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[ Abstract] Objective To design and synthesize * Zr-deferoxamine( DFO)-G4C2, a novel molecu-
lar probe targeting programmed cell death receptor 1 (PD-1) , and evaluate its in vivo biodistribution and mi-
croPET/CT imaging characteristics in tumor-bearing mice. Methods DFO-G4C2 was prepared by coupling
DFO with G4C2, a monoclonal antibody targeting PD-1. The affinity and binding specificity of this amalga-
mation were subsequently assessed through the implementation of flow cytometry and surface plasmon reso-
nance techniques. The molecular probe ¥ Zr-DF0O-G4C2 was achieved by labeling DFO-G4C2 with the radio-
isotope ¥Zr, and the labeling efficiency and in wvitro stability of *Zr-DF0-G4C2 were determined. Mouse
models laden with CT26 colorectal cancer cells expressing PD-1 were established, followed by in vivo biodis-
tribution and microPET/CT imaging studies, to explore the potential clinical value of ¥Zr-DFO-G4C2. Ad-
ditionally, the validity of this molecular probe was verified in 4T1 breast cancer models, affirming its effica-
cy as an imaging tool across different tumor models. Independent-sample ¢ test was used to analyze the data.
Results DFO-G4C2 exhibited an affinity constant K, of (0.55+£0.02) pmol/L, indicating a strong binding
affinity. The binding rate to mouse PD-1 protein was determined to be (61.82+8.49) %. The labeling rate of
¥7r-DFO-G4C2 reached a high level of (98.76+0.51) %. Furthermore, the labeling rates in lysate and hu-
man serum after 144 h were measured to be (93.07+2.16) % and (83.42+3.21) %, respectively. Micro-
PET/CT imaging of CT26 tumor-bearing mice injected with ¥ Zr-DFO-G4C2 showcased pronounced radioac-
tivity uptake in the tumor tissue. At 72 h post-injection, the tumor uptake value reached (10.47+0.34) per-
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centage activity of injection dose per gram of tissue (%ID/g). The tumor uptake observed in the blocked ex-
perimental group, wherein an excess of unlabeled antibody was administered, was significantly lower at
(6.26+1.03) %ID/g in comparison to the non-blocked group (:=6.67, P=0.003). The in vivo biodistri-
bution results were consistent with the observed microPET/CT imaging outcomes. MicroPET/CT imaging ob-
servations in the 4T1 breast cancer bearing mouse model were analogous to those obtained from the CT26
model. Conclusion ImmunoPET based on the ¥ Zr-DF0O-G4C2 molecular probe can non-invasively and vis-
ually assess the PD-1 expression level of tumors in vivo, and it is expected to be a new molecular imaging
technique for immunotherapy monitoring of PD-1 inhibitors.
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phy, HPLC) 1 ( ZE[E Waters 2y #])

2. FEBOA . RORRES [V 2 ] R A VL

LHHBNE R FIF 5 R JRA FRA 7] G4C2 Pk iy Hifg
B S A B 2L B A RN WA 4 A 5 SR A
AR B DG 7 PR an B A PR 7 5 4 f 35
FAHFEM W A 25 [ Corning 23 7 ; DFO Wy [ 25 [
Macrocyclics 23 Al

MRS S8 sh i, /N BRES B R CT26 41
bk 5 /N BRFLBRSE 4T1 4iHE AR (2008 75 28 A4 av Rl
HABRAF) s BALB/ ¢ /NI H AT IR 52 55 5 4
BHERBRAF, 54 HHEME,6~8 JA#Y, A5 & 19~
21 g, TCRPIRIR AR A S i 3%, Ir A sh i 5 56
IR 24 A B 2 51 2 b vfE (SUDA20230213A04)
SIS ENIE F4 AT IE S . SCXK (#7)2019-0004

=T

1. DFO-G4C2 1yl 25 S o fe 41, JR4T PD-1
HPL G4C2 W (IR E R 11.4 mg/ml) il A
Na,CO,/NaHCO; ZZiF# (0.1 mol/L, pH=9.0) F
1 Na,CO, I (0.1 mol/L) , J{# IR pH (A 2
9.0 ZEAi#5 ., MR DFO 5 G4C2 bifkiE Lk 9:1,
FREL DFO 5 T — 1 BE 0 AR A A 1) 20 g/l 9728
W, KRR IS DRO R4 3 RIS A B G4C2
PR, 7E 37 C AWM R 120 min, S
5905 H PD-10 BERAE 4 B 44k, B 100x10°
TEEWAR VR 2 W, B 4lifk = ¥ DFO-G4C2, F
HHPLC %558 43 B A ARER Y] « L)L Na,HPO,/NaCl
A (pH=6.8) N B4R, BUE 5 A & 10 pl
AL HRERE 1| ml/min, W AR TS E FILiEH
ARYEFE 5 BT DFO-GAC2 1M T, i = 20 i 4SS U
DFO-G4C2 4565k,

2. ¥7r-DFO-G4C2 11l & F s 4 il HL 37 ~
74 MBq ¥7Zr )N, A 9 FEARFLE 0.1 mol/L
4-F2  FEWR YR 2 fifi iR ( N-2-hydroxyethylpiperazine-/N-
2-ethane sulfonic acid, HEPES) Z2 &, FIIFH 1 mol/L
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Na,CO, W (pH=10) W15 AR pH HZ 7,k
JG A DFO-G4C2 15,37 °C KW 15 min, 13- 3% Zr-
DFO-G4C2 ¥ Wi, & 448 B/ 55 Zr-DFO-G4C2
WS T4 oG 1 oem 4L, BT 0.5 mol/L ¥
FRVES W T, SR B T T A DU 7 b il
K, B 1.85~3.70 MBq (200 wl)* Zr-DFO-G4C2 ‘&
FEAOET, A 500 wl AL 8w i IR A5
BTHREN, =i T RAE, TLC %4 ™ Zr-DFO-
GAC2 TEA[RI ] £ 6,24 48 72 .96 120 F1 144 h)
IFRIC

3.1 96 /0N BB AU A A, 3 ) BBORT B A K Y
CT26 J% 4T1 #iffd, PBS F2 AN R 1x10° 4/
100 wl, R F BALB/c /NRAT G ARTR 2 T, &
HULEE /N B ik A 1 O, T I A = RO 3 1 5k
B R BRI AR TR R A AR R R A K
% 200~300 mm® PEITJEEEILEK:,

4. i 988 /IR microPET/CT 24%, BU CT26 fifJ&8 /N
12 HARIEBENIEC L BENL 7 04 (n=6) 1
FHISTE (n=6) ,2 4153 B4 Rk 3T (3.720.1) MBq
(100 pl)¥Zr-DFO-G4C2 F1(3.7+0.1) MBq(100 wl)
¥7r-DFO-G4C2+1.2 mg GAC2 Hilk, 45 TR B /3 %k
1% ~ 2% 5 Tt SARIBRIE 5 min J&, 20 5 TS E A
[RIASFA] 25 (2 .24 (48 .72 .96 . 120 . 144 h) #F4T micro-
PET/CT % %4, PET i [E] 25 10 min, CT 43
FEWFE] A 2.5 min, >R FH = 2 5 6 7 i b AT MR
A% CT B IE J5 B far 98 /1N B Zr-DFO-G4C2
TR MG, (8 F PMOD 4R {4/2) 1) 5 B4 B I 4]
41 ROL, THE A v 4 21 F 4313 5 7 & % ( percentage
activity of injection dose per gram of tissue, %ID/g) ,
31 2% B B AR T S A S e R] -5 2 (time-
activity curve, TAC) , HU4T1 /N 6 HE T mi-
croPET/CT AR, 10t BAZ S EG AL H 5 1: [RI AT,
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IO 3 AR B0 /0N B Ao 0 BB g o0 L
(EIR=IAN 7NN e A E S TR SN T EAYS S S
B CA IR ) 55 T UE PR BT AR R T
TR A R E AL %ID/ g,

6.5 11 #A0 PR, W A GraphPad Prism 9.0 {4
HFTGIHER, R E R 3 R A IESSI
SERBIE ] x+s 21,2 BE R 22 50 B R
WA S7REAS ¢ K3 . P<0.05 WESA LG FE X,

# X

1. DFO-G4C2 Ryl & K 426l . HPLC A3l
/8 DFO-G4C2 5 K Fpic G4C2 HH Fb H: i 04 i 18] A
] W RIR—%, 2B DFO-GAC2 1BIE AT, 257 45
BT IIRFARKEI G4C2 5 DFO-G4C2 (36 A 14
K, H 9N (0.5120.01) wmol/L 1 (0.55+
0.02) pmol/L, i MZEM R TGHF+E L (1=
2.53, P=0.063) . Zeid R AL S B9 /INEL T bk e A
Jf15 DFO-G4C2 FH45 G, 4555 0 (61.82+8.49) %,

2. YZr-DFO-GAC2 Myl & M i, TLC £
M Zr-DFO-G4C2 i % (98.76+£0.51) %, L=
ECE TS N ME S 144 h J5ARI0 R 508
(93.07+2.16) % .(83.42+3.21) % , HoAK Hh LA
PIRREPE R AT,

3.8 /N B microPET/CT BA%, 236 4H CT26
TrIEE /N B 5% Ze-DFO-GAC2 J5 24 h, JihJ8d 35 051 45
A 5 S AR R, I LBt 5 i ] A2 < 5 G T A
SE ARSI & 1 e e (B 1A) , TAC 78 72 h i 4
BUEAF](10.47+0.34) %ID/ g ; BH K41 i e 41 21
SEGEMT (B 1B), 72 h bR 4 20 e i B BUE
(6.26+1.03) %ID/g, W AL T I Ho AL IR B (¢ =
6.67,P=0.003) , 555 28 5 I $5% {8 AH 0 3088
2574 (7.38+1.07) %ID/ g, BEWTZH 4R & UL BH A
5 4BIUE R (2.68+0.36) %ID/g(t=18.00,P<0.001),
FLAR A8 B A U I H5 U oA BHL DT 28 B Sk R I, 32
i ges Ll 245 28 B 20 Ze-DFO-GAC2 (145 L nT
PISETE AR IS G4C2 BUARBHWT, 4T1 LRI fif
8 /N AS R T TS 24 b B ATRELE s 5 (&
1C) , Bl B[] 428K S AZGR) B BG4 i, 72 b 3k 5]
B E(10.86+1.10) %ID/g, MAM,96 h BFWLELH
AINERA MR 11 A SR &8 AR R
120,144 h FEHGE WG &5, 5532 0 W, 215 58 U5 ff
FI/NE, 255 BRIz 5 Ve R A bk L S5 5 B
Wkt

4 far g8/ INERUAA N A 9 40 A 236 . Ze-DFO-G4C2
FEfRE /N B 9 43 A3 16 0 5 microPET/CT 4%
SERIARYIS TS 144 h, CT26 fi g /N L2 56
ZHFNBH T 20 (3R 1) Y e 5 B0 20 90l ol (12,98
0.25) %ID/g F1(5.58+1.67) %ID/g(t=7.60,P=
0.002) , R WEEE B 53314 (13.10+1.24) %ID/g il
(4.86+1.21) %ID/g(1=8.26,P=0.001) , £ [A] 2= 5
PG S, 4T /NS CT26 fpffd /MR
1,144 h AP BEUE M (13.07£1.96) %ID/g(#2) .
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£ 1 ¥Zr-DFO-G4C2 VES G AR A ZE CT26
arded /N A 9 (R R0 03 A (%1D/ g3 s)

WE RH 720 RH 720 SRR SEHGAH
HA 72 h 144 h 72 h 144 h
Mg 7.43+0.46  5.58+1.67  9.12+1.50  12.98+0.25
DRE 3.20%1.35 1.97+0.46  2.99x0.16  2.03+0.42
ik 8.79+3.97  10.76+2.81 8.69+£1.78  17.30+1.29
g 5.39+2.42  4.86x1.21 6.37+1.48  13.10+1.24
Jiti 5.74x2.18  6.33x1.89  7.46x4.53  4.55+0.18
=} 7.90+2.29  4.83x0.89  6.10£0.62  5.05x0.74
H 1.42+0.79 1.10+£0.36 1.65+0.23 1.18+0.28
iE 1.52+0.46 1.66+0.82  2.10+1.08 1.56+0.34
B 439£1.17  4.94+1.00  3.02+0.83 3.60+1.14
WL 1.3720.66  0.59£0.20  0.96+0.06  0.61+0.08
kg 0.39+0.14  0.2220.07  0.35%0.12  0.21x0.04
XA 6.69x1.46  8.90+1.05  4.91+0.83  6.94x1.10

AR ENRECH 6 R %1D/g A v 4 23 4 T S5
% DFO Jy L8k

R 2 YZr-DFO-G4C2 TESHE AR A AE 4T1
fardEd /N R N B A= 9053 A (% 1D/ g 3005 )

EIAS 72 h 144 h
JiIe 8.97+0.79 13.07+1.96
i 2.80+0.68 1.79+0.69
lil§ 8.98+2.54 18.55+5.19
g 7.24+0.98 11.59+2.55
Jiti 6.55+0.96 4.67+1.32
(53 5.69+0.68 5.20+1.17
H 2.11£0.39 1.53+0.28
WiE 2.91£0.16 1.73+0.57
B 3.43+0.58 4.61+0.77
WA 1.03+0.36 0.84+0.10
i 0.40+0.12 0.22+0.10
Pyl 4.94+1.08 8.65+2.11

AR N R 6 K
i #

PREST 1L O ARG RIGYT i Jy 1HI B k2 ok
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PD-1 Fikfm >,

WS I H 40 [ PD-1 Y% PET A%4)
TFHREY Ze-DFO-GAC2 , HoA BB R 18 J7 15 AT 4 5 1
1B, pric %, A R MR N M2 M, micro-
PET/CT BAREHR BN, MY Zr-DFO-G4C2 J5 24 h
AL 3| e 2H 2 A S 5 BB AR R T ) S 9
A S5 5T T AT 5[] B UL %58 381) 8 A 7 IO 98 R 30 2350
LB URA X 32 v, Bl S ] SRS AR AT 23X
ATREFH T G4C2 BaRKPuik A7 Bt KT 150
10°, BRI T HriRB B AR MBI, R
TG 2 h WSS 3 4 vy Sl A5 7] 8 3, il e (1] 228 4 45k
B e XA AR M 2588 127, T
U S AR B U P MIEAEG Bt B [ 2 R A 3 v . 1Y
JHE OG5 FAE DL A0 B I8 A5 391 40 B o B[] S R A T
B X ATRE B T Ze-DFO-GAC2 TEA P /b8 i £
e B ™ 7o P R 10 150 5% R ) 1 BT HR A e 3R
TS TR AR I PUIAR G4C2 HEAT FH i W AR 45
FR 2 i P AR IO B S5 B DB e 2 2 Zr-
DFO-G4C2 , BUMeE AR R/ T , 45 B[R] 853 Fie 783 482 B
E AR T SRR, R R UL A 8 5 52 | 2 BH RALAIE Y i
IR . Zr-DFO-G4C2 £ CT26 faj I8 /N AR P AE )
oA 5 BAREE R ILARY) A, 144 b S22 iR g
T EUE 29 A LT ZH Y 2 15,2 A 22 R BA 5
J12F 7 (1 11 :7.60 .8.26, 3 P<0.01) ,

AN Wy HE — A WL %KY Ze-DFO-GAC2 75 3L Mg i
AT FapJe8 /Iy B A S AR AR SR N 23 A R o mi-
croPET/CT BAZEE 15 CT26 1oy /N BURL , Bbosg 41
LTRSS 24 h B3¢, BERS A ZE K B2 E M, )
Hh T 96 h s AR/ INRAT MM T I — WAZ R ik
R IR [B) SE K 228 935 BT, S AR 58 W i, 7 I
R RS IR LGS 33 A T 3% B 2 53 1 R AT LAE S
PR ] PD-1, AN RE W I g it A At 38 AT LA &2 30
et

2i | ¥ 7Zr-DFO-G4C2 7£ CT26 fafJgd /)N B AN 4T1
far R /0N B P R R L 1 e A g 2, RT LTS
A ELULHE S B iR fIOA R T PD-1 Rk AKF A
RO —F T PD-1 40 S g va T Wl i 4+
AR
FUZEIRZE A4 G 25 v
TEERARAI RIS IS BOR AT 36 SRS ALY e
ST R R R DRSS B R AL R
PR SR R SR M B RIS T G0 S 2
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