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Abstract 

Radionuclide drug conjugates (RDCs) with antibodies serve as a novel approach for the treatment of 
malignant tumors including glioblastoma. However, RDCs require optimal antibodies to work efficiently. 
Hu4G4, a novel B7-H3-targeting humanized monoclonal IgG1 antibody, is highly specific for the human 
B7-H3 protein (a marker of tumor cells, including glioblastoma cells). Herein, we established 131I-labeled 
hu4G4 (131I-hu4G4) and showed that it specifically bound to B7-H3 with high affinity (Kd = 0.99 ± 0.07 
nM) and inhibited the growth of U87 cells in vitro. 131I-hu4G4 displayed potent in situ antitumor activity in 
a mouse model of glioma based on GL261 Red-Fluc-B7-H3 cells. More importantly, 131I-hu4G4 
remodeled the tumor microenvironment and promoted the transformation of glioma from “cold” to 
“hot” tumors by promoting CD4+ and CD8+ T cell infiltration and the polarization of M2 to M1. 
Therefore, the antitumor activity observed with 131I-hu4G4, together with its ability to enhance 
antitumor immune responses, makes it a novel candidate for radioimmunotherapy of glioblastoma. 

Keywords: B7-H3, radionuclide drug conjugate, glioblastoma, pharmacodynamics, tumor microenvironment. 

Introduction 
Glioblastoma multiforme (GBM) is the most 

aggressive brain cancer with a high chance of tumor 
recurrence (∼90%) [1, 2]. Despite repeated attempts to 
enhance the treatment options, including PD-1/PD- 
L1-targeting checkpoint inhibition and CAR-T cell 
therapy, the clinical outcomes for individuals with 
glioblastoma have remained the same for many years. 
The likelihood of surviving for 2 years, even with 
optimum care, is less than 30% [3]. Therefore, more 
effective therapeutic alternatives for reversing 
immune suppression against GBM tumors are 
urgently needed. 

Some local therapies, such as radiotherapy, can 
eradicate most primary tumors and cause 

immunogenic cell death (ICD) to commence systemic 
anticancer immunotherapy as a “tumor in situ 
vaccine” [4-6]. Radionuclide drug conjugates (RDCs) 
can deliver targeted radiation to disseminated cancer 
cells by means of systemically administering 
radiopharmaceuticals. Thus, unlike conventional 
radiotherapy, RDCs specifically affect cells expressing 
relevant molecular targets [7], which reduces dosage 
deposition in healthy tissues, even those close to a 
tumor mass. The effectiveness of RDC was 
demonstrated in non-Hodgkin's lymphoma when 131I 
was combined with an anti-CD20 antibody [8]. 

B7-H3, also known as CD276, is highly 
aberrantly expressed in a variety of tumor tissues, 

 
Ivyspring  

International Publisher 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4279 

such as glioblastoma [9] and gastric cancer [10] 
tissues, but is rarely expressed in normal tissues. 
Recently, preclinical and clinical trials have been 
initiated for several monoclonal antibodies against 
B7-H3, including a bispecific antibody (B7-H3/PD-L1) 
[11], an antibody-drug conjugate (Ds-7300a) [12] and 
enoblituzumab (MGA271) [13]. Furthermore, the 
limited toxicity of monoclonal antibodies targeting 
B7-H3, as demonstrated in clinical trials, suggests that 
CD276 is a rational target for RDC development [13, 
14]. Improvements in RDC technologies and 
preclinical successes suggest that opportunities exist 
for improving B7-H3-targeted therapy using RDCs, 
which may reinforce or complement B7-H3 targeting 
by immune-based agents. 

Our previous research showed [15] that hu4G4, a 
novel B7-H3-targeting humanized monoclonal 
immunoglobulin (Ig)G1 antibody, has high targeting 
specificity for the human B7-H3 protein and exhibits 
excellent tumor targeting in mouse models of 
xenograft tumors based on U87 glioblastoma cells. In 
the present study, we prepared 131I-hu4G4 by 
radiolabelling it with the most widely used 
therapeutic radionuclide, 131I. The antibody–cell, 
interaction processes of 131I-hu4G4 were evaluated 
based on cellular uptake and retention in vitro. To 
determine the relative binding strength of the 
antibody to its target, competitive binding analysis 
was performed to elucidate the binding kinetics of the 
ligand and characterize its binding site. Subsequently, 
its pharmacological activity was assessed in U87 cells 
in vitro and in a mouse model of glioma involving 
GL261 Red-FLuc-B7-H3 cells in vivo. More 
importantly, the effect of 131I-hu4G4 on the tumor 
immune microenvironment (TIME) was also 
evaluated. The results of this study highlight the 
development of a novel RDC (131I-hu4G4), which 
represents a promising strategy for treating GBM and 
opens up interesting possibilities for improving T cell 
infiltration and the polarization of M2 to M1 
macrophage in GBM. 

Materials and methods 
Reagents 

Sodium chloride, sodium carbonate, citric acid, 
and sodium citrate were purchased from Sinopharm 
Chemical Reagent Co., Ltd. Glass fiber 
chromatographic paper was purchased from Agilent 
Technologies. Dulbecco’s modified Eagle’s medium 
(DMEM) and fetal bovine serum (FBS) were 
purchased from Gibco (USA). The Hematoxylin and 
Eosin Staining Kit was purchased from Solarbio 
(China). The CCK8 Kit was purchased from Dojindo 
(Kumamoto, Japan). Crystal violet and 4% 

paraformaldehyde were purchased from Beyotime 
Biotechnology (China). Donkey Anti-Rabbit IgG H&L 
(Alexa Fluor 488; catalog number ab150061), Donkey 
Anti-Rabbit IgG H&L (Alexa Fluor 594; catalog 
number ab150076), Donkey Anti-Mouse IgG H&L 
(Alexa Fluor® 488; catalog number ab150105), 
Donkey Anti-Mouse IgG H&L (Alexa Fluor® 594; 
catalog number ab150108), Donkey Anti-Rat IgG H&L 
(Alexa Fluor 594; catalog number ab150156), and 
Donkey Anti-Rat IgG H&L (Alexa Fluor® 488; catalog 
number ab150156) were purchased from Abcam 
(USA). Antibodies against HMGB1 (catalog number 
10829-1-AP), CRT (catalog number 10292-1-AP), CD80 
(catalog number 18704-1-AP), and CD206 (catalog 
number 10829-1-AP) were purchased from 
Proteintech (USA). Antibodies against CD4 (catalog 
number 14-0041-82), CD8α (catalog number 
14-0081-82), and F4/80 (catalog number 14-4801-82) 
were purchased from eBioscience (USA). Blasticidin 
(catalog number R21001) was obtained from 
ThermoFisher (USA). All procedures involving mice 
and all experimental protocols were approved by the 
Institutional Animal Care Committee of Soochow 
University. 

Cell culture and tumor models 
 For cell culture, the human glioblastoma U87 

cell line was provided by Suzhou Bright Scistar 
Biotechnology Co., Ltd. and grown in DMEM 
supplemented with 10% FBS and 1% penicillin‒
streptomycin. The cells were kept in a humidified 
atmosphere with 5% CO2 at 37°C, and the medium 
was changed every other day. A 70-80% confluent 
monolayer was released using 0.1% trypsin and 
dissociated into a single cell suspension for 
subsequent cell culture. The Bioware® Brite Cell Line 
GL261 Red-FLuc cell was purchased form 
PerkinElmer, Inc. and overexpressed human B7-H3 
through lentivirus using the standard protocol, which 
is named as GL261 Red-FLuc-B7-H3 cell. The culture 
method for the GL261 Red-FLuc-B7-H3 cell line was 
basically the same as that for the U87 cell line. 

For the GL261 Red-FLuc-B7-H3 in situ glioma 
tumor mouse model, 40 male C57 BL/6 mice were 
implanted intracranially with 1 × 107 cells suspended 
in 10 µL of PBS. Briefly, an intraperitoneal injection of 
10% chloral hydrate (3 mL/kg) was used to 
anesthetize the mice. Mice were injected with 1×107 
GL261 Red-FLuc-B7-H3 cells suspended in 10 μL PBS 
through stereotactic injection. After inoculation, C57 
BL/6 mice were placed in a specific pathogen free 
(SPF) animal house. On the 3rd day after inoculation, 
tumors were photographed using the small animal 
live fluorescence imaging system to observe their size. 
Finally, C57 BL/6 mice were randomly divided into 
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four groups (n=10): PBS, hu4G4, Na131I and 131I-hu4G4 
groups. The experiment was conducted three times. 

Synthesis of 131I-hu4G4 and In vitro stability 
analysis 

Hu4G4 was radiolabeled with 131I using the 
chloramine‑T method [16]. The in vitro stability of 
131I-hu4G4 in serum or saline was determined using 
the radio-iTLC method at various time intervals (24, 
48, 72, 96, 144, and 168 h). 

In vitro experiments 
CCK-8 assays were performed to assess cell 

viability. Briefly, U87 cells were seeded in 24-well 
plates (2 × 104 cells/well) and exposed to various 
doses of hu4G4 (0, 6.4, 64, 320, 640, or 1280 ng/mL) for 
48 h at 37°C. After adding CCK-8 solution (10 µL) to 
each well, the cells were incubated for an additional 
1.5 h at 37°C. Absorbance values were measured at 
450 nm using a microplate reader (Multiskan FC, 
Thermo Scientific). In addition, U87 cells viabilities at 
different 131I-hu4G4 concentrations were also 
investigated. To be specific, 131I-hu4G4 was added to 
the 24-well plates and incubated at 37 °C for 4 h at 
concentrations of 0.037, 0.37, 3.7 and 37 KBq/mL. 
Following incubation, the cells were washed three 
times with refrigerated PBS before being applied to 
DMEM supplemented with 10% FBS for 24, 48, or 72 h 
at 37°C. Cell viability was measured by CCK-8 
solution at each time point. 

To evaluate colony formation, 2000 U87 cells 
were plated in 6-well plates and treated for 4 h with 
hu4G4 (143 ng/mL), Na131I (55.5 KBq/mL), or 
131I-hu4G4 (55.5 KBq/mL). After incubation at 37°C 
for 14 days, the cells were fixed in 4% 
paraformaldehyde and stained with crystal violet for 
15 minutes at room temperature (25 °C). 
Subsequently, the colonies were then counted and the 
plates were photographed.  

Wound-healing assays were performed to assess 
cell migration. U87 cells were planted in 6-well plates 
(1 × 106 cells/well) and allowed to form confluent 
monolayers. Each wound was made with a pipette tip 
and treated with different groups (PBS, 55.5 KBq/mL 
Na131I, 143 ng/mL hu4G4, or 55.5 KBq/mL 
131I-hu4G4) for 4 h. Images of the cells were taken after 
0, 4, 12, and 24 h using a microscope (Olympus, 
Japan), and cell migration was assessed by measuring 
the gap sizes in several fields. The microscopic images 
were quantified using distance measurements.  

Cell-cycle progression was also analyzed after 
treatment. 2 × 105 U87 cells were seeded in 6-well 
plates and treated for 4 h with hu4G4 (143 ng/mL), 
Na131I (55.5 KBq/mL), PBS, or 131I-hu4G4 
(55.5 KBq/mL). After incubation for 48 h at 37°C, the 

cells were collected, stained with PI/RNase, and 
analyzed using flow cytometry (Beckman CytoFLEX, 
USA) according to standard procedures. 

 
For ICD assessments, 2 × 104 U87 cells were 

seeded in 24-well plates and treated for 4 h with 
hu4G4 (143 ng/mL), Na131I (55.5 KBq/mL), PBS 
(10 μL), or 131I-hu4G4 (55.5 KBq/mL). The cells were 
then stained with antibodies (HMGB1 and CRT) and 
imaged using an Olympus microscope. 

The methods for measuring the cellular uptake, 
binding affinity, and receptor saturation for 
131I-hu4G4 are described in the Supplementary 
materials. 

In vivo experiments in an in situ mouse model 
of glioma tumors originating from GL261 
Red-FLuc-B7-H3 cells 

Each group of tumor mice was intracranially 
injected with 10 μL PBS, hu4G4 (0.15 mg/kg in 10 μL), 
Na131I (1.11 MBq/10 μL, 0.15 mg/kg), or 131I-hu4G4 
(1.11 MBq/10 μL, 0.15 mg/kg) after GL261 
Red-FLuc-B7-H3 cell implantation on days 0 and 3. At 
various time points, a PerkinElmer IVIS® 
spectroscope was used to track luciferase expression 
in tumor cells as a representative indicator of tumor 
growth. To exclude the interference from the method 
of injection, normal C57 BL/6 mice were injected with 
Na131I (1.11 MBq/10 μL, 0.15 mg/kg) or 131I-hu4G4 
(1.11 MBq/10 μL, 0.15 mg/kg) through stereotactic 
injection at the same time. 

To study the PK behavior of 131I-hu4G4 after 
intracranial injection, blood samples (~ 10–20 µL) 
were taken from each mouse’s tail vein at intervals of 
1, 12, 36, 48, or 72 h after intracranial administration 
These samples were weighed immediately and 
quantified with a γ-counter. 

To assess the biodistribution of 131I-hu4G4 after 
intracranial injection ex vivo at the experimental 
endpoints, the major organs and tissues of each 
mouse were collected, including the brain, heart, liver, 
spleen, lungs, kidneys, stomach, pancreas, bones, 
joints, muscles, gonads, thyroid, and intestines. The 
tissues were immediately weighed and counted using 
a γ-counter, which enabled calculation of the %ID/g 
of each tissue sample. 

Single-cell suspensions were derived from 
tumors for flow cytometric analysis. The cells were 
blocked with a CD16/CD32 antibody (1:200, 
BioLegend, 156604) after washing twice with PBS. 
Then, single-cell suspensions were stained with 
fluorescent dye-conjugated antibodies against CD3 
(1:100, BioLegend, 100236), CD11b (1:200, BioLegend, 
101206), CD8a (1:100, BioLegend, 100804), CD4 (1:100, 
BioLegend, 100568), F4/80 (1:200, BioLegend, 123110), 
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CD206 (1:100, BioLegend, 141708), CD80 (1:100, 
BioLegend, 104714), or control IgG. The cells were 
analyzed using a CytoFLEX flow cytometer (Beckman 
Coulter, USA). 

For H&E staining, tumors tissues were fixed 
with 4% paraformaldehyde. Then, tumors tissues 
dehydration was used with different alcohol 
concentration and embedded in paraffin and 
sectioned (thickness: 4 μm). The sections were then 
dewaxed in xylene and progressively rehydrated for 
5 min using the following ethanol gradient: 100%, 
100%, 95%, 90%, 80%, and 70%. According to the 
manufacturer’s protocol, tumor sections were stained 

using H&E Staining Kits (Solarbio, China). 
For immunofluorescence staining, the samples 

were processed as described in H&E staining. To 
access the CRT-expression profile, the tumor sections 
were incubated overnight at 4°C with an anti-CRT 
antibody (catalog number nb600-562, 1:200 dilution, 
Novus, USA), stained for 2 h at room temperature 
(25℃) with a secondary antibody, and then stained 
with DAPI. The images of specimens were recorded 
using a fluorescence microscope (BX53, Olympus). 
The fluorescence intensities of the resulting images 
were quantified and analyzed using Image Pro Plus 
software (version 6.0). 

 

 
Figure 1. 131I-hu4G4 inhibited the viability of U87 cells in vitro. (A) Effect of different hu4G4 antibody concentrations on U87 cell viability. (B) Effects of different 
radioactivity levels of 131I-hu4G4 on the viability of U87 cells at three time points (24, 48, and 72 h). (C) Images of U87 cells obtained in cell-cloning assays with each treatment 
group. (D) Quantitative results of cell-cloning assays found with U87 cells in each treatment group. (E) Images of U87 cells in cell-migration assays after each treatment. (F) 
Quantitative cell-migration data for U87 cells in each treatment group. 
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To assess the release of HMGB1, the tumor 
sections were permeabilized with Triton X-100 (0.5%, 
w/w) for 10 min before staining (using the same 
experimental process used for CRT staining). To 
evaluate T cell infiltration in brain tissues, T cell 
surface markers (CD4 and CD8α) were stained by IF 
staining. In the same manner, we investigated 
macrophage polarization in brain tissues via IF 
staining against macrophage surface markers (F4/80, 
CD80, and CD206), following the same experimental 
process used for CRT staining. 

Statistical analysis. 
For statistical analysis, SPSS (version 26.0) and 

GraphPad Prism (version 9) was used. The mean and 
standard deviation (SD) were determined to present 
the findings quantitatively, with all error bars 
indicating the SD. Student’s t-test was performed and 
p < 0.05 were considered to significant differences. 

Results 
131I-hu4G4 inhibits proliferation and migration 
and induces G2/M phase arrest and 
immunogenic cell death of U87 cells in vitro 

We successfully labeled hu4G4 with 131I using 
different labeling processes (Figure S1A). Figure 
S1B-1E indicate that the specific activities of 
131I-hu4G4 were 5.55 and 55.5 GBq/μmol in PBS and 
human serum, respectively, and were highly stable. 
131I-hu4G4 showed high B7-H3 binding specificity and 
affinity in U87 cells in terms of cellular uptake, 
binding affinity, and receptor-saturation assays, 
which is important considering the binding 
characteristics of drug–target pharmacodynamic 
interactions required for RDCs to perform acceptably 
as drugs [17, 18] (Figure S2).  

Based on the efficient uptake of 131I-hu4G4, we 
further assessed the cytotoxicity of hu4G4, 131I-hu4G4, 
Na131I, and PBS against tumor cells by conducting 
CCK-8 assays. In addition, colony-formation assays 
(plate format) were performed to examine U87 cell 
proliferation after treatment. After exposure to hu4G4 
at doses ranging from 0 to 1,280 ng/mL, the viabilities 
of the U87 cells did not change significantly (Figure 
1A). However, 131I‑hu4G4 significantly inhibited U87 
cell proliferation. This effect was time-dependent 
(24-72 h) and dose‑dependent (0.037–37 KBq/mL; 
Figure 1B). Furthermore, the colony-formation assays 
showed that 131I‑hu4G4 treatment resulted in fewer 
colonies than the blank control treatment (Figure 1C, 
1D). These findings showed that 131I-hu4G4 inhibited 
U87 cell proliferation. 

The capability of tumor cells to move to distant 
places is essential for tumor metastasis. As shown in 

Figure 1E,1F, the wound-healing assay results proved 
that the percentages of wound closure in the PBS, 
Na131I, hu4G4, and 131I‑hu4G4 groups were 37.97 ± 
1.85%, 36.65 ± 0.91%, 39.26 ± 2.73%, and 18.94 ± 1.82%, 
respectively, at 24 h after scraping. 

The uncontrollable multiplication of cancer cells 
is caused by dysregulation of cell apoptosis or the cell 
cycle, which is reflected in the growth of the tumor. 
The transition from the G1/S to the G2/M phases of 
the cell cycle is the primary regulatory hurdle in this 
process. Flow cytometry was used to investigate the 
influence of 131I-hu4G4 on cell cycle distribution. 
131I-hu4G4 dramatically raised the proportion of U87 
cells in G2/M phase while decreasing the proportion 
of cells in G1 phase (Figure S3), indicating that 
131I-hu4G4 may promote cell G2/M phase arrest. 

Irradiation induced ICD. Therefore, we 
investigated the capacity of 131I-hu4G4 to enhance 
CRT expression and HMGB1 release (two ICD 
biomarkers) in U87 cells (Figure S4). U87 cells treated 
with PBS or hu4G4 alone showed modest intracellular 
CRT expression, whereas 131I-hu4G4 promoted CRT 
expression and accelerated the release of HMGB1 
from the nuclei of U87 cells. These results 
demonstrate that 131I-hu4G4 functioned as an efficient 
ICD inducer. 

131I-hu4G4 is mainly enriched in the brain in 
the GL261 Red-FLuc-B7-H3 in situ glioma 
tumor model after intracranial administration 

The blood radioactive-uptake curves of mice at 1, 
12, 36, 48, and 72 h after intracranial administration 
are shown in Figure S5. At 1 h after the first 
administration, the blood uptake of the 131I-hu4G4 
group was 5.21 ± 2.82%ID/g, which was significantly 
lower than that of the Na131I group (24.82 ± 
7.91%ID/g; p < 0.001). In addition, at 12 h after 
administration, the blood uptake of Na131I groups 
were 4.18 ± 2.75 %ID/g and that in 131I-hu4G4 group 
was 10.01 ± 9.02%ID/g, respectively. At 36 h after 
administration, the blood-uptake values of the 
131I-hu4G4 and Na131I groups were less than 1%ID/g. 
The results showed that, compared with the Na131I 
group, the 131I-hu4G4 group showed less blood 
exposure after administration. 

The biodistributions of 131I-hu4G4 and Na131I in a 
mouse orthotopic glioma model at the end of the 
experiment are shown in Figure S6. 131I-hu4G4 was 
mainly concentrated in the brain (total uptake in the 
brain including tumor tissues: 9.23 ± 5.24% ID/g), 
followed by the liver (1.57 ± 0.19%ID/g), spleen (1.41 
± 0.43%ID/g), kidneys (0.92 ± 0.28%ID/g), thyroid 
(0.54 ± 0.68%ID/g), and lungs (0.26 ± 0.22%ID/g). 
Other tissues showed less than 0.2% ID/g. Statistical 
analysis showed that the uptake of 131I-hu4G4 in the 
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brain was significantly higher after intracranial 
administration than that in the liver (p < 0.01) and 
other tissues (p < 0.005; Figure S6A); thus, the 
exposure to radioactivity was significantly lower in 
other normal tissues. However, the uptake of Na131I 
was < 0.005%ID/g in all tissues, and no specific 
uptake was observed in any bodily tissues (Figure 
S6B). These results were confirmed by situ glioma 
tumor-to-background ratios (Figure S6E, 6F). The situ 
glioma tumor to heart, situ glioma tumor to liver, and 
situ glioma tumor to thyroid ratios in the 131I-hu4G4 
group were significantly higher than those in the 
Na131I group (p < 0.05), and the brain: muscle ratio in 
131I-hu4G4 group was significantly higher than that in 
the Na131I group (p < 0.01), as shown in Figure 
S6C,6D. 

131I-hu4G4 inhibits growth of orthotopic 
xenografts initiated from GL261 Red-FLuc- 
B7-H3 cells and induces immunogenic cell 
death in GL261 Red-FLuc-B7-H3 cells 

The antitumorigenic activity of 131I-hu4G4 was 
tested in vivo using GL261 cells transfected with a 
plasmid encoding Red-FLuc-B7-H3 to generate a 
mouse xenograft model of GBM (Figure 2A). Using 
the small animal live fluorescence imaging system, we 
had selected 20 mice in the best condition for PD 
study (five mice/group). As shown in Figure 2B, 2C, 
the therapeutic efficacy of 131I-hu4G4(total flux: 
3.80×106 ± 2.65×106) was better than that of the hu4G4 
group (total flux 1.19 × 108 ± 2.74 × 108) (p < 0.001) and 
the Na131I group (total flux: 2.57 × 107 ± 1.26 × 107) (p < 
0.05) at day 6 after the first administration, while there 
was no difference between the hu4G4 and PBS 
groups. The therapeutic effect of each group 
corresponds to the mouse survival rate. At the same 
time, we observed that mice treated with PBS or 
hu4G4 alone demonstrated rapid tumor growth, with 
some mice dying beginning on the 2nd day after 
treatment (Figure 2B,2C). The survival rate in the 
131I-hu4G4 group was 80%, while that in the PBS, 
hu4G4, and Na131I groups was 40%, 60%, and 60%, 
respectively. In addition, no obvious changes in body 
weight were observed during the observation period, 
indicating that our strategy had no significant toxic 
effects on the mice (Figure 2D). H&E staining showed 
that the brain tumor tissues were intact without 
necrosis (Figure 2E). 

Some chemotherapeutics and/or ionizing 
radiation trigger ICD, which stimulates anti-tumor 
immune responses in a variety of malignancies. Thus, 
in order to evaluate the ICD profile caused by 
131I-hu4G4 therapy, cell-surface CRT expression and 
nuclear HMGB1 expression were examined. In 
contrast to PBS treatment, 131I-hu4G4 treatment 

significantly upregulated cell-surface CRT expression 
while reducing nuclear HMGB1 expression, which 
was indicative of increased nuclear release of HMGB1 
(Figure 3). These results indicate that 131I-hu4G4 can 
potentially enhance tumor immunogenicity. 

131I-hu4G4 promotes transformation of glioma 
from "cold" to "hot" tumors by reconstructing 
tumor microenvironment 

The mechanism underlying the excellent 
antitumor therapeutic efficiency of 131I-hu4G4 was 
evaluated by collecting primary tumors from mice on 
day 6 post-treatment and testing for tumor infiltrating 
lymphocytes using flow cytometry (Figure 4A-4C). 
The tumors treated with 131I-hu4G4 possessed more 
activated CD8+ cytotoxic T lymphocytes among the 
tumor-infiltrating lymphocytes (26.69 ± 3.01 %) than 
those treated with PBS (7.75 ± 1.42 %), hu4G4 (8.90 ± 
0.84 %), or Na131I (12.58 ± 2.74 %), as shown in Figure 
4A, 4B. The ratios of CD4+ T and CD8+ T cells were 
similar, showing the most significant increases after 
131I-hu4G4 treatment (20.00 ± 2.92 %) compared with 
those after PBS (5.21 ± 1.66 %) or hu4G4 (9.90 ± 1.37 %) 
treatment (Figure 4C). Immunofluorescence analysis 
of tumor sections showed similar results. In addition, 
the average number of IFN γ+/CD3+ cells were 
significantly lower than that in the control group 
(Figure S9).  

Microglia reside in the central nervous system 
and exhibit a plastic phenotype that depends on 
microenvironmental conditions. Thus, we 
investigated whether 131I-hu4G4 can regulate 
microglial polarization in the GBM 
microenvironment. We found that the abundance of 
M1 microglia was increased by 131I-hu4G4 treatment, 
as the ratio of F4/80+ CD80+ cells was higher after 
131I-hu4G4 treatment (5.80 ± 1.01 %) than after PBS 
(2.80 ± 0.55 %) or hu4G4 (3.68 ± 0.32%) treatment 
(Figure 5E). In contrast, 131I-hu4G4 tended to reduce 
the abundance of M2 microglia, as the ratio of F4/80+ 
CD206+ cells in tumor tissues was significantly lower 
after 131I-hu4G4 treatment (12.18 ± 2.11 %) than after 
PBS treatment (28.27 ± 7.689 %) (Figure 5F). Similar 
results were observed in immunohistochemical 
analysis (Figure 5A–5D). 

Discussion 
GBM is typically resistant to T cell-based 

immunotherapies which is consistent with its 
immunologically cold nature caused by an 
extraordinarily immunosuppressive micro 
environment. Therefore, to treat GBM, we developed 
a novel RDC that specifically targets B7-H3. 
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Figure 2. The efficacy of 131I-hu4G4 in an in situ model of glioma (n = 5). Luciferase expression (used as an indicator of tumor growth) was detected using a PerkinElmer 
IVIS® fluorescence-imaging device at 1 day before administration, 2 days after administration, and 6 days after administration. (A) Schematic representation of the treatment 
methods. (B) Intracranial fluorescence imaging of mice in the PBS, hu4G4, Na131I, and 131I-hu4G4 groups at 1 day before administration, 2 days after administration, and 6 days 
after administration. (C) Intracranial tumor growth in mice in the PBS, hu4G4, Na131I, and 131I-hu4G4 groups was analyzed before and after treatment by bioluminescence imaging. 
(D) Body-weight changes of mice in the PBS, hu4G4, Na131I, and 131I-hu4G4 groups were monitored during treatment. (E) H&E staining of tumor tissues in the PBS, hu4G4, Na131I, 
and 131I-hu4G4 groups at 6 days after the first administration (scale bars: 200 μm). 
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Figure 3. 131I-hu4G4 induces immunogenic cell death in an in situ glioma tumor (n = 3). (A, C) immunofluorescence-staining images showing the HMGB1and CRT levels 
in brain glioma sections of mice in the different treatment groups. (B, D) Semi-quantitative analysis HMGB1 and CRT. 

 
The necessity for a therapeutic RDC is evident in 

light of radiation-induced necrosis in normal brain 
tissue and the related irreparable damage. 131I is 
widely used in clinical practice for cancer treatment 
and emits a decay energy of 971 keV, which is rapidly 
followed by β-decay and then γ-decay [19-21]. 
Electrons penetrate only 0.6-2 mm of tissue, causing a 
low degree of damage to the healthy tissue 
surrounding a tumor. This suggests that hu4G4 
labeled with 131I has great potential as an effective, 
low-toxicity treatment for gliomas. Radiolabeling 
processes must be quick, effective, repeatable, and 
affordable when preparing RIT agents. It is commonly 
known that direct radioiodination occurs [21]. In this 
study, hu4G4 was labeled with 131I using the 
chloramine-T method [16] and different labeling 
processes. The results demonstrated that 131I-hu4G4 
was successfully produced, had high specific activity 
(up to 55.5 GBq/mol), and was exceptionally stable in 

both human serum and PBS (RCP > 90%). Taking into 
account the quantity of antibody and the radioactive 
dose necessary for follow-up experiments, 5.55 
GBq/μmol of specific activity was utilized for the 
131I-labeled antibody. 

For RDCs, the two main components of 
protein-cell interaction processes are cellular uptake 
[19] and cellular retention [22-24]. In vitro 
cellular-uptake experiments showed that the rapid 
cellular uptake of 131I-hu4G4 was effectively blocked 
by exogenous hu4G4, suggesting that hu4G4 has 
binding-site specificity. Figure S2B shows a positive 
linear relationship between cell uptake and the 
number of cells involved, with a higher number of 
B7-H3-specific receptors leading to a higher 
cellular-uptake ratio. These results further indicated 
that labeling did not influence the ability of hu4G4 to 
bind specifically to B7-H3. A high binding affinity 
between the monoclonal antibody and the target 
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antigen is another prerequisite for targeting tumor 
antigens in vivo. 131I-hu4G4 showed a high binding 
affinity for B7-H3 expressed in U87 cells, with an IC50 
value of 1.83 ± 0.48 nM. The suitability of the tumor 
cell-surface biomarker as a target for medical imaging 
and therapy was evaluated using the amount of 
receptors expressed on the cell surface [25]. The 
binding characteristics of the interactions between 
131I-hu4G4 and the B7-H3 antigen on the surface of 
U87 cells provided a basis for conducting subsequent 
efficacy experiments. 

In vitro cytotoxicity data revealed that 131I-hu4G4 
specifically killed U87 cells. The CCK8 and plate 
colony-formation experiments revealed that 
131I-hu4G4 had a significant effect on U87 cell 
proliferation. According to Shan et al [26], 131I-hu4G4 
treatment caused cell cycle arrest in the G2/M phase, 
primarily due to 131I-decay, which triggered apoptosis 
and impeded U87 cell migration. This treatment 
strategy can extend the reach of radiation into tumor 
tissues, prevent radioactive harm to surrounding 
tissues, and reduce the risk of relapse. However, the 

efficacy of 131I-hu4G4 in glioma therapy yet to be 
determined in vivo. 

Glioma treatment is fraught with challenges. In 
addition to the difficulty in completely removing 
lesions, most drugs and contrast agents cannot gain 
access to tumors through the blood-brain barrier [27, 
28]. Therefore, direct intracranial administration has 
been developed as a method to bypass the 
blood-brain barrier. During treatment, ex vivo 
pharmacokinetics and biodistribution experiments 
were conducted. As shown in Figure S5, after 
intracranial injection of Na131I and 131I-hu4G4, we 
found that 1 h after the first administration, the 
blood-intake value of the Na131I group (24.82 ± 
7.90%ID/g) was significantly higher (p < 0.001) than 
that of 131I-hu4G4 group (5.21 ± 2.82%ID/g). Thus, we 
inferred that after intracranial injection, 131I-hu4G4 
was mainly concentrated in the situ glioma tumor 
tissues, whereas the radioactive uptake in the blood 
was mainly caused by the drug entering the 
peripheral circulatory system along with the 
cerebrospinal fluid. 

 

 
Figure 4. 131I-hu4G4 enhances T-cell infiltration into GBM tumors. Tumors were surgically removed seven days following treatment. Tumor-derived single-cell 
suspensions were stained with CD3, CD8, CD4 antibodies, then flow cytometry was performed. Tumor sections were stained by CD8, CD4 antibodies. (A) Representative flow 
cytometry plots (gated on CD3+ CD8+ T cells. (B) and (C) Quantification of proportions of CD4+, CD8T+ CD3+ T cells. (D, E) Immunofluorescence-staining images showing the 
CD4 and CD8 levels in brain glioma sections from mice in different treatment groups. (F, G) Fluorescence intensities of CD4 (F)and CD8 %(G). 
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Figure 5. 131I-hu4G4 directs tumor-associated macrophages (TAMs) toward a pro-inflammatory phenotype that orchestrates tumor immunological 
responses. Tumor-derived single-cell suspensions were stained with CD11b, F4/80, CD80, CD206 antibodies, then flow cytometry was performed. Tumor sections were 
stained by F4/80, CD80, CD206 antibodies. (A, C) Immunofluorescence-staining images showing the CD80+/F4/80+ M1 and CD206+/F4/80+ M2 levels in brain glioma sections 
from mice in different treatment groups. (B, D) Fluorescence intensities (%) of CD80+/F4/80+ M1(B) and CD206+/F4/80+ M2(D). Changes in the abundances of M1 macrophages 
(E), M2 macrophages (F) in the glioma microenvironment were also detected by flow cytometry. (E) Quantitative analysis of CD80+/F4/80+ M1 cells and (F) CD206+/F4/80+ M2 
cells by flow cytometry. 

 
In addition, ex vivo biodistribution results 

showed that 131I-hu4G4 was highly enriched in the 
situ glioma tumor tissues, whereas the uptake in 
peripheral organs such as the liver and spleen was 
low. The observed enrichment of 131I-hu4G4 in the 
brain was mainly because B7-H3 was highly 
expressed in the tumor tissues. According to 
131I-hu4G4 biodistribution, the uptake of 131I-hu4G4 in 
liver and spleen was significantly higher than that in 
other normal tissues. This is most likely brought on by 

a combination of elevated blood flow and IgG 
receptor IIIa binding to the Fc fragment. In addition, 
excessive tracer concentration in normal liver tissue 
may be caused by catabolism [29], as IgG is expelled 
after being removed via the liver. The presence of 
abnormal radioimmunoconjugates in non-target 
organs like the spleen is caused, according to Sharma 
et al.'s research [30], by the interaction of Fc gamma 
receptors expressed in the monocytes/macrophages 
that are common in the spleen. To exclude 
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interference from the method of injection, normal C57 
BL/6 mice were injected with Na131I or 131I-hu4G4 
through stereotactic injection. Almost no radioactivity 
was observed in the brain (Figure S7). Furthermore, 
Na131I showed almost no peripheral uptake due to its 
rapid metabolic elimination after entering the 
peripheral circulatory system through the 
cerebrospinal fluid. Therefore, intracranial 
administration of 131I-hu4G4 can significantly increase 
the target: background ratio (up to 184 ± 105% in 
terms of the situ glioma tumor: muscle ratio), thus 
greatly reducing the radioactive uptake in normal 
tissue. Therefore, we consider that the method of 
injection has no effect on radioactivity uptake in situ 
glioma tumors. These results also confirm that the 
intracranial administration of 131I-hu4G4 is a good 
delivery method and provides a basis for the high 
efficacy of 131I-hu4G4 and relatively minor damage to 
normal tissues. 

ICD is a type of regulated cell death driven by 
cellular stressors, which would strike the release of 
damage-associated molecular pattern (DAMP). Cells 
suffering ICD have the potential to function as both 
preventive and therapeutic anticancer vaccinations. 
As typical damage-associated molecular patterns, 
CRT and HMGB1[31-37] have both been shown to be 
able to recruit DCs to the tumor site and subsequently 
encourage their maturation into prime adaptive 
antitumor immunity. Radiotherapy promotes 
antitumor immunity by inducing an adaptive 
immunological response driven by CD8+ T cells [6, 38, 
39]. When ICD is active, HMGB1 is actively released 
through two models. One way includes stimulating 
target cells, which causes HMGB1 to be secreted into 
the extracellular space [40]. The second method 
entails the packing of HMGB1 into vesicles inside the 
cell (like lysosome), followed by the release of 
HMGB1 outside the cell [41, 42]. In this study, 
increased cell-surface CRT expression and release of 
HMGB1 from the cell nucleus into the extracellular 
space indicated that 131I-hu4G4 therapy against 
gliomas elicited glioma cell ICD, which enhanced the 
tumor immunogenicity. The activation of both 
cytotoxic CD8+ T cells and CD4+ T helper cells is 
required for induction of an efficient antitumor 
immune response. Consistently, in this study, more 
activated CD8+ and CD4+ T were observed after 
131I-hu4G4 therapy through both flow cytometry and 
immunohistochemistry. These results suggest that 
131I-hu4G4 first elicited glioma cell ICD and reshaped 
the tumor microenvironment, which promoted the 
transformation of glioma from a “cold” to “hot” 
tumors. Tumor-associated macrophages comprise a 
heterogeneous population that includes resident 
microglia, brain-resident immune cells, and bone 

marrow-derived macrophages [43-45], which can 
become polarized to acquire an M2-like phenotype by 
factors within the immunosuppressive TIME. 
Ionizing radiation, according to the literature reports 
[46, 47], affects macrophage plasticity and drives 
tumor-associated macrophages toward a 
pro-inflammatory phenotype that mastermind tumor 
immunological responses. Our results showed that 
the polarization of tumor-associated macrophages 
into M2-like cells was reduced by 131I-hu4G4 therapy, 
indicating that 131I-hu4G4 therapy inhibited tumor cell 
growth and aggressiveness by regulating the 
polarization of microglia in the GBM 
microenvironment. 

It should be mentioned that some limitations 
have existed in our study. GL261 is one of the most 
commonly used mouse brain tumor models for 
immunological and gene therapeutic investigations 
[48, 49]. However, it is somewhat immunogenic. 
Increased MHCI or B7 costimulatory molecules 
expressed on their surface make them more sensitive 
to T cell recognition. This study did not consider the 
effect of the immunogenicity of GL261 cells on the 
change in TIME in brain tumors. Therefore, more mice 
tumor models are needed to verify the change in 
TIME. 

In conclusion, we developed a novel 
radiolabeled, humanized antibody specific to the 
B7-H3 antigen, 131I-hu4G4. The antibody showed 
excellent binding specificity and affinity for the B7-H3 
antigen and exhibited potent antitumor activity in an 
in situ model of glioma and enhanced antitumor 
immune responses. 131I-hu4G4 is a promising 
candidate for radioimmunotherapy against 
glioblastoma. 
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