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Editorial
Dive into the details of radionuclide  
antibody conjugates: what role do EPR  
effects and LETs of different radionuclides play?
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Abstract: Radionuclide antibody conjugate (RAC) is a promising diagnostic and therapeutic tool. It combines radio-
nuclides and antibodies by connecting arms and chelating agents, offering precise targeting and potent killing of 
tumor cells. However, further development and optimization of this radiopharmaceutical is needed to enhance the 
ultimate substantive efficacy for clinical translation. In this issue of AJNMMI, Strand et al. evaluated the enhanced 
permeability effect and different linear energy transfer (LET) of radionuclides in a prostate cancer xenograft model. 
The results showed that specific targeting might negatively influence normal organ uptake when targeting secreted 
antigens and different LETs of radionuclides might have diverse effects on receptor expression and cell proliferation 
in tumors. The findings provide new thinking for the development of antibody-based radiopharmaceuticals.
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For tumor molecularly targeted therapy, mono-
clonal antibodies are widely recognized, and 
radionuclides can enhance their anti-tumor pr- 
operties when combined with them. Radionu- 
clide antibody conjugates (RACs), the ingenious 
fusion of radionuclides and antibodies through 
connecting arms and chelating agents, achieve 
the dual advantages of precise targeting and 
potent killing of tumor cells (Figure 1). These 
remarkable advancements have demonstrated 
definite effectiveness, safety, and acceptable 
toxicity, leading to prolonged survival in patients 
with advanced cancer [1]. They exhibit the abil-
ity to concentrate the energy released by radio-
nuclides within several times the diameter of 
cancer cells. RACs combine radionuclides emit-
ting alpha or beta rays with specific monoclonal 
antibodies to efficiently exterminate tumor 
cells, thus minimizing damage to surrounding 
normal tissues. However, the complex microen-
vironment in vivo as well as different prepara-
tion protocols for RACs may affect the final 
therapeutic outcome. We read with interest the 
article written by Joanna Strand and colleagues 

published in this issue of the AJNMMI [2]. In this 
study, Strand et al. investigated the impact of 
enhanced permeability and retention (EPR) 
effects in tumors and the influence of different 
linear energy transfer (LET) on substantial treat-
ment outcomes.

Previous studies have found that radionuclide-
labeled free prostate-specific antigen (fPSA)-
targeted antibodies have high uptake and slow 
clearance rates from the liver [3]. The accumu-
lation of antibodies in the liver is associated 
with antibody catabolism and FcRn-mediated 
recirculation [4]. Interestingly, in the present 
study, compared to the fPSA-targeted antibody, 
a nonspecific antibody that had the same scaf-
fold and retained FcRn binding as the fPSA-tar-
geted antibody had approximately 3 times and 
2 times lower liver uptake at 24 h and 72 h. 
There is a possibility that RACs and fPSA form 
soluble immune complexes can increase liver 
uptake [5, 6]. Several researchers have demon-
strated that the binding of monoclonal antibod-
ies with other small molecules affects their tis-
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sue distribution, with an increased distribution 
in the liver and a diminished distribution in nor-
mal and tumor tissues [7, 8]. Although fPSA has 
a small molecular mass compared to complex 
prostate-specific antigen (cPSA) (28.4 kDa vs. 
90 kDa) and is cleared rapidly (t1/2 of 12-18 
hours) mainly by the kidneys, studies have also 
shown that the liver plays a role in the elimina-
tion of fPSA [9]. These results are particularly 
meaningful since nonspecific uptake from the 
liver has a significant impact on the detection 
of tumor liver metastasis. In addition, hepatic 
radio toxicity may also result from slow liver 
clearance when using alfa or beta-emitting 
therapeutic radionuclides [10, 11]. The pursuit 
of attaining diminution in nonspecific back-
ground uptake by the liver in antibody-based 
studies has emerged as a formidable chal-
lenge, engaging researchers in an ardent strug-
gle to overcome it. As a result, free antigens 
such as fPSA may pose limitations when it 
comes to the diagnosis and treatment of anti-
bodies labeled with radioactive isotopes. In 
recent years, molecular imaging probes target-
ing prostate-specific membrane antigen (PSMA) 
have gained increased attention.

Comparing the tumor uptake of fPSA-targeted 
and nonspecific antibodies, the latter account-

the uptake of therapeutic drugs into tumors. A 
new trend in improving tumor delivery is to 
explore ways of enhancing the EPR effect  
from the perspective of the drug itself and the 
tumor microenvironment. Intravenous drugs 
have to pass through the blood circulation 
before reaching the tumor site, and then dif-
fuse through the capillary wall to the tumor tis-
sue and penetrate into the deeper layers of the 
tumor. In order to achieve a better EPR effect, 
the drugs need to be stable in plasma and have 
a long circulation time to increase the chances 
of aggregation in tumor tissue while continu-
ously passing through the tumor vasculature 
and being able to penetrate into the deeper lay-
ers of tumor [13]. Among these factors, long 
circulation and tumor penetration have the 
greatest impact on EPR, and both are governed 
by different or even contradictory drug require-
ments. Long circulation in the bloodstream 
requires antibody-related drugs to have a large 
molecular mass, FcRn-binding modifications, 
and negative charges [14]. After diffusion from 
capillaries to tumor sites, it is desirable to have 
smaller molecular mass and positively charged 
surfaces in order to penetrate deeper into the 
tumor and be effectively taken up by tumor 
cells [15]. In the process of antibody-based 
drug development, it is necessary to compre-

Figure 1. Schematic figure showing the Radionuclide antibody conjugate 
(RAC) in action. RACs are usually administered intravenously and circulate 
through the bloodstream, targeting tumor surface antigens and binding with 
them in the presence of antibodies. Meanwhile, radionuclides emit ionizing 
radiation to kill surrounding cells. Due to vascular laxity leakage and dysfunc-
tional lymphatic clearance of enhanced permeability and retention (EPR) ef-
fects, RACs are more likely to accumulate in the tumor microenvironment.

ed for half of the former’s 
tumor uptake at 24 h and 72 
h, which may result from the 
background activity of the 
blood pool and the poten- 
tial accumulation of the EPR 
effect. The EPR effect is pre-
dominantly observed in solid 
tumors, where macromole-
cules, including antibodies, 
accumulate in the tumor as a 
result of vascular laxity leak-
age and dysfunctional lym-
phatic clearance [12]. Both 
the EPR effect and nonspecif-
ic uptake are off-target mech-
anisms. Drugs have always 
been expected to act only on 
targets relevant to treating 
disease and not to interact 
with targets that are not part 
of the drug design. In some 
cases, however, ERP effects 
may provide a benefit to pa- 
tients who wish to improve 
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hensively consider the influence of various fac-
tors on the rational design of drugs in order to 
better realize the EPR effect. In addition to drug 
factors, the pathological factors, such as tumor 
size and type, tumor perfusion and vascular 
permeability, and tumor extracellular matrix 
can also affect the EPR effect to a large extent 
[16, 17]. Studies have shown that increasing 
NO production, utilizing cellular inflammatory 
factors, and modulating the extracellular ma- 
trix by combining drugs that modulate the 
tumor microenvironment prior to or at the time 
of treatment can increase the EPR effect to fur-
ther achieve antitumor efficacy [18-20]. In addi-
tion, the EPR effect has been further improved 
by some physical therapies such as photody-
namic therapy, photothermal therapy, and ul- 
trasound therapy in the tumor local area, which 
significantly improves the effect of tumor treat-
ment [21-23]. The EPR effect has become one 
of the main theoretical bases for targeted deliv-
ery of antitumor drugs since it was reported by 
Maeda et al. in 1986 [24]. However, in recent 
years, it has been gradually recognized that the 
EPR effect has limitations, and the successful 
translation rate of anticancer drugs designed 
on the basis of the EPR effect from preclinical 
studies to clinical use is only 6% [25]. Various 
factors contribute to this problem, including the 
heterogeneity of tumors and a lack of under-
standing of the complexity of the tumor micro-
environment. Therefore, many scholars advo-
cate that the EPR effects of patients can be 
evaluated before using drugs mediated by EPR 
effects, and the appropriate drugs can be given 
to patients with significant EPR effects. In addi-
tion to the therapeutic effect, radionuclide-
labeled drugs have the potential to be used as 
positive reagents for EPR in the evaluation of 
patients, the details of which need to be fol-
lowed up with further in-depth studies.

Another interesting point is that therapy stu- 
dies of Lutetium-177 ([177Lu]Lu) and Indium-111 
([111In]In)-labeled-IgG performed in BALB/c 
mice showed effective but dissimilar results. 
Immunohistochemical analysis demonstrated 
a significant reduction in cell proliferation and 
an increase in cell death of PSA expressing 
cells after treatment of LNCaP xenografts  
with [111In]In-labeled-IgG, compared to [177Lu]
Lu-labeled-IgG treated mice. However, [111In]In 
emits gamma rays and its labeled compounds 
are used clinically mostly for diagnosis, local-
ization, staging, and prognostic assessment. 

While [177Lu]Lu emits beta rays with a range of 
about 1.5 millimeters in tissue and is a thera-
peutic nuclide that attracts considerate atten-
tion to the field of nuclear medicine. This phe-
nomenon of differences in PSA expression 
between [177Lu]Lu-IgG and [111In]In-IgG treated 
xenografts may be attributed to the complicat-
ed process of complex internalization. The dif-
ferent ionic radii and coordination numbers of 
In3+ (81 picometers) and Lu3+ (86 picometers) 
may affect the interaction between the target-
ing molecule and the radioimmunoconjugate, 
the intricacies require further in-depth study. 
The power of RACs lies in the variety and flexi-
bility of combinations, and their functional clas-
sification is closely related to the type of radio-
nuclides. Because of different half-lives, rang-
es, and modes of exposure, they can be used 
for diverse diagnostic and therapeutic applica-
tions [26-29]. Presently, there is an imperative 
need for conducting comprehensive and metic-
ulous investigations into the impact of anti-
body-conjugated intermediates coupled with 
different radionuclides, specifically emphasiz-
ing their influence on advanced structural  
modifications and biological activities of the 
antibodies.

Since 1951, when the U.S. Food and Drug 
Administration first approved Na[131I]I for the 
treatment of thyroid disease, the realm of radio-
pharmaceuticals has persistently undergone 
development, unfurling novel dimensions and 
unveiling captivating frontiers. Nowadays, the 
research and development in the field of tar-
geted radionuclide therapy (TRT) has entered 
an accelerating trajectory [30]. Several targets 
have garnered international attention and 
achieved noteworthy advancements. For exam-
ple, the somatostatin receptor (SSTR) stands 
prominent for its application in the diagnosis 
and treatment of neuroendocrine tumors, and 
the prostate-specific membrane antigen (PS- 
MA) takes center stage in the field of prostate 
cancer [31]. Notably, these targets have already 
witnessed the advent of diagnostic and thera-
peutic products in the marketplace, albeit pre-
dominantly based on small molecules or pep-
tides coupled with radionuclides. A number of 
challenges are encountered in the develop-
ment and evaluation of TRT-based pharmaceu-
tical products. Although RACs have high effica-
cy and affinity, they also have the demerit of 
high immunogenicity. Furthermore, the param-
eters explored in this article, including the non-
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specific uptake and EPR effect, as well as dif-
ferent LET results arising from the utilization of 
distinct radionuclides to label antibodies, all 
have various impacts on final therapeutic effi-
cacy. Thus, it is necessary to duly consider 
these factors in the development of antibody-
based therapeutic radiopharmaceuticals.

In conclusion, this Article shows very interest-
ing results that the EPR effect along with differ-
ent LET can significantly influence the action of 
therapeutic radiopharmaceuticals, which has 
opened the door to further in-depth research in 
the field of TRT drugs, encompassing RACs. 
These findings serve as a catalyst for both the 
initial stage of development and subsequent 
evaluation and translation endeavors, which, 
undeniably, persist as the most formidable 
challenge up to now. It is believed that in the 
forthcoming years, the domain of TRT drug 
development and its application in anti-tumor 
therapy shall bear witness to remarkable leaps 
and bounds. This will bestow great comfort to 
individuals struggling with tumors.
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