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ABSTRACT
Radionuclides such as Rhenium-188 (Re188) hold promise for treating metastatic cancers due to their cytotoxic effects and po-
tential to stimulate systemic anti-tumor immunity. However, mononuclear phagocyte system-mediated clearance of liposome 
encapsulated Re188 (Lipo-Re188) limits its tumor delivery. This study aimed to enhance the therapeutic effect of Lipo-Re188 
against lung metastases through macrophage depletion and immune checkpoint blockade. A lung metastatic colon cancer model 
was established via intravenous injection of CT26-luciferase cells and then treated with Lipo-Re188 (11.1 MBq, 30% of MTD), 
liposomal clodronate (Lipo-clod) for macrophage depletion, and/or anti-PD-L1 antibody. Tumor progression was monitored by 
bioluminescence imaging, and radionuclide biodistribution was assessed at 1, 24, and 48 h post-injection. Flow cytometry was 
used to assess immune cell populations in the spleen and tumor microenvironment (TME). Cytokine levels were measured 
using a bead-based multiplex assay and analyzed by flow cytometry. Macrophage depletion significantly enhanced tumor accu-
mulation of Lipo-Re188 while reducing hepatic uptake and prolonging survival. The combination of Lipo-clod and Lipo-Re188 
promoted B cells, restored functional T cells, and suppressed MDSC in both spleen and TME. Notably, IL-1α and GM-CSF levels 
were significantly elevated in the combination group. Triple therapy with Lipo-clod, Lipo-Re188, and anti-PD-L1 provided the 
greatest survival benefit, highest intratumoral B cell accumulation, and lowest interstitial macrophage levels, with no signifi-
cant biological toxicity. Our study reveals that triple therapy overcomes immunosuppressive feedback and promotes a tumor-
suppressive microenvironment. These findings support a rational combination strategy integrating radiopharmaceutical therapy 
with immune modulation for metastatic cancer treatment.

Abbreviations: CT26-luc, CT26 cells stably expressing luciferase; EPR, enhanced permeability and retention; ICI, immune checkpoint inhibitors; Lipo-clod, liposome 
encapsulated clodronate; Lipo-Re188, liposome encapsulated Rhenium-188; MDSC, myeloid-derived suppressor cells; MPS, mononuclear phagocyte system; MTD, 
maximum tolerated dose; TME, tumor microenvironment.
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1   |   Introduction

Administration of radionuclides allows systemic delivery of 
ionizing radiation, enabling not only direct targeting of dissem-
inated tumor cells but also modulation of systemic immunity 
[1, 2]. Liposome-encapsulated radionuclide is a widely employed 
strategy in drug delivery systems for applications in cancer ther-
apy, autoimmune disorders, and regenerative medicine [3–6]. 
The lipid bilayer of liposomes provides structural protection for 
therapeutic agents, including nucleotides, and serves as a ver-
satile platform for antibody conjugation and surface modifica-
tion, enabling targeted delivery [7–9]. Rhenium-188 (Re188) is a 
promising theranostic radionuclide for malignant tumor treat-
ment, owing to its favorable characteristics, including a moder-
ate half-life (16.9 h), high β-particle emission energy (2.11 MeV), 
adequate tissue penetration range (~11 mm), and a cost-effective 
generator-based production system [10–12]. In addition to its 
therapeutic capabilities, Re188 emits both β-particles and γ-rays, 
making it amenable to imaging and biodistribution tracking. 
Liposome-encapsulated Re-188 (Lipo-Re188) has been devel-
oped to improve tumor-specific delivery and therapeutic out-
comes, and its efficacy has been demonstrated in preclinical 
models of head and neck, lung, liver, pancreatic, ovarian, and 
colon cancers [13–16]. Lipo-Re188 accumulates in the tumor 
microenvironment (TME) via the enhanced permeability and 
retention (EPR) effect—characterized by abnormal vasculature, 
impaired lymphatic drainage, and elevated interstitial pres-
sure—and delivers localized β-radiation to cancer cells [17–19]. 
Moreover, Re188-labeled molecules—including peptides, an-
tibodies, Lipiodol, and particulates—have been evaluated in 
early-phase clinical trials, such as primary tumors, bone me-
tastases, rheumatoid arthritis, and endovascular interventions 
[20–23].

The immunological impact of radionuclide therapy is increas-
ingly recognized as a determinant of therapeutic efficacy and 
is influenced by factors such as radiation type, dose, delivery 
kinetics, and the immune composition of the TME [24, 25]. 
In tumors, radiation induces immunogenic cell death (ICD), 
which promotes the release of damage-associated molecu-
lar patterns (DAMP), activation of the stimulator of inter-
feron genes (STING) pathway, and upregulation of MHC 
class I molecules. These events support antigen presentation 
and dendritic cell activation, ultimately promoting CD8+ 
T cell priming and systemic anti-tumor immunity [26–28]. 
Additionally, radiation can reshape systemic cytokine mi-
lieus—elevating IFN-β, IL-6, and TNF-α—which facilitate 
immune cell recruitment and activation [25, 29]. However, 
sublethal radiation may also transiently alter the balance of 
immune subsets, including T cells, NK cells, regulatory T 
cells (Tregs), and myeloid-derived suppressor cells (MDSC), 
thereby influencing both immunostimulatory and immuno-
suppressive responses [30, 31]. MDSC consist of two main 
subsets: polymorphonuclear MDSC (PMN-MDSC), which 
share phenotypic and functional features with neutrophils, 
and monocytic MDSC (M-MDSC), which resemble mono-
cytes. Both subsets exert strong immunosuppressive effects 
and collectively constitute one of the most potent cell popu-
lations limiting T-cell activation and effector function within 
the TME. Collectively, radionuclide therapy not only delivers  

therapeutic irradiation to tumors but also initiates a cascade  
of systemic immune events that can overcome immune resis-
tance in metastatic cancer.

Compared to free Re188, Lipo-Re188 demonstrates markedly 
different pharmacokinetics, biodistribution, and immunologic 
interactions [32]. Lipo-Re188 exhibits prolonged systemic cir-
culation, increased tumor accumulation, and preferential up-
take by the mononuclear phagocyte system (MPS) [33]. The 
MPS—comprising liver Kupffer cells, splenic macrophages, 
and bone marrow phagocytes—plays a pivotal role in lipo-
some clearance, representing a major barrier to effective de-
livery of liposomal radiotherapeutics [34]. High MPS uptake 
raises concerns regarding off-target radiation exposure, hepa-
totoxicity, splenic dysfunction, and perturbations in systemic 
cytokine balance [35–37]. Uptake by the MPS is influenced 
by liposomal physicochemical properties, such as size, sur-
face charge, and opsonization [38, 39]. PEGylated nanoscale 
liposomes (~100 nm) offer advantages by reducing phagocytic 
uptake and enhancing tumor-specific extravasation [40, 41]. 
Nevertheless, intracellular decay of radionuclides within MPS 
macrophages may impair phagocytic function and immune 
homeostasis, potentially exacerbating immunotoxicity during 
repeated treatments. Current literature on the immune reg-
ulatory effects of liposomal radionuclide therapies remains 
limited, and the underlying mechanisms and clinical implica-
tions are yet to be clearly defined.

In this study, we employed a combination strategy of low-dose 
PEGylated Lipo-Re188 and macrophage depletion via liposomal 
clodronate (Lipo-clod) to modulate Lipo-Re188 biodistribution 
and reduce hepatic toxicity. By attenuating MPS-mediated clear-
ance, we hypothesized that Lipo-Re188 accumulation in the 
TME would increase, enhancing therapeutic efficacy. However, 
Lipo-clod treatment has been reported to elevate circulating 
neutrophils [42–44], which may limit anti-tumor efficacy due 
to high PD-L1 expression on neutrophils. To overcome this, 
we further implemented PD-L1 immune checkpoint blockade 
as a third therapeutic component. This study provides a mech-
anistic understanding of how liposomal radionuclide therapy 
modulates systemic and local immunity and highlights rational 
combination strategies to maximize efficacy while minimizing 
off-target effects.

2   |   Material and Methods

2.1   |   Cell Culture

The murine colorectal adenocarcinoma cell line CT26 was ob-
tained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA) and maintained in RPMI-1640 medium 
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS; 
HyClone, Logan, UT, USA), 2 mM L-glutamine under standard 
culture conditions (37°C, 5% CO2). For in vivo bioluminescence 
imaging, stable luciferase-expressing clones (CT26-luc) were 
generated with a lentiviral vector encoding the North American 
Firefly luciferase genes and selected using 400 μg/mL G418 
(Geneticin; Sigma-Aldrich, St. Louis, MO, USA).
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2.2   |   Preparation of PEGylated Liposomal Re188

Nano-X PEGylated liposomes (average diameter: 82.59 nm; 
Taiwan Liposome Company, Taipei, Taiwan) were composed 
of hydrogenated soy phosphatidylcholine (HSPC), cholesterol, 
and DSPE-PEG2000 in a molar ratio of 3:2:0.3. The internal 
aqueous phase of the liposomes contained 250 mM ammo-
nium sulfate (pH 5.0). The total phospholipid concentration 
was 13.16 mM, as determined by the phosphate quantification 
assay. Re-188 was obtained by eluting a carrier-free 188W/188Re 
generator (IRE, Fleurus, Belgium) with sterile saline to pro-
duce sodium perrhenate (NaReO₄). The radionuclide was che-
lated with N,N-bis(2-mercaptoethyl)-N',N'-diethylenediamine 
(BMEDA; ABX, Radeberg, Germany) in the presence of sodium 
gluconate and stannous chloride. Briefly, 3 mg of BMEDA was 
mixed with 0.34 M sodium gluconate in 10% acetate solution, 
followed by the addition of 0.02 M stannous chloride dihy-
drate (Merck, Darmstadt, Germany). The Re188 solution was 
added and incubated at 80°C for 1 h. Radiolabeling efficiency 
was assessed using instant thin-layer chromatography on sil-
ica gel (ITLC-SG) with normal saline as the mobile phase (Rf: 
Re188 = 0.8–1.0; Re188-BMEDA = 0.0–0.2). Prior to liposomal 
loading, the pH of the Re188-BMEDA complex was adjusted 
to 7.0 with 2 N NaOH. The radiolabeled complex was incu-
bated with PEGylated liposomes at 60°C for 30 min to facili-
tate encapsulation. Free Re188-BMEDA was separated using 
a PD-10 desalting column (GE Healthcare, Chicago, IL, USA), 
and radiolabeling efficiency was calculated as the percentage 
of radioactivity associated with liposomes after separation. 
Lipo-Re188 exhibited a radiochemical purity of 98.5%, spe-
cific activity of 63.2 MBq/μmol, particle size of 83.7 nm, zeta 
potential of −1.1 mV, and plasma stability of 88.03% at 24 h, as 
previously reported [21, 45].

2.3   |   Experimental Animal Model

Male BALB/c mice (4 weeks old) were purchased from the 
National Laboratory Animal Center (Taipei, Taiwan). All ex-
perimental procedures were approved by the Institutional 
Animal Care and Use Committee (MMH-A-S-108-25) of 
Mackay Memorial Hospital and conformed to institutional 
and international guidelines for animal welfare. To estab-
lish a lung metastasis model, 1 × 106 CT26-luc cells suspended 
in 50 μL PBS were injected into the tail vein of each mouse. 
Tumor development was monitored using the IVIS Spectrum 
imaging system (PerkinElmer, Waltham, MA, USA) following 
intraperitoneal injection of D-luciferin (150 mg/kg; GoldBio, 
St. Louis, MO, USA). Mice exhibiting comparable luminescent 
signals on day 7 post-inoculation were randomized into treat-
ment groups. Liposomal clodronate (Lipo-clod; 2 μm; Encapsula 

NanoSciences, Brentwood, TN, USA) was administered via tail 
vein injection at a dose of 50 mg/kg 2 days prior to radionuclide 
administration. Mice received a single intravenous injection of 
Lipo-Re188 at a subtherapeutic dose of 11.1 MBq (30% of maxi-
mum tolerated dose; 100 μL per mouse). For combination immu-
notherapy, anti-PD-L1 monoclonal antibody (clone 10F.9G2; Bio 
X Cell, Lebanon, NH, USA) was administered intraperitoneally 
at 7.5 mg/kg on days 0, 2, and 4 following Lipo-Re188 treatment. 
Mice were monitored for body weight, white blood cells, liver 
and kidney functions, and survival throughout the study.

2.4   |   Bio-Distribution of Liposomal Re188

Lung metastatic mice bearing CT26-luc cells were intrave-
nously injected with 2.22 MBq of Lipo-Re188 with and with-
out liposomal clodronate treatment. The mice were sacrificed 
by CO2 asphyxiation, and organs of interest were removed, 
washed, and weighed at 1, 24, and 48 h post-injection. The ra-
dioactivity of Lipo-Re188 was detected using an Auto-Gamma 
counter (Packard Cobra II, Canberra, Germany), and data were 
expressed as the percentage of injected dose per gram of tissue 
(% ID/g).

2.5   |   Hemogram and Biochemistry

White blood cell (WBC) counts were measured using a hema-
tology analyzer (HEMAVET HV950; Drew Scientific, Dallas, 
TX, USA). Plasma was isolated by centrifugation at 2000 g for 
10 min and used for biochemical analyses. Aminotransferase 
(ALT) and creatinine (CRE) levels were determined using Fuji 
Dri-Chem slide assays (Fujifilm, Tokyo, Japan) according to the 
manufacturer's protocol.

2.6   |   Flow Cytometry Analysis

Mice were euthanized by ketamine (100 mg/kg) and xylazine 
(10 mg/kg) intramuscularly. Spleens and lungs were harvested 
and enzymatically digested using collagenase A (1.5 mg/mL) 
and DNase I (0.4 mg/mL) for 30 min at 37°C. Cell suspensions 
were filtered through 70 μm strainers, and red blood cells were 
lysed using ACK buffer. Following Fc block with anti-CD16/
CD32 (BD Biosciences), cells were stained with a panel of 
fluorochrome-conjugated monoclonal antibodies (BioLegend, 
San Diego, CA, USA) for 20 min on ice. The following antibody-
fluorochrome conjugates were used: anti-CD3-Alexa Fluor 
488, anti-NKG2D-PE, CD11c-PE/Dazzle594, anti-Siglec F-
PerCP/Cy5.5, anti-Ly6G-PE/Cy7, PD-1-APC, anti-F4/80-APC/
Cyanine7, anti-Ly6C-Brilliant Violet 421, anti-CD45-Brilliant 

FIGURE 1    |    Macrophage depletion enhances anti-tumor efficacy of Lipo-Re188 in lung metastatic cancer mice. (A) Schematic of the experimen-
tal design. CT26-luc lung metastasis-bearing mice were randomized into five treatment groups: Untreated control, liposome, liposomal clodronate 
(Lipo-clod), liposomal Rhenium-188 (Lipo-Re188), and combination therapy (Lipo-clod+Lipo-Re188). (B) Representative IVIS images showing lung 
tumor burden on days 0, 8, and 12 post-treatment (n = 3). (C) Quantification of lung tumor burden based on total photon flux within the lung region 
of interest (ROI) (n = 3). (D) Kaplan–Meier survival analysis of all treatment groups (n = 5). Assessment of systemic toxicity: Body weight (E), white 
blood cell count (F), alanine aminotransferase (ALT) (G), and creatinine (CRE) (H) levels during the 15-day post-treatment (n = 5). Data are present-
ed as mean ± SD. Statistical significance was determined by one-way ANOVA with Tukey's multiple comparisons test or log-rank test for survival. 
*p < 0.05; **p < 0.01.

 13497006, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cas.70206 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [07/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3446 Cancer Science, 2025

Violet 510, anti-CD11b-Brilliant Violet 605, anti-MHCII-Brilliant 
Violet 650, and anti-CD8-Brilliant Violet 785 (BioLegend, San 
Diego, CA, USA). After washing, cells were immediately an-
alyzed using the CytoFLEX 13-color cytometer (Beckman 
Coulter, Brea, CA, USA) and quantified using CytExpert 

analysis software. Immune subsets were defined as: PMN-
MDSC (CD11b+/Ly6G+), M-MDSC (CD11b+/Ly6C++), CD4+ 
T cells (CD11b−/CD3+/CD8−), CD8+ T cells (CD11b−/CD3+/
CD8+), NKT cells (CD11b−/CD3+/NKG2D+), natural killer cells 
(CD3−/MHCII−/NKG2D+), B cells (CD11b−/MHCII+/CD11c−), 

FIGURE 1    |     (Continued)
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splenic macrophages (CD11bm/MHCII+/F4/80+), alveolar mac-
rophages (CD11bm/Siglec F+/ CD11c+), interstitial macrophages 
(CD11b+/MHCII+/F4/80+), dendritic cells (MHCII+/CD11c+), 
and eosinophils (CD11b+/Siglec F+/F4/80+).

2.7   |   Cytokine Detection

Plasma cytokines were quantified using the LEGENDplex 
Mouse Inflammation Panel (13-plex; BioLegend) according 
to the manufacturer's instructions. The panel included IL-23, 
IL-1α, IFN-γ, TNF-α, MCP-1, IL-12p70, IL-1β, IL-10, IL-6, IL-
27, IL-17A, IFN-β, and GM-CSF. Samples were analyzed on a 
CytoFLEX 13-color cytometer, and data were processed using 
LEGENDplex analysis software.

2.8   |   Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Software, 
San Diego, CA, USA). Results are expressed as mean ± standard 
deviation (SD). For comparisons between two groups, unpaired 
t-tests were used for normally distributed data, while the Mann–
Whitney U test was applied for non-parametric data. For multiple 

comparisons, one-way ANOVA with Tukey's post hoc test was 
used when variance assumptions were met; otherwise, Welch's 
ANOVA or Kruskal–Wallis test with Dunn's correction was ap-
plied. Survival data were analyzed using the log-rank (Mantel–
Cox) test. A p-value < 0.05 was considered statistically significant.

3   |   Results

3.1   |   Macrophage Depletion Enhances Therapeutic 
Efficacy of Lipo-Re188

To enhance the therapeutic index and reduce off-target effects 
of liposomal radionuclide therapy, we employed a macrophage 
depletion strategy using liposomal clodronate (Lipo-clod). A 
lung metastatic model was established via intravenous injec-
tion of CT26-luciferase (CT26-luc) colon cancer cells. Tumor 
burden was assessed using an in vivo imaging system (IVIS) on 
day 7 post-injection, and mice were randomized into six groups: 
normal (no tumor), metastatic control, liposome, Lipo-clod, 
Lipo-Re188, and Lipo-clod + Lipo-Re188 combination. Based 
on our previous findings, the maximum tolerated dose (MTD) 
of Lipo-Re188 in BALB/c mice was 37 MBq [46]. For this study, a 
single intravenous dose of 11.1 MBq (30% of the MTD) in 100 μL 

TABLE 1    |    Bio-distribution of liposomal Rhenium-188 with or without macrophage depletion.

Lipo-Re188 1 h 24 h 48 h

Lipo-clod − + − + − +

Brain 1.14 ± 0.24 0.97 ± 0.26 0.32 ± 0.07 0.48 ± 0.11* 0.17 ± 0.05 0.40 ± 0.10*

Heart 4.19 ± 1.19 4.57 ± 1.56 2.26 ± 0.64 2.22 ± 0.44 1.43 ± 0.44 3.13 ± 0.91*

Lung 8.28 ± 1.17 6.25 ± 0.62* 3.92 ± 0.53 4.73 ± 0.58 2.36 ± 0.46 5.11 ± 1.03**

Liver 9.17 ± 2.13 4.97 ± 4.49 11.45 ± 3.70 4.29 ± 1.11* 9.82 ± 2.04 4.98 ± 1.23*

Stomach 1.31 ± 0.19 1.26 ± 0.26 1.46 ± 0.47 1.16 ± 0.28 1.20 ± 0.26 1.54 ± 0.22

Small Intestine 4.49 ± 1.36 4.11 ± 0.70 5.47 ± 2.60 4.08 ± 1.01 5.22 ± 1.58 7.22 ± 1.43

Large intestine 1.80 ± 1.06 1.60 ± 0.69 2.90 ± 0.65 1.85 ± 0.55 2.18 ± 1.09 2.81 ± 0.36

Pancreas 1.87 ± 0.61 1.98 ± 0.12 1.00 ± 0.18 1.09 ± 0.30 0.61 ± 0.12 1.69 ± 0.52*

Spleen 8.06 ± 0.61 34.61 ± 12.54* 12.20 ± 1.99 28.78 ± 7.48* 12.53 ± 5.12 36.67 ± 4.24**

Kidney 8.92 ± 1.67 6.87 ± 1.78 5.85 ± 0.87 5.66 ± 1.05 4.04 ± 0.65 7.86 ± 1.89*

Testis 0.48 ± 0.03 0.45 ± 0.08 0.28 ± 0.02 0.33 ± 0.04 0.20 ± 0.09 0.37 ± 0.06*

Muscle 0.62 ± 0.18 0.45 ± 0.09 0.40 ± 0.07 0.35 ± 0.19 0.17 ± 0.03 0.22 ± 0.03*

Skin 0.77 ± 0.14 0.47 ± 0.12* 1.22 ± 0.44 0.61 ± 0.16* 1.06 ± 0.28 1.62 ± 0.78

Bone 0.29 ± 0.11 0.43 ± 0.22 0.25 ± 0.08 0.37 ± 0.13 0.10 ± 0.02 0.09 ± 0.03**

Bone marrow 0.38 ± 0.11 0.71 ± 0.20* 0.62 ± 0.24 0.89 ± 0.35 0.25 ± 0.15 0.42 ± 0.17

Urine 6.55 ± 3.46 16.71 ± 4.94* 6.97 ± 3.62 3.04 ± 2.51 1.15 ± 1.05 2.76 ± 1.05

Blood 23.29 ± 2.72 38.37 ± 13.22 11.61 ± 3.49 14.05 ± 2.81 2.94 ± 0.61 9.80 ± 1.27***

Feces 4.57 ± 3.62 3.68 ± 5.00 13.69 ± 12.25 4.96 ± 1.35 4.54 ± 2.95 4.04 ± 1.88

Tumor/Muscle 13.35 13.89 9.8 13.51 13.89 23.22

Note: Values are expressed as percentages of injected dose per gram (% ID/g ± SD). Statistical analysis was performed between the liposomal clodronate-treated group 
and the non-treated group by a two-tailed Student's t-test at each time point (n = 3).
*p < 0.05; **p < 0.01; ***p < 0.001.
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3448 Cancer Science, 2025

FIGURE 2    |    Immunomodulatory effects of Lipo-Re188 in the spleen following macrophage depletion. Representative flow cytometry plots of splenic 
macrophages and NK cells (A) identified by F4/80 and NKG2D expression and quantification data (B) (n = 3). Representative flow cytometry plots of 
splenic CD4+ and CD8+ T cells (C) identified by CD3 and CD8 expression and quantification data (D) (n = 3). (E) Representative flow cytometry plots of 
exhausted T cells (CD8 vs. PD-1). (F) Frequency of PD-1+ cells among CD4+ and CD8+ T cells (n = 3). (G) Representative flow cytometry plots of inflam-
matory cytokine plots on day 4 post-treatment. Plasma concentrations of IL-1α (H) and GM-CSF (I) across treatment groups (n = 3). All data are shown 
as mean ± SD. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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was administered to the Lipo-Re188 and combination groups. 
Intravenous administration of Lipo-clod effectively suppresses 
macrophages within 2 days [47], which represents the optimal 
window for combination therapy. Therefore, Lipo-clod was ad-
ministered intravenously 2 days prior to Lipo-Re188 (Figure 1A). 
IVIS analysis revealed that prior depletion of macrophages sig-
nificantly enhanced the tumor-suppressive effect of Lipo-Re188 
compared to the liposome control group (Figure 1B,C). Median 
survival was extended from 21 days in the liposome group to 
31 days with Lipo-Re188 monotherapy and further to 37 days 
with combination therapy (Figure  1D). Regarding systemic 
toxicity, body weight, white blood cell (WBC) counts, and indi-
cators of liver (alanine aminotransferase, ALT) and kidney func-
tion (creatinine, CRE) were monitored. No significant changes 
in body weight were observed across groups (Figure 1E). Both 
Lipo-clod and Lipo-Re188 treatments transiently reduced WBC 

counts on days 5 and 10 post-treatment, which recovered by 
day 15 (Figure  1F). A mild elevation in ALT was detected in 
20% of the control mice on day 15, while combination therapy 
did not significantly alter ALT levels compared to the control 
(Figure 1G). CRE levels remained within the normal range in all 
groups (Figure 1H). Collectively, these results indicate that mac-
rophage depletion significantly enhances the antitumor effect of 
Lipo-Re188 without causing notable systemic toxicity.

3.2   |   Macrophage Depletion Increases 
Tumor Accumulation of Lipo-Re188

To evaluate the effect of macrophage depletion on the biodis-
tribution of Lipo-Re188, tissue radioactivity was measured 
at multiple time points in CT26-luc-bearing mice (Table  1). 

FIGURE 2    |     (Continued)
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3450 Cancer Science, 2025

At 1 h post-injection, Lipo-Re188 was primarily detected 
in the blood (23.29% ± 2.72% injected dose per gram, ID/g). 
Macrophage depletion significantly increased circulating levels 

(38.37% ± 13.22% ID/g). Notably, Lipo-clod pretreatment resulted 
in a 4-fold increase in splenic accumulation (34.61% ± 12.54% 
vs. 8.06% ± 0.61%). At 24 h, Lipo-Re188 was predominantly 

FIGURE 3    |     Legend on next page.
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distributed in the blood, liver, and spleen. Combination therapy 
elevated splenic uptake (28.78% ± 7.48% vs. 12.20% ± 1.99%) and 
reduced hepatic accumulation (4.29% ± 1.11% vs. 11.45% ± 3.70%). 
This trend persisted at 48 h, with significantly increased reten-
tion in the spleen, decreased liver uptake, and higher blood lev-
els in the combination group compared to Lipo-Re188 alone. 
Importantly, macrophage depletion significantly increased 
Lipo-Re188 levels in the lungs (5.11% ± 1.03% vs. 2.36% ± 0.46%), 
and the tumor-to-muscle uptake ratio improved from 13.89 to 
23.22. These data suggest that macrophage elimination prolongs 
the systemic circulation of Lipo-Re188, enhances tumor target-
ing, and reduces hepatic sequestration, as well as improves both 
therapeutic efficacy and hepatic toxicity.

3.3   |   Lipo-Re188 Modulates Splenic Immune 
Profile Following Macrophage Depletion

To evaluate the impact of macrophage depletion and Lipo-Re188 
treatment on systemic immunity, we analyzed immune cell 
populations in the spleen across five experimental groups—
no tumor, liposome, Lipo-clod, Lipo-Re188, and Lipo-clod + 
Lipo-Re188—using multicolor flow cytometry. Normal mice 
(no tumor group) served as a negative control to assess tumor-
associated alterations in immune profiles. A total of ten immune 
cell subsets were examined with clearly separated gating: poly-
morphonuclear myeloid-derived suppressor cells (PMN-MDSC), 
monocytic MDSC (M-MDSC), macrophages, dendritic cells, 
eosinophils, natural killer (NK) cells, B cells, natural killer T 
(NKT) cells, CD4+ T cells, and CD8+ T cells. Gating strategies 
for each population are detailed in the Materials and Methods 
section. Treatment with Lipo-clod effectively depleted splenic 
macrophages and led to a significant induction of both CD4+ and 
CD8+ T cells on day 16 post-treatment (Figure 2A–D). Although 
macrophage depletion increased the proportion of CD8+ T cells 
compared to the liposome group, a significant fraction of these 
cells expressed PD-1, indicative of an exhausted phenotype 
(Figure 2E,F). In contrast, PD-1 expression was not upregulated 
in CD4+ T cells following Lipo-clod treatment, suggesting these 
cells retained functionality. Lipo-Re188 monotherapy signifi-
cantly increased NK and B cell populations but concurrently 
reduced CD4+ and CD8+ T cell numbers compared to the lipo-
some group (Figure 2A–D; Figure S1A). Notably, combination 
treatment (Lipo-clod + Lipo-Re188) led to further reductions 
in macrophages and NK cells while rescuing CD4+ and CD8+ 
T cell populations relative to Lipo-Re188 alone (Figure 2A–D). 
Exhausted CD8+ T cells (PD-1+) were significantly reduced in 
the combination group, suggesting improved T cell functional-
ity (Figure 2E,F). While Lipo-clod diminished the Lipo-Re188-
induced increase in NK cells, B cell levels remained elevated 
following combination treatment, even exceeding those in nor-
mal mice (Figure  S1A). Additionally, both PMN-MDSC and 

M-MDSC populations were significantly suppressed by the com-
bination therapy on day 16 post-treatment (Figure S1B).

We further assessed circulating inflammatory cytokines on day 
4 post-treatment and found that IL-1α and GM-CSF levels were 
significantly elevated in the combination group compared to ei-
ther the liposome or Lipo-Re188 groups (Figure  2G–I). These 
findings suggest that Lipo-clod + Lipo-Re188 therapy enhances 
systemic antitumor immunity accompanied by elevating B cells, 
reducing MDSC-mediated immunosuppression, restoring T cell 
function, and promoting pro-inflammatory cytokine responses.

3.4   |   Lipo-Re188 Reprograms 
Tumor Microenvironment Following Macrophage 
Depletion

Tumor microenvironment (TME) is a critical determinant of 
treatment efficacy. To further characterize local immune mod-
ulation, we analyzed immune cell subsets in the TME using 
flow cytometry. Ten immune cell types in the TME were quanti-
fied: PMN-MDSC, M-MDSC, alveolar macrophages, interstitial 
macrophages, eosinophils, NK cells, B cells, NKT cells, CD4+ T 
cells, and CD8+ T cells. Lipo-clod treatment effectively reduced 
interstitial macrophages and NK cells, while having minimal 
impact on alveolar macrophages (Figure 3A,B). Although both 
CD4+ and CD8+ T cells were elevated post-Lipo-clod, CD8+ T 
cells exhibited high PD-1 expression, indicative of exhaustion. 
Lipo-Re188 monotherapy led to further decreases in CD8+ T 
cells, without notable increases in NK and B cells within the 
TME by day 16 (Figure 3C,D; Figure S1C,E). Importantly, com-
bination therapy significantly increased intratumoral CD4+ T 
cells, CD8+ T cells, and B cells compared to Lipo-Re188 alone 
(Figure 3C,D; Figure S1C). PD-1+ CD8+ T cells were lowest in 
the combination group, indicating restoration of cytotoxic T cell 
activity (Figure  3E,F). Additionally, interstitial macrophages, 
PMN-MDSC, and M-MDSC were significantly suppressed fol-
lowing combination treatment. Together, these results suggest 
that co-administration of Lipo-clod and Lipo-Re188 reprograms 
the TME by enhancing functional CD4+ and CD8+ T cell in-
filtration, promoting B cell recruitment, and reducing immu-
nosuppressive MDSC and macrophage populations. These 
coordinated immune changes in the TME can serve as biomark-
ers correlated with therapeutic efficacy against lung metastases.

3.5   |   PD-L1 Blockage Enhances Therapeutic 
Efficacy of Lipo-Re188 After Macrophage Depletion

Our previous work demonstrated that PD-L1 blockade provides 
more sustained suppression of PD-1 expression than direct PD-1 
inhibition in the lung metastasis mouse model [48]. In addition, 

FIGURE 3    |    Lipo-Re188 reshapes the tumor immune microenvironment following macrophage depletion. (A) Representative flow cytometry plots 
identifying alveolar and interstitial macrophages in the tumor microenvironment (TME), based on F4/80 and NKG2D expression. (B) Quantification 
of macrophage subsets in the TME among CD45+ cells (n = 3). (C) Representative flow cytometry plots of CD4+ and CD8+ T cells (CD3 vs. CD8) in the 
TME. (D) Quantification of T cell subsets in the TME (n = 3). (E) Representative plots of PD-1+ exhausted CD4+ and CD8+ T cells (CD8 vs. PD-1). (F) 
Proportion of PD-1+ cells among CD4+ and CD8+ T cells in the TME (n = 3). Data are shown as mean ± SD. Statistical significance was determined 
by one-way ANOVA with Tukey's post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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3453Cancer Science, 2025

Lipo-Re188 treatment significantly upregulated PD-L1 expression 
at early time points (Figure S2), suggesting a potential immune 
evasion mechanism. Based on these findings, we selected PD-L1 
blockade as a combinatorial strategy to enhance tumor control 

against lung metastases. After assessing by IVIS imaging, and mice 
were randomly assigned to six groups: no tumor, liposome, Lipo-
clod+Lipo-Re188, Lipo-clod+anti-PD-L1, Lipo-Re188 + anti-
PD-L1, and Lipo-clod+Lipo-Re188 + anti-PD-L1. Lipo-clod was 

FIGURE 4    |     (Continued)

FIGURE 4    |    PD-L1 blockade synergizes with Lipo-Re188 to improve therapeutic efficacy following macrophage depletion. (A) CT26-luc lung 
metastasis-bearing mice were randomized into five treatment groups: Liposome, Lipo-clod+Lipo-Re188, Lipo-clod+anti–PD-L1, Lipo-Re188 + anti–
PD-L1, and Lipo-clod+Lipo-Re188 + anti–PD-L1. IVIS images of lung metastases were shown on days 0 and 16 post-treatment (n = 3). (B) 
Quantification of lung tumor burden based on total photon flux within the lung ROI on days 16 post-treatment (n = 3). (C) White blood cell counts 
monitored over 15 days post-treatment (n = 5). (D) Kaplan–Meier survival curves of each group (n = 5). (E) Representative flow cytometry plots of 
splenic B cells (CD11b vs. CD3) across six groups, including normal mice no tumor group. (F) Quantification of B cells among splenic CD45+ cells 
(n = 3). (G) Representative flow cytometry plots of B cells in the TME (CD11b vs. CD3). (H) Quantification of B cells in the TME among CD45+ cells 
(n = 3). (I) Quantification of alveolar and interstitial macrophages in the TME (n = 3). Data are presented as mean ± SD. Statistical analyses were con-
ducted using one-way ANOVA with Tukey's multiple comparisons test or log-rank test for survival. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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administered intravenously 2 days prior to Lipo-Re188 injection 
(day 0), while anti-PD-L1 antibody (7.5 mg/kg) was administered 
intraperitoneally on days 0, 2, and 4 post-Lipo-Re188 injection. 
IVIS analysis revealed that the triple combination of Lipo-clod, 
Lipo-Re188, and anti-PD-L1 achieved the most pronounced in-
hibition of lung tumor growth (Figure 4A,B). Myelosuppression 
was observed on day 5 following combined treatment with 
Lipo-Re188, Lipo-clod, and anti-PD-L1, with hematologic recov-
ery by days 10 and 15 (Figure 4C). No difference in body weight 
was noted among groups, indicating a lack of significant systemic 
toxicity (data not shown). Survival analysis further confirmed 
that the triple therapy significantly extended median survival 
compared to liposome groups (Figure 4D). To evaluate the possi-
ble underlying immune mechanisms, we analyzed immune cell 
populations in the spleen and TME. Consistent with previous 
findings, the combination of Lipo-clod and Lipo-Re188 signifi-
cantly increased splenic B cell levels, an effect also observed in 
the Lipo-Re188 + anti-PD-L1 and Lipo-clod+Lipo-Re188 + anti-
PD-L1 groups (Figure 4E,F). Within the TME, triple therapy led 
to a marked elevation of B cells—exceeding levels observed in 
normal mice—and was associated with enhanced therapeutic ef-
ficacy (Figure 4G,H). Interstitial macrophages, which arise from 
M-MDSC and contribute to immunosuppression, were markedly 
reduced in the triple treatment group compared to liposome con-
trols (Figure 4I), highlighting their potential as a biomarker for 
therapeutic response. Although Lipo-clod alone or in combina-
tion (double or triple regimens) increased T cell levels in both 
the spleen and TME, these changes did not strongly correlate 
with the therapeutic efficacy of triple combination treatment 
(Figure S3A,C). In summary, prior depletion of macrophages not 
only enhanced Lipo-Re188 accumulation within the TME but 
also promoted the recruitment of B cells and reduced interstitial 
macrophages. Importantly, the feedback upregulation of PD-L1 

following Lipo-clod/Lipo-Re188 was effectively counteracted by 
PD-L1 blockade, thereby remodeling the TME into a more immu-
nostimulatory and tumor-suppressive environment.

4   |   Discussion

Rhenium-188 (Re188) is a promising theranostic radionuclide 
due to its high-energy β-emission, moderate physical half-life, 
and cost-efficient generator-based production. Encapsulation 
of Re-188 in liposomes (Lipo-Re188) significantly prolongs sys-
temic circulation and facilitates preferential accumulation in 
tumors via the EPR effect [49]. However, hepatic clearance of 
Lipo-Re188 by the mononuclear phagocyte system (MPS), par-
ticularly Kupffer cells in the liver, can result in hepatotoxicity 
and limit therapeutic efficacy. In this study, we demonstrated 
that prior depletion of macrophages using liposomal clodronate 
(Lipo-clod) enhanced the accumulation of Lipo-Re188 in tumor 
tissues and peripheral blood, thereby improving tumor growth 
suppression in a lung metastasis model. The combination of 
Lipo-clod and Lipo-Re188 altered the biodistribution profile, 
increasing splenic accumulation three-fold and reducing he-
patic accumulation by half. Although increased accumulation 
of Lipo-Re188 was observed in the spleen and bone marrow fol-
lowing macrophage depletion, this did not result in sustained 
immunosuppression. Immune cell populations within these 
hematopoietic organs exhibited the capacity for repopulation 
at later time points, suggesting that the transient exposure to 
Lipo-Re188 was not sufficient to induce irreversible damage. 
Unlike the spleen and bone marrow, the regenerative response 
of hepatic immune and parenchymal cells may be slower or 
incomplete following repeated radionuclide exposure. These 
findings indicate that the immune system retains regenerative 
potential following low-dose Lipo-Re188 treatment, thereby 
supporting the safety profile of this therapeutic approach when 
combined with macrophage depletion.

The MPS is a dynamic and self-regulating network that or-
chestrates the clearance of pathogens, apoptotic cells, and 
exogenous particles such as nanoparticles and liposomes 
[50, 51]. Upon Kupffer cell depletion, compensatory mecha-
nisms are initiated, including increased output of monocyte-
derived suppressor cells (M-MDSC) from the bone marrow to 
preserve systemic phagocytic function. Additionally, we ob-
served Lipo-clod reduced not only macrophages but also M-
MDSC, NK cells, dendritic cells, and B cells (Figure S2E,F), 
suggesting broader immunomodulatory effects. Emerging 
data indicate Lipo-clod is also internalized by neutrophils, po-
tentially contributing to its anti-inflammatory activity in vivo 
[52]. Notably, Campbell et  al. reported that repeated intra-
dermal injections of Lipo-clod restored CD8+ T cell numbers 
in a psoriasiform mouse model [53]. In our study, Lipo-clod 
significantly increased both CD4+ and CD8+ T cell popula-
tions post-treatment. Further characterization is needed to 
determine whether these CD4+ T cells include regulatory T 
cell subsets. Lipo-Re188 monotherapy consistently increased 
NK and B cell populations in both the spleen and TME. The 
combination therapy led to sustained elevation of intratu-
moral B cells and effectively restored T cell populations previ-
ously suppressed by Lipo-Re188. These observations support 
the notion that Lipo-clod augments the antitumor activity of 

FIGURE 5    |    PD-L1 blockade potentiates the anti-tumor activity of 
Lipo-Re188 following macrophage depletion. Liposomal clodronate 
(Lipo-clod) depletes macrophages and monocytes, leading to increased 
T cell infiltration, while Lipo-Re188 reduces T cell levels but promotes 
B cell expansion at later stages. The combination of Lipo-clod, Lipo-
Re188, and anti-PD-L1 therapy preserves the Lipo-Re188-induced B cell 
population and mitigates immunosuppressive barriers associated with 
monocyte-derived macrophages and PD-L1 expression. This triple ther-
apy enhances functional T cell and B cell responses within the TME 
and improves therapeutic outcomes against lung metastases. Created 
with BioRe​nder.​com.
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Lipo-Re188 by reshaping the immune landscape, notably in-
creasing functional T and B cells in the TME. Prior studies on 
other β- and γ-emitting radionuclides (90Y, 131I, and 177Lu) also 
demonstrated immune-modulating properties. For instance, 
Vito et  al. found that intratumoral 177Lu-BSA-tetrazine re-
duced CD4+ and CD8+ T cell infiltration in EO771 tumors [54], 
while systemic administration of 90Y-NM600 increased CD8+ 
T cell infiltration but upregulated immune checkpoint mark-
ers in prostate cancer models [55]. Hernandez et al. reported 
enhanced CD8+ T cell infiltration and decreased FOXP3+ 
cells following 90Y-NM600 in T-cell lymphoma [56], and Patel 
et al. observed NK cell enrichment in B78 melanoma tumors 
post 90Y-NM600 therapy [29]. Similarly, 177Lu-DOTATATE 
enhanced NK cell infiltration with FasL expression in neuro-
endocrine tumor models [57]. Our findings further illustrate 
the capacity of radionuclide therapy to modulate systemic 
and local immune responses. Notably, Lipo-Re188 mono-
therapy increased NK cells, CD4+ T cell, and B cell infiltra-
tion in the TME. Given the dualistic role of B cells in cancer 
[58–60], our data identifying increased systemic and intratu-
moral B cells following Lipo-Re188 treatment suggest a poten-
tially beneficial immunomodulatory role. However, whether 
these B cells represent immunosuppressive regulatory B cells 
(Bregs) or tumor-suppressive effector B cells remains unclear. 
Functional characterization, such as profiling their cytokine 
production, will be an important direction for future research 
to clarify the precise contribution of B cell subsets to the ther-
apeutic outcome.

Radionuclide therapies can modulate cytokine responses. 
Prior studies showed 177Lu-DOTA-2P(FAPI)2 with anti-PD-L1 
activated IL-1α, 90Y-resin microspheres correlated with IL-
1β in HCC, and 177Lu-conjugated antibodies increased IL-
10, IFN, and TGFβ [61–63]. In our study, Lipo-Re188 plus 
Lipo-clod elevated IL-1α and GM-CSF levels. IL-1α is a pro-
inflammatory cytokine that induces GM-CSF and helps pro-
tect against radiation-induced hematopoietic injury. GM-CSF 
can boost antitumor immunity but may also promote MDSC 
expansion, showing both beneficial and suppressive roles in 
the immune response [64, 65]. These findings highlight the 
complex inflammatory cascades triggered by radiopharma-
ceutical therapy.

Radiopharmaceutical monotherapy often fails to induce durable 
tumor regression, and combinatorial strategies with immune 
checkpoint inhibitors (ICI) have shown synergistic potential 
[66, 67]. Thus, therapy-induced immunosuppression is a critical 
barrier to sustained response. In our study, Lipo-clod enhanced 
CD4+ and CD8+ T cells but was associated with elevated PD-1 
expression on CD8+ T cells (Figure 2E,F). Moreover, Lipo-Re188 
treatment induced compensatory increases in Ly6G+ cells and 
PD-L1 expression (Figure  S2). These findings rationalize the 
use of triple combination therapy with Lipo-clod, Lipo-Re188, 
and anti-PD-L1, which reshapes the tumor microenvironment, 
enhances functional T and B cells, and potentially mitigates 
off-target toxicity associated with radionuclide accumulation 
(Figure 5). A limitation is that long-term immune memory was 
not assessed, and whether surviving mice resist cancer cells re-
challenge remains to be determined. Our concept of combining 
Lipo-clod with Lipo-Re188 and anti-PD-L1 could be extended to 
the clinic by substituting FDA-approved macrophage-targeting 

agents such as the CSF1R inhibitor pexidartinib or trabectedin 
[68, 69]. This strategy highlights the translational potential of 
macrophage modulation to enhance radiopharmaceutical–im-
munotherapy combinations.

Our study underscores the immunological and therapeutic ef-
fects of liposome-encapsulated β-emitter Lipo-Re188 in a lung 
metastasis model. These insights are instrumental for develop-
ing rational combinations of radiopharmaceuticals with immu-
notherapies such as ICI to optimize clinical outcomes.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Modulation of immune 
cell populations by Lipo-Re188 following macrophage depletion. (A) 
Quantification of B cells (A), PMN-MDSC and M-MDSC (B) among 
CD45+ splenocytes in each treatment group (n = 3). Quantification of 
B cells (C), PMN-MDSC and M-MDSC (D), NK cells and NKT cells 
(E) among CD45+ cells in the TME (n = 3). Data are presented as 
mean ± SD. Statistical significance was determined using one-way 
ANOVA with Tukey's post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. Figure S2: Lipo-Re188 upregulates Ly6G and PD-L1 
expression in the spleen. Representative flow cytometry plots (A) and 
quantification of Ly6G+ cells (B) in the spleen from control, liposome, 
and Lipo-Re188 groups on day 5 post-treatment (n = 3). Representative 
flow cytometry plots (C) and quantification of PD-L1 expression (D) in 
splenic cells from control, liposome, and Lipo-Re188 groups on day 5 
post-treatment (n = 3). Data are presented as mean ± SD. Statistical sig-
nificance was determined using one-way ANOVA with Tukey's post 
hoc test. *p < 0.05; **p < 0.01. Figure S3: Immune profiling after triple 
combination therapy with Lipo-clod, Lipo-Re188, and PD-L1 blockade 
in a lung metastasis model. Quantification of CD4+ and CD8+ T cells 
(A) and PMN-MDSC and M-MDSC (B) among CD45+ splenocytes in 
each treatment group (n = 3). Quantification of CD4+ and CD8+ T cells 
(C), PMN-MDSC and M-MDSC (D) among CD45+ cells in the TME 
(n = 3). Data are presented as mean ± SD. Statistical significance was de-
termined using one-way ANOVA with Tukey's post hoc test. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. 
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