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Theranostic 64Cu-DOTHA2-PSMA
allows low toxicity radioligand
therapy in mice prostate
cancer model

Marie-Christine Milot1, Ophélie Bélissant-Benesty1,
Véronique Dumulon-Perreault2, Samia Ait-Mohand1, Sameh Geha3,
Patrick O. Richard4, Étienne Rousseau1,2 and Brigitte Guérin1,2*

1Department of Nuclear Medicine and Radiobiology, Faculty of Medicine and Health Sciences,
Université de Sherbrooke, Sherbrooke, QC, Canada, 2Sherbrooke Molecular Imaging Center (CIMS),
Centre de recherche du CHUS, Sherbrooke, QC, Canada, 3Department of Pathology, Faculty of
Medicine and Health Sciences, Université de Sherbrooke, Sherbrooke, QC, Canada, 4Department of
Surgery, Division of urology, Faculty of Medicine and Health Sciences, Université de Sherbrooke,
Sherbrooke, QC, Canada
Introduction: We have previously shown that copper-64 (64Cu)-DOTHA2-PSMA

can be used for positron emission tomography (PET) imaging of prostate cancer.

Owing to the long-lasting, high tumoral uptake of 64Cu-DOTHA2-PSMA, the

objective of the current study was to evaluate the therapeutic potential of 64Cu-

DOTHA2-PSMA in vivo.

Methods: LNCaP tumor-bearing NOD-Rag1nullIL2rgnull (NRG) mice were treated

with an intraveinous single-dose of 64Cu-DOTHA2-PSMA at maximal tolerated

injected activity, natCu-DOTHA2-PSMA at equimolar amount (control) or lutetium-

177 (177Lu)-PSMA-617 at 120 MBq to assess their impact on survival. Weight, well-

being and tumor size were followed until mice reached 62 days post-injection or

ethical limits. Toxicity was assessed through weight, red blood cells (RBCs) counts,

pathology and dosimetry calculations.

Results: Survival was longer with 64Cu-DOTHA2-PSMA than with natCu-DOTHA2-

PSMA (p < 0.001). Likewise, survival was also longer when compared to 177Lu-

PSMA-617, although it did not reach statistical significance (p = 0.09). RBCs counts

remained within normal range for the 64Cu-DOTHA2-PSMA group. 64Cu-

DOTHA2-PSMA treated mice showed non-pathological fibrosis and no other

signs of radiation injury. Human extrapolation of dosimetry yielded an effective

dose of 3.14 × 10-2 mSv/MBq, with highest organs doses to gastrointestinal tract

and liver.

Discussion: Collectively, our data showed that 64Cu-DOTHA2-PSMA-directed

radioligand therapy was effective for the treatment of LNCaP tumor-bearing

NRG mice with acceptable toxicity and dosimetry. The main potential challenge

is the hepatic and gastrointestinal irradiation.
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1 Introduction

Prostate cancer is the second most common solid organ cancer in

men worldwide and one of the most frequent causes of death by

cancer in North America (1–3). There is still a lasting need for

treatment options that will lead to better survival and lower side

effects in men with metastastic disease (4–6). One promising avenue is

radioligand therapy (4–6), which is the intravenous administration of

a radioligand that binds to local and distant cancer metastases to

irradiate them, usually with beta- (b-) or alpha particles (7, 8).

Affected organs and toxicity are dependent on the radioligand

distribution (7, 8).

The prostate specific membrane antigen (PSMA) is an interesting

target for radioligand therapy, given its important overexpression in

most prostate cancer in comparison to normal tissue (8–10).

Furthermore, PSMA small-size radioligands are internalized when

bound, bringing them closer to the nucleus and thus, making DNA

within reach of short-range decay particles like alpha particles and

Auger electrons (7–9). Several radioligands have been proposed for

PSMA radioligand therapy over the last decade, with small molecules

showing the advantage of fast blood clearance over antibodies (9, 11).

However, the modular nature of antibodies allowed the generation of

smaller fragments, such as scFvs that can overcome some problems

observed with antitbodies. Indeed, it has been shown that scFvs can

offer appropriate tumor-to-background ratios for imaging and

treating PSMA-expressing cancer (12).

The radioligand therapy current clinical arsenal is promising,

even if there is still room for improvement. The small molecule

PSMA-617 labeled with lutetium-177 (177Lu) (a low linear energy

transfer (LET) b- emitter) has been reported to decrease tumoral

burden of metastatic, castration resistant prostate cancer with limited

systemic side effects (13–15). It was approved in March 2022 for its

treatment by the U.S. Food and Drug Administration (16) Its use is

limited by 177Lu’s reactor production and there is also a significant

proportion of resistance and relapse reported (5, 6, 11). The use of

short range (50 to 100 µm), high LET, such as alpha particles emitter

actinium-225 (225Ac) coupled to PSMA-617, was suggested for

patients non-admissible or with refractory disease to radioligand

therapy with a b- emitter (5). Albeit studied in smaller cohorts,
225Ac-PSMA-617 proved efficacious (5, 17). Its use is limited given

its association with long-lasting or severe xerostomia and limited

current global availability of 225Ac (5, 17). Furthermore, actual

therapeutic radioligands do not permit positron emission

tomography (PET) imaging for patient selection, therapy planning,

and follow-up. Hence, those radioligands are usually paired with

similar diagnostic compounds such as gallium-68 (68Ga)-PSMA-617

(9, 10). However, the use of a different radiometal and sometimes

different PSMA radioligands for theranostic applications may alter

biodistribution and pharmacokinetics (18, 19).

In this project, we hypothesized that in addition to PET imaging,

copper-64 (64Cu) could be of interest for radioligand therapy (20–22).
64Cu cyclotron production is easier than the production of 67Cu (20).

The production route and mechanism of action (high LET Auger

electron) of 64Cu feature a favourable supplement to therapeutic

radionuclides such as 177Lu and 225Ac. Testing well-known (177Lu)

and promising (64Cu) therapeutic radionuclides in a preclinical

setting will allow us to select the most appropriate radioligand for
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optimal PSMA radioligand therapy. 64Cu has high LET, short range

(~126 nm) Auger electron emissions (average energies (Eave) of 6.5

keV [22.7%] and 840 eV [57.4%]) and b− emissions (39% [maximal

energy (Emax): 0.58 MeV, Eave: 0.19 MeV]) (20–22). These features

offer therapeutic potential and possibly lower toxicity on non-target

cells than exclusive or mainly b− emitters (7, 22). 64Cu radioligand

therapy was proven effective in preclinical context against various

cancer types (23–30). For theranostic applications, 64Cu’s b+ enables
PET imaging. (17.4% b+ [Emax: 0.65 MeV, Eave: 0.28 MeV]). In this

regard, we developed the radioligand 64Cu-DOTHA2-PSMA

(Figure 1) to overcome 64Cu complexation challenges. Indeed,

DOTHA2 offers fast complexation kinetics and high in vivo stability

(31). It achieved high tumoral uptake up to 24h post-injection (p.i.)

on preclinical PET imaging (31). 64Cu-DOTHA2-PSMA shown to be

mainly cleared through the hepatobiliary pathway, which could be

explained by its lipophilicity (log D = −0.96 ± 0.61) and its binding to

plasma proteins; this was accompanied by a low kidney uptake and a

fast-urinary clearance pattern (31). PSMA-617 radioligands have

mainly urinary clearance with higher kidney uptake, especially at

early time points (9).

The main goal of this study is to assess 64Cu-DOTHA2-PSMA’s

therapeutic potential by determining its influence on survival and

tumor size, as well as its general toxicity profile on organs of interest

for PSMA radioligand therapy in comparison to control and to

clinically used 177Lu-PSMA-617.
2 Materials and methods

2.1 Radioligand production

64Cu-DOTHA2-PSMA was synthesized, radiolabeled and

characterized as previously described with a 116 ± 30 MBq/nmol

molar activity (31).
177Lu-PSMA-617 preparation. The synthesis of the PSMA scaffold

was achieved as previously described by Benesǒvá et al. (32). Purity of

the peptide was verified by HPLC and greater than 95%

(Supplementary Figures 1 and 2). Both nuclear magnetic resonance

spectroscopy and mass spectroscopy data were consistent with those

reported in the literature (32). No-carrier added 177LuCl3 in 0.04 M

HCl was obtained from Isotopia Molecular Imaging Ltd (Israël) and

ITG Isotope Technologies Garching GmbH (Germany). Labeling of
FIGURE 1

Structure of 64Cu-DOTHA2-PSMA.
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DOTA-PSMA was performed in 0.1 M ammonium acetate buffer pH

5.5 at 90°C for 15 min. Quality control of the drug was performed by

Radio-TLC with sodium citrate buffer, pH 5.5, as eluent and always

revealed labeling yields greater than 99% with an effective molar

activity of 50 MBq/nmol. The radioligand solution was used without

further purification steps.
2.2 Animal model

All experiments utilized NOD-Rag1null IL2rgnull (NRG) mice (The

Jackson Laboratory, 4-8 weeks old, and 18-26 g at time of tumor

implantation) (33). For survival assays, human prostate

adenocarcinoma LNCaP cells (ATCC) xenografts were implanted 4

± 1 weeks before the experiment by injecting 200 µL of a 1:1 matrigel

(Fisher Scientific)/phoshate-buffered saline (Wisent) mixture

containing 8 × 106 LNCaP cells subcutaneously on mice shoulders.

LNCaP PSMA expression was previously verified (31). Protocols were

approved by the Animal Ethics Committee of the Université de

Sherbrooke according to the Canadian Council on Animal

Care guidelines.
2.3 Maximal tolerated injected activity

To estimate maximal tolerated injected activity (IA) for survival

assays, 6 NRG non-tumor-bearing mice were divided into 3 groups to

test 70 MBq, 120 MBq and 150 MBq of 64Cu-DOTHA2-PSMA in 0.3

mL of saline (bolus injection by tail vein, constant molar activity).

Starting IA was based on reported activities with 64Cu therapy in

relatively similar conditions and scaled to mouse weight if needed

(23–28). Mouse weight and general well-being were monitored daily

19 to 21 days. Maximal tolerated IA was chosen based on absence of

general toxicity.
2.4 Survival experiments

When tumor reached a maximal diameter of 5 to 8 mm, LNCaP

tumor-bearing mice (n = 30) were divided into 3 treatment groups

with comparable tumor size distribution. NRG Mice were injected in

the tail vein with 0.3 mL of saline containing previously determined

maximal tolerated IA of 64Cu-DOTHA2-PSMA, equimolar amount of

nonradioactive natCu-DOTHA2-PSMA as a control or the maximum

tolerated IA of 177Lu-PSMA-617 based on literature [120 MBq (34,

35)]. Survival end points were the ethical limit points: sustained

weight loss > 20%, tumor diameter > 1 cm, behavior alterations

suggestive of pain, tumor ulceration to the skin, non-manageable

toxicity signs such as diarrhea or vomiting. Mouse weight, tumor size

measured by caliper, and well-being were followed every 1 to 4 days

for a maximum of 62 days. Tumor volume was calculated as an

ellipsoid volume = (length × width × height)/2, estimating height =

width (36). To determine the effect of radiotherapy on control of

tumor growth, we suggest two calculated values: time-to-regrowth

(TTR) for the interval to regrow after reaching the nadir and time-to-

initial volume (TTIV) for the interval to regrow over the initial

volume (calculations’ details in Supplementary material).
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2.5 Toxicity assessment

General toxicity was assessed by the follow-up of the mouse

weight. Mice food was mixed with water for treated mice. To obtain a

general evaluation of blood toxicity, red blood cells (RBCs) were

counted in survival experiment mice every 3 days from 2 to 18 days

p.i. based on literature results (half the group per time point to spread

out individual collections to every 6 days, leading in practice to 3 to 7

samples per time point) (sampling details in Supplementary material)

(25, 26, 28). Results were compared to values measured in non-treated

mice (n = 13).

To evaluate sub-acute toxicity, kidneys, liver and salivary glands

of survival experiment mice were collected and stained with

hematoxylin and eosin (H&E), Masson’s trichrome and light

periodic acid-Schiff for the kidneys (preparation details in

Supplementary material). Digitized slides were blindly analyzed by

two persons (i.e. a certified pathologist and a medical student), to

identify potential signs of radiation injury as suggested by Fajardo

(37) and detailed in Supplementary Table 1. Changes could be

parenchymal (e.g. necrosis, apoptosis, atrophy), stromal (e.g.

fibrosis), vascular (e.g. edema, ischemia, hemorrhage, endothelial

wall atypia and foam cells plaques) or inflammatory. Fibrosis was

graded and averaged between results of both analysts if discordant.

Proportion of live (at time of fixation) tumor cells over total tumor

tissue was assessed using a grid. Results were compared between

groups and to the results from two non-treated tumor-bearing mice

ineligible to survival assays (oversize tumor).
2.6 Dosimetry

Kinetic values were obtained based on previously published

healthy organ biodistribution and tumor PET data (31). Dosimetry

was calculated for 25 g mouse model, human model, and sphere

model for tumor in OLINDA/EXM 2.2.3 (Hermes Medical Solution).

Detailed methodology is provided as supplementary material.
2.7 Statistical analysis

Results were reported as mean ± standard deviation unless

mentioned otherwise. Tests used were two-tailed Student T test

(Holm-Sidak correction for multiple comparisons, Welch test when

applicable for non-consistent standard deviations) and two-tail

correlation test with calculation of Pearson r coefficients. Survival

results were analyzed by Kaplan-Meier curves stratified by treatment

groups and comparison was made using Mantel-Cox log-rank test.

For all tests, adjusted p < 0.05 was the threshold for significance. Excel

and GraphPad Prism 8 were used for calculations.
3 Results

3.1 Maximal tolerated injected activity

In practice, IA tested were: 68.3 MBq (67.8 – 68.8 MBq, n = 2), 117

MBq (115 – 119 MBq, n = 2), and 156 MBq (154 – 159 MBq, n = 2)
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(Figure 2 and Supplementary Table 2). Mice in the first two groups

mainly gained weight from time of injection and showed normal

behavior. One mouse in the last group lost up to 7% of its initial

weight at first then stagnated around 100% of initial weight without

external intervention. Mice from the last group showed signs of fear or

stress for a total of 5 and 8 days out of 21 days follow-up but were active

and vigorous. In consideration of these data and for practical reasons, we

did not escalate to a further IA and determined 150 MBq as maximal

tolerated IA to be injected in survival experiments.
3.2 Survival assays

Survival curves are displayed in Figure 3A and survival experiments

details including mice and tumors individual characteristics are

available in Supplementary Tables 3–6. Survival assays mice injected

with 146 ± 14 MBq of 64Cu-DOTHA2-PSMA group (n = 12) survived

significantly longer than controls injected with the same amount of
natCu-DOTHA2-PSMA (1.23 nmol, n = 10) (p < 0.001, hazard ratio:

0.208 (95%CI: 0.0646 – 0.670)). Their survival was not significantly

different from mice injected with 123 ± 13 MBq of 177Lu-PSMA-617

(n = 7) (p = 0.09, hazard ratio 0.490 (95%CI: 0.165 – 1.45)). Median

survival was 35.5 days with 64Cu- DOTHA2-PSMA (interquartile range

(IQR): 26.5 days), 5 days with natCu-DOTHA2-PSMA (IQR: 1 day) and

30 days with 177Lu-PSMA-617 (IQR: 4 days). Average tumor volumes

at injection were 108 ± 55 mm3, 93.3 ± 56.1 mm3, and 107 ± 35 mm3

for 64Cu-DOTHA2-PSMA, natCu-DOTHA2-PSMA and 177Lu-PSMA-

617 groups, respectively (no significant difference between groups (p >

0.91)). One 64Cu-DOTHA2-PSMA treated mouse and one 177Lu-

PSMA-617 treated mouse were retrospectively rejected from survival

experiments after injection, as they should not have been included in

the protocol because of an oversized tumor at the beginning of

treatment. They were, however, included in toxicity results because

this rejection criteria did not affect healthy organs or general well-being.

The cause of euthanasia was reaching tumor size limit for all but

one mouse in 177Lu-PSMA-617 group (maximal weight loss, day 14)

and two mice in the 64Cu-DOTHA2-PSMA group (pain behavior, day

60 and reaching follow-up limit, day 62). Two 64Cu-DOTHA2-PSMA

and two natCu-DOTHA2-PSMA mice had a second tumor of similar

size at time of therapy that did not reach 10 mm tumor diameter limit,

but mainly showed similar evolution patterns.
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Individual and group average tumor volume progression is displayed

in Figures 3C–F. In comparison to the control group, TTR and TTIV

(Figure 3G) were significantly higher in groups treated with 64Cu-

DOTHA2-PSMA (24.1 ± 14.6 days (p < 0.001) and 33.7 ± 16.5 days (p

< 0.001), respectively) or with 177Lu-PSMA-617 (17.1 ± 8.6 days (p =

0.003) and 22.9 ± 10.4 days (p = 0.003), respectively). TTR and TTIV

values for the control group were both of 0.857 ± 1.406 days. No

statistically significant difference was observed between 64Cu-

DOTHA2-PSMA and 177Lu-PSMA-617 (TTT: p = 0.26; TTIV: p = 0.24).

Within individual treatment groups 177Lu-PSMA-617 and 64Cu-

DOTHA2-PSMA, there is no correlation between IA (absolute and

per gram) and survival (R2 < 0.3). 64Cu-DOTHA2-PSMA treated

tumors with bigger initial volume had shorter TTR, TTIV and

survival, but correlation was low (R2 < 0.5). For 177Lu-PSMA-617

treated tumors, there were no correlation between initial tumor

volume and survival or TTR, but there was a moderate positive

correlation between initial tumor volume and TTIV (R2 = 0.611, p =

0.04). This correlation was mainly dependent on the mouse with the

smallest initial tumor (49.0 mm3) being euthanized early for maximal

weight loss and not for reaching the maximal tumor size. When

testing without this mouse, there was no correlation (R2 = 0.179).
3.3 Toxicity assays in survival
experiment mice.

General toxicity was assessed through weight follow-up. Only one

mouse from the 177Lu-PSMA-617 group maintained a weight loss until

reaching the ethical limit (20% weight loss). As depicted in Figure 3B,

mice from all groups tended to lose weight at the beginning of study, but

later maintained their weight or gained back at least their initial weight.

Normal range obtained from non-treated mice was 1.19 ± 0.21 ×

1010 RBCs/mL (95% confidence interval (CI): 1.07 × 1010 to 1.30 ×

1010 RBCs/mL, n = 13), Supplementary Figure 3 and Table 7. Samples

from 64Cu-DOTHA2-PSMA treated mice showed no significant

difference from measured normal range, with values at days 8 and

17 lower than normal (all p > 0.35). Samples from 177Lu-PSMA-617

treated mice showed a significantly lower count on day 8 with 9.13 ±

0.49 × 109 RBCs/mL (p < 0.001) and values staying low until day 14.

Control natCu-DOTHA2-PSMA treated mice RBCs counts could only

be obtained on day 2 (n = 4) given the low median survival and did

not significantly differ from normal range (p = 0.98).

Histopathological analysis of healthy organs showed little to no

signs of radiotoxicity, as displayed in Figure 4 for comparison

between control, non-treated mice and 64Cu-DOTHA2-PSMA

treated mice (detailed numerical values for all groups in

Supplementary Tables 8, 9). In kidneys (Figures 4A–D), liver

(Figures 4E–G), salivary glands (Figures 4H–J), fibrosis increase in

thickness and length was mainly found in the perivascular area,

including the portal area for the liver and in addition to

surrounding excretory ducts for the salivary glands (fibrosis score:

Figure 4N). There were at most rare signs of interstitial fibrosis in the

kidneys. In the liver, rare septal fibrosis was formed without

important extensions between portal spaces and central veins to

form nodules. Fibrosis was increased with 64Cu-DOTHA2-PSMA in

comparison to the non-treated control in the kidneys, liver and

salivary gland (p < 0.001, p = 0.006 and p < 0.001, respectively).
FIGURE 2
64Cu-DOTHA2-PSMA maximal tolerated IA experiment mice follow-
up, weight (w) follow-up. (wi: initial weight).
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For 177Lu-PSMA-617 group, fibrosis was significantly increased in

comparison to non-treated controls in the liver (p = 0.009). For natCu-

DOTHA2-PSMA, fibrosis was increased in comparison to non-

treated mice in the kidneys, liver and salivary glands (p < 0.001, p

= 0.009 and p < 0.001, respectively). There were no significant

differences between 64Cu-DOTHA2-PSMA, 177Lu-PSMA-617 and
natCu-DOTHA2-PSMA groups in all organs. In all healthy organs,

there was neither necrosis, hemorrhage, cells or structure atrophy,

edema (present surrounding the gland in one sample of natCu-

DOTHA2-PSMA), endothelial wall atypia or foam cells plaques, nor

glomerular changes for the kidney. Limited, rare and locally

circumscribed inflammation was noted in liver only, similar in

all groups.

LNCaP tumors (Figures 4K–M) showed necrosis, apoptosis,

fibrosis and bleeding, in higher proportion in tumors treated with

radioactivity. Hence, the ratios of alive tumor cells to total tumor

tissue in 64Cu-DOTHA2-PSMA and 177Lu-PSMA-617 groups were

lower than with natCu-DOTHA2-PSMA group (p < 0.001 and p =

0.04, respectively) and with non-treated control group (p = 0.002 and

p = 0.04, respectively) (Figure 4O). Tumoral fibrosis was significantly

increased in 64Cu-DOTHA2-PSMA and 177Lu-PSMA-617 groups in

comparison to natCu-DOTHA2-PSMA (p < 0.001 for both) and to

non-treated mice for 64Cu-DOTHA2-PSMA (p = 0.005) (Figure 4N).

There was no correlation between IA or IA/g with fibrosis score

per groups for all organs (R2: 0 – 0.38). In healthy organs, there was

no correlation between survival (and therefore age) and fibrosis score

(R2: 0.001 – 0.16). Concordance between the fibrosis score results of

both analysts were of 85%, 82%, 67% and 67% for the kidneys, liver,

salivary glands and tumors, respectively. Differences, when present,

were of one point or less.
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3.4 Dosimetry

Mouse dosimetry results are presented in Table 1 with kinetics

values used for calculations presented in Supplementary Table 10.

Tumor dose was 2.67 × 102 mGy/MBq (95% CI: 1.94 × 102 – 3.4 × 102

mGy/MBq), using average tumor weight of 0.1 g. In mouse, highest

organ dose was estimated to the liver, leading to a tumor to liver ratio

of 0.730 (0.464 – 1.09). Second highest ratio was to the stomach wall

(estimated from stomach kinetics), at 1.84 (1.18 – 2.70). Tumor-to-

kidney ratio was 2.23 (1.42 – 3.30).

Human extrapolation of dosimetry presented in Table 2 (kinetic

values in Supplementary Table 11) yielded effective dose of 3.14 × 10-2

mSv/MBq (95% CI: 2.67 × 10-2 – 3.61 × 10-2 mSv/MBq).
4 Discussion

The goal of this preclinical study was to evaluate 64Cu-DOTHA2-

PSMA therapeutic potential based on its ability to increase survival

and control tumor size with low toxicity profile and dosimetry. To our

knowledge, this is the first study to evaluate 64Cu for PSMA

radioligand therapy.
4.1 Maximal tolerated injected activity

64Cu-DOTHA2-PSMA maximal tolerated IA was estimated to be

150MBq in NRGmice. This value is slightly higher than that reported

for 177Lu-PSMA-617 in immunodeficient mice (34, 35) suggesting

that the 64Cu-radioligand is well tolerated in immunodeficient mice.
B C

D E F G

A

FIGURE 3

Survival assays results (A) Kaplan-Meier survival curves with significantly longer survival with 64Cu-DOTHA2-PSMA than with natCu-DOTHA2-PSMA (p <
0.001, hazard ratio: 0.208 (95%CI: 0.0646 – 0.670) and no significant difference between 64Cu-DOTHA2-PSMA and 177Lu-PSMA-617 (p = 0.09, hazard
ratio: 0.490 (95%CI: 0.165 – 1.45)), (B) Average weight evolution per group, (C) Average tumor size per group, (D-F) Individual tumor size for 64Cu-
DOTHA2-PSMA, 177Lu-PSMA-617 and natCu-DOTHA2-PSMA treated mice, respectively, (G) Time-to-regrowth (TTR) per group, (H) Time to initial volume
(TTIV) per group. (V: tumoral volume, Vi: initial tumoral volume. **p < 0.01, ***p < 0.001. Errors bars are standard errors for (A) and standard deviations
for B, C and G).
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4.2 Survival experiments

64Cu-DOTHA2-PSMA showed therapeutic efficacy. It showed

survival and growth delay (TTR and TTIV values) superior to control

and similar to 177Lu-PSMA-617, the lead radioligand for prostate cancer

radioligand therapy. Other non-PSMA 64Cu radioligands in literature

showed improvement in survival and tumor size control, but comparison

is limited given their application with another target (23–30). For 177Lu-

PSMA-617 with a slightly higher volume endpoint (1000 mm3), Fendler

et al. found similar survival results to ours using 120 MBq (34) and Kuo

et al. found higher median survival (58 days) even with the use of low IA

(18.5 MBq) (38). Banerjee et al. found a 130 days median survival in a

different prostate cancer model (PSMA+ PC3 PIP cells) with a higher

tumoral volume endpoint (1800 mm3) (35).
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4.3 Toxicity assessment

On the whole, toxicity results pointed to limited toxicity for 64Cu-

DOTHA2-PSMA, similar to 177Lu-PSMA-617. Mice weight was

maintained above limit endpoints for all but one 177Lu-PSMA-617

treated mouse, suggesting a low toxicity for both 64Cu-DOTHA2-

PSMA and 177Lu-PSMA-617. Thought the only significant drop in

red blood cells was observed in 177Lu-PSMA-617 mice samples at 8

days p.i., period of days 8 to 17 could be an interval of potential

myelotoxicity for both radioactive compounds. Regarding kidneys,

liver and salivary glands, only non-significant fibrosis in normal

location was found with no other sign of radiation injuries nor

pathological processes (e.g. nodule formation in liver, significant

interstitial fibrosis in kidneys) (37, 39, 40). The difference between
O

B C

D

E F G

H I J

K L M

N

A

FIGURE 4

Pathology analysis results from controls, non-treated mice (left colum) in comparison to 64Cu-DOTHA2-PSMA treated mice (middle and right columns):
Normal kidney histology was mainly found in controls (A) and treated mice (B), with frequent non-pathological perivascular fibrosis (C) and rare, locally
limited interstitial fibrosis (D). Liver analysis also showed normal, non-injured tissue in controls (E) and treated mice (F) with some periportal fibrosis (G). All
salivary glands displayed non-pathological, expected fibrosis surrounding vessels and excretory duct and in septa in controls (H) and treated mice (I, J). For
LNCaP tumors, controls mainly showed alive tumor bulk, with fibrosis and infrequent necrosis (K). In opposite, the irradiated tumors showed a lower
proportion of alive cells and more necrosis (L, M). Fibrosis scores by organs are presented in N and the proportion of alive tumor cells over total tumor tissue
is presented in O. Stained by Masson’s trichome. Fibrosis: blue staining, arrow when needed. Necrosis in the tumor: lighter pink, asterix. In graphs, only
significatively different relations are shown. *p < 0.05. **p< 0.01. ***p < 0.001.
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the control group injected with natCu-DOTHA2-PSMA and the non-

treated controls suggests an interaction of the ligand with the PSMA

enzyme influencing its function (41). However, this is not likely to

have important toxic implications at injected activities similar to the

present study given that all fibrosis noted was non-pathological

fibrosis. The fibrosis scale was obtained by blind comparison of

samples, but on the whole the difference between scores were low

and fibrosis was present in low quantity.

For LNCaP tumors, pathological analysis at varying time after

implantation could have a confounder effect on the results. Non-

treated LNCaP tumors can demonstrate necrosis and fibrosis without

treatment (42). This phenomenon was witnessed in both control

groups, but in a significantly smaller proportion than the ones noticed

in the groups injected with radioactivity. In clinical pathology

practice, important proportion of dead tumor cells is considered

more likely to be induced at least in part by treatment. Furthermore,

in mice treated with radioligands, necrosis was found over all tumor

bulk and not only in the middle of a highly alive section. For healthy

organs, few weeks difference in age between controls and treated mice

is less likely to explain the difference between survival groups and

non-treated controls since there is no correlation between time of

death and fibrosis score.

For comparison regarding toxicity, preclinical studies of other
64Cu radioligand therapy compounds noted no to only transient

weight loss and no to only mild signs in pathological examination

(23–27, 29). Transient drop in RBCs was noted in a study 7 days p.i. at

its highest IA (28) while no significant drop in RBCs was noted with

others (23–26). For preclinical studies of 177Lu-PSMA-617, no weight

loss was reported at a lower IA (38) and no change in RBCs was noted

at 4 and 8 weeks p.i (34, 35).. With 177Lu-PSMA-617, Banerjee et al.

noted mild changes in salivary glands, minimal changes in kidneys

and significant changes in lacrimal glands and testes 8 weeks p.i (35).
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4.4 Dosimetry

Dosimetry calculations yielded an effective dose within normal

limits and showed that the main organs at risk for toxicity are the liver

and gastrointestinal tract. High dose in liver for human and low

tumor-to-liver ratio in mouse were expected from previous

distribution results (31). Interestingly, kidneys and salivary glands

dose estimations in humans were low for 64Cu-DOTHA2-PSMA, with

favorable tumor-to-kidney ratio in mouse. In a theranostic

perspective, human dosimetry estimation of 64Cu-DOTHA2-

PSMA’s effective dose is within safe levels for imaging with

diagnostic IA. For instance, if one was to inject 200 MBq as for
68Ga-PSMA-617 human scan, effective dose to the patient would be

6.28 mSv. This is similar to 18F-fluorodesoxyglucose PET for tumor

imaging (~6.7 mSv), 68Ga-PSMA-11 and 68Ga-PSMA-617 (43–45).

For comparison regarding therapy, human studies with 177Lu-PSMA-

617 showed that organs receiving among the highest calculated doses

are the kidneys (0.39 to 0.88 mGy/MBq) and salivary glands (0.44 to

1.17 mGy/MBq), respectively 7 to 16 times and 23 to 62 times higher

values than the 64Cu-DOTHA2-PSMA human model absorbed doses

estimations (46–48). Lacrymal gland dose estimation is unknown for
64Cu-DOTHA2-PSMA, since it is unavailable in the OLINDA/EXM

human model used. It was, however, the highest dose in VISION

phase III trial dosimetry sub-study (2.1 ± 0.5 mGy/MBq) (48). Liver,

spleen and effective doses are similar for both radioligands, even with

the important liver uptake for 64Cu-DOTHA2-PSMA (46, 47). Red

marrow doses were higher for 177Lu-PSMA-617 than estimated for
64Cu-DOTHA2-PSMA, but this could be in part due to bone

metastasis in patients for 177Lu-PSMA-617 (46–48).

Irradiation tolerance is considered to be higher for radioligand

therapy than for external beam radiotherapy (47, 49). However,

external beam radiotherapy dose limits are sometimes still used to
TABLE 1 Mouse 64Cu-DOTHA2-PSMA dosimetry.

Target organs Organ dose (mSv/MBq) Organ dose minimal to maximal range (mSv/MBq)a

Liver 3.66E+02 (3.13E+02 – 4.18E+02)

Stomach Wall 1.45E+02 (1.26E+02 – 1.64E+02)

Large Int 1.30E+02 (1.14E+02 – 1.47E+02)

Small Intestine 1.30E+02 (1.14E+02 – 1.47E+02)

Kidneys 1.20E+02 (1.03E+02 – 1.37E+02)

Lungs 1.07E+02 (9.33E+01 – 1.20E+02)

Spleen 5.34E+01 (4.40E+01 – 6.29E+01)

Skeleton 5.05E+01 (3.43E+01 – 6.66E+01)

Thyroid 4.95E+01 (2.32E+01– 7.57E+01)

Pancreas 4.86E+01 (4.21E+01 – 5.50E+01)

Heart 4.34E+01 (3.29E+01 – 5.40E+01)

Testes 2.20E+01 (1.88E+01 – 2.53E+01)

Brain 1.27E+01 (1.05E+01 – 1.49E+01)

Total Body 5.11E+01 (4.32E+01 – 5.90E+01)

Tumor (0.1g) (mGy/MBq) 2.67E+02 (1.94E+02 – 3.40E+02)
aMinimal and maximal values were calculated from 95% confidence interval on biodistribution data.
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guide radioligand therapy safety. Considering limits or standards of

23 Gy for the kidneys, 30 Gy for the liver, 20 − 25 Gy to the salivary

glands, 2 Gy to the red marrow, 40 Gy to the intestines and 12 Gy for

whole-lung irradiation (46, 47, 50–53), the injection of 44 GBq of
64Cu-DOTHA2-PSMA over several cycles such as for 177Lu-PSMA-

617 (13) would not reach organ doses limits. Up to a total of 187 GBq

could be injected before reaching the medullary and liver limit doses

(calculations based on organ absorbed doses). We do not suggest

using this high injected activity and it is simply underlined here to put
64Cu-DOTHA2-PSMA dosimetry profile in perspective. Clinical

studies should be conducted to determine 64Cu-DOTHA2-PSMA

biodistribution and dosimetry in humans to choose an appropriate

injected activity.

Mouse dosimetry was obtained mainly to calculate ratios between

tumor and healthy organs irradiation. In 2018, Kuo et al. reported

mouse dosimetry for 177Lu-PSMA-617 with a methodology highly

similar to ours using OLINDA/EXM 2.0 while we used the latest

version 2.2.3 (38). Their results per organs for 177Lu-PSMA-617 were

in average ~500 times lower than ours for 64Cu-DOTHA2-PSMA. We
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recalculated 177Lu-PSMA-617 dosimetry with OLINDA/EXM 2.2.3

based on their kinetics values and obtained results closer to 64Cu-

DOTHA2-PSMA, notably 5.43 × 102 mGy/MBq, 3.08 × 102 mGy/

MBq, and 5.85 mGy/MBq for tumor, kidneys and liver, respectively.

Other organs doses ranged from 2.54 mGy/MBq to 14.2 mGy/MBq,

except for the bladder dose calculated with a different voiding model

than our methodology. The difference between 177Lu-PSMA-617’s

results reported with OLINDA/EXM 2.0 and those obtained with the

version 2.2.3 is notable. With 2.2.3, the tumor-to-kidney ratio is 1.76,

slightly lower than for 64Cu-DOTHA2-PSMA, and the tumor-to-liver

ratio is 92.8, importantly higher than for 64Cu-DOTHA2-PSMA.

Taking into consideration mouse and human models dosimetry

results and analysis, the liver rather than the kidneys or the salivary

glands would be at greater risk with 64Cu-DOTHA2-PSMA when

compared to 177Lu-PSMA-617, though the liver dose is similar for

both compounds. This dosimetry pattern could be a challenge for

clinical use. On the other hand, it could also be of interest to complete

the clinical arsenal with a radioligand with different toxicity profile to

offer an endotherapeutic option to more patients (e.g. with renal
TABLE 2 Human dosimetry of 64Cu-DOTHA2-PSMA extrapolated from mouse biodistribution data.

Target Organs
Organ Dose
(mSv/MBq)

Organ dose minimal to
maximal range (mSv/MBq)a

Left colon 9.18E-03 (8.02E-03 – 1.03E-02)

Liver 6.37E-03 (5.46E-03 – 7.27E-03)

Lungs 5.37E-03 (4.82E-03 – 5.92E-03)

Stomach Wall 2.80E-03 (2.39E-03 – 3.21E-03)

Right colon 1.60E-03 (1.37E-03 – 1.83E-03)

Red Marrow 1.29E-03 (9.70E-04 – 1.60E-03)

Thyroid 8.52E-04 (4.07E-04 – 1.30E-03)

Rectum 5.98E-04 (5.09E-04 – 6.88E-04)

Kidneys 4.85E-04 (4.15E-04 – 5.55E-04)

Esophagus 4.65E-04 (3.84E-04 – 5.46E-04)

Testes 2.99E-04 (2.54E-04 – 3.45E-04)

Heart Wall 2.94E-04 (2.61E-04 – 3.27E-04)

Adrenals 2.91E-04 (2.02E-04 – 3.80E-04)

Gallbladder Wall 2.52E-04 (2.12E-04 – 2.93E-04)

Urinary Bladder Wall 2.35E-04 (1.79E-04 – 2.91E-04)

Spleen 2.16E-04 (1.78E-04 – 2.54E-04)

Pancreas 1.98E-04 (1.71E-04 – 2.24E-04)

Salivary Glands 1.88E-04 (1.62E-04 – 2.15E-04)

Small Intestine 1.73E-04 (1.45E-04 – 2.01E-04)

Osteogenic Cells 9.83E-05 (7.35E-05 – 1.23E-04)

Thymus 7.94E-05 (6.45E-05 – 9.43E-05)

Prostate 2.97E-05 (2.29E-05 – 3.65E-05)

Brain 2.96E-05 (2.52E-05 – 3.39E-05)

Effective Dose 3.14E-02 (2.67E-02 – 3.61E-02)
aMinimal and maximal values were calculated from 95% confidence interval on biodistribution data.
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insufficiency or important prior bladder irradiation) or for patients

experiencing side effects (e.g. xerostomia). Their irradiation should

also be considered as radioligand therapy is being increasingly studied

at earlier stages of the disease (e.g. adjuvant to prostatectomy) (13).

Patient living longer could experience different side effects over the

long term or eventual use adjuvant to external beam radiotherapy

could modify the risk profile, with increasing risk to pelvic organs in

the irradiation field.

It is important to note that dosimetry estimates to organs and

tumor do not take account of dose rates and repetitions of irradiation,

which can both influence the therapeutic outcome and toxicity (23,

24, 28, 29, 54).
4.5 Limitations and variability

Some limitations and sources of variability should be underlined

for the present study. Variation in group size can be explained by the

few days variability in LNCaP xenograft growth parallel to

radioisotope production and importation logistics. Variation in IA

or tumor size at time of the experiment, which is expected for

preclinical studies, did not significantly impact survival assays and

toxicity results as verified by correlation tests. Fibrosis scores

concordance rates between both analysts’ results were high to

intermediate, with only one-point difference when present.

Concordance in future studies results could be increased by making

the fibrosis scale more precise thanks to the experience acquired in

this project.

In hindsight, the implantation of one tumor per shoulder in the

first treated mice was a suboptimal method. Although this is a

common practice in LNCaP implantation to increase the

probability of experiment success [estimated 50% success rate in

xenografting (42, 55)], it also yielded more complicated survival

analyses. For instance, if two tumors were present at the time of

therapy, both did not necessarily reach the size limit on the very same

day, even if response to treatment were mainly similar for both

tumors. Consequently, four mice had to be euthanized when a first

tumor reached the ethical limit, and therefore, growth follow-up for

the second tumor was stopped and the time to size endpoint was not

obtained. In an attempt to mitigate this issue, we selected TTIV and

TTR methods for growth calculation, which also had the advantage to

include in the analysis mice that reached limits other than tumor size.

One tumor was implanted per mouse for subsequent radioligand

therapy rounds.

The animal model has other limitations. The important

immunosuppression required for tumor implantation in mice may

lead to an underestimation of signs of toxicity through decreased

inflammation (33). Furthermore, 64Cu-DOTHA2-PSMA binding can

vary between mouse and human PSMA, which limits the

interpretation of toxicity results in healthy PSMA-rich tissues.

Although conduction of toxicity evaluation in survival assays mice

is not ideal, it does allow for the assessment of a broad profile.
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4.6 Perspectives

Future studies could evaluate the immunoreactivity of 64Cu-

DOTHA2-PSMA as well as apoptosis and DNA double-strand

breaks on tumor tissue after treatment. The PSMA expression and

Ki67 marker expression could also be measured to confirm the level of

PSMA positivity of surviving tumor cells and to have information on

the proliferative capacity of the tumor cells respectively. Different

injected activities and multidoses for radioligand therapy could be

evaluated. Multidose of 64Cu-DOTHA2-PSMA could have an impact

on tumor size control and toxicity, based on dose fractionation

principles and similarly to previously published preclinical results

with 64Cu and 177Lu and to 177Lu-PSMA-617 clinical protocols (14,

23–25, 27–30). Copper-67 (67Cu) has a similar b- emission profile to
177Lu with a 2.6 days half-life and can be used in theranostic pair with

copper-64 (64Cu) for PET imaging (20). 64Cu/67Cu-SAR-bisPSMA is

currently under clinical trial for prostate cancer radioligand therapy

(SECuRE trial, NCT04868604). Further research is also needed for a

more complete toxicity profile, using healthy and immunocompetent

mice followed over months with a wider panel of blood cells and

specific time points of euthanasia for pathologic evaluation as groups.

Other experiences could be added such as blood and urine markers of

kidney and liver functions e.g. AST, ALT, blood urea nitrogen,

creatinine and glomerular filtration rate. Finally, another interesting

future research could evaluate the link between pathological findings,

radiol igand distribution in tissue, emission range and

microdosimetry. For instance, the presence of radioligand in blood

circulation could irradiate vasculature and be linked to

perivascular fibrosis.

In conclusion, 64Cu-DOTHA2-PSMA showed efficiency for

radionuclide therapy in comparison to control and similarly to the

most clinically studied PSMA radioligand, 177Lu-PSMA-617. Insights

on toxicity suggest a safety profile similar to the one of 177Lu-PSMA-

617, but further confirmation studies are required. Dosimetry

estimation yielded a low dose to the kidneys and salivary glands.

Higher doses estimations were obtained for the liver and

gastrointestinal tract, a perceived challenge to clinical use.

Nevertheless, 64Cu-DOTHA2-PSMA offers the possibility to

complement the current clinical arsenal with a theranostic

radioligand that has different mechanism of action (both b- particle
and high LET Auger electron), clearance and dosimetry profile than

previous radioligands. It could act as another alternative to 177Lu-

PSMA-617, similarly to 225Ac-PSMA-617, to allow personalization of

radioligand therapy based on patients’ comorbidities, prior

treatments or experienced side effects.
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32. Benesǒvá M, Bauder-Wüst U, Schäfer M, Klika K, Mier W, Haberkorn U, et al.
Linker modification strategies to control the prostate-specific membrane antigen
(PSMA)-targeting and pharmacokinetic properties of DOTA-conjugated PSMA
inhibitors. J Med Chem (2016) 59:1761–75. doi: 10.1021/ACS.JMEDCHEM.5B01210

33. Pearson T, Shultz LD, Miller D, King M, Laning J, Fodor W, et al. Non-obese
diabetic-recombination activating gene-1 (NOD-Rag1 null ) interleukin (IL)-2 receptor
common gamma chain (IL2rg null ) null mice: a radioresistant model for human
lymphohaematopoietic engraftment. Clin Exp Immunol (2008) 154:270–84.
doi: 10.1111/j.1365-2249.2008.03753.x

34. Fendler WP, Stuparu AD, Evans-Axelsson S, Lückerath K, Wei L, Kim W, et al.
Establishing 177Lu-PSMA-617 radioligand therapy in a syngeneic model of murine
prostate cancer. J Nucl Med (2017) 58:1786–92. doi: 10.2967/jnumed.117.193359

35. Banerjee SR, Kumar V, Lisok A, Chen J, Minn I, Brummet M, et al. 177Lu-labeled
low-molecular-weight agents for PSMA-targeted radiopharmaceutical therapy. Eur J Nucl
Med Mol Imaging (2019) 46:2545–57. doi: 10.1007/s00259-019-04434-0
Frontiers in Oncology 11
36. Tomayko MM, Reynolds CP. Determination of subcutaneous tumor size in
athymic (nude) mice. Cancer Chemother Pharmacol (1989) 24:148–54. doi: 10.1007/
BF00300234

37. Fajardo LF. The pathology of ionizing radiation as defined by morphologic
patterns. Acta Oncol (2005) 44:13–22. doi: 10.1080/02841860510007440

38. Kuo HT, Merkens H, Zhang Z, Uribe CF, Lau J, Zhang C, et al. Enhancing
treatment efficacy of 177Lu-PSMA-617 with the conjugation of an albumin-binding
motif: Preclinical dosimetry and endoradiotherapy studies. Mol Pharm (2018) 15:5183–
91. doi: 10.1021/acs.molpharmaceut.8b00720

39. Damjanov IJ. Anderson’s pathology. 10th edition. St. Louis: Mosby (1996). p. 2905.

40. MacSween RNM. Pathology of the liver. 4th edition. London; New York: Churchill
Livingstone (2002). 982 p. doi: 10.1002/dc.10338

41. Bouchelouche K, Capala J. Prostate specific membrane antigen-a target for imaging
and therapy with radionuclides. Discovery Med (2010) 9:55–61.

42. Warnier M, Roudbaraki M, Derouiche S, Delcourt P, Bokhobza A, Prevarskaya N,
et al. CACNA2D2 promotes tumorigenesis by stimulating cell proliferation and
angiogenesis. Oncogene (2015) 34:5383–94. doi: 10.1038/ONC.2014.467

43. Directorate General for Energy. EUROPEAN COMMISSION RADIATION
PROTECTION n° 180 medical radiation exposure of the European population part 1/2
(2014). Available at: http://europa.eu (Accessed August 5, 2021).

44. Afshar-Oromieh A, Hetzheim H, Kratochwil C, Benesova M, Eder M, Neels OC,
et al. The theranostic PSMA ligand PSMA-617 in the diagnosis of prostate cancer by PET/
CT: Biodistribution in humans, radiation dosimetry, and first evaluation of tumor lesions.
J Nucl Med (2015) 56:1697–705. doi: 10.2967/jnumed.115.161299

45. Fendler WP, Eiber M, Beheshti M, Bomanji J, Ceci F, Cho S, et al. 68Ga-PSMA
PET/CT: Joint EANM and SNMMI procedure guideline for prostate cancer imaging:
version 1.0. Eur J Nucl Med Mol Imaging (2017) 44:1014–24. doi: 10.1007/s00259-017-
3670-z

46. Kabasakal L, AbuQbeitah M, Aygün A, Yeyin N, Ocak M, Demirci E, et al. Pre-
therapeutic dosimetry of normal organs and tissues of (177)Lu-PSMA-617 prostate-
specific membrane antigen (PSMA) inhibitor in patients with castration-resistant prostate
cancer. Eur J Nucl Med Mol Imaging (2015) 42:1976–83. doi: 10.1007/S00259-015-3125-3

47. Violet J, Jackson P, Ferdinandus J, Sandhu S, Akhurst T, Iravani A, et al. Dosimetry
of 177Lu-PSMA-617 in metastatic castration-resistant prostate cancer: Correlations
between pretherapeutic imaging and whole-body tumor dosimetry with treatment
outcomes. J Nucl Med (2019) 60:517–23. doi: 10.2967/jnumed.118.219352

48. Herrmann K, Rahbar K, Eiber M, Krause BJ, Lassmann M, Jentzen W, et al.
Dosimetry of 177Lu-PSMA-617 for the treatment of metastatic castration-resistant
prostate cancer: results from the VISION trial sub-study. J Clin Oncol (2022) 40:97–7.
doi: 10.1200/JCO.2022.40.6_SUPPL.097

49. Pandit-Taskar N, Iravani A, Lee D, Jacene H, Pryma D, Hope T, et al. Dosimetry in
clinical radiopharmaceutical therapy of cancer: practicality versus perfection in current
practice. J Nucl Med (2021) 62:60S–72S. doi: 10.2967/JNUMED.121.262977

50. Emami D. Tolerance of normal tissue to therapeutic radiation. Rep Radiother
Oncol (2013) 1:35–48. doi: 10.1016/0360-3016(91)90171-y

51. Jadon R, Higgins E, Hanna L, Evans M, Coles B, Staffurth J. A systematic review of
dose-volume predictors and constraints for late bowel toxicity following pelvic
radiotherapy. Radiat Oncol (2019) 14:57. doi: 10.1186/s13014-019-1262-8

52. Stanic S, Mayadev JS. Tolerance of the small bowel to therapeutic irradiation: a focus on
late toxicity in patients receiving para-aortic nodal irradiation for gynecologicmalignancies. Int J
Gynecol Cancer (2013) 23:592–7. doi: 10.1097/IGC.0B013E318286AA68

53. Sampath S, Schultheiss TE, Wong J. Dose response and factors related to interstitial
pneumonitis after bone marrow transplant. Int J Radiat Oncol Biol Phys (2005) 63:876–84.
doi: 10.1016/J.IJROBP.2005.02.032

54. Terashima S, Hosokawa Y, Tsuruga E, Mariya Y, Nakamura T. Impact of time
interval and dose rate on cell survival following low-dose fractionated exposures. J Radiat
Res (2017) 58:782–90. doi: 10.1093/jrr/rrx025

55. Cunningham D, You Z. In vitro and in vivomodel systems used in prostate cancer
research. J Biol Methods (2015) 2:17. doi: 10.14440/jbm.2015.63
frontiersin.org

https://doi.org/10.1097/RLU.0000000000002575
https://doi.org/10.1097/RLU.0000000000002575
https://doi.org/10.7150/NTNO.64141
https://doi.org/10.7150/NTNO.64141
https://doi.org/10.1016/j.ejmech.2018.08.051
https://doi.org/10.1016/j.ejmech.2018.08.051
https://www.nndc.bnl.gov/nudat3/
https://doi.org/10.1093/JRR
https://doi.org/10.1073/pnas.98.3.1206
https://doi.org/10.1158/1535-7163.MCT-16-0040
https://doi.org/10.1158/1535-7163.MCT-16-0040
https://doi.org/10.2967/jnumed.113.133850
https://doi.org/10.1016/j.tranon.2017.10.006
https://doi.org/10.1155/2015/129764
https://doi.org/10.18632/oncotarget.25649
https://doi.org/10.3390/PH15080996
https://doi.org/10.1021/ACS.JMEDCHEM.5B01210
https://doi.org/10.1111/j.1365-2249.2008.03753.x
https://doi.org/10.2967/jnumed.117.193359
https://doi.org/10.1007/s00259-019-04434-0
https://doi.org/10.1007/BF00300234
https://doi.org/10.1007/BF00300234
https://doi.org/10.1080/02841860510007440
https://doi.org/10.1021/acs.molpharmaceut.8b00720
https://doi.org/10.1002/dc.10338
https://doi.org/10.1038/ONC.2014.467
http://europa.eu
https://doi.org/10.2967/jnumed.115.161299
https://doi.org/10.1007/s00259-017-3670-z
https://doi.org/10.1007/s00259-017-3670-z
https://doi.org/10.1007/S00259-015-3125-3
https://doi.org/10.2967/jnumed.118.219352
https://doi.org/10.1200/JCO.2022.40.6_SUPPL.097
https://doi.org/10.2967/JNUMED.121.262977
https://doi.org/10.1016/0360-3016(91)90171-y
https://doi.org/10.1186/s13014-019-1262-8
https://doi.org/10.1097/IGC.0B013E318286AA68
https://doi.org/10.1016/J.IJROBP.2005.02.032
https://doi.org/10.1093/jrr/rrx025
https://doi.org/10.14440/jbm.2015.63
https://doi.org/10.3389/fonc.2023.1073491
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Theranostic 64Cu-DOTHA2-PSMA allows low toxicity radioligand therapy in mice prostate cancer model
	1 Introduction
	2 Materials and methods
	2.1 Radioligand production
	2.2 Animal model
	2.3 Maximal tolerated injected activity
	2.4 Survival experiments
	2.5 Toxicity assessment
	2.6 Dosimetry
	2.7 Statistical analysis

	3 Results
	3.1 Maximal tolerated injected activity
	3.2 Survival assays
	3.3 Toxicity assays in survival experiment mice.
	3.4 Dosimetry

	4 Discussion
	4.1 Maximal tolerated injected activity
	4.2 Survival experiments
	4.3 Toxicity assessment
	4.4 Dosimetry
	4.5 Limitations and variability
	4.6 Perspectives

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


