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Abstract 
Radionuclides theranostic are ideal “partners” for bispecific antibodies to explore the immune response of patients and syner-
gistic treatment. A bispecific single-domain antibody-Fc fusion protein, KN046, exhibits a good treatment effect by binding to 
programmed cell death-ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). An ionizing-radiation 
stimulus mediated by a low-dose of  [131I] may be used for immunopotentiation. In this study, we established  [131I]-labeled 
KN046 as a novel radioimmunotherapy agent to treat malignant melanoma and explored the mechanism.
Methods After intravenous injection of  [131I]-KN046, SPECT/CT imaging was applied to identify candidate targets for 
KN046 immunotherapy.  [18F]-FDG and  [68 Ga]-NOTA-GZP (granzyme B-specific PET imaging agent) micro-PET/CT 
imaging was used to assess the immune response in vivo after  [131I]-KN046 treatment. The synergistic treatment effect of 
 [131I]-KN046 was evaluated by exploring the  [131I]-based radionuclide-induced release of tumor immunogenicity-related 
antigens as well as the histology and survival of tumor-bearing mice after treatment.
Results The constructed  [131I]-KN046 exhibited high affinity and specificity for PD-L1/CTLA-4 immune targets and had 
excellent in vivo intratumoral retention capability so as to achieve good antitumor efficacy. More importantly, the combina-
tion of low-dose  [131I] and KN046-enhanced immunosensitivity increased the immunotherapy response rates significantly. 
Exposure of tumor cells to  [131I]-KN046 led to upregulated expression of MHC-I and Fas surface molecules and significant 
increases in the degree of T-cell activation and counts of tumor-infiltrating immunocytes.
Conclusion Use of low-dose  [131I] combined with a dual-target immunosuppressant could be exploited to identify the subset 
of treatment responders but also exhibited great potential for enhancing antitumor immune responses.
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Introduction

Immunotherapy based on immune-checkpoint block-
ers (ICBs), especially combination of therapies targeting 
programmed cell death inhibitor 1 (PD-1) and its ligand 
(programmed cell death ligand 1, PD-L1) and cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4), has made a 
significant impact on the outcome of malignant melanoma 
[1–3]. For example, Opdivo + Yervoy dual immunotherapy 
in first-line treatment of advanced melanoma has been 
reported to have long-term survival benefit because 53% of 
patients remained alive at follow-up 4 years later [4]. How-
ever, dual immunotherapy is not only expensive; it also 
leads to significant increases in therapeutic toxicity and drug 
resistance [5]. In a clinical trial receiving combination ther-
apy, 55% of patients reported grade 3 or 4 immune-related 
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adverse events (irAE) [6]. To address these limitations, 
bispecific simplified fusion antibodies have been developed 
for treatment of malignant melanoma. Compared with dual 
immunotherapy, programmed cell death-ligand 1 (PD-L1)/
CTLA-4 bispecific single-domain antibody-Fc fusion pro-
teins such as KN046 can exhibit good treatment effects by 
binding to PD-L1 and CTLA-4 while simultaneously reduc-
ing the side effects and treatment costs due to their sim-
plified structure [7]. Despite the important advantages of 
bispecific fusion antibodies, there still an urgent need for the 
strategies to identify the candidate patients who will benefit 
from PD-L1/CTLA-4 immunotherapy and increase immune 
response rates.

Radionuclides theranostic are a promising platform 
for nuclear medical imaging and cancer treatment [8–10]. 
They are ideal “partners” for bispecific fusion antibodies 
to explore the immune response of patients and synergis-
tic treatment. Nuclear medical imaging is being employed 
increasingly to assess the efficacy of drugs in vivo noninva-
sively [11–14]. In our previous study, we reported  [68 Ga]-
labeled granzyme B PET/CT imaging which closely asso-
ciated with granzyme B expression could noninvasively 
detect intertumoral immune response state [7]. In addition, 
emerging evidence has demonstrated that radionuclide 
therapy can induce the release of tumor immunogenicity-
related antigens, resulting in synergistic enhancement of ICB 
therapy [15, 16]. For instance,  [213Bi] [17] and  [177Lu] [18] 
combined with anti-PD-1 antibody have been shown to be 
more effective in significantly increasing animal viability 
and retarding tumor growth than use of an ICB alone or 
radionuclide therapy alone. However, radionuclide labeling 
(e.g.,  [177Lu]) conditions are complicated, and protein dena-
turing can occur. In addition, the radionuclide and immune 
antibody must be administered separately. This action results 
in nonspecific distribution of nuclides to elicit significant 
toxic effects to normal tissue, and cannot be used directly 
to evaluate the response efficiency of antibodies. Therefore, 
developing a method to obtain a radionuclide-labeled bispe-
cific fusion antibody with normal activity to noninvasively 
investigate the response efficiency and effect of synergistic 
treatment remains a great challenge.

[131I] is an important radionuclide. It can be employed 
for clinical diagnoses [19] based on single-photon emis-
sion-computed tomography (SPECT/CT) and for radio-
nuclide therapy [20]. Based on modest ionizing radiation, 
expression of various tumor antigens in a tumor micro-
environment (TME) can also be upregulated [21], which 
can be used for synergistic enhancement of ICB therapy. 
For example,  [90Y] has been shown to increase expression 
of immune-susceptibility markers, such as major histo-
compatibility complex I (MHC-I) and FS-7-associated sur-
face antigen (Fas) [22]. Recognition of T cells is reliant 
on the aid of such molecules, so upregulated expression 

of immune-associated antigens could improve tumor 
immunogenicity [23, 24]. More importantly,  [131I] can be 
labeled readily on a protein via the catalyst iodogen [25], 
which does not affect protein activity and interfere with the 
normal function of target immune cells [26]. Therefore, 
 [131I]-labeled ICB agents can be used to help selecting 
potential responders to the immunotherapy.

As a proof of concept,  [131I]-labeled KN046 was estab-
lished as a novel agent to noninvasively assess the response 
efficiency of KN046 to malignant melanoma and syner-
gistic effect of radiotherapy-induced modulation of the 
immune microenvironment by dual-targeted immunother-
apy (Fig. 1a). We demonstrated, for the first time, that  [131I] 
could be labeled on KN046 effectively and that targeted 
activity of KN046 was not affected after labeling with  [131I]. 
Then, using  [131I]-KN046 radioimmunotherapy drug, the 
tumor cell-targeting capacity of KN046 was investigated by 
 [131I]-based SPECT/CT in vivo and in vitro, which could be 
used to noninvasively assess the tumor response to KN046. 
After that, the synergistic treatment effect of  [131I]-KN046 
was evaluated by exploring the  [131I]-based radionuclide-
induced release of tumor immunogenicity-related antigens 
as well as the histology and survival of tumor-bearing mice 
after treatment (Fig. 1b and c). The developed  [131I]-KN046 
addressed the issue of identifying the subset of treatment 
responders, but also exhibited great potential for enhancing 
antitumor immune responses.

Results

Labeling yield and stability

The initial labeling yield of  [131I]-KN046 was 99.99% 
(Fig. 2a), which indicated that it was successfully radiola-
beled and can be used in the next experiment without purifi-
cation. Also, the circular dichroism (CD) spectra of KN046 
and  [131I]-KN046 indicated that the targeted activity of 
KN046 was not affected after labeling with  [131I] (Fig. 2b). 
During 72-h incubation of  [131I]-KN046 with PBS and FBS, 
the labeling yield remained > 85% (Fig. 2c), indicating that 
 [131I]-KN046 was stable in the in vitro-simulated TME.

CCK‑8 assay

We studied the effects of different doses of  [131I]-KN046 
on cells using the CCK-8 assay.  [131I]-KN046 at an  [131I] 
dose < 3.7 MBq had no notable toxicity to B16F10 cells and 
was not a lethal dose (Fig. 2d). Therefore, 1.85 MBq and 
3 × 1.85 MBq of  [131I]-KN046 were sublethal when treating 
a murine melanoma cell line (B16F10).
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Cellular uptake of KN046

The results of immunohistochemistry (IHC) showed that 
the PD-L1 expression on the membranes of B16F10 cells 
was strongly positive. However, the MCF-7 cells were PD-
L1-negative expression (Fig. S1). Confocal laser scanning 
microscopy (CLSM) of FITC-labeled KN046 after co-cul-
ture with B16F10 cells for 1 h showed that a large amount 
of green fluorescence protein-labeled KN046 was taken 
up at the cell-membrane surface. As the incubation time 
extended to 4 h, the mean fluorescence intensity (MFI) of 
cell membrane-bound KN046 increased compared with that 
at 1 h (Fig. 3a). But the MFI of KN046 observed on MCF-7 

cells at 1 h and 4 h was negligible compared to B16F10 cells 
(Fig. S2).

Cellular gamma histone 2AX (γ‑H2AX) expression 
after  [131I]‑KN046 therapy

As a radiation “bio-dosimeter,” γ-H2AX is more sensitive 
and reliable than other intracellular proteins capable of 
representing DNA damage/repair [27]. B16F10 cells were 
divided into four groups: I, physiologic (0.9%) saline; II, 
KN046; III, one fraction of  [131I]-KN046; and IV, three frac-
tions of  [131I]-KN046 (Fig. 3b). Physiologic saline alone 
and KN046 alone did not cause DNA damage (Fig. 3c). 

Fig. 1  Use of  [131I]-KN046 for 
noninvasive assessment and 
enhanced antitumor immune 
responses (schematic). a 
Preparation of  [131I]-KN046. 
KN046 was labeled with  [131I] 
using the catalyst iodogen. b 
Mechanism of tumor immune 
escape in the tumor micro-
environment (TME). PD-L1 
and B7 molecules expressed 
on the surface of tumor cells 
inhibit the activity and function 
of T cells by specific binding 
with PD-1 and CTLA-4 on the 
surface of T-cell membranes. c 
 [131I]-KN046 exerts enhanced 
antitumor efficacy after intrave-
nous administration. KN046 not 
only exhibits a good treatment 
effect by binding to PD-L1 and 
CTLA-4, the enhanced enrich-
ment of  [131I] due to target-
ing of KN046 can upregulate 
expression of MHC-I and Fas to 
stimulate the effector functions 
of activated T cells for cancer 
immunotherapy
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However, one fraction of 1.85  MBq radiation enabled 
B16F10 cells to elicit DNA damage, and three fractions of 
1.85 MBq radiation exacerbated that damage.

Phenotype regulation of proteins in tumor‑cell 
membranes after  [131I]‑KN046 treatment

After cytotoxic T lymphocytes (CTLs) recognize target cells, 
binding of Fas ligand to Fas on the tumor cell surface triggers 
an apoptotic program within tumor cells [28]. MHC-I antigen 
on tumor cell surfaces can present pathogenic peptides to 
activated CTLs to kill target cells [29]. Under normal condi-
tions, tumor cells will downregulate expression of such pro-
tein molecules to escape recognition by immunocytes [30]. 

We showed that, after B16F10 cells had been exposed to 
 [131I]-KN046, the MFI of the membrane proteins MHC-I and 
Fas increased from 5094 to 9494 and from 5731 to 10,593, 
respectively (Fig. 3d, e, and S3). Under an identical dose 
of  [131I] radiation, the MFI increase expressed by MHC-I 
and Fas classes was similar to that by  [131I]-KN046, whereas 
“spiking” with KN046 alone did not result in a significant 
increase in the MFI expressed by MHC-I and Fas classes. 
Melanoma cells received three fractions of  [131I]-KN046 
radiation: the MFI of MHC-I and Fas increased signifi-
cantly compared with that after one-fraction radiation. The 
data shown above indicated that exposure of B16F10 cells 
to  [131I]-KN046 or  [131I] resulted in upregulated expression 
of MHC-I and Fas, and that expression of MHC-I and Fas 

Fig. 2  a Initial labeling yield of  [131I]-KN046 placed for 30  min at 
room temperature. b Circular dichroism (CD) spectra of KN046 and 
 [131I]-KN046. c Radiolabeling stability of  [131I]-KN046 co-incubated 
in 10% FBS or PBS over time. Data are the mean ± SD. d Viability 

of B16F10 cells treated with  [131I]-KN046 (under an  [131I] dose of 0, 
0.185, 0.37, 0.74, 1.48, 2.22,  2.96 and 3.7 MBq/mL, respectively) for 
24 h. Data are the mean ± SD (n = 5)
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increased in a dose-dependent manner, which is in accord-
ance of data from other studies [22, 31, 32].

SPECT/CT imaging, pharmacokinetics, 
and biodistribution of  [131I]‑KN046

This study included two series of experiments in vivo for 
the assessment of  [131I]-KN046. The first series was to study 
the distribution and metabolism of  [131I]-KN046. Systemic 
SPECT/CT of B16F10 tumor-bearing mice demonstrated high 
uptake of  [131I]-KN046 in melanoma cells (Fig. 4a). Higher 
TNRs could be observed (4.77 ± 0.81) 24 h after a single intra-
venous injection of  [131I]-KN046, and the maximum TNR 
(11.34 ± 0.62) was achieved 72 h post-injection and then the 
TNR tapered over time (Fig. 4d). Except for slight retention 
in the blood system, a large part of the injected  [131I]-KN046 
accumulated and was retained in tumor tissue, and a single 
injection of  [131I]-KN046 could sustain imaging until day 
10 (Fig. 4a and d). In stark contrast,  [131I]-KN046 uptake in 
the blockade group declined markedly, whereas residence or 
uptake of  [131I]-KN046 was barely observed in tumor-bearing 
MCF-7 mice (PD-L1-negative expression) (Fig. 4b and d). 
Images from in vitro autoradiography demonstrated the metab-
olism of  [131I]-KN046 in B16F10 tumor tissues (Fig. 4c). 
Intratumoral uptake of  [131I]-KN046 remained high at 48 h and 
72 h, peaking at 72 h, which corroborated SPECT/CT results. 
Hematoxylin and eosin (H&E) staining revealed a necrotic 

region that appeared gradually at the center of the tumor 3 days 
after treatment with  [131I]-KN046 (Fig. 4c).

Next, the biodistribution profiles of  [131I]-KN046 in 
B16F10 tumor-bearing mice were acquired by ex  vivo 
gamma counting of various organ tissues harvested from 
sacrificed mice at different time points (Fig. 4e). The results 
agreed with the data observed in SPECT/CT and autoradi-
ography. Six hours after intravenous injection,  [131I]-KN046 
was concentrated primarily in blood (12.12 ± 1.64%ID/g) 
(Fig. 4f) and blood-rich organs, such as the heart, liver, 
and spleen. At 24 h, uptake of  [131I]-KN046 in the blood, 
heart, liver, and spleen decreased, whereas tumor uptake 
increased to 8.54 ± 0.13%ID/g. At 48 h and 72 h post-injec-
tion, uptake of  [131I]-KN046 in each organ continued to 
decline, whereas its uptake in tumors increased continuously 
to 9.73 ± 1.12%ID/g and 10.21 ± 0.89%ID/g, respectively. 
Therefore,  [131I]-KN046 in non-target tissues was cleared 
gradually at 24 h through 72 h, whereas its uptake in tumor 
tissue accumulated continuously.

Antitumor efficacy and immune response using 
 [68 Ga]‑NOTA‑GZP combined with  [18F]‑FDG 
micro‑PET/CT

The second series of this study was to assess the intratumoral 
immune response and tumor metabolism after  [131I]-KN046 
treatment in real time. Two kinds of detection technique, 

Fig. 3  a Cell uptake of KN046 (green) co-incubated with B16F10 
cells at 1 h and 4 h. b Design of the therapy protocol in vitro. c Rep-
resentative immunofluorescence micrographs of γ-H2AX expres-
sion in B16F10 cells after different treatments. MFI of MHC-I (d) 

and Fas (e) after different treatments, respectively. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Data are 
the mean ± SD (n = 5). MFI, mean fluorescence intensity. *p < 0.05, 
**p < 0.01, ns no significance

279European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:275–286



1 3

 [18F]-FDG micro-PET/CT in vivo combined with  [68 Ga]-
NOTA-GZP micro-PET/CT, were employed (Figs.  S4a 
and 5a). Granzyme B-targeted  [68 Ga]-NOTA-GZP was 

synthesized by our research team [7]. As shown by the 
results of  [18F]-FDG micro-PET (Fig. S4b), after completion 
of three-fraction  [131I]-KN046 treatment, tumor maximum 

Fig. 4  a Representative SPECT/CT in mice bearing B16F10 
tumors at different times following a single intravenous injection 
of  [131I]-KN046  ([131I]: 7.4  MBq, KN046: 100  μg). Top row, coro-
nal images. Second row, maximum intensity projection (Mip). Bot-
tom row, transverse images of tumors. b Representative SPECT/CT 
of blockade group (top row) in rats bearing B16F10 tumors and con-
trol group (bottom row) in rats bearing MCF-7 tumors at 24, 48, and 
72 h after intravenous injection of  [131I]-KN046. c Hematoxylin and 
eosin (H&E) staining (top row) and corresponding autoradiograms 

(Aut) (bottom row) of B16F10 tumors at different times following 
intravenous injection of  [131I]-KN046. d Target-to-normal tissue ratio 
(TNR) of SPECT/CT in B16F10 tumor group, blockade group, and 
MCF-7 tumor group was calculated for comparison. e Biodistribu-
tion of  [131I]-KN046 in mice bearing B16F10 tumors at 6, 24, 48, and 
72  h post-injection. f Pharmacokinetics of  [131I]-KN046 in normal 
BALB/c mice over time. % ID/g tissue, percentage injected dose per 
gram of tissue. Data are the mean ± SD (n = 5)
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standard unit value  (SUVmax) decreased, and differences in 
the treatment group between time points were small, but a 
reduction in the TNR was observed (p < 0.05) (Fig. S4c). 
These findings indicated that tumor metabolism in mice 
declined after treatment with  [131I]-KN046, but throughout 
treatment,  [18F]-FDG micro-PET/CT failed to reflect the 
intratumoral immune response.

[68  Ga]-NOTA-GZP PET/CT (Fig.  5b) showed that, 
starting at day 3, a difference in intratumoral expression 
of granzyme B occurred in the treatment group versus the 
control group. After treatment with  [131I]-KN046 versus use 
of KN046 alone, intratumoral  [68 Ga]-NOTA-GZP uptake 
increased significantly (p < 0.05), and the TNR peaked at 
day 6 after one fraction  [131I]-KN046 treatment and then 
tapered until day 12 (Fig. 5b and d). Imaging after treatment 
with three consecutive fractions of  [131I]-KN046 revealed 
that intratumoral  [68 Ga]-NOTA-GZP uptake increased con-
tinuously until day 12, when high uptake could be observed 
(Fig. 5b and d). CTL killing can be achieved via perforin 
and granzyme B. Granzyme B activates the caspase cas-
cade [33] to lead to apoptosis. Immunofluorescence stain-
ing of caspase 3 after  [131I]-KN046 treatment demonstrated 
expression of granzyme B. This result also showed the same 
trend as that of  [68 Ga]-NOTA-GZP uptake at the tumor site 
(Fig. 5c). Hence,  [68 Ga]-NOTA-GZP PET/CT demonstrated 

convincingly the real-time status of intratumoral immune 
activation before and after  [131I]-KN046 therapy. Nota-
bly, mice receiving  [131I]-KN046 therapy exhibited higher 
intratumoral expression of granzyme B than mice receiving 
KN046 therapy alone, which boosted immunotherapy effi-
cacy. Meanwhile, higher immunotherapy response rates and 
a persistent antitumor immune effect were observed in mice 
receiving three fractions of  [131I]-KN046.

In vivo efficacy

To study the change in the TME following  [131I]-KN046 
treatment, flow cytometry and multiplex immunofluores-
cence staining were used to assess changes in immunocytes. 
Flow cytometry (Fig. 6a, b, e, and f) showed a considerable 
antitumor response after KN046 therapy, with the percent-
ages of  CD4+ T cells (12.21% vs. 9.05%) and  CD8+ T cells 
(9.01% vs. 7.40%) in the tumor increasing after treatment 
with  [131I]-KN046 versus KN046 alone. Meanwhile, com-
pared with the one-fraction  [131I]-KN046 treatment group, 
the three-fraction  [131I]-KN046 treatment group showed 
more  CD4+/CD8+ T cells (p < 0.05). In addition, the aver-
age number of  CD39+/CD8+ [34] cells having an immuno-
suppressive effect was significantly lower than that in the 
control group, and the percentages of  CD39+/CD8+ cells in 

Fig. 5  a Therapy protocol and  [68  Ga]-NOTA-GZP micro-PET/
CT in mice bearing B16F10 tumors (group I, saline; group II, one 
dose of KN046 (1  mg); group III, one fraction of  [131I]-KN046 
 ([131I]: 1 × 3.7  MBq, KN046: 1  mg); group IV, three fractions of 
 [131I]-KN046  ([131I]: 1 × 3.7  MBq, KN046: 1  mg) at days 1, 4, and 
7.  [68  Ga]-NOTA-GZP micro PET/CT was performed at days 0, 3, 
6, 9, and 12). b Representative  [68  Ga]-NOTA-GZP micro-PET/CT 

images in mice bearing B16F10 tumors at different times after differ-
ent treatments. White arrows indicate tumors. c Representative immu-
nofluorescence micrographs of caspase-3 in B16F10 tumors at differ-
ent times after different treatments. Cell nuclei are stained with DAPI 
(blue). d TNR quantitative analysis of images in B16F10 tumors col-
lected 3  days after different treatments (n = 5). *p < 0.05, **p < 0.01, 
***p < 0.001, ns no significance
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the group of treatment with three consecutive fractions of 
 [131I]-KN046 were significantly lower (p < 0.05) (Fig. 6c and 
g). Multiplex immunofluorescence assay of tumor sections 
showed similar results (Fig. 6d and h). Also, the percentages 
of  CD4+ T cells and  CD8+ T cells in the spleen had the same 
trend (Fig. S5 a–f).

The residual tumor volume, viability, percent apoptosis 
of tumor tissue, and proliferation of Ki67 in tumors in mice 
were assessed to further validate the antitumor efficacy 
across different groups. In the KN046 treatment group and 
 [131I]-KN046 treatment group, tumor growth was delayed 
to different extents. Over time, the primary tumor volume 
in the  [131I]-KN046 group versus KN046 group shrank 
significantly (Fig. 7a). In B16F10 tumor-bearing mice 

receiving three-fraction  [131I]-KN046 treatment, a signifi-
cant difference in tumor volume was noted.  [131I]-KN046 
had good tolerability. The bodyweight of mice was rela-
tively stable (Fig. 7b). Moreover, compared with KN046 
therapy alone, treatment with  [131I]-KN046 resulted in a 
pronounced increase in mouse survival (Fig. 7c). As shown 
by γ-H2AX and TUNEL staining (Fig. 7d and e), group 
IV exhibited the maximum area of DNA damage and the 
largest number of apoptotic cells compared with those in 
the three other groups, whereas the percentage of fluores-
cence-stained Ki67-positive cells was the smallest (Fig. 7f). 
Therefore,  [131I]-KN046 achieved excellent antitumor effi-
cacy, and maximum antitumor efficacy was observed in the 
three-fraction  [131I]-KN046 treatment group (group IV).

Fig. 6  Percentage of tumor-infiltrating T cells  (CD3+/CD4+,  CD3+/
CD8+) (a, b) and regulatory T cells  (CD8+/CD39+) (c) in B16F10 
tumors collected at the end of different treatments (group I, saline; 
group II, one dose of KN046 (1  mg); group III, one fraction of 
 [131I]-KN046  ([131I]: 1 × 3.7 MBq, KN046: 1 mg); group IV, three frac-
tions of  [131I]-KN046  ([131I]: 1 × 3.7 MBq, KN046: 1 mg) at days 1, 4, 
and 7). d Representative multicolor immunofluorescence micrographs 

for PD-L1 (red),  CD8+ (green), and  CD39+ (pink) in B16F10 tumors 
collected at the end of different treatments. Cell nuclei are stained with 
DAPI (blue). Quantitative analysis of  CD3+/CD4+ (e),  CD3+/CD8+ (f), 
and  CD8+/CD39+ (g) T cells in B16F10 tumors 3 days after different 
treatments. h Quantified results for multicolor immunofluorescence 
staining presented in Fig. 6d. Data are the mean ± SD (n = 5). *p < 0.05, 
**p < 0.01, ***p < 0.001
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Safety of [.131I]‑KN046

After  [131I]-KN046 intervention at day 21, no abnormality 
was noted in mice with respect to hepatorenal functions 
and creatine kinase (Fig. S6a–c). Also, H&E sections of the 
liver, kidney, and heart indicated no established systemic 
biological toxicity upon  [131I]-KN046 therapy (Fig. S6d–f).

Discussion

In this study, we identified that systemic administration 
of  [131I]-KN046 as a promising strategy noninvasively 
monitored PD-L1/CTLA-4 expression in vivo during an 
antitumor response with SPECT/CT, capable of increasing 

immunotherapy response rates and the survival rate of 
B16F10 tumor-bearing mice significantly.

Two major challenges in the immunotherapy for tumors 
come from the difficulties in identifying appropriate subset 
of patients respond [35] and reflecting the true status of the 
immune response [36, 37]. It is important to note that PD-L1 
expression in the course of tumor progression/treatment is a 
process of dynamic change [38]. Hence, an IHC-based assay 
of PD-L1/CTLA-4 expression is invasive and perhaps not 
very accurate. It has been proven that molecular imaging can 
noninvasively identify the expression of immune checkpoint 
targets over time and monitor immunotherapeutic effects 
after the immunotherapy [39]. In this article, we demon-
strated clearly that  [131I]-KN046 had high affinity and speci-
ficity to two immune targets (PD-L1 and CTLA-4) and had 

Fig. 7  Tumor volume (a), bodyweight change (b), and survival (c) 
of mice bearing B16F10 tumors after different treatments (group I, 
saline; group II, one dose of KN046 (1 mg); group III, one fraction 
of  [131I]-KN046  ([131I]: 1 × 3.7 MBq, KN046: 1 mg; group IV, three 
fractions of  [131I]-KN046  ([131I]: 1 × 3.7 MBq, KN046: 1 mg) at days 

1, 4, and 7). Representative multicolor immunofluorescence micro-
graphs for γ-H2AX (d), TUNEL (e), and Ki67 (f) of B16F10 tumors 
from each group collected 3  days after different treatments. Cell 
nuclei are stained with DAPI (blue). Data are the mean ± SD (n = 5). 
*p < 0.05, **p < 0.01, ***p < 0.001
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excellent in vivo intratumoral retention so as to achieve good 
antitumor efficacy. Therefore,  [131I]-KN046 can be used in 
SPECT/CT to reflect in vivo PD-L1/CTLA-4 expression in 
a real-time, quantitative, dynamic manner to determine the 
optimal “time window” of immunotherapy initiation. More 
importantly, granzyme B-targeted  [68 Ga]-NOTA-GZP PET/
CT enabled in vivo reflecting the efficacy of  [131I]-KN046 
therapy and the true status of the immune response. This 
phenomenon enabled noninvasive selection of the benefi-
ciaries of PD-L1/CTLA-4 immunotherapy and identification 
of the non-responder or poor-responder patients to select 
“personalized therapy” as soon as possible.

A key to a synergistic antitumor strategy is to determine 
the best timing of combining radionuclide with immunother-
apy to maximize efficacy [18, 40]. If immunosuppressant is 
carried out too late after radionuclide administration, it may 
not be benefit from the transient immune-activating effects 
of ionizing-radiation stimulus or miss the optimal time win-
dow for ICB immunotherapy. Chen et al. [18] reported that 
concurrent targeted radionuclide therapy (TRT) plus ICB 
therapy, rather than TRT followed by ICB therapy, was more 
effective for OS prolongation and long-term tumor control. 
In this regard, we also employed a concurrent treatment 
strategy in this study, and this scenario achieved the desired 
antitumor effect via a single administration of  [131I]-KN046. 
Exposure of tumor cells to  [131I]-KN046 led to upregulated 
expression of MHC-I and Fas surface molecules. Upregula-
tion of expression of both proteins made tumor cells more 
susceptible to attack by the immune system, and after a 
modest dose of  [131I] ionizing radiation, early DNA damage 
occurred in tumor cells. Therefore, the enhanced enrichment 
of low dose  [131I] due to the targeting of KN046 disrupted 
the steady state of the TME. Meanwhile, the concurrent ICB 
antibody therapy will trigger and enhance the tumor-specific 
immune response.

Two other critical aspects need to be considered when 
developing new immunotherapy agents, including the 
increase of response rates [41] and the reduction of side 
effects. However, the objective response rate that responded 
to ICB immunotherapy is only 20 to 30% [41, 42]. As a 
recombinant PD-L1/CTLA-4 bispecific single-domain anti-
body Fc fusion protein, KN046 targets two immune check-
points with a different mechanism, which could block the 
binding of PD-L1 to PD-1 and CTLA-4 to B7. Therefore, the 
uptake of  [131I]-KN046 in B16F10 tumors was attributed to 
the high affinity and specificity to two immune targets (PD-
L1 and CTLA-4) of KN046 rather than a specific enhanced 
permeability and retention effect (EPR) effects, which could 
improve antitumor efficacy and alleviate side effects signifi-
cantly. In our animal model, antitumor efficacy after intra-
venous injection of  [131I]-KN046 was obviously superior to 
that of KN046 monotherapy. Distinct antitumor superior-
ity was proof that an ionizing-radiation stimulus mediated 

by an appropriate dose of  [131I] was essential to immuno-
potentiation. This strategy enhanced the presentation of 
tumor antigens, boosted the sensitivity to the antitumor 
immune response, and reshaped the “hot” TME. Eventually, 
 [131I]-KN046 enhanced tumor immunogenicity, resulting in 
significant increases in the degree of T-cell activation and 
counts of tumor-infiltrating immunocytes, and repeated ther-
apy was more efficacious than a single intervention. Based 
on these advantages, a combination of low-dose  [131I] and 
KN046 was synergistic with antitumor immunotherapy. This 
effect increased the number of tumor-infiltrating CTLs to 
yield strong and sustained antitumor efficacy, increase the 
immune response rate significantly, and extend OS.

To be honest, our study is limited to some extent, and 
whether  [131I]-KN046 is capable of enhancing the sensitivity 
to immunotherapy in immunologically “cold” tumor model 
and other cancer models or not has to be further explored. 
And it is worth noting that concurrent injection is not always 
the best scenario with different drugs and cancer models. In 
the subsequent experiments, we will explore the dynamic 
time course of these observations across tumor cell types to 
determine the optimal timing and sequencing for immuno-
therapy intervention so as to choose the appropriate thera-
peutic protocols.

Conclusion

We showed that systemic administration of  [131I]-KN046 
versus KN046 increased the immunotherapy response rates 
of B16F10 tumor-bearing mice. Mice could mediate elimi-
nation of tumor cells by the immune system more effec-
tively, and the survival rate of mice increased significantly. 
A combination of low-dose  [131I] and KN046 enhanced 
immunosensitivity significantly. Intravenous injection of 
 [131I]-KN046 was synergistic with the antitumor immune 
response and exhibited strong antitumor efficacy while mini-
mizing side effects and cost. We believe that this therapy 
has huge potential. Use of low-dose  [131I] combined with a 
dual-target immunosuppressant was beneficial for increas-
ing the immunotherapy response rate. This strategy will 
expand application of nuclear oncology in immunotherapies, 
provide a rationale for the clinical translation and efficacy 
assessment of  [131I]-KN046, and create more opportunities 
for cancer treatment.
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