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ABSTRACT: Genetically engineered immune cell therapies have
achieved significant progress in treating various diseases. However,
efficiently and selectively delivering genetic material to specific
immune cells remains a major challenge. In this study, we
developed a modular peptide-based system for the targeted
delivery of siRNA to immune cells, including macrophages,
dendritic cells, and T cells. The system consists of three functional
modules: a hydrophilic cell-penetrating peptide module for
efficient membrane penetration, an RNA-binding sequence for
siRNA encapsulation, and immune cell-targeting motifs for specific
recognition. The results show that the rationally designed peptide
system achieves 80−90% siRNA delivery efficiency in macrophages
and dendritic cells in vitro compared to 15% in T cells when using
the unmodified peptide. By modifying the peptide with cell-specific targeting motifs, we enhanced siRNA delivery efficiency in T
cells to ∼60%. Furthermore, in a tumor model, our system selectively delivers siRNA to target immune cells, with CRM achieving
41% siRNA delivery to macrophages, significantly higher than that of the baseline peptide. This modular peptide-based approach
provides a robust and scalable platform for efficient gene delivery to immune cells, offering the potential for advancing therapeutic
applications in immune modulation and related diseases.
KEYWORDS: peptide, gene delivery, self-assembly, tumor microenvironment, targeting immune cells, nanoparticle

■ INTRODUCTION
Gene-engineered immune cell therapies have achieved notable
clinical progress and hold promising therapeutic potential for
treating diseases, such as cancer, fibrosis, and infections.1−4 For
example, targeted delivery of mRNA encoding chimeric
antigen receptors (CAR) or interferon regulatory factor 5
(IRF5) to macrophages within the tumor microenvironment
(TME) represents a promising approach for cancer therapy.5−7

In addition, macrophage-targeted siRNA delivery to silence
TGF-β1 was employed in the treatment of lung fibrosis.8
Dendritic cells (DCs) are pivotal in antigen presentation and
the initiation of antigen-specific immune responses, high-
lighting their critical role in vaccine development.9 Clinical
trials have demonstrated that dendritic cell mRNA vaccines are
safe and effective for treating respiratory syncytial virus (RSV)
i n f e c t i on (NCT05127434 ) , p an c r e a t i c c an c e r
(NCT04157127), and neuroblastoma (NCT04837547).10

Furthermore, in autoimmune disorders, targeted delivery of
microRNA-125a to regulatory T cells (Tregs) significantly
attenuated the progression of systemic lupus erythematosus
(SLE).11,12 In oncology, engineered T cells expressing chimeric
antigen receptors have achieved remarkable success in treating
hematological malignancies.13 However, targeted gene delivery
to T cells remains particularly challenging due to several

intrinsic biological barriers. T cells are relatively scarce within
the tumor microenvironment, exhibit low endocytic activity,
and possess a high nucleus-to-cytoplasm ratio, all of which
limit intracellular accumulation of nucleic acid cargos. In
addition, T cells express low levels of heparan sulfate
proteoglycans, which are commonly exploited by cationic
delivery systems for cellular uptake.14

The major bottleneck in engineered immune cell therapy lies
in the development of highly efficient, safe, and cell-specific
delivery systems.15 CAR-T cell therapies approved by the FDA
are typically engineered ex vivo using lentiviral vectors.16 In
additional, adeno-associated viruses (AAV) have shown greater
clinical progress in treating certain genetic diseases like
inherited retinal dystrophy, but are limited by its packaging
capacity.17,18 To achieve targeted delivery, viral vectors are
engineered with site-specific mutations in envelope glyco-
proteins, enabling selective binding to target cell surface
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receptors.19,20 However, such engineering is complex and does
not entirely resolve issues of efficiency and safety in immune
cell targeting.21

In addition, nonviral delivery systems, including polymers
and LNPs, have made substantial advances in gene delivery to
immune cells.22 Among them, LNPs are the most widely used
gene delivery systems in both clinical and research settings, due
to their remarkable success in the COVID-19 vaccines.23

However, selective transfection of immune cell subsets with
high efficiency and specificity remains a challenge for LNP and
polymers.22,24 At present, the conjugation of targeting
moieties, such as monoclonal antibodies or targeting peptides,
is one of the most commonly used strategies to enhance
immune cell-specific delivery of RNA therapeutics.25−27 These
approaches, while effective, often involve complex chemistries
and may suffer from limited specificity or delivery efficiency in
vivo.28,29 Recent advances in nanocarrier systems, including
antibody decorated lipid nanoparticles and mucoadhesive
polymer coated particles, have extended the toolkit for targeted
delivery by modulating surface properties and ligand−receptor
interactions.30,31 Peptide-mediated delivery represents a
promising alternative, offering a low-cost, simple system in
which peptides are simply mixed with gene cargos.32−35 The
use of peptide for gene delivery mainly refers to cell
penetration peptide (CPP) including TAT, but the high
cytotoxicity and insufficient targeting specificity hindered its
application.36,37

Therefore, we sought to develop a modular peptide-based
system for the targeted delivery of siRNA to specific immune
cells. We first developed a general delivery platform composed
of a hydrophobic cell-penetrating peptide (PFVYLI) and
nucleic acid-binding unit repeat (RFH)3, named as CR (Figure
1). To improve siRNA delivery efficiency and achieve cell-
specific targeting, we incorporated a targeting module at the N-
terminus of CR for targeting the delivery of siRNA to specific
immune cells, macrophages, dendritic cells, and T cells. N-

terminal mannose modification of the CR peptide improves
macrophages selectivity by targeting mannose receptors on the
macrophage membrane.38 We incorporated the DC-targeting
peptide sequence CLGPLGFTKVD, identified through phage
display screening, to achieve dendritic cell (DC)-specific
targeting.39 To facilitate T cell targeting, we incorporated the
established T cell-targeting peptide VVNPAEG into our
peptide system, which enhances binding affinity to the
mouse T cell surface receptor QA-2.40 After modifying the T
cell-targeted peptide sequence, the siRNA delivery efficiency
was improved using peptide CRT, compared with CR.
Furthermore, the modular peptide-based gene delivery systems
enable precise delivery of siRNA to targeted immune cells in a
coculture model and in more complex environments like the
TME (Figure 1).

■ RESULTS AND DISCUSSION

Modular Peptide-Based Gene Delivery System
We first constructed a peptide-based gene delivery system
composed of a cell-penetrating peptide and an RNA-binding
sequence, designated as CR (Figure S1). We assessed the
cytotoxicity of peptide CR in BMDMs, BMDCs, and CTLL-2
cells, respectively. No significant cytotoxicity was observed at a
concentration of 100 μM (N/P = 20) across all tested immune
cell types, suggesting the biocompatibility of the system
(Figure 2A−C). To evaluate its effectiveness, we assessed the
siRNA transduction efficiency of peptide CR in bone marrow-
derived macrophages (BMDMs) following 6 h of transfection.
Confocal laser scanning microscopy (CLSM) showed that
peptide CR effectively delivers siRNA into BMDMs at N/P
ratios of >12 (Figure 2D). At an N/P ratio of 12, the siRNA
delivery efficiency reached approximately 80%, as quantified by
flow cytometry (Figure 2E, Figure S2).
We then evaluated the ability of peptide CR to deliver

siRNA to bone marrow-derived dendritic cells (BMDCs).
CLSM imaging revealed that the mean fluorescence intensity

Figure 1. Schematic illustration of the programmable modular peptides designed for targeted siRNA delivery to immune cells in vitro and in the
TME. CRM: Macrophages targeting delivery peptide. CRD: Dendritic cells targeting delivery peptide. CRT: T cells targeting the delivery peptide.
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(MFI) in the CR group at an N/P ratio of 12 was higher than
that in the Lipo2000 group, 6 h post-transfection (Figure 2F,
Figure S3). Flow cytometry analysis showed that peptide CR
achieved an approximately 90% siRNA delivery efficiency in
BMDCs (Figure 2G, Figure S4). Next, we tested the delivery
efficiency of peptide CR in CTLL-2 cells. While peptide CR
exhibited effective transfection in BMDMs and BMDCs, it
showed only approximately 15% siRNA delivery efficiency in
CTLL-2 cells (Figure 2H).
Targeted Delivery of siRNA to Macrophages with Modular
Peptide CRM

To enhance targeted delivery of siRNA to macrophages and
improve delivery efficiency both in vitro and in vivo, we
modified peptide CR by conjugating it with mannose, resulting
in a macrophage-targeting delivery system, designated as CRM
(Figure S5). Notably, the CLSM results indicated that peptide
CRM achieved effective siRNA delivery to BMDMs at an N/P
ratio of 4 (Figure 3A). Furthermore, CRM exhibited a
significantly higher siRNA delivery efficiency than CR at the
same N/P ratio (Figure S6). Flow cytometry analysis revealed
that siRNA delivery efficiency reached 80% at an N/P ratio of
4, with nearly complete delivery (approaching 100%) at N/P

ratios of 8 (Figure 3B). Moreover, CRM exhibited superior
biocompatibility relative to CR, demonstrating no cytotoxicity
in BMDMs at a concentration of 200 μM (Figure 3C). These
results suggest that CRM enhances the siRNA delivery
efficiency while maintaining favorable safety profiles.
We next investigated the morphology of siRNA/CRM

nanoparticles using cryo-electron microscopy (Cryo-EM),
which revealed that peptide CRM and siRNA coassembled
into well-defined nanospheres with an average diameter of 60
nm at an N/P ratio of 20 (Figure 3D). Hydrodynamic
diameters of siRNA/CRM nanoparticles were further analyzed
by using dynamic light scattering (DLS) across various N/P
ratios. DLS measurements indicated that the average diameter
of siRNA/CRM NPs was approximately 100 nm at an N/P
ratio of 8, decreasing to about 60 nm at an N/P ratio of 20
(Figure 3E). The observed size reduction with an increasing
N/P ratio may be attributed to the enhanced condensation of
siRNA by peptide CRM, which could facilitate more efficient
cellular uptake.
To explore the underlying cause of this size reduction, we

examined the morphology of siRNA/CRM NPs at different N/
P ratios by using transmission electron microscopy (TEM).

Figure 2. The cytotoxicity and siRNA transfection efficiency of peptide CR in different immune cells. (A−C) 24 h cytotoxicity of peptide CR
against (A) BMDMs, (B) BMDCs, and (C) CTLL-2 cells, respectively. (D) Representative CLSM images of BMDM after transfected with siRNA-
Cy5 using peptide CPP-RFH3 (CR). Scale bar is 50 μm. (E) siRNA delivery efficiency of peptide CR in BMDMs after 6 h of treatment. (F)
Representative CLSM images of BMDCs after transfected with siRNA-Cy5 using peptide CR. Scale bar is 50 μm. (G) siRNA delivery efficiency of
peptide CR in BMDCs after 6 h of treatment. (H) siRNA delivery efficiency of peptide CR in CTLL-2 cells after 6 h of treatment. Data are
depicted as mean ± SD. Statistical analysis is calculated using one-way ANOVA analysis: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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TEM images revealed nanoaggregates at N/P ratios of 4, 8,
and 12, while at N/P 20, the particles coassembled into well-
defined nanoparticles (Figure S7). Cryo-EM further confirmed
the nanoparticle morphology, showing consistent features
under physiological conditions (Figure S8). Notably, the zeta
potential of siRNA/CRM assemblies increased with rising N/P
ratios, reaching approximately +20 mV at N/P ratio 20 (Figure
3F), suggesting that the increased surface charge contributes to
nanoparticle stability and prevents aggregation.41 Finally,
confocal laser scanning microscopy (CLSM) analysis revealed
that siRNA/CRM NPs colocalized with lysosomes at 2 h, with
a Pearson’s correlation coefficient of 0.85. After 4 h of
incubation, the siRNA/CRM NPs had largely escaped the
lysosomal compartments (Figure 3G), indicating successful
endosomal escape, a critical step for efficient siRNA delivery.
At low pH in lysosome, the peptide CRM disrupted
membrane, facilitating siRNA endosome escape.42

Dendritic Cells Targeted siRNA Delivery with Peptide CRD
To enable targeted delivery of siRNA to dendritic cells, we
conjugated CR with a CD11c-specific targeting peptide
sequence CLGPLGFTKVD identified through phage display,39

designated as CRD (Figure S9). CRD effectively delivered
siRNA to DCs across various N/P ratios (Figure S10 and S11).
However, CRD exhibited cytotoxicity toward BMDCs,
reducing cell viability to 70% at a concentration of 100 μM
(N/P = 20) and further decreasing cell viability to 45% at 200
μM (Figure S12). To mitigate this toxicity, we optimized the
N/P ratio and found that CRD achieved approximately 90%
siRNA delivery efficiency in BMDCs at an N/P ratio of 4,
indicating a high transfection efficiency under milder
conditions (Figure 4A, B). Furthermore, siRNA/CRD
complexes did not exhibit obvious cytotoxicity to DC at N/
P ratios ranging from 1 to 4 (Figure 4C).
Next, we characterized the siRNA/CRD complexes using

TEM, which revealed that peptide CRD and siRNA

Figure 3. Macrophages-targeted siRNA delivery with peptide CRM. (A) Representative CLSM images of BMDMs transfected with siRNA-Cy5
using peptide CRM. Scale bar is 50 μm. (B) Quantification of siRNA delivery efficiency in BMDMs after treatment with peptide CRM for 6 h. (C)
24 h-cytotoxicity of peptide CRM against BMDMs. (D) Cryo-EM image of siRNA/CRM nanoparticles (N/P = 20). Scale bar is 100 nm. (E) DLS
analysis of siRNA/CRM NPs at various N/P ratios. (F) Zeta potential of siRNA/CRM NPs at different N/P ratios. (G) Endosome escape of
siRNA/CRM NPs in BMDMs. Lyso-Tracker shows green and siRNA-Cy5 is red. Scale bar is 5 μm. Data are depicted as mean ± SD. Statistical
analysis is calculated using one-way ANOVA analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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coassembled into nanoparticles (Figure 4D). Dynamic light
scattering (DLS) results showed that CRD and siRNA self-
assembled into nanoparticles with a hydrodynamic diameter of
approximately 100 nm at an N/P ratio of 4 (Figure 4E, Figure
S13). Zeta potential measurements of siRNA/CRD complexes
across various N/P ratios showed a progressive increase in
surface charge with increasing N/P values, reaching approx-
imately +10 mV at an N/P ratio of 4 (Figure 4F).
Endosomal escape represents a major challenge for most

gene delivery systems seeking to achieve efficient intracellular
delivery in DCs, primarily due to the abundant lysosomes in
these innate immune cells.43 To further investigate the cellular
uptake and endosomal escape of siRNA/CRD nanoparticles
(NPs), we performed CLSM analysis of DC2.4 cells trans-
fected with siRNA-Cy5 with the CRD peptide at various time
points. At 2h post-transfection, a portion of the siRNA/CRD
NPs had been internalized, while some remained binding with
the cell membrane (Figure S14). CLSM analysis revealed
significant colocalization of siRNA/CRD nanoparticles with
lysosomes at 4 h post-transfection, suggesting that the
internalized complexes follow endolysosomal trafficking

routes.44,45 By 6 h, however, the siRNA/CRD NPs had largely
escaped the endosomal compartments, thereby avoiding
lysosomal degradation (Figure 4G).
T cells Targeted siRNA Delivery with Peptide CRT

We optimized the modular peptide-based targeting siRNA
delivery system by conjugating a T cell- targeted peptide
sequence, VVNPAEG, to improve both delivery efficiency and
specific targeting of siRNA to T cells (Figure S15).40 We next
characterized the morphology of siRNA/CRT assemblies using
transmission electron microscopy (TEM), which revealed that
peptide CRT and siRNA coassembled into nanospheres with
an average diameter of 50 nm at an N/P ratio of 20 (Figure
5A). The zeta potential of the siRNA/CRT nanoparticles
increased with rising N/P ratios, with the surface charge
reaching approximately +20 mV at a N/P ratio of 20 (Figure
5B). These findings suggest that increasing the N/P ratio
improves the stability of the nanoparticles. Cytotoxicity assays
demonstrated that peptide CRT had no significant cytotoxicity
toward T cells at a concentration of 100 μM (N/P = 20),
highlighting the biocompatibility of the system (Figure 5C).

Figure 4. DC-targeted siRNA delivery with the peptide CRD. (A) Flow cytometry analysis of BMDCs after transfected siRNA-Cy5 using peptide
CRD for 6 h. (B) Quantification of siRNA delivery efficiency in BMDCs after treatment with peptide CRD for 6 h. (C) Cytotoxicity of peptide
siRNA/CRD NPs against BMDCs after treatment for 24 h at various N/P ratios. (D) TEM images of siRNA/CRD NPs at an N/P ratio of 4. (E)
DLS analysis of siRNA/CRD NPs at an N/P ratio of 4. (F) Zeta potential of siRNA/CRD NPs at different N/P ratios. (G) Endosome escape of
siRNA/CRD NPs in DC2.4, Lyso-Tracker shows green and siRNA-Cy5 is red. Scale bar is 5 μm. Data are depicted as mean ± SD. Statistical
analysis is calculated using one-way ANOVA analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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The CLSM images demonstrated that the CRT peptide
enhanced siRNA delivery to T cells compared to that of the
CR peptide (Figure 5D). The mean fluorescence intensity
(MFI) of T cells in the CRT group was significantly higher
than that in the Lipo2000 group (Figure 5E), confirming the
superior transfection capability of CRT. The siRNA delivery
efficiency of peptide CRT reached approximately 60% at an N/
P ratio of 12 (Figure 5F). To assess the functional efficacy of
the delivery system, we examined PD-1 knockdown in PD-1-
CTLL-2 cells following 48 h of transfection with PD-1 siRNA
sequences using peptide CRT (Table S1).
We screened a series of PD-1 siRNA sequences to identify

those with the most effective knockdown capability (Figure
S16). Quantitative PCR (qPCR) analysis revealed that siPD-1
delivered by CRT nanoparticles efficiently silenced PD-1
expression in PD-1-CTLL-2 cells at an N/P ratio of 12 (Figure

5G), demonstrating the functional efficacy of the delivery
system. Finally, we evaluated the T cell-targeting effect of CRT
in a coculture model of MC38-GFP cells and T cells (Figure
5H). Compared to peptide CR, CRT improved siRNA delivery
efficiency in CTLL-2 cells while decreasing siRNA delivery
efficiency in MC38 cells (Figure 5I). These results highlight
the selective targeting capability of CRT for T cells, making it a
promising tool for targeted immunotherapy (Figure 5I).
siRNA Selectively Transduces Specific Immune Cells in the
Tumor Microenvironment

To further evaluate the targeted delivery efficiency of siRNA
using peptide CRD, we cocultured MC38-GFP cells and
DC2.4 cells and treated them with siRNA/CRD NPs at an N/
P ratio of 4 for 6 h (Figure 6A). The siRNA transfection
efficiency mediated by CRD was approximately 55% in MC38
cells and 95% in DC2.4 cells, indicating a strong preference for

Figure 5. T cells-targeted siRNA delivery with peptide CRT. (A) TEM images of siRNA/CRT NPs at an N/P ratio of 20. (B) Zeta potential of
siRNA/CRT NPs at various N/P ratios. (C) Cytotoxicity of peptide CRT against CTLL-2 after treatment for 24 h. (D) Representative CLSM
images of CD3+ T cells after treatment with siRNA/CRT NPs for 6 h. Scale bar is 50 μm. (E) Quantification of the MFI of CD3+ T cells after
transfection with siRNA-Cy5 using peptide CRT. (F) siRNA delivery efficiency of peptide CRT in T cells after treatment for 6 h. (G) Quantitative
analysis of PD-1 knockdown efficiency in PD-1-CTLL-2 cells following 48 h transfection with siPD-1 using peptide CRT at different N/P ratios.
(H) Coculture model of MC38-GFP cells and T cells. (I) siRNA transfection efficiency of CRT in the coculture model. Data are depicted as mean
± SD. Statistical analysis is calculated using one-way ANOVA analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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dendritic cell transfection (Figure 6B). In comparison, peptide
CR showed a lower delivery efficiency and less specificity, with
CRD demonstrating both enhanced targeting and more
efficient siRNA delivery to dendritic cells (Figure S17). Next,
we established a coculture model of MC38-GFP cells and
macrophages (Figure 6C). In this system, CRM achieved 60%
transfection efficiency in MC38 cells and 95% in macrophages.
CRM displayed selective targeting of macrophages, with an

approximately 40% higher transfection efficiency in macro-
phages compared to MC38 cells. This further highlights the
enhanced specificity of CRM for macrophages over tumor cells
(Figure 6D, Figure S18). Furthermore, siRNA/peptide NPs
designed for immune cell targeting demonstrated minimal
cytotoxicity toward immune cell populations (Figure S19).
To investigate whether the modular peptide-based siRNA

delivery systems can target immune cells in a more complex

Figure 6. siRNA targeted delivery to specific immune cells with modular peptide carriers in complex environments. (A) CRD-mediated DCs
targeted siRNA delivery in the coculture model (MC38-GFP: DC2.4 = 1:1). (B) siRNA delivery efficiency in DC2.4 and MC38 in the coculture
model after transfection with CRD for 6 h. (C) CRM mediated macrophages targeted siRNA delivery in the coculture model (MC38-GFP:
BMDM = 1:1). (D) siRNA delivery efficiency in BMDM and MC38 in the coculture model after transfection with CRM for 6 h. (E) siRNA
targeted delivery to specific cells with modular peptides in the tumor microenvironment. (F) Cell type composition of the MC38 tumor
microenvironment. (G) Macrophages targeted siRNA delivery with CRM in the MC38 tumor model. (H) DCs targeted siRNA delivery with CRD
in the MC38 tumor model. (I) T cells targeted siRNA delivery with CRT in the MC38 tumor model. Data are depicted as mean ± SD. Statistical
analysis is calculated using one-way ANOVA analysis. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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environment, we established an MC38 tumor model by
subcutaneously injecting MC38-GFP cells into 6−8-week-old
C57BL/6J mice (Figure 6E). In the MC38 tumor micro-
environment, MC38 cells make up about 80% of the cell
population, macrophages approximately 10%, dendritic cells
(DCs) 7−8%, and T cells around 0.5−1% (Figure 6F, Figure
S20). We injected siRNA/CRM NPs into the MC38 tumor
and analyzed their ability to deliver siRNA to macrophages in
this complex environment. Flow cytometry analysis revealed
that peptide CRM significantly improved macrophage siRNA
delivery efficiency compared to peptide CR. Specifically, CRM
achieved 41.31% siRNA delivery to macrophages, while
peptide CR only delivered 17.25% (Figure 6G). This data
underscore the superior macrophage-targeting capabilities of
CRM within the TME.
Next, we evaluated the targeting efficiency of siRNA/CRD

NPs in DCs within the TME. Peptide CRD achieved 18.89%
and 6.17% siRNA delivery in DCs and MC38 cells,
respectively, while more siRNA/CR assemblies were taken
up by tumor cells than by DCs. This suggests that, despite the
effective delivery to DCs, a significant fraction of siRNA was
still preferentially internalized by tumor cells (Figure 6H).
However, CRD did achieve more efficient DC-targeted siRNA
delivery in vivo compared to peptide CR, indicating its
potential for enhancing DC-targeted therapies in cancer.
Finally, we investigated whether the optimized T cell-

targeting peptide (CRT) could improve T cell-specific siRNA
delivery within the TME. After injecting siRNA/CRT NPs into
the tumor, we observed that siRNA delivery efficiency was
0.94% in MC38 cells and 9.44% in T cells, highlighting a
significant increase in T cell-targeted delivery compared to
peptide CR, which showed much lower efficiency in T cells
(Figure 6I). These findings suggest that CRT can significantly
enhance T cell-specific siRNA delivery, offering a promising
strategy for targeted immune modulation. Although the
optimized modular peptide system significantly improves
siRNA delivery to immune cells in the tumor microenviron-
ment compared to the parent CR peptide, a degree of
nonspecific uptake by tumor cells persists, likely due to passive
accumulation. This modest selectivity highlights the need for
further optimization. Future studies will focus on enhancing
targeting specificity by fine-tuning ligand−receptor interac-
tions, such as increasing ligand binding affinity, optimizing
linker length to improve spatial orientation, and modulating
nanoparticle surface charge to reduce nonspecific uptake.

■ CONCLUSION
Effective immune cell therapy requires a biocompatible
targeted delivery system capable of selectively delivering
genetic material to specific immune cells. In this study, we
developed a modular peptide-based siRNA delivery system
designed for targeted immune cell delivery. The system
consists of three key components: a cell-penetrating peptide
(CPP) to facilitate cellular uptake, an RNA-binding sequence
(RFH)3 to efficiently package negatively charged siRNA, and
immune cell-targeting motifs for selective recognition of
specific immune cell types. However, it should be noted that
the modular peptide nanocarriers are more suitable for local
treatment rather than systemic administration because of their
limited stability in serum. Local administration can achieve a
high local concentration of cargo-loaded nanocarriers, while
minimizing systemic cytotoxicity. Given the central role of
dysregulated immunity in fibrotic diseases, chronic inflamma-

tion, and the immune-suppressive environment, our system
holds strong therapeutic potential for modulating the local
immune system through siRNA delivery. For example,
silencing immune checkpoints (PD-1, CTLA-4) in the tumor
microenvironment can enhance antitumor immunity, while
targeted knockdown of pro-inflammatory or pro-fibrotic
mediators (IL-6, IL11) could alleviate tissue damage in
inflammatory or fibrotic disorders.46,47

Our results demonstrate that CRM and CRD efficiently
delivered siRNA to macrophages and dendritic cells,
respectively, with effective endosomal escape. Notably, peptide
CRT enhanced siRNA delivery to T cells, achieving the
efficient silencing of PD-1 in PD-1-CTLL-2 cells. Additionally,
the modular nature of our delivery system allowed for selective
targeting and siRNA delivery to distinct immune cell
populations, both in coculture models and within the TME.
This modular, peptide-based delivery platform represents a
promising strategy for targeted gene delivery to immune cells
and offers significant potential for the development of
engineered immune cell therapies. The versatility of this
system may facilitate the manufacturing of immune cells with
tailored functionalities for therapeutic applications, including
cancer immunotherapy and immune modulation.

■ METHODS

Materials
Fmoc-protected amino acids and 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) were purchased
from GL Biochem (Shanghai, China). Rink-Amide resin (0.94 mmol/
g) was obtained from Tianjin Nankai Hecheng Sci & Tech Co., Ltd.
(Tianjin, China). N,N-Diisopropylethylamine (DIPEA), 2,2,2-tri-
fluoroethanol (TFE), trifluoroacetic acid (TFA), and mannosamine
were purchased from Aladdin. Recombinant murine GM-CSF and
recombinant murine IL-4 cytokines were obtained from PeproTech
(USA). The flow cytometry antibodies�anti-F4/80-BV421, anti-
mouse CD11c-PE, and antimouse CD3-BV763�were purchased
from BioLegend (USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) was purchased from Sangon Biotech
(Shanghai, China). 1640 medium, FBS, and penicillin-streptomycin
were purchased from Gibco. siRNA-Cy5 and mouse-derived PD-1
siRNA sequences were synthesized by Sangon Biotech (Shanghai,
China).

Cell Lines
DC2.4 cell line was purchased from CellCook and cultured with 1640
complete medium. RAW265.7 cell line was obtained from CellCook
and cultured with 1640 complete medium. CTLL-2 is a clone of the
cytotoxic T lymphocyte cell line, purchased from Procell and cultured
in a 1640 complete medium supply with 100 U/mL recombinant IL-2
and 1.0 μg/mL Con A+1% P/S. The MC38-GFP cell was a gift from
the laboratory of Dr. Jun Wei at the National Clinical Research
Center for Blood Diseases. PD-1 overexpressing CTLL-2 cells were
constructed by Hanbio Biotechnology Company, Ltd. (Shanghai,
China).

Animals
C57BL/6J mice (6−8 weeks old) were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Shanghai, China) and
housed in specific pathogen free (SPF) conditions, with a 12 h light/
dark cycle at a temperature of 25 °C. All animal experiments were
performed following the protocols evaluated and approved by the
Institutional Animal Care and Use Committee (IACUC) of Westlake
University (IACUC Protocol #25-029-WHM).
Peptide Synthesis
The modular peptides were synthesized by standard solid-phase
peptide synthesis (SPPS) according to our previous literature
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report.48 The mannose-modified peptide CRM was synthesized as
follows. The side chain protected peptide was cleaved from 2-
chlorotrityl chloride resin using a cleavage solution of TFE: DCM
(2:8, v/v). Subsequently, 50 mg of the side chain-protected peptide
was dissolved in 10 mL of DMF, and D-mannosamine hydrochloride
(3 equiv) and HBTU (2 equiv) were added. The pH was adjusted to
approximately 8 with DIPEA. The reaction mixture was stirred
overnight, after which the solvent was removed by rotary evaporation.
The peptide was then deprotected using a TFA/H2O/TIS mixture
(95:2.5:2.5, v/v/v). The crude product was precipitated with diethyl
ether, purified by preparative HPLC, and characterized by analytical
HPLC and MALDI-TOF mass spectrometry.

Formulation of Peptide and siRNA Complexes
A peptide stock solution with a concentration of 2 mM was prepared.
To form peptide/siRNA nanoparticles, the diluted peptide was added
to siRNA in RNase-free H2O at various N/P ratios of 4, 8, 12, 16, and
20 (the ratio of nitrogen residues in the peptide to phosphate groups
in the nucleic acid). The system was incubated for 45 min to allow for
self-assembly into nanoparticles (NPs).

Harvest of BMDMs and BMDCs
BMDMs and BMDCs were isolated from 6 to 8-week-old C57BL/6J
mice according to our previous protocol. BMDMs were cultured in
complete 1640 medium supplemented with 20 ng/mL GM-CSF for 1
week. BMDCs were cultured in complete 1640 medium supple-
mented with 20 ng/mL of GM-CSF and 20 ng/mL of IL-4.
Additionally, half of the medium was replaced every 3 days.

Harvest of CD3+ T Cells from the Mouse Spleen
CD3+ T cells were isolated from the spleens of 6−8-week-old C57BL/
6J mice. The spleen was ground on a 70 μm cell strainer, and cells
were collected with 5−10 mL of cold PBS buffer into a new tube. The
cell suspension was centrifuged at 300g for 5 min at 4 °C, and the
supernatant was carefully aspirated. Red blood cells were lysed using a
Red Blood Cell Lysis Buffer. After lysis, the cells were resuspended in
up to 4 mL of MojoSort Buffer, filtered through a 70 μm cell strainer,
centrifuged again at 300g for 5 min, and resuspended in an
appropriate volume of MojoSort Buffer. The cell concentration was
determined, and cells were adjusted to a final concentration of 1 × 108
cells/mL.
Subsequently, 10 μL of Biotin-Antibody Cocktail was added, and

the mixture was gently vortexed and incubated on ice for 15 min.
Then, 10 μL of Nanobeads per 107 cells was added, mixed thoroughly,
and incubated on ice for an additional 15 min. After incubation, 2.5
mL of MojoSort Buffer was added to the tube, which was then placed
in a magnetic separator for 5 min. The unlabeled fraction was carefully
poured off, and the retained labeled cells (CD3+ T cells) were
collected and cultured in complete 1640 medium containing 10 ng/
mL of recombinant IL-2.

TEM of siRNA/Peptide Assemblies
The morphology of siRNA/peptide assemblies was characterized
using a Talos L120C 120 kV transmission electron microscope
(TEM, ThermoFisher, USA). First, a 5 μL sample was applied to a
carbon-coated grid, and excess liquid was carefully blotted away by
using filter paper. The sample was then stained with 5 μL of 2% uranyl
acetate for 1 min. After removal of the excess stain and vacuum
drying, the sample was directly examined using transmission electron
microscopy (TEM).

Cryo-EM of siRNA/CRM NPs
Here, 3−4 μL of siRNA/CRM nanoparticles (NPs) was applied to
the grid at 4 °C and 100% humidity. After a 30 s incubation, excess
liquid was blotted with filter paper for 4 s (blotting time optimized per
sample). The grid was then rapidly plunged into liquid ethane and
cooled by liquid nitrogen using a Vitrobot Mark IV (Thermo Fisher
Scientific) or a manual plunger. Vitrified grids were stored under
liquid nitrogen until imaging. Imaging was performed on a 200 kV
cryotransmission electron microscope (Thermo Fisher Scientific)
equipped with a field emission gun and a direct electron detector.

DLS of siRNA/Peptide Complexes
The hydrodynamic diameters and zeta potential of siRNA/peptide
complexes in H2O (pH 7.4) were measured by dynamic light
scattering (DLS) using a BI-200SM NanoBrook ZetaPALS at 25 °C.
The siRNA/CRD complexes were prepared at N/P ratios of 1, 2, 3,
and 4 using a constant 1 μg of siRNA for particle preparation. The
siRNA/CRM nanoparticles (NPs) and siRNA/CRT complexes were
prepared at N/P ratios of 4, 8, 12, 16, and 20. Each sample was
analyzed for 90 s, and the measurement was repeated three times.
Cytotoxicity Test
To evaluate the cytotoxicity of the modular peptide, 2 × 104 cells/well
were seeded in 96-well plates and cultured for 12 h. Subsequently, the
peptide was added at different concentrations, and the cells were
incubated for 24 h. Here, 10 μL of 5 mg/mL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was then added to
each well and incubated for 4 h. After incubation, 100 μL of a SDS-
HCl solution was added to each well and incubated overnight. Finally,
the absorbance was measured at 490 nm using a microplate reader
(Varioskan Lux, Thermo Fisher, USA).
siRNA Transfection with Modular Peptides
Immune cells were seeded in 24-well plates at a density of 1 × 105
cells/well and incubated overnight. The siRNA-Cy5/peptide
complexes (1 μg siRNA/well) were added at various N/P ratios
and incubated for 6 h. Subsequently, we analyzed the siRNA
transfection efficiency by using flow cytometry and confocal laser
scanning microscopy (CLSM).
Quantification of PD-1 Silencing in PD-1-CTLL-2 Cells
Using qPCR
PD-1-CTLL-2 cells were seeded in 24-well plates and cultured for 12
h. PD-1 siRNA was transfected with peptide CRT at an N/P ratio of
12. After 48 h of treatment, PD-1-CTLL-2 cells were collected and
washed with PBS. Total RNA was extracted using TRIzol (no.
15596018, Thermo Fisher) and quantified using a NanoDrop
(Thermo Fisher). The mRNA was purified, and cDNA was
synthesized using the NovoScript first Strand cDNA Synthesis
SuperMix (gDNA Purge) Kit (E047−01B, Novoprotein). Real-time
PCR was then performed in triplicate using a NovoStart SYBR qPCR
SuperMix Plus Kit (E096−01B, Novoprotein) on a Bio-Rad CFX96
real-time PCR system. The relative expression of PD-1 was
normalized to the expression level of β-actin. The primers for PD-1
are listed in the Supporting Information.
Immune Cell Distribution of siRNA in the MC38 Tumor
Microenvironment
MC38-GFP cells (1 × 106 cells in 50 μL) were subcutaneously
injected into 6−8-week-old C57BL/6J mice. After 2 weeks, siRNA-
Cy5/CR complexes, siRNA-Cy5/CRM NPs, siRNA-Cy5/CRD NPs,
and siRNA-Cy5/CRT NPs were injected into the tumors. After 12 h,
tumor-bearing mice were euthanized, and the tumors were carefully
dissected using sterile scissors and forceps, removing as much fat and
necrotic tissue as possible. The tumor tissue was placed into a sterile
centrifuge tube containing precooled PBS. The tumors were then cut
into 1−3 mm3 pieces using sterile scissors and incubated in 5 mL of
digestion solution containing 1 mg/mL Collagenase IV and 20 μg/mL
DNase I in HBSS at 37 °C for 1 h. After digestion, the suspension was
filtered through a 70 μm cell strainer into a new centrifuge tube to
remove undigested tissue and debris. Red blood cells were lysed by
adding 5 mL of red blood cell lysis buffer for 5 min, and then the lysis
was stopped by adding 10 mL of PBS. The suspension was
centrifuged at 300g for 5 min, and the supernatant was discarded.
The cells were stained with anti-F4/80-BV421, anti-CD11c-PE, and
anti-CD3-BV763 antibodies and analyzed by flow cytometry.
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