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New chemical tools for the production
of 2At-labeled
radiopharmaceuticals




2NAt ecosystem in Nantes

’—_t

technologies) : analytical
radiochemistry

Ceisam : chemistry
(molecular modeling)

Nantes o

ILEDE NANTES

= L
Orvault [Astt .
Th & Arronax cyclotron facility
|
(N844 |
e A () CRCI2NA (Cancer research center)
=
e o & Subatech (Subatomic physics and
o

Saint-Herblain

tagne Rezé

Bouguenais @

CRCI?NA
Gancen & muNOLOGY




Why astatine-2117?
/——f

TABLE 1. CHARACTERISTICS OF 2-EMITTING RADIONUCLIDES OF POTENTIAL INTEREST FOR THE THERAPY OF CANCERS

Nuclide Half-life Decays Energy o (MeV) Production
*PAc 10 days 40,28 5.1-8.4 *3U decay/cyclotron
311At 7.2 hours 1o 1EC 590r74 Cycloltron
*1*Bi 61 minutes la, 14 6.1/7.8 **Th decay/***Ra generator
213B; 46 minutes 1o 2 6.0/84 22fAc generator
**Ra 11.4 days 40,28 5.7-7.5 **’Ac generator
143Tb 4.1 hours 1 «, EC 4.0 Accelerator
22’Th 18.7 days 50,2 5.7-75 227 A¢ generator
212pp, /212B42 10.6 hours 1a, 2 6.1/7.8 ***Ra generator
Choice of an a emitter guided by :  « Half-life
% Daughter radionuclides (cascade)
% Chemistry
% Nuclear wastes
% Availability

CRCI?NA

Eychenne et al. Pharmaceutics. 2021, 13, 906



Why astatine-2117?
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2098j + g > 211At + 2n

(28-29 MeV)
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Corson et al. Phys. Rev. 1940, 56, 672

2NAt production:

Advantage: on demand production from cheap raw material
Drawback: short distribution distance (tj, = 7.2 h)
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The challenge of astatine chemistry
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. : the most stable (¢'°At) has a short half live
of 81 h

Only = 30 g estimated on Earth.

. . conventional analysis tools cannot detect
such tiny amounts (NMR, IR, UV, mass spectrometry)

e [t's chemistry is often from its
closest chemical element, iodine...

« ... With however some
that provide a metallic character

i
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The challenge of astatine chemistry

— R eproduC

» impurities are often more concentrated than astatine

16 17
ﬂ (picomolar concentration) and uncontrollable side reactions
g

can occur from one astatine batch to another one.
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Pozzi et al. J. Nucl. Med. 2007, 48, 1190 ~




The challenge of astatine chemistry
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HO—< >\ (, "X[NaX], [Ox] <>]r, *X[Na AtO\X] Ho4< %\]r,

Visser et al, Int. J. Appl. Radiat. Isot. 1981, 32, 905-912

@) O \ ,
@) O—N @) O—N \ ’ @) H\/\/qr
211 At [OX] HoNo~~
O : - @) >
R3Sn 21 At

CHCI; or MeOH

Buffer, pH = 8.5 211t

[211At]SAB
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alutsky et al. Proc. Natl. Acad. Sci. U.S.A 1989, 86, 7149-7153 ™
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l-Understanding astatine chemical
properties

(Is At a halogen or a metal ?)




Pourbaix Diagram of Astatine: Evidence of a
Metallic Behaviour
| ————

Proposed SpeCIGS at pH = O’ I Species | I Species |l I Species Il I £o
litterature from 1961 to 1989 : | A | A g A | e A Ae Ao o, (Vs SHE)

Combination of: - lon exchange chromatography
- Electromigration
- Molecular dynamics simulations
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Champion, J., et al. 2009. Inorganica Chimica Acta 362 (8): 2654-61. Liu, L. et al. 2022. Inorg. Chem.
Sergentu et al. 2016. Chem. Eur. J 22 (9): 2964-71




Pourbaix Diagram of Astatine: Evidence of a
Metallic Behaviour

0 0.23~0.35 0.80 ~1.09 1.23

Proposed SpeCIGS at pH = O’ I Species | | Species |l I Species Il I Eo
litterature from 1961t0 1989 : [ & | & o | meo ar ae a0 o) Vv SHE)
Combination of: - lon exchange chromatography

- Electromigration
- Molecular dynamics simulations

E (V vs. SHE)

At* stable in water : typical of a metal
Not observed with lighter halogens

CRCI2NA
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Pourbaix Diagram of Astatine: Evidence of a
Metallic Behaviour

Contents lists available at ScienceDirect

Inorganica Chimica Acta s :
Equilibration

journal homepage: www.elsevier.com/locate/ica

Determination of stability constants between complexing agents and At(I) and
At(IIl) species present at ultra-trace concentrations

J. Champion?, C. Alliot®, S. Huclier?, D. Deniaud€, Z. Asfari ¢, G. Montavon®*

Molecular modelling:

Table 1
Parameters describing the interaction between At(x)* and SCN~ and LH, using the CMLL and CMSL methodologies.

Ligand At(l) At(III) Q Q

Method used D/Kd (mLjg) Complex logk Method used D/Kd (mL/g) Complex logk q ‘R
Al) Complex At(1) Complex <

LH, CMLL (Toluene) 21 - 1l 45+04 CMLL (Toluene) 425 - ikl 33403

CMLL (Chloroform) 8 - CMLL (Chloroform) 2.8 - sophistication

CMSL 904 - CMSL 284 -

degree

SCN CMLL (Toluene) 144 - 1:2 59+03 CMLL (Toluene) 60 - 1:2 53+0.2 o & & I d

CMLL (hexane) 34 - 1:1 38402  CMLL (hexane) 095 - 1:1 28402 0% 0% 100% 0% Isolated state

CMSL 268 10.4 (cpx 1:2) CMSL 47.7 22 (cpx 1:2)

75% 25% 0% 0% + solvation effects
week ending
PRL 111, 116404 (2013) PHYSICAL REVIEW LETTERS 13 SEPTEMBER 2013

0% + SOC effects

9% 91% 0%
Condensed Astatine: Monatomic and Metallic

Andreas Hermann
School of Physics and Astronomy and Centre for Science at Extreme Conditions, University of Edinburgh,
Edinburgh, EH9 3JZ, United Kingdom

Department of Chemistry and Chemical Biology, Cornell University, Ithaca, New York 14853, USA 2NA

Champion et al, Phys. Chem. Chem. Phys. 2011, 13, 1498 e
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Astatine also behaves as a halogen
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Table 1. Astatine’s Atomic Properties Derived from the High-
Precision Measurements of EA and 1E, Compared to Those of

Iodine”
Property Definition At 1
1 ivi X IE + EA 5.87 eV 6.76 eV
ctr rativit = S. .
24 5 8(7) e\/l:> electronegativity > e e
IE — EA
hardness n= T 3.45eV 3.70 eV
1
S=— 0.145 eV~! 0.135 eV~!

softness m

= £ 4.99 eV 6.17 eV

electrophilicity

CRCI?NA

Leimbach et al. Nat Comm. 2020, 71, 3824



Astatine also behaves as a halogen

l
. 175.5° 178.7° @

? | 2.983#\ 1 2667 A
J:)—t J—f ‘J 2 f‘l 2@
nawre ARTICLES Y i eutge 2 o6 &
Chemlstry https://doi.org/10.1038/541557-018-0011-1 s A ” J—* J 9
Jd
0 diethyl methylphosphonate
Experimental and computational evidence of W@ PN
halogen bonds involving astatine 2089 A
(.
Ning Guo', Rémi Maurice', David Teze ®', Jérome Graton®?, Julie Champion’, Gilles Montavon™ At fO Mms “@ Lt\é’ /‘/z‘ 179.7° @
and Nicolas Galland ®%* ' t& j
stronger X- ¢ ‘h" i
o-hole bonds than ‘¢ Y ‘s .
iodine & ¢ € XQ
< . (= (' ¢
. R _. + . I:} “ R —. . triphenylphosphine sulfide ethyl butyrate
R=C, halogen, N, ... Y=N,0,S, Se,...
X=1LBr,CLF I-,Br ,CI",F", ...

Figure 1. Schematic representation of the halogen bond.

CRCI?NA

Guo et al. Nat. Chem. 2018, 10, 428




2- Improving labelling chemistry




Radiolabelling Chemistry with Astatine-211. Improving
Methods and In Vivo Stability
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Halogen exchange

21 1At
O (0]
CuSO,, SnSOy,
OH gentisic acid, citric acid OH
| Nz 6o min, 120°C 211 NH,

RCY =67-80%
Halodediazotation

o i Astatine used as a typi '
/©)J\OH 0.4N H,S0, /@)HDH yplcal halogen N
- 150G a2iipg radiolabelling reaction using nucleophilic
REY =700 (At7) or electrophilic (At*) species ...

Halodeprotonation

211At
N
OGO, e O
~
- HZO >N °S N~
10-15 min, 100°C | Cl*oanp |
RCY =68%
Halodemetallation
L 4
\/\,\O 211p¢ (@) N\/\N
Chloramine-T
EtOH/CHCI3/AcOH
SnBu3 25 min, r.t. 211At RCY = 74%

Guérard et al. Acc. Chem. Res. 2021, 54, 3264-3275 SREINA



Radiolabelling Chemistry with Astatine-211: Improving
Methods and In Vivo Stability
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0
oo ;j g - g
/é ! 2115t [Ox] /é HaN o~~~ /E\;j

R3Sn 21 At

CHC|3 or MeOH Buffer pH =85

21 1At
[2"At]SAB

- lack of robustness of At* species

ification i - suboptimal conjugation yields (50-75%)
- purification issues

Research Article Radiopharmaceuticals

Received 12 June 2008, Revised 18 August 2008 Accepted 19 August 2008 Published online 24 September 2008 in Wiley Interscience

(www.interscience.wiley.com) DOI: 10.1002/jlcr.1543

« Gold standard for = 30 years Feasibility of the radioastatination of a

« Used in the first 2 clinical trials (Zalutsky monoclonal antibody with astatine-211
2008 and Andersson 2009) purified by wet extraction

« Used in our first labelling studies, "D"QZ,'?ZZ'f > Horeon” réa,ef.'i'f°'T=.-ﬁ‘r’.if§".’zenfé'ﬂﬁ'ie‘\'.l,':; " Jean-Francois

Gestin,® Fram;ms Davodeau,® Michel Chérel,? Jacques Barbet,® and Alain
Faivre-Chauvet®®

perfectible results

CRCI?NA



Development of nucleophilic 2"At labelling
procedures
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Development of nucleophilic 2"At labelling
procedures
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TsO™,
TsO", x|
|/ — CH3CN 30 min,
X = 125| 211At R O 90°C
or X = 125 or 211At
Product Side product
U (I
125| 2“At
- .. . - R RCYq, ™ [%]  ()/(N) ratio  RCY,,,™ [%] (/) ratio
At significantly more reactive than I H i, 481 9741 421
100 4-Me 46+6 1.5:1 9741 2:1
100+ 1 211At ; 3-Me 61+1 44: 99+1 3.7:1
125
I Increasmg 2-Me 98+1 24:1 9841 8.1:1 INncreasin
80 - . . g
80+ activating |4« 682 10:1 9841 5.3:1 .

- ~ effect 4-CO,Et 9241 38:1 9841 8.2:1 (l)/(l ) ratio
2 60+ s 607 4-CN 97+1 >50:1 99+1 16:1
> > 3-NO, 67 +4™ 28:1 9941 24:1
& 401 v 407 4-NO, 9042 >50:1 9941 29:1

20- 20 - [a] Decay corrected; [b] detected decomposition products.
0 0 o T T 1
0 0 50 100 150

Temperature (®°C)

—®— ACN —® MeOH —4*— DMF —% H,0/ACN (4:1)

Guérard et al, Chem. Eur. J. 2016, 22, 12332-12339 s



Development of nucleophilic 2"At labelling
procedures
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« Aryliodonium salts: application to mAb 2"At-labeling

0 o)
¢ 211At
Oy, O-N [2"At]NaAt 0._O-N
= i 1515  Brain intratumoral At-211 radiotherapy Michel Chérel - CRCIZNA lab
o) . . '
= o C'i3CN/H29 (05:5) O targeting syndecan-1 leads to durable Nantes Université
| 60°C, 30 min - O glioblastoma remission and immune memory
Tio™ * [2'AYSAB in female mice
93% 6% 15.35 Advanced image analysis in nuclear medicine: Thomas Carlier — University
an illustration from Nantes Hospital of Nantes
B | s corresbren
] R 16,10  PET imaging and targeted alpha therapyina Sépastien Gouard — CRCIZNA
o O_Ni; o O_N;; o H\/\/\mAb multiple myeloma mouse model lab, Nantes Université
4 NaX P HN N mab 16.30 Review on the XEMIS2 camera installation Nicolas Beaupeére — Subatech
EEEE—— .
X = 125| or 211At
Ar\,,l 2114 211t
“OTf

Highly robust procedure adopted for

routine production of 2At-labeled
mADb

i,

Guérard et al, Bioorg. Med. Chem. 2017, 25, 5975-598ER<LNA



Development of nucleophilic 2"At labelling
procedures

« Aryliodonium salts: application to mAb 2"At-labeling

\

Clinical trial in preparation for
bladder cancer treatment with
Atonco start up

el

CRCI?NA
CaNCER & MMUNOLOGY



Click chemistry to improve bioconjugation step
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O 3]
(e] O—N¢ (e] O—N;xj
HN A~
o NaX o mAb _
Ar\ X= 125| or 211At
=) 211p¢ 211p¢

Conjugation yield is
only 50-60%

& %/ \V 4

TCO/Tz-IEDDA DIBAC/ N;-SPAAC

H
N

;?

o)

PBS
23°C, 5 min

PBS,
23°C, 45 min

21IAt  RRC = 92 + 4% 2110+ RRC =90%

i

CRCI?NA

Immunoreactivité : 82 + 3% Immunoreactivité: 82 + 5%

Navarro, Bioorg. Med. Chem. 2019, 27, 167



Development of nucleophilic 2"At labelling
procedures
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Aryliodonium salts

Q o]
21 1At
Oy, -O-N [>'At]NaAt (o) O—N;\j
- +
O O  CH3CN/H,0 (95:5) o . . .
\@\, i %0 Aryliodonium ylides
I 21154 O
Tio™ ['AlSAB

93% 6% l
0] 211
Good selectivity with electron deficient aryl > )El% - At

AN
\[}R |\
Thote 27 777 I

211 211
TsO- Z At At
/@/'\@\ [2"'AtINaAt 1 possible product expected
\ o~  CHsCN/H,0 (95:5)
90°C, 30 min 5
~N
66% 33%

Low selectivity with electron rich aryl | CRCENA



Development of nucleophilic 2"At labelling

procedures

/_———_

0 ?11AUD-'—r
21
0 /I x K,CO;, Ky, At | \_R
d 0o | - R Method A P
Method B
2a-m 3a-m

Method A: CH=CN, 20°C, 30 min
(activated compounds)

Method B: Glyme, TEMPO, 90°C,
30 min
(deactivated compounds)

21

L
CH

3a
15+2°

96+2

21

3

21
N1A1 At *-\\\\\\

3b 3C
96+3° 90+4?

H

211 At s 2"At
(o T

3e 3 ©
16487 9152
9310

2"At

At |
-
L .
NO

21

3j 3k
32415 405
8314 9418

21
L At
211 |
At\©/L oM~ \©\TNQN
O N\N/)\
3 3m

2
3h 3i
98+1°

Maingueneau et al, Chem. Eur. J. 2022, 28, €202104169 -

\ 70%19%(80%°)

i
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Development of nucleophilic 2"At labelling

procedures
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ZUAYDTT,
NH o\|/
TEMPO, glyme,
30 min, 90°C

Classical halogen
exchange

MDA-MB 468
5x10° -

4x10°+
3%10°+
2x10°+

1x10°+

Number of 2''At-Phe
molecules bound per cell

(o]
m\o/
?'('At NHT]/O\{/
0]

1) TFA, 80°C, 10 min

89% RCY HPLC of crude
60% RCY isolated

0]

OH 211At, SnS0O4,CuS0O4

NH;

4-IPA

1 2 3 4
I-Phe concentration (uM)

No impact of method on cell uptake

5

H,0, 120°C, 60 min 5,

NH

4-APA

OH

* lodonium ylide

Maingueneau et al, Chem. Eur. J. 2022, 28, €202104169 -

O

|

2) NaOH_;, 90°C, 10 min

4-APA

OH

AY =27 MBq

Am = 620 MBg/umol
(starting from 70MBQq)

AY =27 MBq

Am = 9.5 MBg/umol
(starting from 77MBQ)

Preclinical therapy studies

of multiple myeloma
4-APA designed Orphan

drug by FDA in 2020.

i,
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Development of nucleophilic 2"At labelling
procedures
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Arylsulfonium salts

Q 211At, DTT 211At R
: s (g'rf R K222, K2CO3 . | \/\
| : /O/ @\@ solvent, 90°C, 30 min P
RCY = 43-99%
| I ~ : MeO Z °
R R
i / ! R = H, p-Me, o-Me p-Cl, p-NO,
J< A~ - Tm===
N N
SQET ()
(oo
® 21At, DTT 21174
Aryliodonium ylides O s > \©\
o solvent, 110°C, 20-30 min
OTf\©\ R
R

Inseparable iodinated decomposition product RCY =89-99%
=> Limits the molar activity (Bag/mol) achievable R =4-Me, 4-Cl, 4-CN, 4-NO,
CRCIIA

Vlaingueneau et al, Nucl. Med. Biol. 2022,108-109, S43-S4 4w+

TsO™,
N
| = ‘; 211p
// O/ \
N

R

Aryliodonium salts




Development of nucleophilic 2"At labelling
procedures
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0

O O Oﬁ/\NH
S, S DTT/NaOH DBCO-TATE Qﬁ 3‘(
c - > TATE = J %o
& F  glyme, 110°C DMSO/PBS, o1 " ﬁ
20 min \ 60°C Al
’ 20 min
N3 HPLC purification RCY(HPLC) > 99%

Starting with 20ug peptide

CRCI NA

Vlaingueneau et al, Nucl. Med. Biol. 2022,108-109, S43-S4 4~



Development of nucleophilic 2"At labelling
procedures
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Aryliodonium salts

o)
2”At
Oy, O-N [2"At]NaAt O._0O-N
- +
O O  CH3CN/H,0 (95:5) o
60°C, 30 min
| 2”At o\
To [2'At]SAB
93% 6%

Aryliodonium ylides At
— Protein denaturation
2UAYDTT,

0._0 i P i P Organic solvent
q /Q/\HLO K:COs Kozo /@/\(lk 0 LG and/or heating
‘ N NH T],0\{/ -, NH Tro\}/
(o} 0 (o]
5b

TEMPO, glyme,

30 min, 90°C H
Arylsulfoniumn salts Is thert.a aLG t!\at would be compatlblfa
O for radiolabelling at low temperature In

water?

® 1At DTT 211 p¢
S >
O o solvent, 110°C, 20-30 min
oTf R |
R

CRCI?NA
Cancen & UNOLOGY




Development of nucleophilic 2"At labelling
procedures
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100
NaX 1|
80
Cu(OTf),pyr. . .
B(OH), (OTnzpyrs X N (») 2I-iodination
/©/ 1,10-phenanthroline /©/ X 60-
- S—
> (*) 21At-astatination
cl 30 min, 23 °C cl O 40- astatinatio
2a: X = 129 o
1
2b: X = 211At 20+
Solvent = MeOH or H,0 (+15% DMSO): RCY > 99% 0 T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Large pH window application

Berdal et al, Chem. Sci. 2021, 12, 1458 s



Development of nucleophilic 2"At labelling
procedures

| ———

N-hydroxysuccinimide (1.5 eq) (0] 1007
o _
0 EDCI (1.5 eq) - T\> Borate buffer 0.3 M pH 8.6
(HO),B o Et:N (9.0 eq) ok o 1h40, RT 15—
o)
28 h, RT, DMF ~
3 4 z
> 507 211 R
5 (*) “HAt-astatination
[*XINaX x 125, - 4o .-
0 Cu(OTf),pyr, 0o 25— (o) |-iodination
X NS OET 4 1,10-phenanthroline (HO),B NSO 4
H - H
Tris buffer 0.5 M pH 6 / DMF 0 T T 1
['21]aBA-9E7.4: X = 125 (92577.5) SBAGETA 0 1 2 3 4 5
[2'1At]aBA-9E7.4: X = 2"1At 30 min, RT ' c
mAp (Mg/mL)

v Improved RCY and specific activity (MBg/mg) compared to 2-step procedures

v Unchanged biodistribution compared to 2-step procedures
v' Preconjugated mAb storable in labelling buffer > 1 year without decrease in RC

CRCI?NA
Gancen & muNOLOGY

Berdal et al, Chem. Sci. 2021, 12, 1458



3-Understanding
the stability 1ssue




Understanding and improving in vivo stability of
2NAt-labelling

O O (@) 0] (0] O
At/l a) ~ o ~ C-X homolytic ~
H O Oxidation cleavage .
*X=0
N\)J\ «  Reduction 0 :
OH

X =1, |E = 196.2 kcal/mol BDE(, = 37.8 kcal/mol
@) X = At, |IE= 185.8 kcal/mol BDE¢_at = 28.2 kecal/mol

<

% 207 [ 25

2 £ 217 i i b) 100

5 151 t Oxidative

€ . o

® 10- dehalogenation ? =

o o . .
° > : Incubation in
g 5= E o « e

< S 50 oxidizing

° L - = - I conditions
- 0.25 T -

_?_,‘ | | | | . . = —@- Ethyl-3-iodobenzoate

= 0.00 - Y — — T T R -~ Ethyl-3-astatobenzoate

R S % o 40< zab S 0

< . ) 1 ) ) 1
Q,\o Vo‘\ %Q\e v > 06‘ 0 200 400 600 800 1000

% Time (min)

Para-halogenohyppuric acids 4
h after injection in mice

i

CRCI?NA
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Teze et al, Sci. Rep. 2017, 7, 2579



Understanding and improving in vivo stability of

2NAt-labelling
| mm—

F3 P =3 .Y 5%%

211At

SAB = suboptimal stability

SAGMB as alternative prosthetic group

211At b
\g " SACMB = improved stability

HNJ<

NH

\guamdlmum group

1£.UVU

12.30

13.00

IS dSldUIE g 1eXL WUIKIIUISE Ul diyeweu
alphatherapy? Pluridisciplinary perspectives

How chemical simulations can help driving
new radiolabelling strategy?

Lunch break

Frangois Guerard — CRCI“NA
lab, Nantes Université

Samuel Mador - CEISAM lab,
Nantes Université

ssartier, RSC Med. Chemn. 2024, 15, 223  SRcina




Conclusions
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« Astatine-211 exhibits excellent characteristics for targeted a therapy

« Availability has long been limited but is now rapidly increasing

« Chemistry is challenging due to limited knowledge in basic
properties of At and is the object of new studies

« Radiolabelling chemistry is now enriching fast, with more efficient
and more robust methods becoming available

« Stability issue remains to be better understood and resolved

el
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Future directions
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« Keep improving efficiency of labelling procedure

« Application to a broader scope of targets (from small molecules
to proteins)

 Clinical use

« Stability:
« improving the understanding of deastatination mecanisms

to propose solutions
« Investigating new bonding modalities (ERC SAt-Radio)

el
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Nuclear Oncology Team
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Molecular Modeling
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