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ABSTRACT
Background  Fibroblast activation protein (FAP)-targeted 
radioligand therapy, with immunomodulatory effects, has 
shown efficacy in both preclinical and clinical studies. 
We recently reported on a novel dimeric FAP-targeting 
radiopharmaceutical, 68Ga/177Lu-DOTA-2P(FAPI)2, which 
demonstrated increased tumor uptake and prolonged 
retention in various cancers. However, further exploration 
is required to understand the therapeutic efficacy and 
underlying mechanisms of combining 68Ga/177Lu-
DOTA-2P(FAPI)2 radioligand therapy with PD-1/PD-L1 
immunotherapy.
Methods  Regarding the change in PD-L1 expression 
and DNA double-strand breaks induced by 
radiopharmaceuticals, CT26-FAP tumor cells were 
incubated with 68Ga and 177Lu labeled DOTA-2P(FAPI)2, 
respectively. Monotherapy with 68Ga-DOTA-2P(FAPI)2, 
177Lu-DOTA-2P(FAPI)2, and PD-L1 immunotherapy as 
well as combination therapy (68Ga/177Lu-DOTA-2P(FAPI)2 
and PD-L1 immunotherapy) were tested and evaluated 
to evaluate in vivo antitumor efficacy. Furthermore, 
immunohistochemical staining and single-cell RNA 
sequencing were used to analyze changes in the tumor 
microenvironment (TME) and elucidate the underlying 
mechanisms of action of this combination therapy.
Results  Our findings indicated that FAP-targeting 
radiopharmaceuticals can induce DNA double-strand 
breaks and upregulate PD-L1 expression, with 177Lu-
DOTA-2P(FAPI)2 proving to be more effective than 
68Ga-DOTA-2P(FAPI)2. Both 68Ga-DOTA-2P(FAPI)2 and 
177Lu-DOTA-2P(FAPI)2 radiopharmaceuticals significantly 
improved therapeutic outcomes when combined with 
anti-PD-L1 monoclonal antibody (αPD-L1 mAb). Notably, 
the combination of 177Lu-DOTA-2P(FAPI)2 with αPD-L1 
mAb immunotherapy eliminated tumors in mouse 
models. Mice treated with this regimen not only exhibited 
exceptional responses to the initial immune checkpoint 
inhibitor therapy but also showed 100% tumor rejection on 
subsequent tumor cell re-inoculation. Further mechanistic 
studies have shown that 177Lu-DOTA-2P(FAPI)2 combined 
with αPD-L1 mAb can reprogram the TME, enhancing 
antitumor intercellular communication, which activates 

antitumor-related intercellular contacts such as FasL-Fas 
interactions between T cells and NK cells with tumor cells 
and increasing the proportion of infiltrating CD8+ T-cells 
while reducing regulatory T cells and inhibiting tumor 
progression. Our research also demonstrates that mature 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Immune checkpoint blockade immunotherapy alone 
often yields low response rates, benefiting only a mi-
nority of patients. Fibroblast activation protein (FAP) 
is a broad target in the tumor microenvironment 
(TME), and previous research has demonstrated that 
FAP-targeting radioligand therapy is effective in both 
preclinical and clinical studies, with immunomodu-
latory effects. We have designed and synthesized a 
novel dimeric FAP-targeting radiopharmaceutical, 
68Ga/177Lu-DOTA-2P(FAPI)2, which demonstrated 
increased tumor uptake and prolonged retention in 
various cancers.

WHAT THIS STUDY ADDS
	⇒ Combining 177Lu-DOTA-2P(FAPI)2 radioligand thera-
py with αPD-L1 mAb immunotherapy significantly 
enhances TME modulation, leading to increased 
infiltration of CD8+ T-cells and mature antitumor 
neutrophils, and the combination therapy repro-
grams the TME, substantially improving the rate of 
complete remission and prolonging overall survival.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ 177Lu-DOTA-2P(FAPI)2 radioligand therapy, com-
bined with PD-L1 immunotherapy, can potentially 
increase the efficacy and sensitivity to immunother-
apy, enables a translatable approach to promoting 
response to PD-1/PD-L1 inhibitors. This under-
scores the necessity for pilot clinical trials to assess 
the effectiveness of this combination therapy, which 
could potentially impact future treatment guidelines 
and improve outcomes for patients with difficult-to-
treat tumors.
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neutrophils play a role in enhancing the efficacy of the combined therapy, 
as shown in neutrophil-blocking experiments.
Conclusions  Our study robustly advocates for use of FAP-targeting 
radiopharmaceuticals, particularly 177Lu-DOTA-2P(FAPI)2, alongside 
immunotherapy in treating FAP-positive tumors. This combination therapy 
transforms the TME and enables a translatable approach to increasing the 
sensitivity to PD-1/PD-L1 immunotherapy, leading to improved complete 
remission rates and extended overall survival.

BACKGROUND
The progress in immunotherapy has fundamentally 
altered cancer treatments. Immune checkpoint inhib-
itors (ICIs), such as PD-1/PD-L1, have improved the 
survival rates of certain patients with late-stage cancer. 
However, despite some patients experiencing long-term 
or complete tumor regression with ICIs treatment, clinical 
trials have shown that the overall response rate of patients 
with tumors receiving ICIs monotherapy is approxi-
mately 20%–30%.1 Previous studies have demonstrated 
that patients with microsatellite stable (MSS) colorectal 
cancer (CRC) are less responsive to immunotherapies 
such as PD-1/PD-L1 blockade, while patients with micro-
satellite instability-high (MSI-H) CRC, due to their higher 
mutational burden and greater immune activation, are 
more sensitive to such therapies.2 3 The response rate is 
particularly low for MSS-CRC, characterized by their typi-
cally low mutational burden, and immune activation.2 3 
Therefore, the development of safe and efficient combi-
nation therapy strategies is essential to convert the tumor 
microenvironment (TME) of MSS-CRC for increasing the 
efficacy and sensitivity to PD-1/PD-L1 immunotherapy.

External beam radiation therapy (EBRT) has always 
been a focus of attention in oncology. Preclinical 
studies have shown that EBRT can induce direct tumor 
cell death via ionizing radiation and immunogenic cell 
death, leading to an in situ tumor vaccine effect. EBRT 
can induce local inflammation while simultaneously 
upregulating the expression of PD-L1 in the TME. 
Multiple studies have indicated that combining EBRT 
with ICIs therapy can boost systemic antitumor immune 
responses.4 5 However, the application of EBRT in patients 
with extensive systemic metastatic tumors or tumors adja-
cent to vital organs poses significant challenges.

Targeted radionuclide therapy (TRT) is an option 
for treating patients with widespread metastatic tumors. 
Compared with EBRT, TRT can selectively deliver radi-
ation to cancer cells while minimizing exposure to 
healthy tissues. Therapeutic and diagnostic radionu-
clides are pivotal in oncological research; however, they 
affect the TME in distinct ways. Therapeutic radionu-
clides, including 177Lu, 90Y, and 211At, are highly valued 
for delivering continuous radiation that can directly kill 
or suppress tumor cells. These radionuclides exhibit 
sustained therapeutic effects. Our research team previ-
ously used 177Lu-EB-RGD to target integrin αvß3 in MC38 
colorectal tumor-bearing mice, which increased immune 
cell infiltration in the TME, up-regulating PD-L1 and 
enhancing the antitumor effect of MC38 tumors when 

combined with αPD-L1 mAb.6 In contrast, nuclear 
imaging radionuclides, including 18F, 68Ga, and 99mTc, are 
primarily used for diagnostic purposes in clinical settings. 
Theoretically, diagnostic radionuclides can damage 
DNA and induce apoptosis or necrosis in tumor cells by 
emitting positrons,7 especially at higher doses, through 
released positrons to produce some cytotoxic effects.8 
Previous preclinical studies found that the imaging radio-
nuclide 18F-FDG induces apoptosis necrosis of tumor 
cells in tumor-bearing mice, with modest therapeutic 
responses observed, making it a potential candidate for 
treating tumors.8 9 The energy of positrons (β+) emitted 
by 18F is approximately 0.633 MeV, close to the energy of 
electrons (β−) emitted by 131I at 0.606 MeV.10 In contrast, 
β+ from 68Ga is about 1.9 MeV, approximately three times 
stronger than that of 18F. Further preclinical study demon-
strated that in MC38 (MSI-H) and CT26 (MSS-CRC) 
tumor-bearing mice,11 18F-FDG increased T-cell infiltra-
tion, upregulated tumor cell PD-L1 expression, remod-
eled TME, and improved the efficacy of combination 
therapy with αPD-L1 mAb.12 These studies suggest that 
diagnostic radionuclides are potential partners that can 
unlock the full therapeutic potential of ICIs. However, no 
relevant studies have compared the effects of therapeutic 
and diagnostic radionuclides on the modulation of the 
tumor immune microenvironment and their antitumor 
efficacy.

Fibroblast activation protein (FAP) is a key target in 
radiopharmaceutical development.13 In many epithe-
lial cancers, FAP is predominantly expressed in cancer-
associated fibroblasts (CAFs) within the TME. Its 
expression is notable in tumor cells across sarcomas and 
mesotheliomas and sporadically in epithelial tumors, 
including head and neck squamous cell carcinoma and 
esophageal cancer.13 FAP-targeting radiopharmaceu-
ticals, such as 177Lu or 90Y labeled FAP-inhibitor (FAPI) 
molecules (FAPI-04 and FAPI-46), have been evaluated 
in patients with various advanced tumors, showing favor-
able safety profiles and potential for treating refractory 
cancers. However, the therapeutic effectiveness of these 
initial studies is still limited, primarily because of the rela-
tively short tumor retention of current FAPI molecules. 
We have recently developed a novel FAP-targeting dimeric 
molecule, DOTA-2P(FAPI)2, which demonstrated signifi-
cant improvements in FAP-targeting efficacy, resulting 
in increased tumor uptake and prolonged retention in 
preclinical and clinical studies.14 In subsequent therapy 
experiments, TRT with 177Lu-DOTA-2P(FAPI)2 demon-
strated superior antitumor effects compared with conven-
tional 177Lu-FAPI-46.15

In this study, we explored the immunomodulatory 
potential of 68Ga-DOTA-2P(FAPI)2 and 177Lu-DOTA-
2P(FAPI)2 as immunomodulators in a mouse model 
of MSS-CRC. This study aimed to determine whether 
these FAP-targeted radiopharmaceuticals can enhance 
the efficacy of anti-PD-1/PD-L1 immunotherapy and to 
elucidate the underlying mechanisms. We hypothesized 
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that such an approach might improve treatment 
outcomes by transforming the immunosuppressive 
TME into an environment more conducive to effective 
immunotherapy.

MATERIALS AND METHODS
68Ga-DOTA-2P(FAPI)2 and 177Lu-DOTA-2P(FAPI)2 radiolabeling
Radiolabeling of FAPI variants followed the protocol 
reported in our previous studies.14 15 Regarding 68Ga 
labeling, approximately 25 nmol of FAPI-46 and DOTA-
2P(FAPI)2 was dissolved in 1 mL of NaAc (0.25 M 
aqueous solution), and 4 mL of 68GaCl3 solution (1.1 
GBq, dissolved in 0.05 M HCl) was added. The mixture 
was allowed to react at 100°C for 15 min. Concerning 
177Lu labeling, the precursors were dissolved in 1 mL of 
NH4OAc (0.25 M aqueous solution) and added to 4 mL 
of 177LuCl3 solution (0.7 GBq, 0.05 mol/L HCl solution). 
The mixture was incubated at 95°C for 30 min. The prod-
ucts of 68Ga labeling or 177Lu labeling were purified using 
a C18 column (WAT020515, Waters Corporation), and 
the radioactive labeling efficiency and radiochemical 
purity were tested using thin-layer chromatography and 
high-performance liquid chromatography.15

In vitro evaluation
For cellular uptake and inhibition experiments, CT26-FAP 
and CT26 cells were seeded in 24-well plates (2×105 cells/
well) overnight. Cells were incubated with 37 kBq of 
68Ga-DOTA-2P(FAPI)2 at 37°C for 10, 30, or 60 min in a 
serum-free medium. In the inhibition group, unlabeled 
FAPI-46 (10 µg/well) was added as an inhibitor. At each 
time, the medium was removed, and the cells were washed 
twice with cold phosphate-buffered saline (PBS) (pH 
7.4) and then lysed with 0.5 mL of NaOH (0.1 M). Cell 
lysates were collected, and the radioactivity was measured 
using a γ-counter. Each experiment was repeated thrice. 
Regarding the regulation of PD-L1 expression in tumor 
cells by radiopharmaceuticals, CT26-FAP cells incu-
bated with 3.7 MBq/mL 68Ga-DOTA-2P(FAPI)2 and 
177Lu-DOTA-2P(FAPI)2 respectively, for 4 hours and 
24 hours and then replaced with serum-free medium. 
The experimental details of cell culture, western blotting, 
flow cytometry, and immunofluorescence are available in 
online supplemental material.

Establishment of CT26-FAP tumor-bearing mice
BALB/c mice aged 6–8 weeks were housed at the Xiamen 
University Laboratory Animal Center under SPF condi-
tions. CT26-FAP cell suspension (approximately 2×106 
cells resuspended in 100 µL PBS) was injected subcuta-
neously into the right thigh root of BALB/c mice. Radio-
active nuclide treatment experiments were performed 
when the tumor volume reached 50 mm3. Small animal 
PET and SPECT imaging studies were conducted when 
the tumor volume reached around 300 mm3.

Small-animal PET/SPECT imaging and biodistribution study
Approximately 7.4 MBq of 68Ga-FAPI-46 and 68Ga-DOTA-
2P(FAPI)2 was injected intravenously into CT26-FAP 
tumor-bearing mice (n=3/group) for PET imaging. The 
time points for data collection were 1, 2, and 4 hours 
post-injection. Regions of interest for the tumor, liver, 
heart, kidneys, and muscles were quantified for radioac-
tive signals on the PET images. Approximately 18.5 MBq 
177Lu-DOTA-2P(FAPI)2 was injected intravenously into 
CT26-FAP tumor-bearing mice (n=3/group) for SPECT 
imaging. Whole-body SPECT images were acquired at 4, 
24, 48, 72, and 96 hours post-injection. The acquisition 
parameters included a 20% window width for 177Lu, a 
matrix size of 256×256, and medium zoom with 48 frames 
at energy peak values of 112.9 and 208.4 keV. The mice 
were anesthetized with 1.5% isoflurane during imaging to 
maintain spontaneous respiration.

A biodistribution study was conducted using CT26-FAP 
tumor-bearing mice. Mice were injected with 0.74 MBq 
of 177Lu-DOTA-2P(FAPI)2 (n=3/group). Major organs 
and tumors were collected and weighed at 4, 24, 48, and 
72 hours post-injection. Radioactivity was detected using a 
γ-counter, and biodistribution results were calculated as a 
percentage of injected dose per gram (%ID/g).

In vivo antitumor efficacy and histopathological analysis
When the tumor volume reached 50 mm3, the CT26-FAP 
tumor-bearing mice were randomly divided into six treat-
ment groups (n=6/group): group A: treated with saline 
as control. Group B: received αPD-L1 mAb at a dose of 
10 mg/kg on days 0, 3, and 6. Group C: injected with 
29.6 MBq of 68Ga-DOTA-2P(FAPI)2 on days 0, 2, 4, and 
6. Group D: received combined therapy of 29.6 MBq of 
68Ga-DOTA-2P(FAPI)2 and 10 mg/kg of αPD-L1 mAb. 
Group E: treated with 18.5 MBq 177Lu-DOTA-2P(FAPI)2 
on day 0. Group F: received combined therapy, consisting 
of 18.5 MBq of 177Lu-DOTA-2P(FAPI)2 and 10 mg/kg of 
αPD-L1 mAb (BE0101, BioXCell, USA). Body weight 
and tumor volume were monitored every 2 days post-
treatment. The tumor size (mm3) was calculated using 
the formula length×width×width/2. The mice were euth-
anized once weight loss reached 20% or tumor volume 
exceeded 1500 mm3.

To assess the histopathological response of tumor 
tissues after TRT, we collected tumor samples from 
each group of CT26-FAP tumor-bearing mice on day 7 
post-treatment. Immunohistochemical (IHC) staining 
was performed on tumor tissue samples for CD31 mAb 
(ab9498, Abcam), Ki-67 mAb (ab15580, Abcam), CD8+ 
T cell mAb (ab217344, Abcam), and GZMB mAb (ab4059, 
Abcam), according to previous protocols.6 To evaluate the 
effect of TRT on normal organs, major organs, including 
the heart, liver, spleen, lungs, kidneys, and muscles, were 
collected from each group and subjected to H&E staining.

Regarding the neutrophil blockade experiment, when 
the tumor volume reached 50 mm3, the CT26-FAP tumor-
bearing mice were randomly divided into four treat-
ment groups (n=6/group): group A: treated with saline 

https://dx.doi.org/10.1136/jitc-2024-010212
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as control. Group B: received αLy6G mAb (BE0075-1, 
BioXCell, USA) for neutrophil depletion at a dose 
of 10 mg/kg, three times a week for 3 weeks. Group C: 
received combined therapy, consisting of 18.5 MBq of 
177Lu-DOTA-2P(FAPI)2 and 10 mg/kg of αPD-L1 mAb. 
Group D: received 18.5 MBq of 177Lu-DOTA-2P(FAPI)2, 
10 mg/kg of αPD-L1 mAb, and αLy6G mAb. Regarding 
the CD8+ T cell blockade experiment, when the tumor 
volume reached 50 mm3, the CT26-FAP tumor-bearing 
mice were randomly divided into two treatment groups 
(n=6/group): group A: received 18.5 MBq of 177Lu-DOTA-
2P(FAPI)2. Group B: received αCD8 mAb (BP0117, BioX-
Cell, USA) for CD8+ T cell depletion at a dose of 10 mg/
kg, three times a week for 2 weeks and received 18.5 MBq 
of 177Lu-DOTA-2P(FAPI)2.

Isolating single cells from mouse tumor tissues and single-
cell RNA sequencing
Single-cell suspensions were loaded on 10 K Genomics-
Perseus according to the manufacturer’s protocol based 
on the 10 K GEMCode proprietary technology (10K 
Genomics, Shanghai, China). According to the manufac-
turer’s protocol, single-cell RNA sequencing (scRNA-seq) 
libraries were prepared using the 10 K Genomics-Perseus 
Single Cell 3 Reagent Kit. The initial step involved creating 
an emulsion in which individual cells were isolated into 
droplets and gel beads coated with unique primers 
bearing 10 K cell barcodes, unique molecular identifiers, 
and poly(dT) sequences. Reverse transcription reactions 
were performed to generate barcoded full-length cDNA, 
followed by disruption of the emulsions using a recovery 
agent and cDNA cleanup. Bulk cDNA was amplified and 
cleaned up. Sequencing libraries were constructed using 
the reagents from the 10 K Genomics-Perseus Single Cell 
3′ Reagent Kit, following these steps: (1) fragmentation, 
end repair, and a-tailing; (2) size selection with SPRI 
select; (3) adaptor ligation; (4) post ligation cleanup with 
SPRI select; (5) sample index PCR and cleanup with SPRI 
select beads. Indexed libraries were pooled according to 
the number of cells and sequenced on a NovaSeq 6000 
(Illumina) using 150 bp paired ends.

Statistical analysis
All statistical analyses were performed using SPSS (V.22.0; 
IBM, Armonk, NY, USA). One-way analysis of variance 
and Student’s t-tests were used to compare the means. 
Data are presented as the mean±SD. Statistical signifi-
cance was defined as *p<0.05; **p<0.01; ***p<0.001; and 
****p<0.0001; ns=not significant.

RESULTS
In vitro and in vivo evaluation of 68Ga/177Lu-DOTA-2P(FAPI)2

Following purification, the radiochemical purity of all 
products exceeded 95%. The average specific activities of 
68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46 were 12–16 GBq/
μmol, and the specific activity of 177Lu-DOTA-2P(FAPI)2 
was 22–24 GBq/μmol. Western blot analysis showed 

higher FAP expression in the CT26-FAP cell line, whereas 
it was negative in CT26 cells (figure 1A). Cellular uptake 
and blocking experiments revealed a gradual increase 
in 68Ga-DOTA-2P(FAPI)2 uptake by CT26-FAP cells 
over 10–60 min (figure  1B). In contrast, the CT26-FAP 
blocking and CT26 control groups exhibited significantly 
lower uptake values, indicating strong target specificity 
and affinity for DOTA-2P(FAPI)2 in CT26-FAP cells. IHC 
analysis revealed high FAP expression in CT26-FAP tumor 
tissues, whereas FAP was largely absent in CT26 tumor 
tissues (figure 1C).

PET and SPECT imaging were used to assess and 
quantify the uptake pattern of 68Ga-DOTA-2P(FAPI)2, 
68Ga-FAPI-46, and 177Lu-DOTA-2P(FAPI)2 in CT26-FAP 
tumor-bearing mice. Tumor uptake of 68Ga-DOTA-
2P(FAPI)2 and 68Ga-FAPI-46 was rapid and intense at 
0.5 hours post-injection. At 2–4 hours post-injection, 
the tumor uptake of 68Ga-FAPI-46 gradually decreased, 
whereas that of 68Ga-DOTA-2P(FAPI)2 remained stable 
up to 4 hours post-injection (figure  1D). Quantitative 
analysis data for the tumor and normal organs from PET 
imaging are presented in figure 1E. SPECT imaging with 
177Lu-DOTA-2P(FAPI)2 was conducted to investigate the 
in vivo biological behavior of DOTA-2P(FAPI)2 at various 
time points in CT26-FAP tumor-bearing mice. Repre-
sentative whole-body maximum intensity projections 
from tumor-bearing mice are shown in figure  1F. The 
biodistribution data correlated with the SPECT results, 
showing the highest uptake of 177Lu-DOTA-2P(FAPI)2 
24 hours post-injection, followed by a gradual decrease 
in the uptake from 24 hours to 72 hours post-injection 
(figure 1G).

Upregulated tumor PD-L1 expression after 68Ga/177Lu-DOTA-
2P(FAPI)2 stimulation both in vitro and in vivo
Flow cytometry analysis revealed a low percentage of 
PD-L1-positive cells in untreated tumor samples, consis-
tent with findings from previous studies.12 16 The negative 
control, using an isotype control for the PD-L1 antibody 
with CT26-FAP cells, is presented in online supplemental 
figure S1. Notably, the proportion of PD-L1-positive 
cells increased significantly following 24 hours stimula-
tion with 68Ga-DOTA-2P(FAPI)2 and both 4 hours and 
24 hours stimulation with 177Lu-DOTA-2P(FAPI)2. The 
proportion of PD-L1 positive cells was significantly lower 
in the untreated control tumors after only 4 hours of 
stimulation with 68Ga-DOTA-2P(FAPI)2 (figure  2A,B). 
Immunofluorescence staining of PD-L1 in CT26-FAP 
tumor cells after 68Ga/177Lu-DOTA-2P(FAPI)2 stimula-
tion yielded consistent results (figure 2C,D). IHC exam-
ination showed enhanced PD-L1 expression in tumor 
tissues after administering 68Ga/177Lu-DOTA-2P(FAPI)2 
(figure 2E). Immunofluorescence staining of γ-H2AX in 
CT26-FAP tumor cells post-stimulation with 68Ga/177Lu-
DOTA-2P(FAPI)2 revealed DNA double-strand breaks, 
with 177Lu-DOTA-2P(FAPI)2 showing the most significant 
effects (figure 2F,G) compared with the control group.

https://dx.doi.org/10.1136/jitc-2024-010212
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Combination of 177Lu-DOTA-2P(FAPI)2 with αPD-L1 mAb 
results in the most significant tumor growth delay and overall 
survival improvement
We subsequently conducted a further study on the immu-
nomodulatory effects of 68Ga/177Lu-DOTA-2P(FAPI)2 in 
combination with αPD-L1 mAb on delaying the growth 
of CT26-FAP tumor-bearing mice (figure  3A). In the 
vehicle group, tumor-bearing mice exhibited rapid tumor 
growth, leading to 100% tumor-related mortality by day 
24 post-treatment. Despite the slower tumor growth 
rates in the αPD-L1 mAb and 68Ga-DOTA-2P(FAPI)2, 
all mice succumbed on day 30. In the treatment group 
of 177Lu-DOTA-2P(FAPI)2 and 68Ga-DOTA-2P(FAPI)2 
combined with αPD-L1 mAb, two out of six mice succumbed 
on day 30 (figure 3B). The αPD-L1mAb and 177Lu-DOTA-
2P(FAPI)2 combination therapy group demonstrated the 
best antitumor effect, with all mice achieving complete 
remission (CR) by day 16 post-treatment (figure 3B–D). To 
evaluate the persistence of immune memory, on the 91st 

day of treatment, we simultaneously injected CT26-FAP 
tumor cells (approximately 2×106 cells resuspended in 
100 µL PBS) into the left posterior side of the healed mice 
for reattack and did not observe any tumor recurrence for 
at least 2 months. This suggests that radioligand therapy 
when combined with blockade of PD-1/PD-L1 axis may 
generate protective immunological memory in long-term 
survivors. A slight decrease in body weight was observed 
in the 68Ga-DOTA-2P(FAPI)2/

177Lu-DOTA-2P(FAPI)2 and 
combination therapy groups, followed by recovery after 
6 days (figure  3E). Further characterization of the TME 
of CT26-FAP tumor transplants was performed. IHC 
staining of tumor tissues on day 7 post-showed the lowest 
percentage of Ki-67 and CD31 positive cells in this group, 
indicating reduced cell proliferation and decreased new 
blood vessel formation in tumors. A significant increase 
in the number of CD8+ T cells in the TME and enhanced 
activity of GZMB suggests a heightened antitumor immune 
response (figure 3F).

Figure 1  In vitro and in vivo evaluation of 68Ga/177Lu-labeled DOTA-2P(FAPI)2. (A) Fibroblast activation protein (FAP) 
expression in CT26-FAP cells was determined using western blotting. (B) Cell uptake and blocking assays of 68Ga-DOTA-
2P(FAPI)2 on CT26-FAP and CT26 tumor cells. (C) Immunohistochemical staining of FAP in tumor tissues. Scale bar: 50 µm. 
(D) Representative static PET images of 68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46 in CT26-FAP tumor-bearing mice. (E) PET 
quantification data for 68Ga-DOTA-2P(FAPI)2 and 68Ga-FAPI-46 in CT26-FAP tumor-bearing mice. (F) SPECT MIP images of 
177Lu-DOTA-2P(FAPI)2 from 4 to 96 hours after injection in CT26-FAP tumor-bearing mice. (G) Biodistribution of 177Lu-DOTA-
2P(FAPI)2 from 4 to 72 hours after injection in CT26-FAP tumor-bearing mice (n=3/group).
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Intratumoral cell types and intercellular communication 
revealed by scRNA-seq
We isolated single cells from the tumor tissues of CT26-FAP 
tumor-bearing mice from different treatment groups 
into single cells and performed scRNA-seq. After quality 
control and removal of doublets (online supplemental 
figure S2A, figure 4A,B), the unsupervised clustering of 
70,808 cells identified 15 distinct clusters (online supple-
mental figure S2B). These clusters were further divided 
into eight major cell types: cancer cells, T cells, NK cells, 
CAFs, monocytes/macrophages, dendritic cells, neutro-
phils, and mast cells (figure  4A). Compared with the 
control group, the proportion of T-cells and NK cells was 
significantly higher in both the 177Lu-DOTA-2P(FAPI)2 
therapy and combination therapy groups with 68Ga/177Lu-
DOTA-2P(FAPI)2 and αPD-L1 mAb (figure 4C). This indi-
cates that these treatments effectively recruit T and NK 
cells to the TME, thereby enhancing immune regulation 
within the tumor. Notably, mice treated with 177Lu-DOTA-
2P(FAPI)2 in combination with immunotherapy showed 
a higher proportion of T and NK cells than those treated 
with 68Ga-DOTA-2P(FAPI)2. This suggests that while 

high-dose 68Ga labeled radiopharmaceuticals combined 
with immunotherapy enhance the immune response 
within the TME, combination therapy with 177Lu labeled 
radiopharmaceuticals is more effective in modulating 
the TME. The highest treatment efficacy was observed 
in the group receiving 177Lu-DOTA-2P(FAPI)2 combined 
with αPD-L1 mAb, which also exhibited a significantly 
increased proportion of neutrophils within the tumors 
compared with other groups. This observation suggests a 
potentially unique role for neutrophils in enhancing the 
efficacy of this combined therapeutic approach.

We analyzed the activation of cell-signaling pathways in 
the different treatment groups to explore the potential 
core-signaling pathways activated during the treatment 
response (figure 4D). The FASLG and IL1 pathways were 
significantly activated in the 177Lu-DOTA-2P(FAPI)2 radi-
oligand therapy and 177Lu-DOTA-2P(FAPI)2 combined 
immunotherapy groups. These pathways are typically 
associated with antitumor activity,17 18 suggesting that 
177Lu-DOTA-2P(FAPI)2 radioligand therapy and combi-
nation therapy with 177Lu-DOTA-2P(FAPI)2 and αPD-L1 
mAb can enhance the antitumor response. Conversely, 

Figure 2  The 68Ga/177Lu-DOTA-2P(FAPI)2 significantly upregulated PD-L1 both in vitro and in vivo. (A) Flow cytometry 
assessed and analyzed increased PD-L1 expression on CT26-FAP tumor cells after 68Ga/177Lu-DOTA-2P(FAPI)2 stimulation at 
different time points. (B) Representative histograms were used to present the upregulation of PD-L1 after radiation stimulation 
(n=3/group). (C) Confocal images of PD-L1 immunofluorescence staining in CT26-FAP tumor cells at different time points 
after coincubation with 68Ga/177Lu/-DOTA-2P(FAPI)2. (D) Representative histograms showed the upregulation of PD-L1 after 
radiation stimulation (n=3/group). (E) Immunohistochemical staining of PD-L1 in tumor tissues. Scale bar: 50 µm. (F) Confocal 
images of γ-H2AX immunofluorescence staining in CT26-FAP tumor cells after coincubation with 68Ga/177Lu/-DOTA-2P(FAPI)2. 
(G) Representative histograms showed the upregulation of γ-H2AX after 68Ga/177Lu/-DOTA-2P(FAPI)2 stimulation (n=3/group).

https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
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the expression of SPP1 was significantly decreased, which 
is related to the proliferation, migration, and invasion of 
malignant tumors. We also evaluated changes in ligand-
receptor interactions to detect differences in signaling 

between immune and tumor cells in the different 
treatment groups (figure  4E). The Tgfb1–(Tgfbr1+T-
gfbr2) interaction between NK and cancer cells in 
both 177Lu-DOTA-2P(FAPI)2 radioligand therapy and 

Figure 3  68Ga/177Lu-DOTA-2P(FAPI)2 radioligand therapy significantly enhanced the antitumor effect after combined with 
αPD-L1 mAb. (A) Illustration of the therapeutic regimen and treatment timelines for CT26-FAP tumor-bearing mice (n=6/
group). (B) Individual tumor growth trajectories of CT26-FAP tumor-bearing mice across diverse treatment groups (n=6/group). 
(C) Tumor growth. (D) Survival rate. (E) Body weight graphs of CT26-FAP tumor-bearing mice in different treatment groups (n=6/
group). (F) Immunohistochemical (IHC) staining for Ki-67, CD31, CD8+T, and GZMB in tumor tissues 7 days post-treatment. 
Scale bar: 50 µm. CR, complete remission.
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177Lu-DOTA-2P(FAPI)2 combined with immunotherapy 
was silenced. This interaction is thought to promote tumor 
growth and metastasis by activating the TAK1/JNK/JUN-
related pathway in tumor cells.19 The Fasl-Fas interaction, 
involving T and NK cells with cancer cells, was active in 
the 177Lu-DOTA-2P(FAPI)2 combined immunotherapy 
group. This activation is associated with the induction 
of apoptosis in tumor cells.20–22 It aligns with the optimal 
outcomes of combination therapy (figure  4E), consis-
tent with the activation of the FASLG pathway shown in 
figure 4D.

Combining 177Lu-DOTA-2P(FAPI)2 with immunotherapy inhibits 
malignant progression and enhances immune function
We re-clustered tumor cells into four subgroups based on 
specific marker genes: high-cycle, low-cycle, invasive-, and 
complement-associated tumor cells (figure  5A, online 
supplemental figure S3A). Using RNA velocity calcula-
tions for cellular reprogramming, we identified a predom-
inant evolutionary trajectory in which low-cycle tumor 
cells differentiated into high-cycle or invasive tumor 
cells, indicating a progressive trend toward malignancy 
(figure 5B). We conducted a detailed examination of the 
tumor cell subtypes within the three treatment groups 

(D, E, and F): 68Ga-DOTA-2P(FAPI)2 in combination with 
αPD-L1 mAb, 177Lu-DOTA-2P(FAPI)2, and 177Lu-DOTA-
2P(FAPI)2 in combination with αPD-L1 mAb that showed 
superior therapeutic outcomes, and the control group. 
Compared with group A, post-therapeutic observations 
indicated a reduction in low-cycle tumor cells and an 
increase in invasive tumor cells within groups D and E 
(figure 5C), suggesting that despite some degree of tumor 
growth suppression, the treatments may have inevitably 
promoted tumor malignancy and resistance. Conversely, 
group F maintained a stable count of low-cycle tumor 
cells and a consistent proportion of invasive tumor cells, 
indicating that the combined regimen of 177Lu-DOTA-
2P(FAPI)2 and αPD-L1 mAb effectively inhibited the 
increase of various tumor cell subpopulations.

To evaluate the TME, we analyzed variations in tumor 
transcription factors across treatment groups using the 
SCENIC protocol. The heat map illustrates the genes 
with significantly different expression levels in group F 
compared with the other groups (figure 5D). Among the 
groups showing enhanced antitumor efficacy (groups D, 
E, and F), transcription factors that inhibit tumor growth 
were consistently upregulated, with group F exhibiting 

Figure 4  Cell type identification and different cell signaling pathways in the CT26-FAP tumor-bearing mice. (A) UMAP plot of all 
cells. (B) Dot plot reveals characteristic marker genes of different cell components. (C) Bar plot compares major cell lineages of 
different groups. (D) Bar plot depicts the proportions of different cell signaling pathways within different groups. (E) Highlighted 
ligand-receptor interactions between T-cells, NK cells, CAFs, Mco/Mono, and cancer cells.

https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
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the most significant increase. Critical factors such as 
Nr1h3, Irf7, Eomes, Foxo1, and Stat1 were significantly 
elevated in group F, consistent with previous research.23–27 
In contrast, factors implicated in tumor progression, 
namely Hdac2, Etv4, and Klf3, were significantly down-
regulated.28–30 These results highlight the potential of 
the combination treatment with 177Lu-DOTA-2P(FAPI)2 
and αPD-L1 mAb to inhibit the malignant progression of 
cancer, suggesting a promising therapeutic pathway.

To further investigate the dynamics of immune cell 
subpopulations in different treatment groups, we analyzed 
six main subpopulations based on specific marker genes: 
CD8+ T cells, Mki67+ CD8+ T cells (proliferative effector 
T-cells), Mki67+ T cells, Mki67+ Treg T-cells (prolifer-
ative Tregs), Tregs, and Emb+ CD4+ T cells (figure  5E 
and online supplemental figure S2B).31 RNA velocity 
analysis revealed the differentiation trajectories of CD8+ 
and CD4+ T cells, demonstrating their evolution from the 
proliferative to effector states (figure 5F). We conducted 
a detailed examination of T-cell subtypes within the three 
treatment groups (D, E, and F), demonstrating superior 

therapeutic outcomes compared with the control group. 
Our findings revealed that the number of CD8+ T cells, in 
proliferative and effector forms, was significantly higher 
in groups D, E, and F than in the control group, with the 
most substantial increase observed in group F (figure 5G). 
To further investigate whether CD8+ T cells contribute 
to the synergistic killing of tumor cells in 177Lu-DOTA-
2P(FAPI)2 treatment, we conducted a CD8+ T cell deple-
tion experiment. The results showed that CD8+ T cell 
depletion significantly impaired the therapeutic efficacy 
of 177Lu-DOTA-2P(FAPI)2 when used as monotherapy 
(online supplemental figure S4). Regarding the total 
number of suppressive T-cells, including both Mki67+ 
Treg T-cells and Tregs, there was an increase in group 
D and a decrease in groups E and F. Notably, group F 
not only showed the highest activation of tumor-killing 
CD8+ T cells but also exhibited a reduced proportion 
of suppressive T-cells. This suggests that the treatment 
regimen in group D partially enhanced the antitumor 
immune response. In contrast, the treatment regimen in 
group F was most effective in promoting the activation of 

Figure 5  Cancer cell and T-cell characterization in CT26-FAP tumor-bearing mice. (A) UMAP plot of tumor cells. (B) RNA 
velocity analysis reflects the evolutionary process of tumor cells. (C) Bar plot illustrating the proportions of tumor cell 
subpopulations. (D) SCENIC analysis depicts the differential area under the curve values of transcription factors. (E) UMAP plot 
of T-cell subpopulations in CT26-FAP tumor-bearing mice. (F) RNA velocity analysis reflects the evolutionary process of T-cells. 
(G) Bar plot illustrating the proportions of T-cell subpopulations in each group.

https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
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effector T-cells capable of targeting tumors. Additionally, 
it significantly reduced the suppressive effect of Tregs on 
immune responses.

Mature neutrophils subgroup enhanced the therapeutic 
efficacy against tumors
In our analysis of total cell subgroups (figure  4C), we 
observed a significant increase in the number of neutro-
phils in group F, which received a combination therapy of 
177Lu-DOTA-2P(FAPI)2 and αPD-L1 mAb, compared with 
the control group. This increase was further confirmed 
by IHC (figure  6A). The in-vitro cytotoxicity of neutro-
phils subtype (N1 type) against tumor cells was confirmed 
by extracting and stimulating neutrophils from the bone 
marrow of BALB/c mice, following established proto-
cols from the literature.32 After co-culturing these N1 
neutrophils with CT26-FAP cells, cytotoxic effects were 
assessed using both an ATP Luminescent Cell Viability 
Assay and a Calcein AM/PI Live-Dead Cell Staining Assay. 
The results supported our hypothesis, demonstrating a 
significant reduction in the viability of CT26-FAP cells 
and an increase in dead CT26-FAP cells in the co-culture, 
as shown in online supplemental figure S5. To assess the 
role of neutrophils in the efficacy of the combination 

therapy, we implemented an anti-neutrophil blockade 
in-vivo. While the blockade alone did not affect tumor 
growth, its integration into combination therapy mark-
edly diminished the antitumor response (figure 6B). This 
indicates that neutrophils are essential for mediating the 
antitumor effects of combination therapy.

Further investigation revealed four distinct neutrophil 
subpopulations within the tumor tissue: Il1a+, Cxcr2+, 
Zfpm2+, and Ms4a4c+ Ne cells (figure 6C, online supple-
mental figure S6A). Notably, Il1a+ Ne and Cxcr2+ Ne 
cells, markers of mature neutrophils known for their 
pro-inflammatory properties,33 34 were most preva-
lent in group F (figure  6D). Our pseudo-time analysis 
(figure 6E) traced the developmental trajectory of these 
neutrophils from immature (Zfpm2+ and Ms4a4c+ Ne 
cells) to mature forms (Il1a+ and Cxcr2+ Ne cells). RNA 
velocity analysis corroborated these findings, identifying 
Ms4a4c+ Ne cells at the initial stage and Il1a+ Ne cells at 
the mature stage of development (online supplemental 
figure S6B). We observed that the early development 
markers Cd83 and Lyz2 were highly expressed initially 
and decreased over time (figure  6F).35 36 In contrast, 
genes associated with antitumor effects, such as CXCL2 

Figure 6  Intratumor mature neutrophils exert coordinated antitumor effects and their mechanisms. (A) Immunohistochemical 
staining of Ly6G in tumor samples. (B) Tumor growth curves of CT26-FAP tumor-bearing mice after blockade of neutrophil. 
(C) UMAP plots of neutrophil clusters. (D) Bar charts illustrating the distribution of neutrophil subpopulations. (E) Monocle2 
pseudo-temporal analysis reveals the evolutionary trends within neutrophil subclusters. (F) Trajectory changes in expression 
levels of key genes at various cellular stages in neutrophils. (G) Heatmap of the top differentially expressed genes in neutrophils 
throughout pseudotime.

https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
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and IL1a, increased as the neutrophils matured, with the 
highest expression levels in group F. CXCL2 has been 
well demonstrated to recruit neutrophils under various 
physiological and pathological conditions.37 Our results 
suggest that 177Lu-DOTA-2P(FAPI)2 combined with 
αPD-L1 mAb immunotherapy-induced CXCL2 expres-
sion is responsible for recruiting antitumor neutrophils 
to the TME.38

Gene expression dynamics analysis identified four 
major gene clusters consistent with pseudo-time progres-
sion (figure 6G). Early-stage neutrophils express develop-
mental genes such as Lyz2. Multiple ribosomal proteins 
(RPs) related to protein synthesis were highly expressed 
in naïve neutrophils (figure 6G), indicating their devel-
opment. As these cells mature, antitumor genes have 
notable upregulation, including il1a and icam1, which 
are critical for forming an inflammatory TME.34 39 Our 
findings suggest that, in group F, neutrophils may directly 
kill tumor cells via the TNF family signaling pathway 
(online supplemental figure S6C). Additionally, neutro-
phils recruited more immune T cells through CCL4–
CCR5 and CCL3–CCR5 receptor-ligand interactions 
(online supplemental figure S6C). These mechanisms 
have been corroborated in previous study.40 These find-
ings highlight the synergistic antitumor effects of mature 
neutrophil subpopulations in combination therapy.

DISCUSSION
Clinical trials have reported low response rates to ICIs 
alone, with only a minority of patients benefiting. We 
developed and tested a novel strategy to increase the 
sensitivity of FAP-expressing MSS-CRC to ICIs by modu-
lating TME using FAP-targeting radiopharmaceuticals. 
Given that FAP is a pan-cancer target, these effects are 
presumed to be generalizable across a broad spectrum of 
tumor types. The combination of 177Lu-DOTA-2P(FAPI)2 
radioligand therapy and αPD-L1 mAb immunotherapy 
demonstrated greater immune microenvironment modu-
lation than the combination with 68Ga-DOTA-2P(FAPI)2. 
This significantly increased the rate of CR and prolonged 
overall survival. The combination therapy reprogrammed 
the TME and enhanced the immune response to PD-L1 
inhibitor in a mouse model of MSS-CRC, enhancing anti-
tumor intercellular communication and increasing the 
infiltration of CD8+ T cells and mature antitumor neutro-
phils while reducing regulatory T-cells and inhibiting the 
increase of various tumor cell subpopulations.

A previous study highlighted that the novel FAP-
targeting dimeric molecule 177Lu-DOTA-2P(FAPI)2 exhib-
ited increased tumor uptake, prolonged retention, and 
enhanced antitumor effects compared with the conven-
tional FAPI monomeric molecule.14 15 Moreover, in-vivo 
tumor uptake of radiopharmaceuticals may be influ-
enced by differences in the data acquisition time-points 
and metal coordination between 177Lu and 68Ga, and not 
just the radionuclide’s half-life (68Ga t1/2: 68 min, 177Lu 
t1/2: 6.7 days). In this study, radiation from both 68Ga 

and 177Lu radiolabeled DOTA-2P(FAP)2 induced DNA 
double-strand breaks and upregulated PD-L1 expression. 
We have previously explored the underlying mechanisms, 
with the activation of the NF-kB/IRF3 and STAT1/3-IRF1 
pathways playing crucial roles in modulating PD-L1 
expression following DNA damage and repair.12 PD-L1 
has been identified as a biomarker for the response to 
ICIs treatment and is routinely tested in clinical prac-
tice.41 Thus, this combination is justified. Further, in 
vivo studies showed that 68Ga/177Lu-DOTA-2P(FAPI)2 
inhibited tumor growth and modulated the expression 
of PD-L1 in tumor tissues. As expected, the addition of 
PD-L1 immunotherapy further enhanced antitumor 
efficacy. Results also showed that the degree of DNA 
double-strand breaks, upregulation of PD-L1 expression, 
and antitumor efficacy of 177Lu-DOTA-2P(FAPI)2 were 
greater than those of 68Ga-DOTA-2P(FAPI)2. Moreover, 
the antitumor efficacy of PD-L1 combination therapy 
with 177Lu-DOTA-2P(FAPI)2 was greater than that with 
68Ga-DOTA-2P(FAPI)2, significantly increasing the CR 
rate and prolonging overall survival. In our study, we 
increased the dose of 68Ga-DOTA-2P(FAPI)2 (29.6 MBq) 
to enhance its therapeutic effect as much as possible, 
given its limited capacity to kill tumor cells compared with 
177Lu. Even with the higher dose, our data clearly demon-
strated that the antitumor efficacy and ability to reshape 
the immune microenvironment of 68Ga were not as strong 
as those observed with 177Lu-DOTA-2P(FAPI)2 at 18.5 
MBq. The superior efficacy of the 177Lu-DOTA-2P(FAPI)2 
in combination therapy compared with the 68Ga-DOTA-
2P(FAPI)2 can be attributed to several factors related to 
the physical and radiochemical properties of the isotopes, 
including longer half-life of 177Lu, and greater tissue 
penetration range and greater upregulation of PD-L1 
expression than those from the 68Ga-treated group. Mice 
cured in these trials consistently exhibited tumor-specific 
memory. Preliminary results from the PD-L1 combination 
groups (combined with either 68Ga-DOTA-2P(FAPI)2 or 
177Lu-DOTA-2P(FAPI)2) showed reduced tumor prolifera-
tion and angiogenesis and increased production of CD8+ 
T cells. This phenomenon was most pronounced in the 
combined treatment group with 177Lu-DOTA-2P(FAPI)2 
and αPD-L1 mAb.

Consistent with the IHC results, scRNA-seq revealed a 
significant alteration in the tumor immune microenvi-
ronment in the “177Lu-DOTA-2P(FAPI)2+αPD-L1 mAb” 
combination therapy group, leading to an increase in 
the number of intratumorally infiltrating T cells, with the 
greatest increase observed in the proportion of effector 
T-cell subsets, which correlates with its optimal thera-
peutic efficacy and durable immune memory. Addition-
ally, scRNA-seq indicated that the proportion of NK cells in 
TME increased following treatment in both “177Lu-DOTA-
2P(FAPI)2” and “177Lu-DOTA-2P(FAPI)2+αPD-L1 mAb” 
groups, with significant upregulation of the antitumor-
related FASLG pathway, while the tumor-promoting SPP1 
pathway was significantly downregulated.18 Moreover, 
several antitumor-related transcription factors, including 

https://dx.doi.org/10.1136/jitc-2024-010212
https://dx.doi.org/10.1136/jitc-2024-010212
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Nr1h3, Irf7, Eomes, Foxo1, and Stat1, were also found to 
be upregulated, indicating that this combination therapy 
significantly activated the antitumor response.28–30 These 
data indicate that 177Lu-DOTA-2P(FAPI)2 in combination 
with αPD-L1 mAb is more effective in reversing the tumor 
immunosuppressive microenvironment and preventing 
the increase of various subpopulations of tumor cells.

Furthermore, our data showed that 177Lu-DOTA-
2P(FAPI)2 in combination with αPD-L1 mAb signifi-
cantly increased the proportion of neutrophils within the 
tumor. However, multiple neutrophil statuses with varying 
maturity, surface marker expression, and transcriptional 
profiles have been reported in cancers, making the 
antitumor and pro-tumor effects of neutrophils contro-
versial.42 43 However, some mature neutrophil subpopula-
tions showed synergistic antitumor effects with previous 
studies. Our results show that the proportion of Il1a+ and 
Cxcr2+ mature neutrophil subpopulations associated with 
pro-inflammatory cytokines was higher in the combina-
tion therapy group than in the other groups. We hypoth-
esized that neutrophils within the tumor were important 
effector cells exerting a coordinated antitumor response 
in the combination therapy of 177Lu-DOTA-2P(FAPI)2 
with αPD-L1 mAb. After further depletion of neutrophils 
within the tumor, the results showed that the antitumor 
response to combination therapy was attenuated.

Another recent study reported that the combination 
therapy with αPD-L1 mAb and 177Lu-FAP-2287 (FAP-
targeting cyclic peptide) in an MCA205-FAP murine 
sarcoma model was able to enhance the responsiveness of 
ICIs by modulating the TME and increasing the recruit-
ment of tumor-infiltrating CD8+ T cells.44 This finding 
is consistent with our results of a significant increase 
in the number of tumor-infiltrating CD8+ T cells in the 
combination therapy group as analyzed by scRNA-seq. 
Therefore, we conclude that TRT is an immunomodu-
lator that enhances tumor responsiveness to ICIs. We also 
compared the mechanisms of action of the diagnostic and 
therapeutic radionuclides. While 68Ga-DOTA-2P(FAPI)2 
can induce DNA double-stranded breaks and apoptosis, 
its efficacy is less pronounced than that of 177Lu-DOTA-
2P(FAPI)2. We conducted a deeper and more compre-
hensive analysis of the TME through scRNA-seq, which 
allowed us to identify cellular heterogeneity that may be 
masked at the population level. By analyzing the transcrip-
tional activity of individual cells, we can reveal unknown 
subpopulations and unique cell states, facilitating our 
understanding of the trend of subgroup proportion in 
tumor cells, the degree of transcription factor enrich-
ment, and the signaling pathways that may be activated 
from a genomic perspective. Importantly, mature neutro-
phils exerted synergistic antitumor effects in the combi-
nation therapy group.

It has been reported that 90% of naive lymphocytes 
can undergo apoptosis 2–8 hours after irradiation with a 
dose of 3 Gy EBRT, and these naive lymphocytes are more 
sensitive than most tumor cells.45 Future studies should 
explore different combination approaches, such as the 

triple combination of TRT, ICI, and EBRT for primary 
or large tumor lesions and TRT and ICI for small meta-
static tumors, to reduce off-target toxicity from EBRT. 
Ravi B. Patel and his team demonstrated that moderate-
dose EBRT and low-dose TRT are complementary and 
non-redundant in enhancing the response of “cold” 
tumors to ICIs, especially in the presence of multiple 
metastatic tumors.46 Moderate-dose EBRT mainly exerts 
its effects by initiating T-cell antigen recognition diversity 
through in situ vaccination. Furthermore, many preclin-
ical studies have suggested that low-dose radiation is 
beneficial for actively modulating the immune microenvi-
ronment of tumors while reducing damage to radiation-
sensitive immature immune cells and normal tissues 
in the body.47 48 Given the significant difference in the 
immune effects of TRT and EBRT, and the fact that FAP 
is a widely present and highly expressed target in a variety 
of malignant tumors, we hypothesized that the combi-
nation of immunotherapy with low-dose FAP-targeted 
TRT and EBRT may be more effective in reversing the 
immune desertification phenomenon in “cold” tumors 
that expressing FAP.

However, this study had some limitations. First, the 
microenvironment of subcutaneous tumors may differ 
from that of spontaneous colon cancer. However, 
since our research includes immunotherapy, it is 
essential for us to use murine tumor cells in mice 
with fully intact immune systems. Due to the diffi-
culties in establishing immune-competent mouse 
models with spontaneous FAP expression, similar 
studies have used transfected FAP-expressing murine 
tumor models, such as MCA205-mFAP and 4T1-FAP 
tumor cells.44 49 Nevertheless, exploring spontaneous 
expression of FAP colon cancer models or in situ 
colon cancer models would provide clinically rele-
vant information that warrants further study. Second, 
experiments using colon cancer models with multiple 
metastatic tumors may be more consistent with the 
research goal of combining TRT and ICIs therapies. 
Although this method cannot fully represent the 
immune microenvironment of tumors, it provides 
some reference value for studying FAP overexpres-
sion in MSS-CRC therapy. This study focused on the 
CT26 colon tumor model to be as close to the clin-
ical reality as possible, which is low tumor mutational 
burden and responsive to ICIs alone, aligning with the 
poor results of immunotherapy alone in most patients 
with tumors in the clinical setting. As different cancer 
types have different levels of FAP expression, the 
dose and frequency of TRT administration must be 
balanced with the actual level of FAP expression in 
the tumor. Third, although the combination therapy 
group with 177Lu-DOTA-2P(FAPI)2 and αPD-L1 mAb 
demonstrated superior antitumor activity compared 
with the 177Lu-DOTA-2P(FAPI)2 alone, the tumor 
sizes at the time of treatment initiation were relatively 
small (approximately 50 mm³). However, tumor sizes 
of 40–100 mm³ are commonly used in the therapeutic 
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experiments.12 50 Nevertheless, further experiments 
using larger tumors will be necessary to validate the 
efficacy of this combination therapy strategy.

Our results suggest that FAP-targeting radiopharmaceu-
ticals, especially 177Lu-DOTA-2P(FAP)2, have the poten-
tial to significantly enhance the therapeutic efficacy and 
enables a translatable approach to promoting response 
to PD-1/PD-L1 inhibitors. This finding underscores 
the necessity for pilot clinical trials to comprehensively 
evaluate the effectiveness of combining 177Lu-DOTA-
2P(FAP)2 with immunotherapy, potentially transforming 
the treatment landscape for challenging tumors.
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