84

Dowex® 1X8 3.2-5.5 1.3t02h 18-108 [86,&%522) 137]
(Thisgaard) DOTA-X: >4
(EOS) [87]
AG® 50W-X8
and bsgl?:hed- 21-60 11015 h 555%%23%362’ I\IJDCC))'I-'I,:;:\'8395¢+478
(This work) o

*The authors used an additional Chromafix 30-PS-HCO3 cartridge. EOS refers to the
end of synthesis.

From analyzing the K, values reported by Strelow et al. [100] and this work, it is evident
that an accurate mixture of HCI and acetone is critical for this proposed method. With
0.05 M HCl variation (from 0.25 to 0.30 M HCI at 80% acetone), the K, for Co differed
by almost a factor of 2, and a 10% difference in acetone (0.2 M HCI at 80% to 90%)
changes the K, by almost a factor of 20 [100]. Thus, the target dissolution process
cannot remain the same for Fe targets with significantly different masses. As a simplified

example, Fe is likely dissolved via oxidation by H* ions after adding HCI:

Fe(s) + 2H* - Fe?* + (aq) + H,(g) (2.2)
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Fe?* can be further oxidized into Fe3* from a variety of different mechanisms such as
autooxidation and through the addition of oxidizing agents like H202 and/or O2[138].
Based on equation (2.2), there is a 2:1 consumption of H*:Fe. Since Ka« measurements
used FeCls in HCl-acetone mixtures, there is then a 3:1 consumption of Cl:Fe for solid
iron targets, potentially resulting in an imbalance of [H*] and [CI] in the dissolved
volume and loading fraction that diverges with larger Fe targets. Both [H*] and [CI] are
important in the cation exchange process due to cationic competition and chemical
speciation, respectively. However, since the oxidation of Fe?* to Fe3* primarily
consumes excess H*, this divergence may be negligible.

In this work, 500 yL 8 M HCI was adequate for 20-25 mg targets but 45-50 mg Fe
targets required 700 yL 8 M HCI to achieve good separation under the same conditions
(300 pL 30% H202, 8 mL acetone, total volume 10 mL in load. This can be unchanged
for 20-60 mg Fe based on experience). Using the simplified model above and assuming
consumption of H* for oxidizing Fe?* to Fe3*, the two loading conditions would
correspond to 0.26 M HCI and 0.28 M HCI for 25 mg and 50 mg targets, respectively.
Interestingly, no significant breakthrough was observed up to 0.35 M HCI for 60 mg Fe.
However, more work is needed to ascertain the utility of this proposed method at >150
mg Fe for scaling up production. With careful consideration of the above, the proposed
method is a promising alternative for separating cyclotron-produced %%58™Co from

54/57Fe targets for preclinical research.

2.4 Conclusion

The proposed separation process for cyclotron-produced 5%°8™Co from 5457Fe targets

can be completed in <1.5 h and recovers >88% Co with [>>Co]Co-NOTA and -DOTA
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AMA 89+48 MBg/nmol and 357 MBq/nmol, respectively, decay-corrected to EOB.
Cobalt-55 NOTA AMA reported in this work are >2x higher than previously published
results after 30 pAh irradiations. Both 5°Co and 58™Co were quantitatively labeled to
functionalized NOTA for in vivo animal studies at 74 MBg/nmol and 37 MBg/nmol end of
synthesis, respectively, validating measured AMA. Given similar Fe target masses and
higher activities during synthesis, ®*™Co AMA should be even better than 5°Co, enabling
a wide variety of in vitro and in vivo applications. Future work will transfer the proposed
method to commercial radiochemistry synthesizers and automate the separation and

radiolabeling processes.
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Chapter 3. Radiolabeling diaminosarcophagine with
cyclotron-produced cobalt-55 and [°°Co]Co-NT-Sarcage as a

proof of concept in a murine xenograft model

Disclaimer: this chapter was published in Bioconjugate Chemistry in collaboration with
Dr. German Oscar Fonseca Cabrera, Dr. Zibo Li and Dr. Zhanhong Wu from the
University of North Carolina at Chapel Hill (UNC) and the Cyclotron research group at
the University of Wisconsin-Madison. UNC synthesized the NT-Sarcage molecule. All
collaborators participated in editing and contributing to the manuscript. Dr. Eszter Boros
kindly provided the LC-MS instrument. Dr. Paul S. Donnelly provided great discussions
regarding cobalt sarcophagine complexes. Justin Jeffery, Ashley Weichmann and Dr.
Zachary Rosenkrans at the University of Wisconsin-Madison Carbone Cancer center
assisted with animal experiments.

Although NOTA and DOTA conjugated radiopharmaceuticals are common,
functionalized sarcophagine (Sar) compounds labeled with ®4Cu (t12 = 12.70 h, Ig+ =
17%) have demonstrated improved in vivo pharmacokinetics, likely due to their high in
vivo stability [108,109,139-144]. These promising results preclinical studies have led to
several clinical trials, most of which employ 6’Cu (t12 = 2.58 d, Eaves-= 141 keV) for
elementally matched theranostic radiopharmaceuticals (NCT04023331, NCT05633160,
NCT04868604). Interestingly, despite Sar synthesis procedures typically beginning with
cobalt-ethylenediamine complexation [89,105,107,145—148], there is no literature
available for radiolabeling n.c.a. Co to uncoordinated Sar complexes. In comparison to
NOTA and DOTA, Co-Sar stability (formation) constants have not been measured due to
their high kinetic inertness [148], which makes Sar and Sar-derivatives interesting as
stabilizers for Co. In fact, Co-Sar complexes even demonstrate stability against
concentrated hydrochloric acid such that additional agents are required to fully degrade
the complexes [105,106]. In addition to studies demonstrating the high in vitro and in

vivo stability of Co-Sar derivatives [89,149] (albeit in large quantities), recent studies
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have also highlighted unique biological applications of Co-Sar derivatives in vitro [107]
that suggest functionalized Sar compounds could potentially be developed into

promising Co radiopharmaceuticals.

This chapter begins with an exploration of the labeling conditions for cyclotron-produced
%5Co with DiAmSar (DSar, a derivative of Sar), followed by in vitro/in vivo stability
evaluation. Cobalt-55 is then radiolabeled to DSar functionalized with SR142948A [150]
(NT-Sarcage, see Figure 3-1, which is a NTSR1 antagonist) to evaluate the stability and
tumor targeting properties in vivo using a mouse xenograft tumor model. The
biodistribution profile of [(*Cu]Cu-NT-Sarcage is also compared to [>>Co]Co-NT-Sarcage
using the same tumor model to assess differences between the two elements given the

current interest in 4Cu-labeled Sar derivatives.

NHOH NHOH NHOH
o - o -
CoCl,- 6H;0 I N7 |
N of _ GoClz- 6H0 N N \ Air oxidation after complexation Ney
—_——
pH range:7-8
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} { } {N CO N} {N CO N}
NH M NH ) NH NH NH

NH NH

DiAmSar NT-Sarcage Co-NT-Sarcage?* Co-NT-Sarcage®*

Chemical Formula: C14HssNg Chemical Formula: C47HgoN110g Chemical Formula: C47HgsCoNyOg Chemical Formula: C47HgsCoN11Og
Exact Mass: 314.29 Exact Mass: 883.54 Exact Mass: 942.48 Exact Mass: 942.48
Molecular Weight: 314.48 Molecular Weight: 884.14 Molecular Weight: 943.07 Molecular Weight: 943.07

Figure 3-1 The chemical structures and relevant information for DiAmSar and NT-Sarcage used in this work. The
pathway to Co-NT-Sarcage®* likely begins with Co-NT-Sarcage?* formation that then interacts with the oxygen content
in the solution to oxidize Co.

3.1 Materials and methods

3.1.1 Cyclotron production and separation of 5°Co and %Cu

Cobalt-55 was produced and separated following methods from Chapter 2. The purified
product was evaporated to dryness and reconstituted in 0.01 M HCI for radiolabeling.
Copper-64 was acquired from weekly productions of 4Cu by the UW-Madison cyclotron

research group [129].
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3.1.2 Radiolabeling

DiAmSar (DSar)
1,8-Diamino-3,6,10,13,16,19-hexaazabicyclo[6,6,6]-eicosane, or DiAmSar (DSar), was

purchased from Macrocyclics and used without further purification to make stock

solutions ranging from 10 yg/mL to 102 ug/mL in DI H20 (same as Chapter 2 for future

reference). Samples for [°°Co]Co-DSar AMA studies were incubated using 1.85 MBq
%5Co and analyzed using radio-thin layer chromatography (Supelco silica gel 60 F2s4; 50
mM EDTA mobile phase) by fitting a sigmoidal curve to determine the 50% binding
point. The AMA is defined as the activity divided by twice the 50% binding point
(MBg/nmol) and values are decay corrected to end of synthesis (EOS). Radiosensitive
phosphor screens were exposed to the radio-TLC plates as described in Chapter 2. An
example developed radio-TLC plate can be seen in Figure 3-2A, where the sigmoidal
fitting is presented in Figure 3-2B. These methods are akin to how [*°Co]Co-NOTA and -
DOTA AMA were determined in Chapter 2. Reactions at pH=4.5 and 5.5 were set using
0.1 M sodium acetate buffer (Mallinckrodt Pharmaceuticals) and reactions at pH=7 and
8 were set using 0.1 M HEPES buffer (DOT Scientific Inc.). Radiolabeling experiments
were performed in duplicate and results are computed by averaging and propagating

uncertainties (1o).
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Figure 3-2 A) Sample radio-TLC plate developed with 50 mM EDTA mobile phase that was used to determine
[?°Co]Co-DSar AMA. Each separate reaction had an increasing concentration of DSar ligand from left to right, where
the leftmost reaction had no DSar addition to serve as the control. [?*CoJCo-DSar is positioned near the baseline
whereas unbound %°Co moves with the solvent front. Radio-TLC plates used for stability analyses are like the above.
B) Sigmoid fit used to determine the 50% binding of [?°Co]Co-DSar. The concentration of the control was set at 0.2
pmol to aid visualization.

NT-Sarcage

NT-Sarcage was synthesized at the University of North Carolina at Chapel Hill
according to methods by Cabrera et al. [144]. Co-NT-Sarcage was synthesized by
adding 1.5x molar excess CoCl2 to NT-Sarcage (pH=8, 0.5 h, 25°C, 100 nmol) and used
for HPLC/liquid chromatography-mass spectrometry (LC-MS) analysis. NT-Sarcage was
radiolabeled with *°Co (pH=8, 2.5 h, 85°C, 2 mg/mL sodium gentisate) at 37 MBg/nmol
and %*Cu (pH=4.5, 0.5 h, 25°C) at 18.5 MBg/nmol. The reason for radiolabeling *°Co at
these conditions was to maximize the AMA since the compound starts to degrade at
80°C regardless of ligand concentration. Radiolabeled compounds were purified by HLB
(30 mgq. Briefly, direct loading via 1 mL syringe, then rinsed with 1 mL 10% ethanol in DI
H20 and eluted using 1 mL ethanol with ~0.1% trifluoroacetic acid, TFA), then dried
under argon before reconstitution in PBS to <10% ethanol. Radioanalytical-HPLC
determined radiochemical purity of labeled compounds by peak area (C18 reverse-

phase 250 x 4.60 mm 5um 100A DIONEX column and the following gradient: 0-2 min
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95% A, 5% B; 2-22 min 95-5% A, 5-95% B; 22-25 min 5% A, 95% B; 25-25.5 min 5-95%

A, 95-5% B; and 95% A, 5% B until 30 min. A=0.1% TFA in H20, B=acetonitrile).

3.1.3 In vitro stability analysis

DSar quantitatively radiolabeled with **Co at pH=7 and 80°C for 1 h (75 pmol DSar,
1.85 MBq %°Co) was aliquoted into pH=7.4 phosphate buffered saline (PBS, Fisher
Scientific), human serum (Jackson ImmunoResearch), and 50 mM EDTA for in vitro
stability analysis. Radiolabeled [*®Co]Co-DSar was diluted 5x using PBS before adding
to human serum in the concentration recommended by the manufacturer. The 50 mM
EDTA reaction was adjusted to pH=7 by adding 0.5 M pH=7 HEPES buffer (final
concentration was 50 mM EDTA. Used ~100 mM EDTA stock at pH ~7 then added ®°Co
and more HEPES buffer). Samples with human serum were incubated at 37°C then
mixed 1:1 with acetonitrile (MeCN, Sigma-Aldrich) and centrifuged to remove excess
protein prior to spotting on TLC plates. An empirical background threshold determined
the 100% baseline for stability studies (e.g., >93% raw signal may be considered as
100% given previous experience). Unless otherwise noted, results are reported as

meanzto, where the uncertainty comes from reading the radio-TLC plates.

3.1.4 Animal models

All animal studies were conducted under a protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee. Female athymic nude mice (5-
6 weeks old) were purchased from Jackson Laboratory. HT29 human colorectal
adenocarcinoma cells (American Type Culture Collection, ATCC) were cultured in
McCoy's 5A medium and Eagle's Minimum Essential Medium, with 10% fetal bovine

serum (FBS) and 1% penicillin-streptomycin (Pen-Strep, Gibco) at 37°C in a 5% COz2
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atmosphere using T75 flasks. Cells were resuspended using 0.25 % TrypsinEDTA
(Gibco) and counted using a hemocytometer (Fisher Scientific) via an optical
microscope (Nikon Diaphot 300). HT29 tumors were established by subcutaneous
injection of approximately 108 cells suspended in 100uL of 1:1 PBS and Matrigel
(Corning) into the right axillary. The xenograft location was chosen to distinguish tumor
uptake from kidneys and bladder. In vivo pharmacokinetics was determined with PET
imaging (Inveon yPET/CT, Siemens), and PET Images were reconstructed using 3D
ordered subset expectation maximization (OSEM) [151], with 80M counts for timepoints
before 4 h and 40M counts thereafter. Mice were anesthetized with 2.5% isoflurane in
oxygen during each scan. Regions of interest (ROI) were created from both CT
contours and thresholding PET uptake values. In vivo experiments were performed
once tumor diameters reached ~5 mm (1 week). Uptake is expressed as the average
percent of decay-corrected injected activity per gram of tissue and abbreviated as
%ID/g. The choice for using %ID/g rather than %IA/g is to correspond better with
literature nomenclature, though %IA/g may be more fitting. Each mouse received either
3.7 MBq of [®°Co]CoCl2 (N=4, in PBS with dilute HEPES buffer to pH~7), 3.7 MBq of
[?°Co]Co-DSar (1 nmol Sar each, N=4), 1.85 MBq of [*®*Co]Co-NT-Sarcage (N=2) or
1.85 MBq of [6*Cu]Cu-NT-Sarcage (N=2) via tail vein injection. PET imaging acquired
pharmacokinetic profiles at 1 and 4 h for [>°Co]Co-DSar and 1, 4, 9, 24 h p.i. for
radiolabeled NT-Sarcage molecules. The mice receiving [**Co]CoCl2 were imaged at 1
and 4 h to compare with [*°Co]Co-DSar and later timepoints to corroborate previously
published results [93]. Ex vivo biodistribution studies were performed immediately after

the last PET imaging timepoint to validate in vivo PET imaging results with recovery
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coefficients (Appendix Figure D-9). Blood, HT29 tumor and all major organs were
collected and weighed. The stomach, small intestines and large intestines were emptied

prior to assaying. Unless otherwise noted, uptake values are reported as mean+SD.

3.2 Results

3.2.1 Radiolabeling and stability of [**Co]Co-DSar

The radiolabeling pH range investigated in this work considered the protonation
constants of DSar [106,152] and was chosen to avoid hydrolysis of °Co. The 50 mM
EDTA mobile phase used in radio-TLC analysis was able to discriminate [*°Co]CoCl
from [>°Co]Co-DSar with high resolution (Figure 3-2A). A general trend demonstrating
improved [*°Co]Co-DSar AMA with increased pH, temperature and time is shown in
Figure 3-3A. The optimal radiolabeling pH was pH8, where [*®Co]Co-DSar AMA at 37°C

and 80°C were 8+2 and 459 MBqg/nmol after 4 h of reaction, respectively.
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Figure 3-3 A) The impact of pH, temperature, and time on [?°Co]Co-DSar AMA. The AMA improves at higher
temperature and pH in the range investigated. Radiolabeling at pH=4.5 and 37°C had an AMA below 0.3 MBg/nmol
even after 4 h, so it is not included. B) Stability of radiolabeled [?°Co]Co-DSar in PBS, human serum, and 50 mM
EDTA was 295% up to 96 h. Error bars of £5% were removed to enhance readability.
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After determining radiolabeling conditions, [*°Co]Co-DSar was incubated with human
serum at 37°C and 50 mM EDTA to assess its stability in vitro at pH7. The [*°Co]Co-
DSar complex was stable (295% intact) up to 96 h even with >5x10* excess of EDTA to
DSar, which corroborates the kinetic inertness and stability of Co-DSar complexes
(Figure 3-3B). The relative uncertainty in the method used to determine stability is about
5%, so the slight deviation from the baseline may be due to random fluctuations, though
there appears to be a systematic trend. Nevertheless, these results demonstrate the
inertness of [*°Co]Co-DSar at nanomolar concentrations. Cobalt-55 was radiolabeled to
NT-Sarcage in sodium gentisate solution with radiochemical purities of 62% and 87%
after labeling and purification, respectively, based on peak areas from analytical radio-
HPLC (Figure 3-4). LC-MS analysis of Co-NT-Sarcage suggests that the complex likely
stabilizes Co®* (Figure 3-5). [**Cu]Cu-NT-Sarcage was quantitatively radiolabeled at half
the AMA of [*°Co]Co-NT-Sarcage and with >95% radiochemical purity after purification.
The residual contaminant at the solvent front after purification is likely due to

degradation during the evaporation process.
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Figure 3-4 HPLC chromatograms of the stock NT-Sarcage ligand and Co-NT-Sarcage analyzed at 254nm. The Co-
NT-Sarcage peak was enhanced for visibility to better assess the retention time. Radio-HPLC chromatograms of
[?°Co]Co-NT-Sarcage and [*Cu]Cu-NT-Sarcage before and after purification are also presented in this figure. There
is a 0.3-0.4 min delay between the UV signal and the radio-signal. The HPLC gradient used 0.1% TFA DI H20 as the
aqueous phase.
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Figure 3-5 MS from LC-MS analysis of the Co-NT-Sarcage complex. The exact mass for Co-NT-Sarcage is 942.54,
resulting in m/z of 314.18 for Co(lll) (detected 314.2). The expected m/z for [M - H?* and [M - 2H]* are 470.77 and
940.54, respectively (detected 470.8 and 940.4). LC-MS was performed by using an Agilent 1100 Series apparatus
with an LC/MSD trap and Daly conversion dynode detector with UV detection at 220 and 254 nm (column:
Phenomenex Luna, C18(2) 150x3 mm). Gradient of A (0.01 % formic acid in water) to 95 % B (0.01 % formic acid in
MeCN), flow rate 0.8 mL min 0-3 min: 5 % B, 3—10 min: 5-95 % B, 10—-13 min: 95 % B, 13—-13.5 min: 95-5 % B,
13.5-16 min: 5 % B.

3.2.2 In vivo pharmacokinetics of [>°Co]Co-DSar and [°*°Co]CoCl2

Mice were administered [°>Co]Co-DSar and imaged at 1 and 4 h post injection (p.i.) to
evaluate the pharmacokinetics of the compound. Another set of mice was administered
[>°Co]CoCl2 for comparison. Maximum intensity projection (MIP) PET/CT images at 1
and 4 h p.i. are in Figure 3-6A and Figure 3-6B for [*°Co]Co-DSar and [*°Co]CoClz,
respectively. Organ uptake values derived from PET ROI quantification are shown in
Figure 3-7 for both [*°Co]Co-DSar and [*°Co]CoCl2. Based on the images and the organ
uptake values, the pharmacokinetics of [°°Co]Co-DSar differ from [*°Co]CoCl2, where
[3°Co]Co-DSar appears to target a broad range of cartilaginous tissue and is removed
from the blood pool at a faster rate compared to [*®*Co]CoCl2. The biodistribution of
[35Co]CoCl2 from this work corroborates previously published results [93]. Tabulated

organ uptake values are provided in Table 3-1 and Table 3-2.
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Figure 3-6 MIP PET/CT images at 1 and 4 h p.i. of (A) [?°Co]Co-DSar and (B) [°°Co]CoClz. Greyscale PET MIP
images are also presented below the PET/CT images.
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Figure 3-7 Organ uptake values in %ID/g at 1 and 4 h p.i. derived from in vivo PET ROI quantification for [%°Co]Co-
DSar and [°°Co]CoCl2. Ex vivo biodistribution at 4 h for [°°Co]Co-DSar is also presented for completeness.

Table 3-1 Tabulated organ uptake values in %ID/g derived from in vivo PET imaging for [?°Co]Co-DSar and
[?°Co]CoCl>.

[%°Co]Co-DSar [?°Co]CoCl2
Organ 1h 4h 1h 4h 24h 48h
Heart 3.1#1.1 04+0.1]| 7.6x0.2 4.1+06 1.5+0.3 1.1+0.2
Liver 2.840.8 1.7+0.4]|13.8x1.6 7.7+1.2 4.7+0.9 3.3x0.5
Kidney 6.8+1.5 4.2+0.8| 9.9+04 6.1£0.6 5.0+0.7 2.2+0.3
Muscle 1.5+0.3 0.3+0.1]| 1.7#0.1 1.1£0.1 0.6+0.3 0.3+0.1
Bone 2.3#0.7 0.3t0.1| 1.9+0.5 1.3+0.2 0.9+0.2 0.5+0.1
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Table 3-2 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution for [?°Co]Co-DSar and

[25Co]CoClo.
55
L2ICo- 1 pscolcoct,
Organ 4h 48h
Blood 0.07£0.01 | 0.39+0.06
Skin 0.43+0.09 1.1£0.1
Muscle  0.07£0.01 | 0.19+0.10
Bone 0.31£0.11 | 0.52+0.25
Heart 0.13+0.04 1.840.2
Lung 0.83+0.72 1.240.1
Liver 1.240.3 3.1£0.5
Kidney 5.5%£1.1 2.410.3
Spleen  0.30+0.06 | 0.43%0.10
Pancreas 0.08+0.04 | 0.87+0.09
Stomach 0.13£0.03 | 0.49+0.07
Intestine  0.14+£0.02 | 0.42+0.07
Tail 0.69+£0.07 | 0.36+0.09
Brain 0.03+0.01 | 0.18+0.10

3.2.3 In vivo pharmacokinetics of [°°Co]Co-NT-Sarcage and [*Cu]Cu-NT-Sarcage
Since [*°Co]Co-DSar demonstrated different pharmacokinetics compared to
[>°Co]CoCl2, radiolabeled [*°Co]Co-NT-Sarcage was administered in mice as a proof of
concept for targeting cancer cells in vivo. MIP PET/CT images of [°*°Co]Co-NT-Sarcage
were obtained at 1, 4, 9 and 24 h p.i. (Figure 3-8A). [>>Co]Co-NT-Sarcage shows uptake
mainly in the HT29 tumor with a mixed clearance route between hepatobiliary and renal.
The lack of prominent [°°Co]Co-NT-Sarcage uptake in cartilaginous tissues and longer
blood circulation compared to [°°Co]Co-DSar suggests [*°Co]Co-NT-Sarcage retained
the targeting properties of SR142948A. [6*Cu]Cu-NT-Sarcage was administered in mice
with the same type of tumor model to assess potential differences between *°Co- and
64Cu-Sarcage (radio)pharmaceuticals (Figure 3-8B). Interestingly, [?*Co]Co-NT-Sarcage

exhibited faster initial clearance from the blood and ~2x better tumor-to-liver ratio at 24
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h p.i. compared to [*Cu]Cu-NT-Sarcage. The overall biodistribution profile is similar for
both radionuclides in this work and from another study using a different tumor model
[144]. The corresponding PET ROI quantified organ uptake values for [*°Co]Co-NT-
Sarcage and [6*Cu]Cu-NT-Sarcage are given in Figure 3-9 and Figure 3-10,
respectively. Tabulated organ uptake values in %ID/g derived from ex vivo
biodistribution for [>°Co]Co-NT-Sarcage and [6*Cu]Cu-NT-Sarcage are presented in

Table 3-3 and Table 3-4, respectively.
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Figure 3-8 MIP PET/CT images at 1, 4, 9 and 24 h p.i. of A) [?®*Co]Co-NT-Sarcage and B) [¢*Cu]Cu-NT-Sarcage
(HT29: HT29 tumor, H: heart, L: liver, K: kidney, B: bladder). Greyscale PET MIP images are also presented below
the PET/CT images.
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Figure 3-9 [?°Co]Co-NT-Sarcage organ uptake values in %ID/g at 1, 4, 9 and 24 h p.i. derived from in vivo PET ROI
quantification and ex vivo biodistribution at 24 h p.i. for (A) mouse 1 and (B) mouse 2. Error bars correspond to
uncertainty in counting statistics propagated by the OSEM3D image reconstruction software.
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Figure 3-10 [?*Cu]Cu-NT-Sarcage organ uptake values in %ID/g at 1, 4, 9 and 24 h p.i. derived from in vivo PET ROl
quantification and ex vivo biodistribution at 24 h p.i. for (A) mouse 1 and (B) mouse 2. Error bars correspond to
uncertainty in counting statistics propagated by the OSEM3D image reconstruction software.
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Table 3-3 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution for [?CoJCo-NT-Sarcage.
Reported uncertainty values correspond to uncertainties in counting statistics and the scale.

[>°Co]Co-NT-Sarcage

Organ Mouse 1 Mouse 2
Blood 0.25+0.01 0.41+0.01
Skin 0.44+0.01 0.72+0.02
Muscle 0.18+0.01 0.25+0.01
Bone 0.17+0.01 0.36+0.02
Heart 0.32+0.01 0.50+0.01
Lung 0.56+0.01 0.58+0.01
Liver 1.33+0.01 1.89+0.01
Kidney 2.390.01 3.64+0.02
Spleen 0.47+0.01 0.60£0.01
Pancreas 0.25+0.01 0.33+0.01
Stomach 0.2940.01 0.37+0.01
Intestine 0.82+0.01 0.98+0.01
Tail 0.1940.01 0.33£0.01
Brain 0.024+0.003 0.038+0.002
HT29 Tumor 5.33£0.03 4.94+0.03

Table 3-4 Tabulated organ uptake values in %ID/g derived from ex vivo biodistribution for [¢*Cu]Cu-NT-Sarcage.
Reported uncertainty values correspond to uncertainties in counting statistics and the scale.

[64Cu]Cu-NT-Sarcage

Organ Mouse 1 Mouse 2
Blood 0.14£0.01 0.14£0.01
Skin 0.84+0.04 1.04+0.06
Muscle 0.20+0.01 0.62+0.02
Bone 0.4410.02 0.42+0.01
Heart 0.4410.02 0.5410.02
Lung 1.48+0.04 1.41+0.03
Liver 5.11+0.03 4.68+0.02
Kidney 3.59+0.04 4.30+0.04
Spleen 1.4410.04 1.42+0.04
Pancreas 0.40£0.01 0.45+0.02
Stomach 0.50+0.01 1.321£0.02
Intestine 1.341£0.01 1.2940.01
Tail 0.25+0.01 0.21+0.01
Brain 0.046+0.003 0.025+0.002
HT29 Tumor 7.29+0.08 7.88+0.09




68

3.3 Discussion

The array of conditions for radiolabeling revealed that [*°Co]Co-DSar is best
radiolabeled at pH=8 with increased temperature (4519 MBqg/nmol after 4 h at 80°C).
The de-protonation of the two ammonium groups from DSar (pK1~6.4 and pK2~5.3
[106,152]) at higher pH will reduce electrostatic repulsion for positively charged
hexaaquacobalt(ll) in solution, which potentially explains higher AMA for increasing pH
beyond pH=5.5. Since radiolabeling at pH=7 gave comparable results (37+7 MBg/nmol
after 4 h at 80°C) to pH=8, Co hydrolysis (pK~9.8 at 25°C) may begin to compete
against the de-protonation of DSar at higher pH. Improved AMA from increasing
temperature (and time) is likely a general phenomenon of the complex being more
thermodynamically favorable. In comparison to $67Cu, where radiolabeling to Sar
derivatives is often performed at room temperature [108,140,141,147], the [>°Co]Co-
DSar complexation rate(s) observed in this work is slower, corroborating previous
studies at higher ligand concentration [148]. The reaction kinetics for Cu is generally
expected to be faster than Co because the inner sphere H20 exchange rate for Cu is
approximately 3 orders of magnitude greater than Co [153]. Despite this, since
[®°Co]Co-DSar can be radiolabeled at pH=7 and 37°C to yield 62 MBg/nmol after 2 h,
future development with Co-DSar radiopharmaceuticals can employ pH- and
temperature-sensitive targeting vectors as the AMA is suitable for a wide variety of pre-

clinical applications in vivo.

After establishing an appropriate radio-TLC protocol for distinguishing [>°Co]Co-DSar
from [®*Co]CoCl2 and resolving the optimal radiolabeling procedure, in vitro [*>Co]Co-

DSar stability experiments were performed to verify the kinetic inertness with n.c.a. The
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high [*°Co]Co-DSar in vitro stability observed in this work corroborates the kinetic
inertness of several Co-Sar complexes, including Co-DSar, that have been synthesized
in macro-scale quantities [89,105,106,149]. Also, the range of incubation times
investigated for the stability studies are >5x and >10x the half-life of °Co and *™Co,
respectively, which is suitable for most radiopharmaceutical applications. Since n.c.a.
[®°Co]Co-DSar demonstrated stability in vitro for >96 h against 50 mM EDTA at pH=7
and human serum, the compound was then evaluated in mice to assess the in vivo
stability and pharmacokinetics. [*°Co]Co-DSar exhibited a different pharmacokinetic
profile compared to [*°Co]CoCl2, where [*°Co]Co-DSar was cleared from the blood pool
faster than [*°Co]CoCl2and had less liver uptake. [°>Co]Co-DSar cartilage uptake may
be due to its small size and electrostatic interactions between highly positively charged
[®°Co]Co-DSar and the negatively charged glycosaminoglycans in synovial fluid
[154,155]. Although [**Co]Co-DSar had short blood circulation times, making in vivo
stability evaluations difficult, these results validate the radio-TLC method for
discriminating [®*Co]Co-DSar from [**Co]CoCl2 and indicate that n.c.a. [°>Co]Co-DSar

does not immediately degrade in vivo.

Given the in vivo pharmacokinetics of [°®Co]Co-DSar, [>°Co]Co-NT-Sarcage was
subsequently synthesized using optimized radiolabeling conditions and intravenously
injected into a murine xenograft model to explore the potential of [°*®Co]Co-DSar based
radiopharmaceuticals for pre-clinical research. The comparable biodistribution profiles
of [**Co]Co-NT-Sarcage and [**Cu]Cu-NT-Sarcage suggest that the compound retained
the tumor targeting properties of SR142948A after radiolabeling. The high [*°Co]Co-NT-

Sarcage uptake in the tumor and relatively low uptake in healthy organs may enable
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therapeutic applications using [*®™Co]Co-NT-Sarcage [88,125]. Previous work [90]
showed that %°Co achieved better tumor-to-heart and tumor-to-liver ratios over ¢4Cu
radiolabeled with the same NO2A-conjugated molecule at 24 h p.i. The tumor-to-liver
ratio of [°®Co]Co-NT-Sarcage observed in this work is ~2x that of [**Cu]Cu-NT-Sarcage
at 24 h p.i., but with comparable tumor-to-heart and tumor-to-kidney ratios. The similar
mouse age/size/strain, tumor sizes and total ligand masses administered in mice for
both radiopharmaceuticals suggest that the difference in tumor-to-liver ratio is likely a
(radio)chemical effect as opposed to differences in biological processes. This difference
could potentially be attributed to the different oxidation states between Cu and Co after
complexation with DiAmSar derivatives [146], where Cu and Co exist in the 2+ and 3+
oxidation state, respectively. Additional comparative studies between 64Cu- and %°Co-
DSar radiopharmaceuticals are needed to elucidate systematic differences in tumor-to-
organ ratios and pharmacokinetics. Radiolabeling >°Co to different chelators
functionalized with the same long-circulating targeting vector, as in Cooper et al. [108],

might resolve tradeoffs between in vivo stability and radiolabeling kinetics/environment.

3.4 Conclusion

This chapter established the optimal radiolabeling conditions for [°°Co]Co-DSar and
produced [**Co]Co-DSar and [**Co]Co-NT-Sarcage suitable for in vivo applications. The
highest [°°Co]Co-DSar AMA achieved in this work was 45 MBg/nmol EOS after reacting
for 4 h at 80°C and pH=8. The stability of [*®*Co]Co-DSar was investigated in vitro, and
results suggest that the complex is kinetically inert. The pharmacokinetic profile of
[3°Co]Co-DSar was distinct from [*°Co]CoCl2 and showed brief accumulation in cartilage

tissues with predominantly renal clearance. [°°Co]Co-NT-Sarcage exhibited a similar
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overall biodistribution profile to [**Cu]Cu-NT-Sarcage with better tumor-to-liver ratio. The
observed high tumor uptake and contrast may enable future applications as a targeted
radionuclide therapy once %°Co is substituted with %™Co. As this is the first report of
5Co radiolabeled to DSar and DSar-conjugated derivatives, future work using [*°Co]Co-

DSar with other targeting paradigms is warranted.
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Chapter 4. Redox activity of Co-NOTA complexes

Disclaimer: the work in this chapter was submitted to Angewandte Chemie. This work
was performed in collaboration with Dr. Dariusz Smitowicz, Dr. Andrey Joaqui-Joaqui,
Dr. Abhijit Bera, Zhuoran Zhong and Dr. Eszter Boros and the Cyclotron research group
at the University of Wisconsin-Madison. The Boros group synthesized all ligands used
in this work. Justin Jeffery, Ashley Weichmann and Dr. Zachary Rosenkrans at the
University of Wisconsin-Madison Carbone Cancer center assisted with animal
experiments. All collaborators participated in fruitful discussions that improved the
quality of work in this chapter and participated in editing the manuscript in some way,
shape or form.

Cobalt exhibits environment-dependent redox activity between its divalent and trivalent
oxidation states for most complexes in solution [110,112,156—-161]. Although there have
been no reports regarding reduced in vivo stability of Co radiopharmaceuticals due to

this potentially redox active nature, such considerations for Cu have led to a new family
of sarcophagine-based radiopharmaceuticals that are currently undergoing clinical trials
[108,109,140,141]. Nevertheless, there is a noticeable lack of experimental evidence to
confirm the oxidation state of Co-NOTA radiopharmaceuticals, where many publications

do not consider Co oxidation after radiolabeling [113,162,163].

Prior to complexation with (radio)pharmaceutical precursors, Co is likely in the divalent
oxidation state due to the large hexaaqua Co%*/?* reduction (redox) potential [156].
However, the redox potential of Co®*/2* complexes can be altered by different donor
ligands, where even the ligand environment can have a substantial effect (see Figure
4-1). To illustrate this, researchers synthesized similar CoNs coordinating complexes
and observed differences of ~0.6 V depending on the substituent group(s) [164,165].
Given the wide range of redox potentials for Co complexes, Table 4-1 lists the redox

potentials for various Co-chelate complexes in solution for reference.
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Table 4-1 A survey of Co®*2* redox potentials for cobalt-chelate complexes found in literature. Redox potentials not
reported against the normal hydrogen electrode (NHE) are marked with an asterisk and brackets denote the voltage
offset used to convert values to NHE.

Redox potential vs.

Complex NHE Reference
V)

Co(OH2)g3*/2* 1.4-1.9 [166]
Co(DTPA)-Rev’? 1.111 [161]
Co(NO2A)-CF3*/0 0.207 [112]
Co(EDTA)-Rev?- 0.146 [161]
Co(DO3A)-Rev?- 0.142 [161]

Co(NOTA)?- 0 [111]

Co(NH3)e3*2* -0.02 [167]

[Co((NH3)2sar)]5*/4* -0.304* (+0.236 V) [165]
[Co((CO2Et,CH3)oxosarH.)]>*"* -0.564* (+0.236 V) [165]
2] H,0,+2H +2¢ =
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Figure 4-1 The reduction potential of various first-row transition metals in aqueous media against the standard
hydrogen electrode (data taken from [168]). The reduction potential can be modulated by altering the coordinating
environment.

Most Co radiopharmaceuticals are conjugated with NOTA, DOTA, or their derivatives.
For Co-DO3A/DOTA complexes, Heppeler et al. assigned Co the divalent oxidation
state based on results from nuclear magnetic resonance (NMR, high spin paramagnetic
complex) and X-ray crystallography (lack of Jahn-Teller distortion) [169]. Heppeler et al.

also alluded to results from previous works that demonstrated general redox stability for
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methylated tertiary amine complexes with divalent transition metals (both open chain
and macrocyclic) [170,171]. However, those authors did not discuss differences in redox
potential/stability between their tertiary amine compounds and
(poly)amino(poly)carboxylic acids such as EDTA, diethylenetriaminepentaacetic acid
(DTPA), NOTA, and DOTA. Several bodies of work to determine an optimal chelate
construct for Co radiopharmaceuticals referenced these results to assume that Co(ll)
does not oxidize after complexation with NOTA and DOTA derivatives [113,162].
Previous studies had shown that NOTA can stabilize the trivalent state of Co [111], in
contrast to 1,4,7-triazacyclononane (TACN) complexes with amide/alcohol pendent
arms and other functional groups [172]. Additionally, Yu et al. also demonstrated that
NO2A can form redox active complexes with Co%*?* [112]. Previous assumptions
regarding the redox stability of Co-NOTA radiopharmaceuticals have led to scant
discussions regarding oxidation kinetics. As the redox potential of common oxidizing
agents such as O2 (E° 1.2 V vs. NHE) and H202 (E® 1.8 V vs. NHE) are above most
Co®?* complexes, their presence (including generated hydroxyl radicals from ionizing
radiation) may also influence the redox activity of Co3*?* complexes due to large
concentration differences. Furthermore, the carrier-free Co concentration in
radiolabeling solutions is ~nM (specific activity of 120 GBq/ug for °°Co) which will be
orders of magnitude lower than the concentration of Oz in aerated solutions. The
absence of such discussions in literature regarding the redox activity of Co-NOTA
radiopharmaceuticals serves as the major impetus for this chapter, where the main goal

is to elucidate the chemical redox speciation of Co-NOTA and -DOTA complexes.
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In this work, NO2A- and NOTA-W-NH2 complexes are first used as model ligand
systems to simulate amide conjugation for analyzing the chemical speciation of Co-
NOZ2A and -NOTA complexes (see Figure 4-2). The speciation of each complex is
analyzed by LC-MS and radio-HPLC. Further characterizations by the Boros group will
be alluded to in this chapter and are part of the submitted manuscript. Potential
differences in oxidation rates for various CoL concentration are explored by incubating
samples at 10-100’s uM CoL and compared to n.c.a. ®*Co. The oxidation kinetics are
also investigated under a variety of biologically relevant conditions and/or those relevant
for radiolabeling. Results from model ligand systems are then employed to synthesize
single-redox species of [°°Co]Co-NO2A, -NOTA and -DO3A-PSMA-617, and
administered in vivo using murine prostate cancer xenograft models to assess potential

discrepancies.

(0] H H OH
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w ]
Co(NOTA)-R Co(NO2A)-R Co(DO3A)-R PSMA-617

Figure 4-2 The chemical structures of select cobalt-chelate complexes that will be used in this work. Although PSMA-
617 refers to the PSMA-targeting vector with DO3A conjugation in literature, the chelators will be explicitly named in
this work to reduce confusion (e.g., DO3A-PSMA-617).

4.1 Materials and methods

4.1.1 Cyclotron production and separation of *Co

Cobalt-55 was produced by irradiating isotopically enriched 4Fe targets (30-45 mg) with
8.2 MeV deuterons using the GE PETtrace at University of Wisconsin-Madison following

methods from Chapter 2. The purified product was evaporated to dryness and
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reconstituted in 0.01 M HCI or DI H20 for radiolabeling. All reagents used, e.g., 30%

H202, were the same grade and purity as previously stated.

4.1.2 Synthesis of cobalt-chelate constructs

All ligands were synthesized by the Boros group at the University of Wisconsin-Madison
and used as received. LC-MS analysis was performed by using an Agilent 1100 Series
apparatus with an LC/MSD trap and Daly conversion dynode detector with UV detection
at 220 and 254 nm (column: Phenomenex Luna, C18(2) 150x3 mm). Gradient of A (0.1
% formic acid in water) to 95 % B (0.1 % formic acid in MeCN), flow rate 0.8 mL min 0-3
min: 5 % B, 3—10 min: 5-95 % B, 10-13 min: 95 % B, 13—-13.5 min: 95-5 % B, 13.5-16
min: 5 % B. The LC-MS was operated in the positive ion mode for all analysis. Radio-
HPLC analysis was performed using an Agilent 1260 Infinity Il equipped with a binary
gradient pump, UV-vis detector (254 nm), manual injector (20 uL), a radio-detector and
with the same Phenomenex column model, gradient and solvents as LC-MS. All

samples were exposed to air and analyzed at 254 nm or with a radio-detector.

SLOH E\ NH

o :
[N/\N}N/\H/NHz
Ho N7 Mo
o

Chemical Formula: C53H35NgOg
Exact Mass: 488.24
Molecular Weight: 488.55

(1

NO2A-W-NH: (1)

Figure 4-3 Chemical structure of (1).
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Approximately 1.5 pmol (~0.7 mg) of NO2A-W-NH:2 (1) was dissolved in 1.5 mL room-
temperature (~25°C) ultrapure water. The solution was buffered to pH 7.4 using 0.1 M
HEPES and complexed with Co using 1.5 molar equivalent of CoClz (final volume 2.1
mL, 700 uM Co(1)). The complex formation was confirmed by LC-MS, and then 700 pyL
was taken for incubation with 8 or 100 molar equivalent H202. Given unexpected results
of Co(1) from LC-MS analysis, Zn(1) complexes were synthesized using Zn(NO3)2 at the
same concentration and M:L ratio, and incubated with 8 and 100 molar equivalents of

H202 after confirming complex formation by LC-MS.

Reference Co(1) samples were then analyzed on the radio-HPLC (UV-vis at 254 nm) to
corroborate the retention times of Co(1) and [*°Co]Co(1) given slight delays between the
UV-vis detector and radio-detector. Co(1) was synthesized at pH 7.4 using 0.1 M
HEPES buffer using methods described above except at lower ligand concentration and
volume to better simulate radiolabeling conditions (20 uM product in 250 pL final
volume). The final concentration of H202 in select samples was set at 0.1 M H202
instead of 100 molar equivalents H202 due to low ligand concentration expected for
radiolabeling. [*®Co]Co(1) was radiolabeled at 3.7 MBg/nmol (1.85 MBg/vial, 250 uL
final volume, pH=7.4) and reactions were first set at room temperature (~25°C) for
approximately 60 minutes then incubated in 0.1 M H202 over several time points after
confirming quantitative labeling by radio-HPLC. [°°Co]Co(1) was also radiolabeled at 9
MBqg/nmol (3.7 MBqg/vial, 100 pL final volume) to investigate the impact of pH, heat and
sodium gentisate (GA) on speciation behavior. The solution was buffered to pH 4.5
using 0.1 M sodium acetate or pH 7.4 using 0.1 M HEPES buffer and reacted at room

temperature (~25°C) for approximately 30 minutes. Then, after quantitative labeling as
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confirmed by radio-HPLC, aliquots of [°*°Co]Co(1) were distributed into separate reaction
vessels and incubated with GA (final concentration 10 mM GA) at 95°C over several

time points.

NOTA-W-NH: (2)

Chemical Formula: C,gH36NgOg
Exact Mass: 560.26
Molecular Weight: 560.61

(2)
Figure 4-4 Chemical structure of (2).
Approximately 1.5 ymol (~0.7 mg) of NOTA-W-NH: (2) was dissolved in 1.5 mL room-
temperature ultrapure water. The solution was buffered to pH 7.4 using 0.1 M HEPES
and complexed with Co using 1.5 molar equivalent of CoClz2 (final volume 2.1 mL, 700
MM Co(2)). The complex formation was confirmed by LC-MS then 700 uL was taken for

incubation with 8 or 100 molar equivalent H202.

Reference Co(2) samples were also analyzed on the radio-HPLC (UV-vis at 254 nm) to
corroborate the retention times of Co(2) and [*°Co]Co(2). [°>Co]Co(2) for both carrier
added (c.a.) and n.c.a. samples were synthesized at pH 4.5 or pH 7.4 at a final
concentration of 0.1 M sodium acetate or HEPES, respectively. Each sample either had
2 uM or 500 pM of (2) with 1.85 MBq 55Co/vial (250 L final volume). Carrier added
samples were synthesized by first mixing CoCl2 with (2) then adding >°Co (final

concentration of Co(2) ranged from 3.5 yM to 350 pM). Samples with 10 mM GA or 10
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mM H202 were synthesized by adding 1:10 of 100 mM GA or 100 mM H202,
respectively. Samples incubated at 95°C were vortexed periodically to maintain solution
concentration. All samples were exposed to air and the fraction of oxidized species was
determined by relative peak area from radio-HPLC. In cases where the fraction of
oxidized species was clearly <50% by eye, the fraction of oxidized species was

determined by 1 minus the relative peak area of the non-oxidized species.

(0] E ?
OH z/l(oH NH
O:<‘NKNX X

N o
(0]

HOW/' (@)
(0]

DO3A-W-NH: (3)

Chemical Formula: C,7H39N;Og
Exact Mass: 589.29
Molecular Weight: 589.65

@)

Figure 4-5 Chemical structure of (3)

The Boros group synthesized Co(3) under the same conditions and concentrations as

Co(1) and Co(2) for LC-MS analysis.
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NO2A-PSMA-617 (4)

bt
) NTONY OH

oHH H o]
Chemical Formula: C45Hg4NgO14

Exact Mass: 940.45
Molecular Weight: 941.05

4

Figure 4-6 Chemical structure of (4)
Approximately 0.2 pymol (~0.2 mg) of NO2A-PSMA-617 (4) was dissolved in 1.0 mL
room-temperature ultrapure water (200 uM (4)). Then, a sample vial containing 20 pL of
200 pM (4) solution was buffered to pH 4.5 using 0.1 M sodium acetate and complexed
with Co using 1.5 molar equivalent of CoCl2 (final volume 100 pL, 40 uM Co(4)). From
this, each sample was mixed 1:1 with either ultrapure water or 20 mM GA and reacted
at 95°C for 1 h (final volume 100 pL, 20 yM Co(4)). [>°Co]Co(4) was radiolabeled at 9
MBqg/nmol (3.7 MBqg/vial, 100 pL final volume). The solution was buffered to pH 4.5
using 0.1 M sodium acetate buffer and reacted at room temperature (25°C) for
approximately 60 minutes. Then, after quantitative labeling as confirmed by radio-
HPLC, samples taken for incubation with GA (final concentration 10 mM GA) at 95°C for

1 h to fully oxidize the compound.
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NOTA-PSMA-617 (5)

oHH H o
Chemical Formula: C4gHggNgO14¢
Exact Mass: 1012.48
Molecular Weight: 1013.11

(5)
Figure 4-7 Chemical structure of (5)

Approximately 0.2 pymol (~0.2 mg) of NOTA-PSMA-617 (5) was dissolved in 1.0 mL
room-temperature ultrapure water (200 uM (5)). Then, a sample vial containing 20 pL of
200 uM (5) solution was buffered to pH 7.4 using 0.1 M HEPES buffer and complexed
with Co using 1.5 molar equivalent of CoClz at 25°C for 1 h (final volume 200 pL, 20 yM
Co(5)). [°°Co]Co(5) was radiolabeled at pH 7.4 and 25°C for 1 h (final volume 200 L, 2
MBq °°Co at 18.5 MBg/nmol). Carrier-added [>>Co]Co(5) was set by first mixing CoCl2

with 20 uM (5) and labeled with 2 MBq °°Co (15 pM Co(5) final concentration).
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DO3A-PSMA-617 (6)

Chemical Formula: C4gH71NgO+¢
Exact Mass: 1041.50
Molecular Weight: 1042.15

(6)

Figure 4-8 Chemical structure of (6)

Approximately 0.2 pmol (~0.2 mg) of DO3A-PSMA-617 (6) was dissolved in 0.5 mL

room-temperature ultrapure water. The solution was buffered to pH 7.4 or pH 4.5 using
0.1 M HEPES or 0.1 M sodium acetate, respectively, and complexed with Co using 1.5
molar equivalent of CoClz (final volume 1.0 mL, 200 uM Co(6)). The complex formation

was confirmed by LC-MS. [*°Co]Co(6) was radiolabeled at pH 4.5 and 80°C for 1 h.
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4.1.3 In vitro stability and cell experiments

Human serum stability

Sample purification after radiolabeling was performed using HLB cartridges (30 mg).
Briefly, the cartridge was equilibrated with 3 mL DI H20, loaded with the sample, rinsed
with 1 mL DI H20 then eluted using 1 mL EtOH. The sample was evaporated under light
Ar flow at 80°C and reconstituted in PBS to <10% EtOH. All samples had one dominant
peak before and after purification. Purified ®®Co compounds were incubated with human
serum at 37°C then mixed 1:1 with MeCN and centrifuged to remove excess protein
prior to radio-HPLC analysis. Most of the activity was present in the supernatant for all

compounds analyzed, suggesting a lack of transchelation to proteins in the serum.
Cell culture

PC3-PIP (PSMA positive) and PC3-Flu (PSMA negative) human prostate
adenocarcinoma cells (ATCC) were cultured in RPMI 1640 medium with 10% FBS and
1% Pen-Strep at 37°C in a 5% CO2 atmosphere using T75 flasks. Cells were
resuspended using 0.25% Trypsin-EDTA and counted using a hemocytometer via an

optical microscope.
Cell uptake and internalization

HLB purified [*°Co]Co(4), [>°Co]Co(5), and [*°Co]Co(6) were incubated with 10° PC3-
PIP/PC3-Flu cells in 2 mL media (10 nM ligand, 3.7 MBg/nmol) for 4 h at 37°C in 35 mm
Petri dishes. The membrane bound activity was stripped by incubating cells with 1 mL
0.1 M pH2 sodium citrate/citric acid solution for 5 min at room temperature (~25°C), and

cells were dissociated using 1 mL 0.25% Trypsin-EDTA after incubating for 5 min at
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37°C. Each petri dish was rinsed with at least 2 mL PBS prior to the next step (and last

step).

4.1.4 Animal models

All animal studies were conducted under a protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee. Food and water were available
to mice ad libitum. Male athymic nude mice (5-6 weeks old) were purchased from the
Jackson Laboratory. PC3-PIP and PC3-Flu tumors were established by subcutaneous
injection of approximately 10° cells suspended in 100 L of 1:1 PBS and Matrigel into
the right and left axillary, respectively. Mice were inoculated with PC3-Flu tumors to
confirm tracer specificity. In vivo PET imaging and ex vivo biodistribution were
performed following methods from Chapter 3. Tumor sizes were ~5 mm in diameter
prior to animal experiments (~1.5 weeks post xenograft). Each mouse (N=4 for each
tracer) received either 2.6 MBq of HLB purified [>°Co]Co(4), [°°Co]Co(5) or [*®Co]Co(6)
via tail vein injection. All samples had one dominant peak before and after purification.
The total ligand mass injected per mouse was kept constant at approximately 0.8 nmol
per mouse. PET imaging acquired pharmacokinetic profiles at 1, 4, 9 and 24 h p.i.
Unless otherwise noted, uptake values are reported as mean+SD. Urine samples were
non-invasively acquired from mice and injected directly onto the radio-HPLC for

metabolite analysis.

4.2 Results

4.2.1 Redox speciation analysis for model peptides
The model ligands were designed to imitate the amide conjugation of most

radiopharmaceuticals that employ NO2A/NOTA, provide large spectroscopic
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absorbance for analysis via LC-MS/HPLC and be stable against oxidizing agents such
as H202. The %°Co complexation studies used aqueous CoCl2 to match the chemical
form of 5°Co after separation from 54Fe targets and pH7.4 was chosen to match
physiological conditions. LC-MS analysis demonstrated that Co(1) is more stable
against air oxidation (Figure 4-9) than Co(2) (Figure 4-10) but develops at least five
resolvable chemical species (3 for Co?*, 2 for Co®*). LC-MS resolved two main chemical
species for Co(2) after exposure to air for <10 min that correspond to the expected m/z

for [Co3/2+(2)].



Abundance Abundance
%) 2
o 9, " Q,
£ 1 + £ 1 +
] (<] g ]
3 7 Sz
Vg N[ Y 2 £
(=] — o _.Q
a | Q] N
Normalized intensity
(254 nm)
o - N w S
| 1 ) 1 ]
- ol | |
O O O
O O O
== 2 =
' N—' '
- >4 X
o o
3 o o
D T g
— N
3 O &
5 = 9
' =- N
=

+200

(¢}
=
= s T
L5808 °C
o £a Z Z7:0
§2 o &z o
® 553 ot
£ 30
z(g_m Iz
E_g'p 0:2.”
15 IRa
w
a < Z
a °’z~A° T
S gs
53 1¢
am |9
'r.ﬁ o
22
B
T !l%
Il
N
£
[3)
=
3
= o
S & os°
ogﬂ"g 122
287 &é’x:\FO
S Sz3 5°
BsHE =0
T 208 =
$Rge o
Z T he (o)
Feix oL ()
) I z
F -
® =
)
o
o
N
B
S
o
<
T
N
(e}
N
(2]
=2
)
=
2 5.0
o o Ox™
2 1F: ‘Torno
g 28 Z%
z 528 (20
Q 2=3 _o
> $2E
= 2R Iz
E:-mo :2.”
T AN o
I » =0 P4
N _cnca% T z
B ° N T
°  Z
>
o bl
=
3
= o
S _ 5 o
o Mo DU
£ 8 S
2E2g \@r°
NENE &i;o
Y”g-&&*z z
2329 A
=z T8 o
~ .g""?g I =z
& 9 VoI
4
)
o)
-]

86

Figure 4-9 Reaction scheme and corresponding LC-MS analysis for Co(1) incubated with and without H202. The
limits were set to better visualize the relevant peaks of interest. The sample at 24 h did not exhibit any significant

differences from the control sample at 1 h so it is omitted for clarity. The expected m/z for [Co(ll)(1)+H*]" and

[Co(lll)(1)]* is 546.16 (detected 546.2) and 545.16 (detected 545.2), respectively. The complex will have the same
detected m/z even if the amide is coordinated to Co. The m/z for the two additional peaks in the Co(ll)(1) region was

checked by LC-MS and found to correspond with the original Co(ll)(1) peak with no observed degradation.
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Figure 4-10 Reaction scheme and corresponding LC-MS analysis for Co(2) incubated with and without H202. The
limits were set to better visualize the relevant peaks of interest. Only the 100 eq H20: reaction at 24 h is shown for
simplicity to demonstrate the increased rate of oxidation as compared to the control. The expected m/z for
[Co(l)(2)+2H*]" and [Co(lll)(2)+H*]" is 618.17 (detected 618.2) and 617.17 (detected 617.3), respectively.

Due to the unexpected behavior of Co(1), Zn(1) was synthesized and incubated with

H.Oz2 to assess ligand degradation (Figure 4-11). The reason for choosing Zn over other

elements is due to its lack of redox activity for practically all aqueous complexes and

similar coordination structure to Co(1). Although Zn(1) did not oxidize into a compound

with -1 m/z unit, suggesting lack of Zn oxidation as expected, there was an observable

degradation product after incubating with 100 eq H20:2 for 24 h that was not observed

under similar conditions with Co(1). This degradation product may correspond to

kynurenine (208.2 Da) and/or formylkynurenine (236.2 Da), which are known oxidation

products of tryptophan (204.2 Da), based on LC-MS results.
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Figure 4-11 Reaction scheme and corresponding LC-MS analysis for Zn(1) incubated with and without H202. The
limits were set to better visualize the relevant peaks of interest. Incubating at 8 eq H20: did not show major deviation
from the control (as compared to 100 eq H202). The expected m/z for [Zn(ll)(1)+H]" is 551.15 (detected 551.2). If the

tryptophan is oxidized to formylkynurenine (NFK) or kynurenine (Kyn) then the expected m/z will be 583.14 (detected

583.2) or 555.15 (detected 555.2), respectively.
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Radiochemical studies using n.c.a. °®Co show that different oxidation states of
[>°Co]Co(1) can be resolved on the radio-HPLC (Figure 4-12), though there appears to
be more radiochemical species with lower retention times than [Co(ll)(1)] that were not
observed from Co(1). Interestingly, the radio-signal at the solvent front suggests that
[>°Co]Co(1) may be degraded and/or dechelated. Due to the lack of observed signal(s)
corresponding to (1) from LC-MS analysis of Co(1) over time, there is likely degradation
beyond dechelation. Also, the multiple [*°Co][Co(Il)(1)] peaks are nearly unresolvable
due to larger peak widths from the radio-detector. Nevertheless, it is evident that the
oxidation rate of the radiolabeled compound increases with lower pH, higher

temperature, additional H202 and GA at 95°C.
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Figure 4-12 Corresponding reaction scheme and HPLC/radio-HPLC chromatograms for Co(1) and [?°Co]Co(1)
species with retention time less than [Co(ll)(1)]°, and larger than the solvent front, are assumed to be
[25Coj[Co(lll)(1)]* in this illustration

samples. All chromatograms in the bottom left plot were acquired using samples incubated at pH7.4. Radiochemical
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Similarly, different oxidation states of [°°C0]Co(2) can also be resolved on the radio-
HPLC (Figure 4-13). However, unlike Co(1), the radiochemical speciation of [*°Co]Co(2)
corresponds well with Co(2). Thus, a larger panel of experiments was designed to
characterize the oxidation kinetics for [°°Co]Co(2). The fastest rate of oxidation can be
ordered into the following categories (all else equal at pH7.4): GA+95°C, 95°C, pH4.5,
and 10 mM H20z2. Also, the initial fraction of oxidation can be reduced by carrier addition

in a concentration dependent manner.
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plots. All chromatograms in the top right plot were acquired using samples incubated at pH7.4. Due to the large (>70)

Figure 4-13 Corresponding reaction scheme and HPLC/radio

number of chromatograms needed for kinetics analysis, only reference chromatograms are shown to demonstrate the

two different redox species of Co(2) and [?°Co]Co(2).
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4.2.2 Redox speciation of **Co-labeled NO2A-, NOTA- and DO3A-PSMA-617

Since model complexes Co(1) and Co(2) demonstrate that the Co metal center could be
oxidized from Co(ll) to Co(lll), the respective chelators were functionalized with a PSMA
targeting vector and complexed with Co to verify the redox activity for
radiopharmaceutical applications. Although LC-MS/radio-HPLC analysis for
Co(1)/[>*Co]Co(1) exhibited behavior beyond the scope of Co redox considerations, only
two chemical species of Co(4), corresponding to [Co(ll)(4)] and [Co(lll)(4)], were
resolved on the LC-MS (Figure 4-14). The radiochemical species of [>°Co]Co(4)
correspond well with Co(4), and [>°>Co]Co(4) could be quantitatively oxidized by

incubating the sample at pH4.5, 95°C and with 10 mM GA for 1 h.
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Figure 4-14 Reaction scheme with proposed structures for Co(4) and corresponding LC-MS analysis. The UV-vis
signal from GA has been removed to aid visualization. “Ox” refers to pH4.5 samples that were oxidized by incubating
at 95°C with 10 mM GA for 1 h. The expected m/z for [Co(ll)(4)+H*]* and [Co(lll)(4)]* is 998.37 (detected 998.2) and
997.37 (detected 997.3), respectively. The complex will have the same detected m/z even if the amide is coordinated
to Co. Radio-HPLC traces for [°°Co]Co(4) are included to better visualize the correspondence between the reference
Co(4) chromatograms.
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In agreement with the redox behavior of Co(2), two chemical species of Co(5),

[Co(1)(5)] and [Co(lll)(5)], were resolved on the LC-MS and the radiochemical species

of [*°Co]Co(5) correspond well with the reference (Figure 4-15). Also, [>°Co]Co(5) could

be quantitatively oxidized under mild reaction conditions.

CoCl, 6H,0

T,
0.1 M HEPES (pH=7.4)
15min, r.t.

2 M
OH H H
Chemical Formula: C43H53N3016
Exact Mass: 1012.48
Molecular Weight: 1013.11
NOTA-PSMA-617

Co%
1070.0

1068 1069 1070 1071 1072 1073

1004

50

Abundance

Co3*
1069.0

0

1068 1069 1070 1071 1072 1073

1004

50

Abundance

Chemical Formula: C4gHgsC0oNgO4¢

0, (air)
—_—
O+ OH

o
0:5-,N)LNIA(OH
H o

oH H

Exact Mass: 1068.39
Molecular Weight: 1069.02

Co(NOTA)-PSMA-617

Normalized intensity

?} o Oy OH
o v,NJLNIWOH
oHH H o
Chemical Formula: C4gHg5CoNgO1g
Exact Mass: 1068.39
Molecular Weight: 1069.02
Co(NOTA)-PSMA-617

3 0 =z
— [™'Co][Co(5)] S
Co3* ||fl Co?* 3
2] -1 R =
T o
= — [**"atCo][Co(5)] s 2
1 233
(]
-
55 2
— [**Co][Co(5)]~Ox =
0 . 3 <

6 8 10 12

Time (min)

Figure 4-15 Reaction scheme with proposed structures for Co(5) and corresponding LC-MS analysis. “Ox” refers to
the sample that was oxidized by air with no carrier added. The expected m/z for [Co(ll)(5)+2H*]" and [Co(lll)(5)+H"]*
is 1070.39 (detected 1070.0) and 1069.39 (detected 1069.0), respectively. Radio-HPLC traces for [?®CoJCo(5) are
included to better visualize the correspondence between the reference Co(5) chromatograms.

Since previously published results have shown that Co-DO3A complexes likely stabilize

Co(ll) [169], Co(6) was synthesized and incubated in pH7.4 and pH4.5 to evaluate its

redox activity under mild conditions. In general, Co(6) is more redox stable than Co(4)

and Co(5) but [Co(lIl)(6)] was confirmed by LC-MS 96 h post incubation in pH4.5

solution (Figure 4-16). Although there may be some oxidation at 48 h for the sample

incubated at pH4.5, MS analysis had insufficient signal to confirm its existence. Also,
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because [>°Co]Co(6) was redox stable after radiolabeling at pH4.5 and 80°C for 1 h, it is

likely that attempts to oxidize the sample will be impractical for radiopharmaceutical

applications using 5°Co/%¢mCo.
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Figure 4-16 Reaction scheme with proposed structures for Co(6) and corresponding LC-MS analysis. The expected
m/z for [Co(ll)(6)+H*]" and [Co(lll)(6)]" is 1099.42 (detected 1099.4) and 1098.42 (detected 1098.4), respectively.
Radio-HPLC trace for [%*Co]Co(6) is included to better visualize the correspondence between the reference Co(6)

chromatogram.

4.2.3 In vitro serum stability and in vitro cell uptake

Since [%®*Co0]Co(4), [°Co]Co(5) and [*°Co]Co(6) could be stabilized as one

radiochemical species, each radiopharmaceutical was purified using HLB after

radiolabeling with >95% radiochemical purity and incubated in human serum or PBS to
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assess the in vitro stability. Explicitly, the compounds investigated were
[°Co][Co(ll1)(4)], [2°Co][Co(ll1)(5)] and [**Co][Co(II)(6)] based on prior LC-MS analysis.
All compounds retained high radiochemical purity up to 48 h, and only [>>Co]Co(4)

exhibited slight redox activity at 24 h after human serum incubation (Figure 4-17).
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Figure 4-17 Radio-HPLC chromatograms for [°°Co]Co(4) (left), [P°Co]Co(5) (middle) and [P°Co]Co(6) (right) incubated
in either PBS or human serum.

Given the promising in vitro stability for each compound, in vitro cell uptake experiments
were performed to verify the PSMA-targeting properties of the radiopharmaceutical prior
to in vivo animal experiments. Each petri dish (N=2 in triplicate) was seeded with the
same batch of resuspended cells and incubated with 10 nM of each respective
compound (radiolabeled at 3.7 MBg/nmol). As seen in Figure 4-18, all compounds
exhibited high specificity for PSMA-positive PC3-PIP cells and similar fraction of
internalized bound activity (~25%), where [>>Co]Co(6) achieved the highest uptake out

of the 3 compounds and [>°Co]Co(4) had the lowest uptake.
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Figure 4-18 In vitro cell uptake for each ®°Co radiopharmaceutical (left) incubated for 4 h at 37°C (10 nM ligand, 3.7
MBq/nmol). “Sum FLU” refers to the total uptake of all three compounds incubated with PSMA-negative PC3-Flu
cells. The 4 h timepoint was chosen based on the internalization rate of [°°Co]Co(6) (right).

4.2.4 In vivo biodistribution of 5°Co-labeled NO2A-, NOTA- and DO3A-PSMA-617
After validating the targeting properties of [*°Co]Co(4), [*°Co]Co(5) and [*°Co]Co(6) in
vitro, each radiopharmaceutical was then administered in mice bearing PSMA-positive
and -negative tumor xenografts to assess the in vivo biodistribution and tumor uptake.
The biodistribution profile is similar for all three compounds, and [>°Co]Co(6) achieved
the highest tumor uptake and tumor-to-kidney ratio at 24 h p.i. (see Figure 4-19, Figure
4-20 and Figure 4-21 for [>°Co]Co(4), [>°>Co]Co(5) and [**Co]Co(6), respectively, and

Figure 4-22 shows the ex vivo biodistribution at 24 h p.i.).
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Figure 4-19 In vivo maximum intensity projection PET/CT (left, top) and PET (left, bottom) images acquired at 1 and
24 h p.i. for [?Co]Co(4). The arrows indicate positions of PSMA+ and PSMA- tumor xenografts. PET ROl quantified
organ uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 4-20 In vivo maximum intensity projection PET/CT (left, top) and PET (left, bottom) images acquired at 1 and
24 h p.i. for [?°Co]Co(5). The arrows indicate positions of PSMA+ and PSMA- tumor xenografts. PET ROl quantified
organ uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 4-21 In vivo maximum intensity projection PET/CT (left, top) and PET (left, bottom) images acquired at 1 and
24 h p.i. for [°°Co]Co(6). The arrows indicate positions of PSMA+ and PSMA- tumor xenografts. PET ROI quantified
organ uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 4-22 The ex vivo biodistribution of [?°Co]Co(4), [?°Co]Co(5) and [2°Co]Co(6) at 24 h p.i. The tumor uptake and
tumor-to-kidney ratio was highest for [°°CoJCo(6). One star refers to p<0.05 using a two-tailed unpaired t-test.

Although the tumor-to-kidney ratio for [*®Co]Co(4) was comparable to [°°Co]Co(6), urine
metabolite analysis at 1 h p.i. show that [°®Co]Co(4) had degraded ~10% whereas the

other two compounds did not have any observable degradation products (Figure 4-23).
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Figure 4-23 Urine metabolite analysis at 1 h p.i. for [’°Co]Co(4) (left), [?°Co]Co(5) (middle) and [°°Co]Co(6) (right).

4.3 Discussion

The redox potentials of Co-NO2A (0.2 V vs. NHE) and Co-NOTA (0 V vs. NHE) suggest
that Co-NOTA complexes favor oxidation more than Co-NO2A. In this work, Co(2) and
Co(5) oxidized faster than Co(1) and Co(4), respectively, agreeing with the predicted
redox behavior. However, the existence of several [Co(ll)(1)] species after incubating
with H202 was unexpected, and the oxidation experiment with Zn(1) suggests that these
are specific to the Co-NO2A chelate complex. Furthermore, the lack of observed
tryptophan degradation for Co(1) compared to Zn(1) is likely due to the availability of an
alternative oxidation pathway (i.e., Zn does not oxidize but Co can). Although [Co(ll)(1)]
exhibited multiple chemical species, these species were not resolved with [Co(ll)(4)]
using the same HPLC protocol which indicates that smaller molecules may be more
effective to characterize the redox speciation of metal chelate complexes. Nonetheless,
the model peptides were able to illustrate different oxidation states of Co-NO2A and -
NOTA and enable subsequent radiochemical studies using ®°Co.

For both Co(1) and Co(2), the oxidation rate could be increased by incubating with H202
and at higher temperature. Given that the model complexes seemed to form Co(lll)
complexes after increased temperature and time, these results suggest that NO2A and
NOTA form more thermodynamically stable complexes with Co(lll). Interestingly, the

Boros group was able to oxidize Co-DOTA and [**Co]Co-DOTA (not functionalized) by
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adding 10 mM H202 (~25°C, exposed to air for 1 h). However, [>°Co]Co-DOTA with 10
mM H202 was reduced over time and became nearly identical to [°>Co]Co-DOTA without
H202 at 20 h, in contrast to [*®Co]Co-NO2A which steadily oxidized over time.
Furthermore, their results with Co(3) also suggested that the complex was redox stable
in air at pH7.4 without H202. In combination with Co(6) and [*°Co][Co(6)] complexes
observed in this work, these results corroborate previously published work
demonstrating that DO3A/DOTA likely stabilize Co(ll) under radiopharmaceutical
conditions [169]. The presence of detectable [Co(lll)(6)] after incubating at pH4.5 for 96
h corroborates the observed oxidation of Co-DOTA from the Boros group but it contrasts
with redox behavior at pH7.4 (i.e., oxidized product reduces over time for Co-DOTA).
Nevertheless, the reaction conditions are likely impractical for synthesizing and
stabilizing Co(lIl)-DO3A radiopharmaceuticals.

Downstream radiochemical experiments showed that the oxidation kinetics for Co-
NO2A and Co-NOTA can be increased even further by adding sodium gentisate and
incubating at 95°C. The exact mechanism for this behavior is not explored in this work
but incubating with ascorbic acid and glutathione at low pH has led to similar results
based on experience. One potential explanation could be that the degradation products
from oxidized radical scavenger(s) have sufficiently high redox potential to oxidize the
Co complexes but not high enough to degrade other parts of the molecule. The PSMA-
functionalized Co-NO2A/NOTA (Co(4) and Co(5)) oxidized faster than the tryptophan-
functionalized complexes (Co(1) and Co(2)). These results suggest that differences in
ligand environment can lead to changes in oxidation rate despite having the same

coordinating groups/structure [164,165]. Furthermore, the initial fraction of oxidation for
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[®°Co]Co(2) and [*°*Co]Co(5) can be reduced by carrier addition. A closer inspection of
the oxidation rate reveals that the exponential constant (K) for each of the c.a.
[>°Co]Co(2) reactions set at pH7.4 are not significantly different once the model is
constrained using a plateau of 1 (five reactions, unpaired statistical p=0.8999 assuming
constant K=4.0x10 min™' for each reaction), which suggests that the inherent oxidation
rate is not changed with Co concentration. Unfortunately, a similar analysis using
[>°Co]Co(5) is impractical due to the rapid oxidation of n.c.a. [°>Co]Co(5) without any
additives at pH7.4 and 25°C (quantitative oxidation in <5 min). The initial fraction of
oxidization was ~0.10 for both c.a. [°>Co]Co(2) and [**Co]Co(5) using 350 uM Co(2) and
Co(5), respectively. Preliminary experiments show that 20 uM Co(4) and n.c.a.
[°°Co]Co(4) both had similar initial fraction of oxidation (~0.20) and can both be
quantitatively oxidized after incubating at pH4.5, 95°C with 10 mM GA for 1 h. The
differences in oxidation kinetics observed in this work for Co(1)/Co(4), Co(2)/Co(5) and
their ®°Co counterparts will need to be thoroughly evaluated using other NO2A/NOTA
conjugated molecules prior to any conclusive statements. As the first work of its kind,
the results presented here will facilitate future experimentation in this area.

This work demonstrated the possibility of synthesizing one observable radiochemical
species of %°Co with functionalized NO2A, NOTA and DO3A at timescales relevant for
radiopharmaceuticals. The administration of a single radiochemical species enables
direct evaluations of the complex and facilitates the interpretation of subsequent in vitro
and in vivo results. In vitro cell uptake experiments demonstrated approximately 2x
more uptake for [°°Co]Co(6) relative to [**Co]Co(5) and 1.4x more uptake for

[3°Co]Co(5) relative to [°*Co]Co(4). This trend may be due to differences in the overall
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charge of the complex, which can lead to changes in the binding affinity of the ligand-
receptor complex. Explicitly, each compound likely exists as [>>Co][Co(ll)(6)],
[35Co][Co(ll1)(5)]° and [*3Co][Co(lIl)(4)]*" during incubation with cells at pH7.4. Due to
the possibility for amide coordination to the Co metal center, [>°Co][Co(lll)(4)] may exist
as [5°Co][Co(lII)(4)]° which would confound the interpretation above. Future experiments
to elucidate the redox states and coordination structure of Co-NO2A
radiopharmaceuticals are currently ongoing. However, the NO2A chelator may be less
suitable for Co radiopharmaceuticals due to its slight redox instability in human serum
and degradation in vivo. Alternatively, this degradation effect may be exploited to
implement other modes of drug delivery though more research is necessary to
characterize the degradation pathway. The in vitro cell uptake experiments would
predict the highest tumor uptake for [>°Co]Co(6) then [>°Co]Co(5) and [>°Co]Co(4), in
descending order, but the animal studies indicate that [°°Co]Co(5) and [*°Co]Co(4)
attained similar in vivo tumor uptake. Thus, in vitro results should only be referred to as
a general guideline for screening radiopharmaceuticals and in vivo animal models are
necessary to probe complex biological systems. Although [*°Co]Co(6) exhibited the best
tumor uptake and tumor-to-kidney ratio, NOTA could still be a viable chelator for other
Co radiopharmaceuticals given its stability under a wide variety of conditions explored in

this work and the fast oxidation rate.

4.4 Conclusion
Co-NO2A and -NOTA complexes stabilize Co(lll), contrasting Co-DO3A complexes that
preferentially stabilize Co(ll), and Co-NOTA complexes oxidize faster than Co-NO2A.

The oxidation rate for both Co-NO2A and -NOTA complexes can be increased with
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lower pH, increased temperature (with/without sodium gentisate) and additional H20-.
Overall trends in redox behavior correspond well between model peptides and PSMA-
functionalized chelators, where Co-NOTA complexes oxidize faster than Co-NO2A
complexes. The >°Co radiopharmaceuticals investigated in this work can be synthesized
as one radiochemical species, and their overall biodistributions were similar (renal
clearance with short blood circulation times). [°°Co]Co-DO3A-PSMA-617 achieved the
highest tumor uptake (~18%ID/g at 24 h p.i.) and both [*°Co]Co-NO2A-PSMA-617 and
[°°C0]Co-NOTA-PSMA-617 had similar tumor uptake (~10%ID/g at 24 h p.i.). The
tumor-to-kidney ratio was similar between [*°Co]Co-DO3A-PSMA-617 and [*°Co]Co-
NO2A-PSMA-617 (~90 at 24 h p.i.) and about half for [>°Co]Co-NOTA-PSMA-617. Slight
degradation products in the urine at 1 h p.i. for [°®>°Co]Co-NO2A-PSMA-617 suggests
that NOTA and DO3A may be more suitable chelators for Co radiopharmaceuticals with

longer blood circulation times.
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Chapter 5. Theranostic cobalt-55/58m for neurotensin
receptor-mediated radiotherapy in vivo: pilot studies with

dosimetry

Disclaimer: data from this chapter related to NO2A-NT-20.3 was published in
Pharmaceutics and Nuclear Medicine and Biology in collaboration with Dr. Hailey
Houson, Dr. Volkan Tekin and Dr. Suzanne E. Lapi from the University of Alabama at
Birmingham (UAB) and the Cyclotron research group at the University of Wisconsin-
Madison. UAB provided the NO2A-NT-20.3 molecule. Data from this chapter related to
NOTA-CB-SR142948A was published in The Journal of Nuclear Medicine in
collaboration with Dr. German Oscar Fonseca Cabrera, Xinrui Ma, Dr. Zibo Li and Dir.
Zhanhong Wu from UNC and the Cyclotron research group at the University of
Wisconsin-Madison. UNC synthesized the NOTA-CB-SR142948A molecule. Justin
Jeffery, Ashley Weichmann and Dr. Zachary Rosenkrans at the University of Wisconsin-
Madison Carbone Cancer center assisted with animal experiments. Dr. Andres Mejia
from Research Animal Resources and Compliance Comparative Pathology laboratory at
University of Wisconsin-Madison interpreted and conducted mouse kidney histology. All
collaborators participated in editing the manuscripts in some way, shape or form.

Research from the preceding chapters can be synthesized to facilitate theranostic
applications of ®*Co and *®™Co. The target fabrication, irradiation and °*Co purification
process as described in Chapter 2 can lead to [*°Co]Co-NOxA and -DOxA with AMA
suitable for RPT applications. Radiochemical investigations of °Co from Chapter 3 and
Chapter 4 characterized the behavior of Co chelation and redox activity under n.c.a.
conditions for most clinically relevant chelators at the time of writing this document. As
previously mentioned, °°Co is an attractive chemical surrogate for ®®™Co because of the
ease of handling (moderate half-life and high detectability) and possibility for PET
imaging. Thus, all the radiochemical development processes and pre-treatment
dosimetry can be performed with 3°Co. Following this, °®®™Co productions can then be
focused primarily on in vitro cytotoxicity and in vivo therapy studies in theranostic

fashion.
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The type 1 neurotensin receptor (NTSR1) was identified as a potentially suitable target
for LEE RPT with %™Co in this work because the neurotensin (NTS)/NTSR1 complex is
highly internalizing and can localize near the cell nucleus [116,117,173]. Additionally,
NTSR1 is also expressed by a wide variety of cancers including breast, pancreatic,
prostate, colon and non-small cell lung cancers due to its role in cellular proliferation,
survival and migration [118]. Furthermore, NTS has sub-nanomolar affinity for NTSR1
which potentially enables NTS-derivatives to effectively target cancer cells in vivo under
radiopharmaceutical conditions [115,173]. Unfortunately, due to rapid degradation of
NTS in vivo, several modifications are necessary to enhance the metabolic stability for
nuclear medicine applications [115,119-121,174,175]. From prior investigations,
neurotensin(6-13) with N-methylation at Arg(8), and Tle substitution with lle(12), “NT-
20.3”, achieved one of the best overall targeting properties in vitro and in vivo, though
the molecule was only ~25% stable after circulating for 15 min in mice. More recently,
another set of NTSR1 agonists achieved >2x tumor uptake of NT-20.3 around 1 h p.i.
[122]. However, these studies did not investigate tumor retention beyond 45 min and the

molecules are more difficult to synthesize.

On the other hand, NTSR1 antagonists, such as SR 142948A [150], are not exposed to
the same enzymatic cleavage sites as NTS and thus demonstrate high metabolic
stability in vivo with high binding affinity for NTSR1 [176]. NTSR1 antagonists
radiolabeled with '“Lu have improved (preclinical) treatment efficacies as compared to
other agonists investigated in literature [124,125] and a phase 1 clinical trial was
recently completed (NCT03525392). However, antagonistic targeting vectors often do

not internalize to the same degree as agonists due to the lack of downstream cellular
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signaling after ligand-receptor binding. Despite this, since '’Lu emits electrons that do
not benefit from cellular internalization beyond geometrical considerations due to their
low initial LET, '"7Lu RPT of macroscopic tumors with antagonists generally result in
better therapeutic efficacies due to the higher tumor uptake and retention. In fact,
tumors at ~mm scale are well-suited to maximize the absorbed dose from electrons
emitted by ""’Lu. Conversely, the optimal target size for ™Co RPT is around 20-100 ym
and %8mCo internalization can improve the therapeutic window due to increased LET and
relatively low range for its emitted electrons. The internalization rate of NTSR1
antagonists is not well established in literature, so there may also be a tradeoff between
in vivo tumor uptake and in vitro-derived cytotoxicity for $8™Co LEE RPT. Nevertheless,
because %8MCo emits electrons that have sufficient energy to traverse a cell diameter,
cell surface localization may still enhance cytotoxicity and improve the therapeutic

window relative to 77Lu.

This chapter investigates the therapeutic potential of both NO2A-NT-20.3 (NT) and
NOTA-CB-SR142948A (SR) for LEE RPT targeting NTSR1 using the theranostic
%5Co/%8mCo matched pair. To simplify notation, NT and SR will refer to the modified NTS
agonist and antagonist, respectively. The structure of both molecules is shown in Figure
5-1. The NO2A and NOTA chelating moieties were chosen based on availability and
their rapid radiolabeling under mild conditions with n.c.a. ®°Co/°®™Co. This work begins
by radiolabeling ®°*Co to NT and SR and evaluating the compound’s in vitro stability
against PBS and human serum. Then, the targeting properties are verified in vitro by
incubating 5°Co-radiolabeled NT and SR with NTSR1-positive HT29 cells. The

cytotoxicity of ®™Co-labeled NT and SR is then assessed in vitro, and %°Co-labeled NT



109

and SR are administered in vivo in HT29 tumor-bearing mice for dosimetry analysis.
Finally, 8mCo-labeled NT and SR are used for pilot therapy studies to evaluate their

therapeutic efficacy.

NO2A-NT-20.3 ("NT") NOTA-CB-SR142948A ("SR")

Figure 5-1 Chemical structures of NO2A-NT-20.3 (NT) and NOTA-CB-SR142948A (SR).
5.1 Materials and methods

5.1.1 Cyclotron production and separation of 5°Co and ¥™Co

Cobalt-55 and cobalt-58m were produced from deuteron bombardment of isotopically
enriched %Fe and 5"Fe, respectively, and processed using the cation
exchange/branched-DGA method as described in Chapter 2 or anion
exchange/branched-DGA method from [92]. Quantification methods for %™Co were

described in Chapter 2.
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5.1.2 Radiolabeling and stability

NO2A-NT-20.3 (NT)

NT was acquired from CPC Scientific by Dr. Lapi’s group at the University of Alabama at
Birmingham, and lyophilized fractions were sent to UW-Madison. NT was used without
further purification and radiolabeled with 55%8™Co at pH4.5, 95°C for 1 h using 0.1 M
pH4.5 sodium acetate buffer and 10 mM sodium gentisate. Radiolabeled compounds
were completely oxidized prior to HLB purification. The HLB purification process was
described in previous chapters (no TFA addition). All compounds were used within 1 h
after purification and AMA for each experiment ranged from 3.7 to 37 MBg/nmol at EOS.
Samples were analyzed by radio-HPLC using a reverse-phase 250 x 4.60 mm C18 Sum
100A column (DIONEX) and the following gradient: 0-3.5min 95% A, 5% B; 3.5-13.5min
95-65% A, 5-35% B; 13.5-15min 65-10% A, 35-90% B; 10% A, 90% B until 19min; 19-
20min 10-95% A, 90-5% B; 95% A, 5% B until 25min. A=0.1% TFA H20, B=MeCN. To
verify the expected mass of Co-NT, 40 nmol NT was labeled with 200 nmol Co under
the same conditions as above, then Co-NT was purified by HPLC and sent to University
of Wisconsin’s Analytical Instrumentation Center for mass spectrometry (Bruker MaXis
Ultra-High Resolution Quadrupole Time-of-Flight MS). The m/z for [M+H*]?** and
[M+2H*]3* were 720.36 (expected 720.36) and 480.58 (expected 480.58), respectively,
corresponding to a trivalent Co complex as expected from Co redox studies in Chapter

4.
NOTA-CB-SR142948A (SR)

SR was synthesized at the University of North Carolina at Chapel Hill according to

recently published methods by Cabrera et al. [144] and used without further purification.
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SR was radiolabeled with 558mCo at pH4.5, 55°C for 1 h using 0.1 M pH4.5 sodium
acetate buffer and 10 mM sodium gentisate. Radiolabeled compounds were
quantitatively oxidized after radiolabeling. All compounds were used within 1 h after
purification and AMA for each experiment ranged from 3.7 to 150 MBg/nmol. Samples
were analyzed by radio-HPLC (same DIONEX column) using the following gradient: O-
2min 95% A, 5% B; 2-3.5min 95-75% A, 5-25% B; 3.5-25.5min 75-40% A, 25-60% B;
25.5-26min 40-5% A, 60-95% B; 5% A, 90% B until 29min; 29-29.5min 5-95% A, 95-5%

B; 95% A, 5% B until 30min. A=0.1% TFA H20, B=MeCN.
Human serum stability

All samples had one dominant peak before and after purification. Purified %°Co
compounds were incubated with human serum at 37°C then mixed 1:1 with MeCN and
centrifuged to remove excess protein prior to HPLC analysis. Most of the activity was

present in the supernatant for both compounds.

5.1.3 In vitro studies with HT29 cells

HT29 (NTSR1 positive) and Caco2 (NTSR1 negative) human colorectal
adenocarcinoma cells (ATCC) were cultured in McCoy's 5A medium and Eagle's
Minimum Essential Medium, respectively, with 10% fetal bovine serum and 1% Pen-
Strep at 37°C in a 5% CO2 atmosphere using T75 flasks. Cells were harvested using
previously discussed methods. Binding saturation assays were conducted by incubating
10° cells/well from sequential dilutions of 200 nM NT radiolabeled with %°Co stock on
filtered 96 well plates for 2 h. Filters were drained, rinsed with 3 mL PBS per well, dried
and assayed for total bound activity. Binding saturation curves were modeled as one-

site total binding (Y=Bmax*X/(Kp + X)+ NS*X + Background, where X is the
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concentration of the ligand). Internalization was assessed by incubating 10° HT29 cells
in 35 mm petri dishes with 10 nM NT radiolabeled with >°Co, then membrane bound
activity was stripped using 0.1 M pH2 sodium citrate/citric acid buffer for 5 min and
rinsing with 2 mL PBS. The internalized activity was recovered by dissociating the cells
with 1 mL 0.25 % Trypsin-EDTA for >15 min and rinsing with 2 mL PBS. Internalization
rates were modeled as one phase exponential association (Y=Plateau®(1-exp(-K*x)),
where x is the time in minutes). Subcellular localization assays were performed by first
incubating 107 HT29 cells with [>°Co]Co-NT in T75 flasks for 2 h. Residual membrane
bound activity was stripped using 10 mL 0.1 M pH 2 sodium citrate/citric acid buffer for 5
min and rinsed with 3x 10 mL PBS. Cells were dissociated with 3 mL 0.25 % trypsin-
EDTA, and centrifuged into a pellet, then cellular contents in each compartment were
extracted using a commercially available kit (Thermo Scientific Subcellular Protein

Fractionation Kit for Cultured Cells).

MIRDcell V3.12 [78,177] was used to determine HT29 cellular absorbed dose rate per
unit activity for ®®™Co by assuming a cell radius of 8 um and nuclear radius of 5 um
[178]. Cobalt-58m transformations [179] were imported into MIRDcell manually.
Although MIRDcell V3.12 does not consider contributions from gamma rays and x-rays
with the given dimensions, these are negligible for 8™Co at the cellular level.
Cytotoxicity was evaluated by incubating [°®™Co]Co-NT with 2x10% HT29 cells using
optical 96 well plates (Thermo Fisher Scientific), where viability was assessed with ATP
assays (CellTiter-Glo®, Promega) using a Tecan Spark™ 10 M multi-mode microplate
reader. The cytotoxicity was modeled as an inhibitory dose-response (Y=100/(1+X/1Cso),

where X is the (activity) concentration). All model fits and statistical analyses were
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computed using GraphPad PRISM version 10.1.2 (GraphPad Software). All in vitro
experiments were performed in triplicate and samples were assayed with an automated
gamma-counter (PerkinElmer). The same studies and procedures were performed with
[55%8mCo]Co-SR. Fit parameters are provided with 68% confidence interval. Unless

otherwise stated, reported values are given as mean+SD.

5.1.4 Animal models

General

All animal studies were conducted under a protocol approved by the University of
Wisconsin Institutional Animal Care and Use Committee. Food and water were available
to mice ad libitum. Female athymic nude mice (5—6 weeks old) were purchased from the
Jackson Laboratory. HT29 and Caco2 tumors were established by subcutaneous
injection of approximately 10° cells suspended in 100 L of 1:1 PBS and Matrigel into
the right and left axillary, respectively, of the mice. The xenograft location was chosen to
distinguish tumor uptake from kidneys and bladder. In vivo experiments were performed
once tumor diameters reached ~5 mm (1 week). Mice were inoculated with Caco2
tumors to confirm tracer specificity. Mice for therapeutic studies were not xenografted

with Caco2 tumors.
In vivo pharmacokinetics and biodistribution

Pharmacokinetics of Co-labeled NT and SR was determined with in vivo PET imaging
using [>°Co]Co-NT and -SR. In vivo PET imaging and ex vivo biodistribution were

performed following methods from Chapter 3.

In vivo therapy studies using [°®*"Co]Co-NT and -SR
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Prior to therapeutic evaluations with [®™Co]Co-NT/SR, two non-tumor bearing mice
were administered approximately 165 MBq of [®*™Co]Co-NT/SR to assess general
toxicities (euthanized after 3 months). Kidneys were harvested and sectioned for
hematoxylin and eosin (H&E) staining and Masson's trichrome to ascertain
presence/absence of fibrosis. The treated mice were administered 110 £ 15 MBq
[38MCo0]Co-NT (N=3, ~3 nmol NT) or 150+10 MBq [**™Co0]Co-SR (N=4, ~1 nmol SR).
The control groups (N=3 each) received only PBS. As tumors were <6 g throughout the
entire experiment, the area method (L x W) was adequate for estimating relative tumor
size [180]. Blood samples were acquired from the submandibular vein for complete
blood count analysis before and 4 and 8 days after therapy for [®®"Co]Co-NT. Mice
tumor sizes were measured along two perpendicular axes using a digital caliper and
total body weights were determined using a digital scale. Once tumor sizes reached
beyond 16 mm, or after 30 days, xenografted mice in the therapy study were euthanized

by CO2 asphyxiation then exsanguinated.

5.1.5 Dosimetry

Dosimetry was assessed via the Medical Internal Radiation Dose (MIRD) formalism
[181]. Time-integrated activity in each organ was calculated from the trapezoidal sum of
time-activity curves with physical decay of *®™Co or the Bateman fit of °9Co. Organ
uptake beyond 24 h was extrapolated using an exponential decay model from data at 4-
24 h. Uncertainty from integrating extrapolated mono-exponential fits were derived
using standard error propagation, and uncertainty from fitting was estimated using the
confidence interval. Absorbed dose coefficients were calculated by converting time-

integrated activity via:
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Where d(r;) is the absorbed dose coefficient for organ 1, A(rg) is the time-integrated
activity in organ rg and S(r; « r5) is the absorbed dose rate per unit activity for source
organ rs and target organ r. The absorbed dose rate per unit activity was assumed to
be independent of time. Since the y dose from 89Co delivered to off-target tissues are
negligible relative to local dose from %89Co’s B+, LEE and LEE from %mCo, the
summation can be simplified to just one term. To quickly convert between units, 1 unit of
%ID-h/g is equivalent to 5.77x10* mGy/MBg-keV (keV in this context refers to the
amount of decay energy from a particular radionuclide absorbed by the tissue in keV).
The radiation dose to female humans was calculated by scaling the radiation dose to
mice with mass ratios [182]. Mouse organ masses were taken from table 3 of [183]. The
589Co decay energy absorbed in the mouse HT29 tumor, mouse kidney and mouse liver
were estimated using GEANT4 [80,184,185] and found to be approximately 37, 43 and
52 keV, respectively. The tissues were assumed to be a sphere of water with radius 2.5,
4.5 and 8.0 mm for the HT29 tumor, kidney (0.38 g) and liver (2.14 g), respectively, and
with uniformly distributed activity (108 events). The human kidney and liver were

assumed to weigh 138 and 1400 g, respectively.

5.2 Results

5.2.1 Radiolabeling and stability of [**Co]Co-NT and [**Co]Co-SR

NT and SR were first analyzed on the HPLC to ascertain their chemical purity. After
verifying the chemical purity, and forming the expected Co-NT and -SR complexes,

each compound was radiolabeled with °Co and purified. The samples were then
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incubated in PBS or human serum at 37°C. Both [>>Co]Co-NT and [*°Co]Co-SR could
be radiolabeled with >95% radiochemical purity and were stable in PBS and human
serum for 24 h (Figure 5-2). Due to co-produced %"Co and %89Co, the radiochemical

speciation of ®®™Co labeled compounds can be indirectly detected on the radio-HPLC

through these surrogates.
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Figure 5-2 Radio-HPLC chromatograms of [?Co]Co-NT (left) and -SR (right) after incubating in PBS and human
serum for 24 h. The radio-HPLC chromatograms for [?*"Co]Co-NT and -SR after radiolabeling and purification are
also included for reference. All samples were oxidized to a single radiochemical species and achieved quantitative

labeling prior to purification.

5.2.2 In vitro cell assays

Since the °*Co radiolabeled NT and SR compounds achieved high radiochemical purity
and stability in human serum, the targeting properties of each compound were verified
by in vitro cell assays using NTSR1-positive HT29 cells. Binding saturation assays
determined Kb = 524 nM (NS 0.06 fmol/nM) and 64 nM (NS 1.6 fmol/nM) with NTSR1
density of 1.1+0.2 and 0.7+0.2 x10° per HT29 cell for [>°Co]Co-NT and [**Co]Co-SR,
respectively (Figure 5-3A). The measured Kb at 2 h and 4 h were similar, which
suggests that equilibrium is established after 2 h of incubation. The internalization
assays for [*°Co]Co-NT and [*°Co]Co-SR determined a plateau of 80+5% and 34+2%

with K = 3.0£0.5 and 1.7£0.3 x102 min-!, respectively (Figure 5-3B). Subcellular
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localization data agrees with qualitative distributions derived from images of fluorescent
neurotensin probes in HT29 cells [116,186,187], demonstrating retained targeting

properties (Figure 5-3C).
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Figure 5-3 In vitro evaluations of A) total binding, B) internalization rate and C) subcellular localization using [?°Co]Co-
NT and [?°Co]Co-SR. D) In vitro viability studies for evaluating the cytotoxicity of [P*"Co]Co-NT and [?*"Co]Co-SR.
The concentration of ligand was set equivalent to that derived from AMA at 37 MBq/nmol. All in vitro experiments
used HT29 cells.

After establishing the radiolabeling procedures and validating the targeting properties of
55Co labeled NT and SR, the therapeutic potential of °®®™Co was evaluated in vitro.
[®8™C0]Co-NT, [®®™Co]Co-SR and [*®™Co]CoCl2 induced cytotoxicity in a dose-dependent
manner with ICso = 912, 16£3 and 110+40 MBg/mL, respectively, after 24 h of
incubation (Figure 5-3D). NT and SR did not inhibit cellular proliferation at

concentrations matching *®mCo-labeled compounds. Interestingly, [?®"Co]Co-SR at
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lower AMA appeared to exhibit similar behavior as unlabeled 38™Co, though this may
also be due to increased [SR]. No statistically significant differences were observed
after incubating for 48 h. Using the conversion factor of 0.1889 mJ/MBq with a decayed
fraction of 0.839 for %™Co after 24 h, the dose for [?*™Co]Co-NT, [*"Co]Co-SR and
[38™Co]CoCl2 at ICs0 is 1.4+0.3, 2.5+0.5 and 176 Gy, respectively. HT29 cellular
absorbed dose rate per transformation for ™Co computed from MIRDcell is provided in
Table 1-1, where the same calculations were also performed with '"’Lu to demonstrate
differences between LEE and (soft) - emissions. For all scenarios related to self-cell-

associated activity, ®®™Co delivers >2x dose compared to "7Lu.

Table 5-1 HT29 cellular absorbed dose rate per unit activity for %¥mCo and '"7Lu calculated from MIRDcell. “C” refers
to the cell, “CS™-cell surface, “N”-nucleus, and “Cy’-cytoplasm. For example, C<CS refers to the dose to cell for
activity distributed uniformly on the cell surface. HT29 cells were modeled with a nuclear radius of 5 um and cell

radius of 8 um [178].

S(C<C) S(C<CS) S(N<N) S(N<Cy) S(N<CS) S(Cy<N) S(Cy<CS) S(Cy<Cy)
(Gy/Bg-s) (Gy/Bg-s) (Gy/Bqg-s) (Gy/Bg-s) (Gy/Bq-s) (Gy/Bg-s) (Gy/Bq-s) (Gy/Bq-s)

58m
secl:fo 1.03E-03 6.08E-04 3.11E-03 6.83E-04 3.66E-04 6.83E-04 6.87E-04 1.04E-03
177
SeL"L,' 2.76E-04 1.73E-04 8.01E-04 1.72E-04 1.01E-04 1.72E-04 1.97E-04 2.88E-04

5.2.3 In vivo PET imaging and dosimetry

Given the promising in vitro results, *>Co-labeled NT and SR were administered in mice
to evaluate the pharmacokinetics. The biodistribution profile of [?°Co]Co-NT is similar to
previous work using NT [115], where the compound achieves high tumor-to-background
in <1 h p.i. due to fast renal clearance (Figure 5-4). HT29 uptake was >5x Caco2,

suggesting tracer specificity. [°°Co]Co-NT with higher tracer mass reduced tumor uptake
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(see Figure 5-5) but retained similar overall biodistribution. Differences in kidney uptake

are likely due to erratic voiding periods.
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Figure 5-4 In vivo MIP PET/CT (left, top) and PET (left, bottom) images acquired at 1 and 24 h p.i. for [°°Co]Co-NT
with 0.1 nmol of tracer injected. The arrow indicates the position of HT29 tumor xenograft. PET ROI quantified organ
uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 5-5 In vivo MIP PET/CT (left, top) and PET (left, bottom) images acquired at 1 and 24 h p.i. for [°°Co]Co-NT
with 3 nmol of tracer injected. The arrow indicates the position of HT29 tumor xenograft. PET ROI quantified organ
uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).

On the other hand, [>°Co]Co-SR exhibits a combination of hepatobiliary and renal

clearance with high tumor uptake and tumor-to-background (Figure 5-6). Again, HT29
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uptake was >10x Caco2, which suggests tracer specificity to NTSR1. Similarly, the
tumor uptake is reduced with higher tracer mass but the overall biodistribution profile
remains comparable (Figure 5-7). Even with the drastic reduction in HT29 tumor uptake
with 1 nmol SR, [*°Co]Co-SR achieves substantially greater tumor uptake compared to
[®°Co]Co-NT. Figure 5-8 shows the ex vivo biodistribution at 24 h p.i. for all groups of

mice investigated in this work.
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Figure 5-6 In vivo MIP PET/CT (left, top) and PET (left, bottom) images acquired at 1 and 24 h p.i. for [?°Co]Co-SR
with 0.05 nmol of tracer injected. The arrow indicates the position of HT29 tumor xenograft. PET ROI quantified organ
uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 5-7 In vivo MIP PET/CT (left, top) and PET (left, bottom) images acquired at 1 and 24 h p.i. for [°°Co]Co-SR
with 1 nmol of tracer injected. The arrow indicates the position of HT29 tumor xenograft. PET ROl quantified organ
uptake values for select organs agree well with the ex vivo biodistribution at 24 h (right).
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Figure 5-8 Ex vivo biodistribution at 24 h p.i. for [P°Co]JCo-NT and -SR with low and high tracer masses.

After acquiring the in vivo pharmacokinetic profile of [?®*Co]Co-NT and -SR, dosimetry for
organs of interest were then calculated by substituting the physical properties of °Co

with 58mCo since the two radionuclides are chemically matched. Using the MIRD
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formalism, dosimetry for [®*™Co]Co-NT and [*®™Co]Co-SR are presented in Table 5-2
and Table 5-3, respectively. Although both [8MCo]Co-NT and [*8™Co]Co-SR deliver more
dose to the kidneys compared to the HT29 tumor, [3®™Co]Co-SR can achieve nearly 5x

higher absorbed dose per unit activity to the tumor compared to [3"Co]Co-NT.
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Table 5-2 Calculated mass-normalized time-integrated relative activity (A /Ao x100%/M) for [8"Co]Co-NT with 3 nmol
NT from integrating time-activity curves and absorbed dose coefficients (d) for organs of interest.

A 100%/M 4 100% /M d d
Organ 4, X o/ 4, X o/ Mouse Human
(%ID-h/g) (%ID-h/g) (mGy/MBq) (nGy/MBq)
58mC o 589Co 58mCo/58ICo* %8mCo/%89Co’
THT29 121 0.54 + 0.31 1.6/0.12 N/A
umor
Kidney 43+ 4 34+£12 6.1/0.84 2.0/0.28
Liver 41+05 0.11 +0.06 0.58/0.03 0.19/0.01

*589Co contributions are stated per MBq of [**™Co]Co-NT with 0.96% 58Co.

Table 5-3 Calculated mass-normalized time-integrated relative activity (A /Ao x100%/M) for [58"Co]Co-SR with 1 nmol
SR from integrating time-activity curves and absorbed dose coefficients (d) for organs of interest.

4 10006/M = x 100%/M d d
Organ A, X %/ Ay x %/ Mouse Human
(%ID-h/g) (%ID-h/g) (mGy/MBq) (nGy/MBq)
58mC o 580C o 58mC o/589Co" 58mC o/589Co"
THU.:-:gr 50+ 6 26 +1.1 7.2/0.55 N/A
Kidney 61+6 21+05 8.7/0.51 2.9/0.17
Liver 35+ 4 1.6+0.7 5.0/0.48 1.7/0.16

*%89Co contributions are stated per MBq of [®¥™Co]Co-SR with 1.4% %89Co.

5.2.4 Pilot in vivo therapy studies

Following in vivo PET imaging studies, 110 MBq [*®™Co0]Co-NT (0.2 Gy to tumor, 3 nmol
NT) and 130 MBq [*®*™C0]Co-SR (0.9 Gy to tumor, 1 nmol SR) were administered per
tumor-bearing mouse to evaluate the therapeutic potential of %™Co in vivo. In parallel,
mice with no tumors were administered 165 MBq [*®™Co]Co-NT and 150 MBq
[®®™C0]Co-SR to assess long-term toxicities associated with the treatment. These
activities were set based on the production capacity, AMA and losses due to purification
and residual activity in the syringe injection (>20% for [?®™Co]Co-SR). A total of 450-690
MBq and 740-925 MBq %®mCo at EOB were produced for [?®™Co]Co-NT and [*®™Co]Co-

SR, respectively.

[?®™C0]Co-SR treated mice with 1 nmol of SR were taken for PET imaging and the

results corroborate with [%*Co]Co-SR under similar conditions (Figure 5-9). These
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results demonstrate the utility of using chemically matched theranostic pairs. [**™Co]Co-
NT treated mice were not taken for PET imaging due to low expected counting statistics.
The relative tumor size and total body weight for each group of mice after treatment with
[3®™Co]Co-SR is presented in Figure 5-10. Although treatment with either [?®™Co]Co-NT
or [3®™Co]Co-SR did not lead to a meaningful therapeutic response, no toxicities were
observed (blood count and body mass). The treated mice with no tumors received 1.0
([®®™Co0]Co-NT) and 1.3 Gy ([®®™Co]Co-SR) to the kidneys and had no observable renal

damage (Figure 5-11).

In vivo MIP PET images at 4 h p.i.

[55Co]Co-SR [55Co]Co-SR [589Co0]Co-SR
0.05 nmol 1 nmol 1 nmol
HT29 25 HT29 12 HT29 12
. %IDlg %IDIg . %ID/g
°
0 0 0

Figure 5-9 In vivo MIP PET images acquired at 4 h p.i. for [?°CoJCo-SR with 0.05 nmol (left) and 1 nmol (middle) of
SR. Due to the improved metabolic stability, It was also possible to image [?®9Co]Co-SR present in [P*"Co]Co-SR
treated mice with acceptable counting statistics (right). The arrow indicates the position of HT29 tumor xenograft.
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Figure 5-10 The relative tumor size of mice after treatment (left) and the respective body weights (right) for each
group. Mice in the control group received no %mCo and only PBS.

H&E Trichrome

[58mCo]Co-NT

[58mCo]Co-SR

Figure 5-11 Representative mouse kidney slices stained with hematoxylin and eosin (H&E) and Masson's trichrome
demonstrate normal tissue morphology in the kidneys after treatment with 165 MBq of [?"Co]Co-NT and [%¥"Co]Co-
SR. Dr. Andres Mejia kindly performed the staining and histology analysis.

5.3 Discussion

The improved separation procedure from Chapter 2 enables the purified ®™Co to
achieve NOTA AMA of 150 MBg/nmol at EOS ([®®™Co]Co-SR). At the time of writing this
section, this is the highest reported [°®™Co]Co-NOTA AMA in literature. The most recent
publication with [*®®MCo]Co-DO3A-PSMA-617 radiolabeled 1.6 GBq *®™Co at 84
MBg/nmol EOS [88]. For reference, [°°Co]Co-DOTA AMA from Chapter 2 was 35
MBg/nmol with EOB production of ~0.25 GBq %°Co. Although the authors did not

explicitly mention the 58™Co activity at EOB, they likely produced >2x *®™Co compared to
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this work (max of 0.93 GBq at EOB). It is also worth noting that those researchers had

access to >99% 58Fe which can achieve higher %¥™Co yields as discussed in Chapter 1.

Since both compounds were conjugated with NOxA-based chelators, the compounds
were ascertained to be one radiochemical species prior to in vitro and in vivo studies.
Although MS was not successfully acquired with Co-SR, due to low ionization and
concentration, results from Chapter 4 suggest °°Co likely exists in the trivalent oxidation
state after radiolabeling to SR under n.c.a. conditions. Based on MS results, Co-NT
retained Co(lll) after heating with GA at pH4.5, which corroborates Co-NO2A results
from Chapter 4. The improved AMA for [®®™Co]Co-SR over [2®™Co]Co-NT is likely due to
increased °®™Co production and transitioning to the cation exchange/extraction
chromatography method. Both [>°Co]Co-NT and [**Co]Co-SR demonstrated good
stability in PBS and human serum for >24 h. GA also helped reduce SR degradation

from radiolysis.

The in vitro assays demonstrated that [*®™Co]Co-NT and [®*™Co]Co-SR retained their
targeting properties for NTSR1-positive HT29 cells. Experimentally derived Kb for both
compounds were ~5 nM, and the NTSR1 expression was comparable with other work
[123]. The internalization assays showed that [°®®™Co]Co-NT internalized faster and
achieved ~2.5x greater internalization of cell-associated activity as compared to
[®®™Co0]Co-SR. Since SR does not induce agonistic effects upon binding to NTSR1
[150], the internalization of [°®™Co]Co-SR is likely due to changes in NTSR1
conformation after complexation with SR [188,189]. Both [?*™Co]Co-NT and [*®™Co]Co-
SR were significantly more cytotoxic than [®®™Co]CoCl2, and [®®™Co]Co-NT was more

cytotoxic than [®®™Co]Co-SR by nearly 2x (p=0.0063). Enhanced cytotoxicity of
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[38™Co]Co-NT is expected because internalized 58™Co delivers ~2x more dose to the cell
and nucleus compared to surface bound activity (see Table 1-1). In fact, NT was chosen
as a promising targeting vector for ®™Co due to this consideration. Interestingly, the
cytotoxicity of [®®*™Co]Co-SR set at 9 MBg/nmol was significantly lower compared to 37
MBg/nmol, which suggests that receptor saturation reduces the cytotoxicity. Results in
this work demonstrate that future cytotoxicity assays with targeted %mCo
radiopharmaceuticals should aim to incubate cells starting at ~100 MBg/mL and
sequentially dilute each of 7 wells by a factor of ~2x to achieve a good fit to the data.
The AMA should also be varied to assess potential receptor saturation effects, though

one should be mindful of potential cytotoxic effects from increased tracer concentration.

Due to the relatively low NTSR1 receptor density, each compound was evaluated by
PET imaging in two groups of mice: one with low tracer mass and the other with tracer
mass equal to the expected treatment dose. The overall biodistribution profile was
similar between the low and high tracer mass groups but the tumor uptake for both
compounds was substantially reduced with higher tracer mass. Although the in vivo
therapy studies did not lead to a therapeutically meaningful response over time, there
was no observed general toxicity associated with the treatment (blood count, mass,
kidney histology). The absorbed dose coefficient for the HT29 tumor is 29 mGy/MBq for
the 0.05 nmol SR group which is about 4x that of the 1 nmol SR group (with similar
kidney and liver values between the two groups) and 6x that of the 0.10 nmol NT group.
Despite needing more research to establish the optimal mass of tracer prior to NTSR1
saturation, the most critical consideration is to improve *™Co AMA for tumor models

with relatively low receptor expression. The level of NTSR1 expression for HT29 cells
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may not be suitable for short-lived LEE emitters such as %®™Co unless the AMA is >370
MBg/nmol, which results in a theoretical maximum of 12 Gy to tumor in one cycle for 10°
receptors/cell and 10° cells/cm?® (assuming complete retention of 61 MBg/g 58™Co in the

tumor and immediate uptake).

With all else equal, the AMA can be improved by increasing the production capacity,
though increasing the irradiation time will produce more %"Co and 8Co as a fraction of
%8mCo. Irradiating thick targets with larger diameter will improve on-target irradiation but
the separation method will likely need to be optimized to accommodate larger masses.
The costliest approach would be to buy *8Fe and acquire an accelerator capable of
delivering deuterons at higher energy and current. Alternative separation methods may
improve the AMA, but both high AMA and production yields are simultaneously needed
to effectively apply *®™Co for RPT. For example, delivering 10 Gy to the tumor will
require 345 MBq [*®™Co0]Co-SR per mouse (assuming dosimetry from 0.05 nmol SR).
After accounting for 85% separation yield, 80% radiochemical yield after
purification/residual in syringe and 4 h of decay, this results in a minimum production of
2 GBq %®™Co for treating only 3 mice. Focusing the attention now to [°®®™Co]Co-NT, due
to potentially enhanced therapeutic window from high internalization, the tumor-to-
kidney ratio is 0.8 with an expected 5 mGy/MBq to the HT29 tumor in mice (assuming
dosimetry from 0.1 nmol NT group). Using the controversial 23 Gy dose limit for the
kidneys, this implies only 18 Gy can be delivered to the HT29 tumor and requires a total
of 3.6 GBq [*®™Co]Co-NT (in multiple cycles since %®™Co is theoretically limited at ~13
GBg/nmol). The treatment in this case will likely not be limited by the tumor burden

because most of the activity is renally cleared in <1 h, though a max tumor uptake of
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~5%ID/g implies 20 g of tumor(s) will deplete the tracer (assuming no other losses).
Based on yield calculations presented in Figure 1-14, irradiating ~200 ym %8Fe with 15
MeV deuterons can produce ~500 MBq/pAh %8™Co, which is 56 GBq **™Co EOB
following irradiation with 60 pA deuterons for 2 h (including saturation). Cobalt-58m from
this reaction pathway is predicted to have <0.6% %%9Co (<340 MBq) with negligible 5"Co
at EOB, where %89Co dose contribution can be further modulated by the

pharmacokinetics.

Alternatively, the constraints on production capacity and AMA can be less stringent if
better targets and targeting vectors are considered. In comparison with prostate cancer
models, the PSMA-positive PC3-PIP cells typically have 108 receptors/cell which is
about an order of magnitude greater than NTSR1 receptors expressed by HT29 cells.
This simple change in tumor model reduces the above constraint on AMA to just >37
MBag/nmol. Furthermore, the myriad of PSMA targeting vectors available in literature
with exceptional tumor uptake and retention (e.g., [137,190,191] and Chapter 4) make
PSMA an outstanding target even in comparison with SSTR2 [86]. In fact, preliminary in
vivo therapy studies using [*®™Co]Co-DO3A-PSMA-617 was recently published with

promising results [88].

5.4 Conclusion

[35%8mMCo]Co-NT and [3%%¥™Co]Co-SR were synthesized with radiochemical purity
suitable for in vivo applications. In vitro and in vivo experiments demonstrate that
[35%8mMCo]Co-NT and [%°®™Co]Co-SR retained the targeting properties of each
respective tracer. Although SR is more metabolically stable than NT, cytotoxicity assays

revealed that [®8MCo]Co-NT is likely more potent than [®®™Co]Co-SR, presumably due to
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higher internalization. Given the low NTSR1 expression for HT29 cells, receptor
saturation from higher tracer mass likely reduced tumor uptake. Dosimetry analysis
showed that %89Co is negligible if the tracer has a short biological half-life. Although no
therapeutically meaningful response was observed after treatment with 110 MBq of
[3®™Co]Co-NT and 130 MBq [*®™Co]Co-SR, there was no observed toxicity in any
treated group, including those that received 165 MBq. Higher time-integrated activity
and/or multiple dosing regimens will be necessary for ¥mCo-labeled
radiopharmaceuticals to achieve observable therapeutic responses. The development

of novel PSMA-targeting probes for 8mCo is currently ongoing.
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Conclusion

The information presented in this dissertation serves to elucidate the behavior of Co
radiopharmaceuticals and facilitate their application. During my degree, | substantially
reduced the fabrication time for iron electrodeposition [131], developed an efficient
method for separating cyclotron produced °*Co from °*Fe targets [192], explored the
radiolabeling parameters for novel [>°Co]Co-Sar complexes [193], demonstrated the
chemical redox speciation of Co-NO2A, -NOTA and -DO3A complexes (manuscript
under review) and implemented %°Co/*®™Co for theranostic RPT applications
[90,132,144]. Future work with 35Co/°®™Co could include automating the separation
process, performing systematic comparisons of Co-Sar radiopharmaceuticals with Cu,
exploiting the redox activity of Co complexes and/or treating tumors with ®™Co
radiopharmaceuticals that have even better tumor targeting properties than PSMA-617.
Surveying the publications related to *>Co/*®mCo since 2011 (first ®®™Co publication with
relevance for RPT) and excluding those that | was a part of, only 14 publications have
applied %°Co/*®mCo suitable for RPT [87,88,91-94,114,137,162,163,194—197]. By the
time this document is accessible, | will have contributed 6 additional original articles in
this area. Given the recent positive treatment results from [°®"Co]Co-DO3A-PSMA-617,
| also anticipate increased interest in using *®™Co for RPT and | look forward to future
developments using the >°Co/*®™Co theranostic pair. It was truly a unique experience to
explore nearly all facets of isotope production and application, including nuclear cross
section measurements, neutron spectrum unfolding and concrete shielding simulations
(see Appendix A-C), and none of this would have been possible without the enthusiastic

support of my lab, advisor and wonderful collaborators.
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Appendix A. Nuclear cross section calculations

The rate of production of a radionuclide from particles with charge Ze incident on some
target material (including decay, assuming no parent) can be described as:

dN  (Emax 1dEN\! 1(E,t)
& f dE ( ) o(E)
dt Emin

——— — AN (A1)
p dx Ze

Where N is the number of radionuclides, p is the density of the target, -dE/dx is the
stopping power, o is the cross section, | is the beam current and A is the decay constant
of the radionuclide. Then, if the target is thin enough with thickness xo such that the
beam current and incident particle energy Eo are not perturbed substantially as it
traverses through the target, equation (A.1) can be simplified to:

dN thintarget I(EO, t)
%~ Pproo(E)— — AN (4.2

And solved as:

I(E,,
N(t) = pxyo(Ey) <e"” * M) (A.3)
Ze .
Where * denotes the convolution operator. For a total irradiation duration of Teos,
equation (A.3) can be rearranged to solve for o(Eo):
N(TEOB)

TeoB

Then, N(Teos) can be calculated by performing HPGe gamma spectrometry on the
irradiated sample according to:

n(E) treal treal

trear tiive N(E)I, (E)(1 — e~Mreat)e~*Telapsed

N(Tgop) = (A.5)
Where n is the background subtracted number of counts detected by HPGe for a given
RO, treal is the real time during counting, tive is the live time during counting, n is the
calibration efficiency for the HPGe detector, |y is the branching ratio of the gamma
emission and Telapsed is the time elapsed since EOB at the start of counting.

Max

9.0mm

Appendix Figure A-1 An irradiated %*Fe target electrodeposited on Cu substrate (both ~10 um thick) for evaluating the
cross section of %*Fe(p,a)°'Mn (left). The sample was autoradiographed to ascertain the beam profile (right).
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Appendix B. Neutron spectrum unfolding

The following is a brief discussion on neutron spectrum unfolding with focus on the
maximum entropy method and the reader is advised to consult the references for more
information.

In contrast to charged particle beams, the rate of radionuclide production for neutrons
can be described as:

dN Emax

— = f dE my¢p(E,t)o(E) — AN (B.1)
dt Emin

Where ¢ refers to the differential neutron flux, mn is the number of target atoms for a
particular reaction pathway, and all other parameters have the same definition as
previously. It is generally difficult to measure ¢ directly due to a variety of constraints
associated with the irradiation facility, but @ computed from simulations can be corrected
by using non-discriminating detectors/activation foils [198,199]. These procedures are
referred to as “spectrum unfolding” (e.g., “unfolding” the integral to extract information
about ). The following outlines an instance of spectrum unfolding that adopts the
maximum entropy method (¢ is discretized for numerical methods) [200]:

b -
§= _Zf[ ('bf In <¢{ni]l:ial + ¢]I'mtlal - (,'b]] (B.2)
j)

S refers to the cross entropy between @M@ obtained from simulations and some guess
solution ¢ that is determined after applying the following constraints:

Nive s doae,  5(2) =0 (8.3
m, TE = j Pj0i;AE;, i\5,) = '
Where i and j refer to different reactions and energies, respectively, € is the deviation
from calculated value, AE is the energy spacing, d is the uncertainty and Q is the y?
statistic (~degrees of freedom). This optimization problem can be solved using
Lagrange multipliers to obtain:

¢] — ]{nitiale—zikiai_j (B.4)
For some k that maximizes:

Z= —Zj[(p]lnitiale_zikioi’j] - .Qzl'(K'iO'l"j)z - Zipiki (B.5)

Where p=N/m for simplicity. Results from a homemade program in Python is shown in
Appendix Figure B-1 below, where data were taken from [201,202] and TENDL.
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Appendix Figure B-1 Sample figures from adapted neutron spectrum unfolding program in Python showing the cross
sections used for the correction (top left), the neutron fluence (bottom left) and the percent difference between
measured and calculated activities (bottom right). Source code will be made available on Github.
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Appendix C. Concrete shielding simulations

For a given floor plan, neutron and photon dose to personnel were simulated for 200 pA
30 MeV protons incident on thick liquid ["®0]H20 and solid Be targets. The results are
shown in Appendix Figure C-1.

Simulated neutron flux for Be and ['®0]H20 corroborate with [203] and [204],
respectively. Geant4 simulations used the AlIHP physics package with no thermal
scattering law, and MCNP6.x simulations validated results from Geant4. The importance
sampling factor in Geant4 was approximately 1.5 and 2 per 10 cm of Portland cement
concrete for photons and neutrons, respectively. Geant4 flux-to-dose conversion was
performed via ANSI/ANS-6.1.1-1977 and photons/neutrons were simulated separately
for 30 MeV protons on thick ['®0]H20 (North) or Be (South) then post-processed.
Neutrons <5 MeV were discarded, and phase space were binned in 5-10, 10-20 and 20-
30 MeV groups. Since generated photons were isotropic, no such processing was
performed, and no photons were discarded. Geant4 derived particle flux was calculated
from counts/area for simplicity given the geometry.

Explicitly, MCNP simulations used default N, P and H physics, the built-in dose
conversion via ANSI/ANS-6.1.1-1977 and applied thermal scattering law for H and Si in
concrete. Importance sampling parameters were generated automatically using built-in
window generator(s).

Simulated dose at edge of

Geant4 concrete wall for each wing MCNP6.2
- - 0.15 Nor_th p ) North n+p 0.15 Assrrtula-ls::';e 015

| '

EY 01 05 041 -

% 0

2. 05 005 ., /
1 I a Incident protons

0

2 4 6 8
Length (m) Length (m)
South n+p

South n+p 2 Avg reshape 2
.. ' /N

Incident protons

2 4 6 8
Length (m)

Southn

n

ose rate 200 pA

(mrem/hr)

=
|
o o
o

D

Length (m)

Appendix Figure C-1 Sample floor plan geometry simulated in Geant4 (left) and MCNP (right) and the resulting
neutron/photon dose estimates (middle). Geant4 simulated dose agreed with MCNP.
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Appendix D. Miscellaneous supporting figures
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Appendix Figure D-1 Raspberry Pi control interface (left) for the semi-automated chemistry module. Live plotting can
be performed in parallel (right).

0327 Female

Appendix Figure D-2 External PCB coupled to the Raspberry Pi for miscellaneous tasks such as controlling the
valves and motor(s), detecting voltage signals from photodiodes and/or counting pulses from photomultiplier tube(s).
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Plating cell

Appendix Figure D-3 Electroplating setup. A) silver disk cathode on the aluminum base, B) the acid-resistant plating
piece with a Viton™ O ring seal on the bottom (9 mm plating diameter), C) platinum-coated titanium mesh anode and
D) the relevant circuit diagram.

Appendix Figure D-4 The most recent radiochemistry module used for separations (with two pumps!). The AG® 50W-
X8 and branched-DGA column are on the left and right side of the box, respectively. No valves were attached to this
iteration of the module, but the Raspberry Pi can control 6 valves.
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Appendix Figure D-5 The setup used for drying down the eluted fraction under argon flow and heat.

Appendix Figure D-6 The setup used for developing the radio-TLC plates (left). The radio-TLC plate is removed from
the solution once the solvent front reaches a certain height (typically =5 cm, depending on the retention factor of the
sample), dried, then sealed with tape to prevent contamination when analyzing the sample (right).

Appendix Figure D-7 To analyze the developed radio-TLC plate, a radio-sensitive phosphor plate is exposed to the
sealed radio-TLC plate (left), mounted on the holder (middle) then placed in the cyclone’s insert (right) for analysis.
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Only the "colored” boxes need to be edited. Start by guessing ~1%
58gCo/58mCo at EOB and make sure you know the HPGe efficiency for
811 keV. Then, day before the irradiation or so, assay the plated 57Fe for
58gCo. After EOB, assay the disk ASAP (typically ~5min of EOB) to get the
"initial" 58gCo activity. For each subsequent assay, enter the assay time

Brief instructions/notes: and measured 58g¢Co CPS to get the 58mCo activity. Note: assayed CPS should be dead time corrected already!
Bateman Ad=Ap0*ld/(ld-(p) *(e"(-Ipt)-e*(-[dt))+Ad0e"(-ldt) Half life 58gCo 1700.64 h Half life 58mCo 9.1h
Ais activity, p and d refer to parent and daughter, respectively, 0 refers to initial, tis time Decayconst 0.00040758 1/h 0.07617 1/h

58mCaoinitial
activity

Bateman const1term 1 term1 term 2 (pCi)

-14.57005648 -0.738852744 32.26243808 14058.82037 I
Initial 58gCo/58mCo fraction (guess ~1%) 0.012

relative to EOB CPS of expected Yield from

HPGe efficiency (CPS/uCi) 58gCo initial CPS (h) 58gCo at current separation or
time labeling 69.72275 %
58mCo Decay
43.02756429 factor 0.253838

58mCo activity
atcurrenttime 2488.166 pCi

Appendix Figure D-8 Excel spreadsheet to estimate the real-time %™Co activity.
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Appendix Figure D-9 Recovery coefficients for %°Co obtained by adding 1.35 MBq/mL [?°Co]Co-NOTA in aqueous
media at pH7.4 into Phantech’s PVC27-GrlIT phantom (left) and fit using a two-parameter logistic function [205]

(right).
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