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C A N C E R

In vivo generation of CAR myeloid cells through 
erythrocyte-mediated mRNA delivery for 
cancer immunotherapy
Xiaoqian Nie1,2†, Yuehua Liu1,2,3†, Yuting Song4†, Xingyun Yao1,2†, Yangyang Chen4,  
Hsiang-Ying Lee5,6*, Xiaofei Gao1,2,3*

Engineering myeloid cells with chimeric antigen receptors (CARs) holds great therapeutic promise, but their gen-
eration in vivo remains challenging. Here, we developed an erythrocyte-mediated messenger RNA (mRNA) deliv-
ery platform, termed mRNA-LNP-Ery, in which mRNA-loaded lipid nanoparticles (LNPs) are covalently anchored 
onto erythrocytes. Exploiting erythrocytes’ intrinsic splenic homing capacity and unique biocompatibility, mRNA-
LNP-Ery enables highly selective and efficient mRNA delivery to CD11b+ myeloid cells in the spleen, with minimal 
uptake by hepatocytes. We also demonstrated that mRNA-LNP-Ery is internalized through phagocytosis and avoids 
lysosomal degradation, resulting in enhanced cytosolic mRNA translation. Delivery of mRNAs encoding CARs tar-
geting human epidermal growth factor receptor 2 (HER2) or CD19 generated functional CAR myeloid cells in vivo 
that adopted a proinflammatory, antigen-presenting phenotype. These cells migrated to tumors, eliminated can-
cer cells, and remodeled the tumor microenvironment, leading to increased infiltration of effector T and natural 
killer (NK) cells. The antitumor effect was abolished in splenectomized mice and partially diminished in nude mice, 
indicating that therapeutic activity depends on both CAR myeloid cell formation within the spleen and their cross-
talk with adaptive immunity. Furthermore, repeated administration of mRNA-LNP-Ery achieved superior antitumor 
efficacy to conventional mRNA-LNPs at one-tenth the mRNA dose, with minimal systemic toxicity, underscoring 
the high efficiency and safety of spleen-targeted delivery. Together, our findings established a clinically translat-
able erythrocyte-based mRNA platform that enables direct in vivo immune cell programming and advances CAR 
myeloid therapies for solid tumors.

INTRODUCTION
Engineering myeloid cells to express chimeric antigen receptors 
(CARs) has recently emerged as a promising strategy in cancer im-
munotherapy, enabling targeted tumor cell phagocytosis and activa-
tion of innate and adaptive antitumor immunity (1, 2). Although 
ex vivo–generated CAR myeloid therapies have shown potential in 
both preclinical and clinical studies, their clinical translation re-
mains limited by inefficient genetic modification, suboptimal func-
tional durability, and complex manufacturing requirements (3). Recent 
advancements in lipid nanoparticle (LNP)–based mRNA delivery, 
exemplified by the successful severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) mRNA vaccines (4, 5), have demon-
strated considerable potential for the in vivo genetic engineering of 
immune cells (6). Nevertheless, systemic administration of LNPs 
remains constrained by biological barriers, including predominant 
hepatic sequestration through apolipoprotein E (ApoE)–mediated 
uptake (7), vascular endothelial barriers, rapid clearance by the mono-
nuclear phagocyte system (8), poor endosomal escape efficiency (9), 

and off-target toxicity (10). Collectively, these limitations restrict the 
efficacy and clinical applicability of conventional LNP-mediated CAR 
myeloid cell generation in vivo.

The spleen, the largest secondary lymphoid organ in mammals, 
harbors substantial immune cell populations and serves as the pri-
mary reservoir for myeloid cells, making it an attractive target for 
in vivo immune cell engineering (11, 12). Although recent efforts 
have used modified LNP formulations to improve selective mRNA 
delivery to splenic immune cells, these approaches frequently com-
promise nanoparticle stability, alter surface charges, and ultimately 
decrease mRNA expression efficiency (13, 14). Moreover, the spleen’s 
unique anatomical structure and stringent immune surveillance 
mechanisms further impede efficient nanoparticle-mediated delivery 
(15, 16). In contrast, erythrocytes naturally pass through the spleen 
~70 times daily, undergoing routine surveillance by splenic myeloid 
cells responsible for clearing aged or damaged erythrocytes (17, 18). 
This intrinsic biological property positions erythrocytes as ideal car-
riers for therapeutic delivery specifically to splenic myeloid cells. In 
addition, erythrocytes exhibit excellent biocompatibility, minimal 
immunogenicity when derived from O-negative donors, and high 
availability, further enhancing their suitability as therapeutic vehi-
cles (19, 20). Prior studies using noncovalently attached nanoparti-
cles on erythrocytes have demonstrated their potential to deliver 
therapeutic molecules to targeted tissues (21).

In this study, we hypothesized that engineered erythrocytes could 
effectively deliver mRNA-loaded nanoparticles directly to splenic 
myeloid cells, enabling robust in vivo CAR myeloid cell generation. 
We developed an erythrocyte-mediated mRNA delivery system 
(mRNA-LNP-Ery), in which mRNA-loaded LNPs were covalently 
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conjugated to erythrocyte membrane proteins using maleimide-thiol 
chemistry. We systematically evaluated its biodistribution, cellular 
uptake mechanisms, and translational efficiency in vivo. Using this 
platform, we further assessed whether spleen-targeted delivery of 
mRNA-LNP-Ery could support the generation of functional CAR-
expressing myeloid cells, promote immune reprogramming, and elicit 
antitumor activity in solid tumor models. This study defines the 
mechanistic and translational potential of erythrocyte-mediated 
mRNA delivery as a strategy for in vivo immune cell engineering in 
cancer immunotherapy.

RESULTS
mRNA-LNP delivery by engineered erythrocytes 
predominantly localizes to the spleen
To engineer erythrocytes as an efficient mRNA delivery platform, we 
modified commercially available LNPs by incorporating 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE)–polyethylene glycol, mo-
lecular weight 2000 (PEG2000)–maleimide, allowing stable covalent 
attachment to erythrocyte membrane proteins through maleimide-
thiol chemistry (22). The final LNP formulation, composed of 
dilinoleyl-methyl-4-dimethylaminobutyrate (DLin-MC3-DMA), 
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, 
1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol (DMG)-
PEG2000, and DSPE-PEG2000-maleimide at a molar ratio of 50:10: 
38.5:0.75:0.75, was designed to encapsulate N1-methylpseudouridine 
(m1Ψ)–modified mRNA to maximize translation efficiency and 
minimize immunogenicity (23). These maleimide-modified LNPs 
(mRNA-LNP-Mal) exhibited physicochemical properties similar to 
those of standard mRNA-LNPs, with an average particle diameter of 
~121 nm (table  S1). The exposed maleimide moieties on mRNA-
LNP-Mal covalently reacted with free thiol groups in the cysteine 
residues of erythrocyte membrane proteins, forming stable mRNA-
LNP-Ery conjugates (Fig. 1A).

Conjugation efficiency was evaluated using Cyanine 5 (Cy5)–
labeled luciferase mRNA (Luc-mRNA). Flow cytometry analysis re-
vealed 100% conjugation efficiency, with Cy5 signals detected on all 
erythrocytes incubated with Luc-LNP-Mal (Fig. 1B). Erythrocyte 
deformability, phosphatidylserine exposure, and expression of the 
antiphagocytic marker CD47 remained unchanged compared to un-
modified mouse erythrocytes (mEry) or those conjugated with emp-
ty LNPs (E-LNP-mEry), indicating that the conjugation process did 
not compromise erythrocyte integrity (Fig. 1C and fig. S1). Immuno-
fluorescence imaging further confirmed stable attachment of LNPs 
without morphological changes in erythrocytes (Fig. 1D). Quantita-
tive polymerase chain reaction (qPCR) analysis revealed that an av-
erage of 13.4 μg of Luc-mRNA was loaded onto 1 × 1010 erythrocytes 
(Fig. 1E). Incubation with mRNA-LNPs alone did not yield detect-
able mRNA signals, confirming that conjugation depends on cova-
lent linkage to erythrocyte membrane proteins.

To assess in vivo delivery efficiency, Luc-LNP-mEry was intrave-
nously administered to C57BL/6 mice, with E-LNP-mEry and free 
Luc-LNPs serving as controls (Fig. 1F). Luciferase expression was 
quantified across major organs, including the heart, liver, spleen, lung, 
kidney, and bone marrow (BM), 18 hours after injection. Consistent 
with previous studies, Luc-LNP treatment resulted in the highest lu-
ciferase activity in the liver compared with other organs (Fig. 1, G and 
H) (6). In contrast, Luc-LNP-mEry produced dominant luciferase ac-
tivity in the spleen, with minimal expression in other organs (Fig. 1, G 

and H). Luciferase signal in the spleen of Luc-LNP-mEry–treated 
mice was ~17.0-fold higher than those in Luc-LNP–treated mice 
(Fig. 1H). To confirm this spleen-specific delivery, we used LNPs or 
LNP-Ery encapsulated with Cre recombinase mRNA in C57BL/6 
Cre-reporter mice (H11CAG-loxp-ZsGreen-Stop-loxp-tdTomato). In 
these mice, ZsGreen is normally expressed throughout the body, and 
tdTomato expression is prevented by a loxP-flanked STOP cassette (24). 
After treatment with Cre-LNP-mEry, we observed a 1.86-fold increase 
in tdTomato expression in the spleens compared with Cre-LNP–treated 
mice; in contrast, liver signal was reduced to approximately 1/250 of 
that observed with Cre-LNPs (Fig. 1I).

We next investigated the biodistribution and clearance kinetics 
of LNP-Ery. Immunofluorescence analysis showed rapid accumula-
tion of both E-LNP-mEry and Luc-LNP-mEry in the spleen at 2 hours 
postinjection, significantly (P < 0.01) exceeding that of unmodified 
erythrocytes (fig. S2, A and B). By 72 hours postinjection, signals in 
the spleens were reduced for both LNP-mEry groups, whereas un-
modified erythrocytes showed minimal change over time. Corre-
spondingly, peripheral blood analysis indicated a shortened circulation 
half-life (14.4 to 16.8 hours) for LNP-mEry compared with natural 
erythrocytes (fig. S2C), consistent with increased splenic retention 
and phagocytic clearance (25).

Aged-, particle-coated, or membrane-modified erythrocytes are 
typically surveilled and cleared by splenic mononuclear phagocytes 
(26). Given that LNP conjugation did not alter erythrocyte mor-
phology or surface aging markers (Fig. 1C and fig. S1), we hypoth-
esized that the LNPs themselves mediate splenic recognition and 
uptake. To test this, we performed an in vitro phagocytosis assay in 
which mouse BM–derived CD11b+ myeloid cells were cocultured 
with far-red–labeled erythrocytes (fig. S3A). Both E-LNP-mEry and 
Luc-LNP-mEry were efficiently internalized, whereas unmodified 
erythrocytes exhibited minimal uptake, as revealed by confocal im-
aging and flow cytometry (fig. S3B). Given that low-density lipopro-
tein receptor (LDLR)–ApoE–mediated endocytosis represents a key 
pathway for free LNP internalization, we next compared mRNA-
LNP-Ery uptake in wild-type (WT) and LDLR-deficient (Ldlr−/−) 
mice (7). In Ldlr−/− mice, Luc-LNP treatment resulted in markedly 
reduced hepatic luciferase expression compared with WT controls 
(fig. S3C). In contrast, Luc-LNP-mEry–mediated expression re-
mained unchanged between WT and Ldlr−/− mice (fig. S3C). This 
was further validated by in vitro experiments, showing a 68% reduc-
tion in Luc-LNP uptake by CD11b+ myeloid cells derived from 
Ldlr−/− mice compared with WT mice, whereas uptake of Luc-LNP-
mEry remained unchanged (fig. S3D). These results indicated that 
the LNP conjugation triggers erythrocyte recognition by splenic 
phagocytes through an LDLR-independent, phagocytosis-driven 
pathway. Together, these results demonstrated that LNP-Ery prefer-
entially directs mRNA delivery to the spleen.

Erythrocyte-mediated mRNA delivery selectively targets 
splenic CD11b+ myeloid cells
We next characterized the cellular specificity of mRNA expression in 
splenic immune cells after mRNA-LNP-Ery delivery. In mice treated 
with Luc-LNP-Ery, luciferase activity was predominantly detected in 
CD11b+ myeloid cells, with minimal activity in other immune subsets 
(Fig. 2A). To further validate this specificity, we treated C57BL/6 Cre-
reporter mice with either Cre-LNP-Ery or free Cre-LNPs. Our results 
showed that in the Cre-LNP-mEry group, 66% of tdTomato+ spleno-
cytes were CD11b+ myeloid cells, comprising both CD11b+ F4/80+ 
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Fig. 1. mRNA-LNP-Ery predominantly targets the spleen for mRNA delivery. (A) Schematic illustration of mRNA-LNP-Ery preparation. (B) Flow cytometry histogram 
showing mRNA-Cy5 signal detection for mEry, E-LNP-mEry, and Luc-LNP-mEry. Representative data from three independent experiments. (C) Maximum elongation index 
(EI max) values representing the deformability of mEry, E-LNP-mEry, and Luc-LNP-mEry (n = 2 biologically independent samples per group). Representative data from two 
independent experiments. (D) Confocal microscopy images of mEry, E-LNP-mEry, and Luc-LNP-mEry. Representative data from two independent experiments. Scale bar, 
10 μm. (E) Quantification of Luc-mRNA on erythrocytes, analyzed by reverse transcription qPCR (n = 4 biologically independent samples per group). Representative data 
from three independent experiments. (F to H) Luciferase activity in major organs from mice after treatment with E-LNP-Ery, Luc-LNP, or Luc-LNP-mEry. (F) Experimental 
outline. (G) Luminescence images from major organs 18 hours postinjection. (H) Quantification of luminescence in major organs as measured by an in vivo imaging sys-
tem (n = 3 mice per group). (I) Cre-LNP and Cre-LNP-mEry–mediated gene expression in Cre-reporter mice visualized by tdTomato expression in the spleens and livers. 
Mice received the indicated treatments every 3 days, and spleens and livers were isolated 48 hours after the third treatment. tdTomato signals from isolated organs were 
measured using the in vivo imaging system (n = 2 mice per group). Data are presented as means ± SEM. Statistical significance was determined by one-way ANOVA with 
Tukey’s multiple comparisons test (E). ns, not significant; ***P < 0.001. a.u., arbitrary unit; max, maximum; min, minimum.
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Fig. 2. mRNA-LNP-Ery selectively delivers mRNA into splenic CD11b+ myeloid cells. (A) Luciferase activity in splenocytes from C57BL/6 mice treated with E-LNP-mEry, 
Luc-LNPs, or Luc-LNP-mEry. Splenocytes were isolated 18 hours postadministration, and luciferase activity was measured by luminescence assay (n = 3 mice per group). 
(B) Proportion of tdTomato+ splenocytes in Cre-reporter mice treated with Cre-LNPs or Cre-LNP-mEry, analyzed by flow cytometry (n = 3 mice per group). (C) Immuno-
fluorescence analysis of Luc-LNP-mEry uptake by CD11b+ splenic myeloid cells. Scale bar, 10 μm. Images are representative of two independent experiments. (D) C57BL/6 mice 
were treated with either an αCD11b depletion antibody or an isotype immunoglobulin G (IgG) antibody 1 day before receiving the treatments, after which livers and 
spleens were isolated to quantify luminescence from the different groups. Proportions of CD11b+ myeloid cells in live cells (top, as measured by flow cytometry) and fold 
changes in luciferase activity (bottom, as measured by an in vivo imaging system) from different groups are shown (n = 3 mice per group). Data are presented as 
means ± SEM. Statistical significance was determined by two-way ANOVA with Tukey’s multiple comparisons test (A), two-way ANOVA with Šidák’s multiple comparisons 
test (B), or unpaired t test (D). ns, not significant; *P < 0.05; ***P < 0.001. DAPI, 4′,6-diamidino-2-phenylindole; RFU, relative fluorescence units.
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and CD11b+ F4/80− subsets (Fig. 2B). The remaining fractions of td-
Tomato+ cells included tissue-resident macrophages [red pulp mac-
rophages (RPMs), CD11b− F4/80+, ~16%], dendritic cells [DCs; 
CD11c+ major histocompatibility complex class II–positive (MHC-
II+), ~2%], lymphocytes (~1%), and other populations (~10%). In 
contrast, only ~20% of tdTomato+ cells were CD11b+ myeloid cells in 
mice treated with free Cre-LNPs (Fig. 2B).

To examine the interaction of mRNA-LNP-Ery with CD11b+ my-
eloid cells, Luc-LNP-mEry was labeled with a far-red fluorescent dye 
prior to injection into C57BL/6 mice. At 2 hours postinjection, imag-
ing revealed active phagocytosis of fluorescently labeled mRNA-LNP-
mEry by splenic CD11b+ myeloid cells (Fig. 2C). To confirm the 
critical role of CD11b+ myeloid cells in mRNA delivery by erythro-
cytes, we depleted these cells using an anti-CD11b antibody prior to 
administration (Fig. 2D). Compared with the control group, lucifer-
ase activity in the spleens was reduced by over 70% in CD11b+ cell–
depleted mice (Fig. 2D). By comparison, CD11b+ cell depletion had 
no significant effect on liver gene expression in Luc-LNP–treated 
mice, because LNP uptake in the liver is primarily mediated by he-
patic cells (Fig. 2D) (27). Together, these findings demonstrated that 
splenic CD11b+ myeloid cells are the primary cellular targets of 
erythrocyte-based mRNA delivery.

Erythrocyte-mediated mRNA delivery enhances mRNA 
expression efficiency through phagocytosis
Conventional LNPs enter cells through receptor-mediated endocy-
tosis, which often leads to endosomal sequestration and limited cy-
tosolic mRNA release (6). Because erythrocytes are naturally cleared 
by myeloid cells through an actin-dependent process distinct from 
endocytosis (28), we asked whether erythrocyte-mediated delivery 
could use phagocytosis to overcome this intracellular bottleneck. To 
test this, mouse BM–derived CD11b+ myeloid cells were pretreated 
with cytochalasin D, an actin polymerization inhibitor, before expo-
sure to Luc-LNP-mEry carrying Cy5-labeled Luc-mRNA (29). Our 
results showed that cytochalasin D reduced Luc-LNP-mEry inter-
nalization by 11.1-fold, indicating that actin-dependent phagocyto-
sis is the dominant entry route for mRNA-LNP-Ery (fig. S4, A and 
B). We next compared mRNA delivery efficiency between Luc-LNPs 
and Luc-LNP-mEry. CD11b+ myeloid cells were incubated with ei-
ther Luc-LNPs or Luc-LNP-mEry containing Cy5-mRNA (Fig. 3A). 
Flow cytometry showed comparable cellular uptake of Cy5-mRNA 
with both treatments, whereas luciferase activity was 7.6-fold higher 
with Luc-LNP-mEry (Fig. 3B), indicating that erythrocyte-mediated 
delivery enhances cytosolic mRNA release and translation efficiency.

To further elucidate the intracellular trafficking pathway, we per-
formed time-resolved confocal microscopy using early endosomal 
antigen-1 (EEA-1) and lysosomal-associated membrane protein-1 
(LAMP-1) as markers of endosomal and phagosomal maturation 
(30, 31). As expected, conventional LNPs exhibited sustained endo-
somal sequestration, with Cy5-mRNA strongly colocalized with 
EEA-1 (43.7 to 58.0%) and LAMP-1 (71.5 to 77.7%) at 6 to 12 hours 
(Fig. 3C) (9). For mRNA-LNP-Ery, we tracked the erythrocyte moi-
ety and the mRNA cargo in parallel by labeling erythrocytes with a 
far-red dye and mRNA with Cy5. The far-red signal indicated that 
erythrocytes were initially confined within EEA-1+ phagosomes at 
2 hours, began to overlap with LAMP-1 compartments at 6 hours, 
and, by 16 hours, showed a marked decline in far-red intensity and 
appeared as fragmented structures colocalized with EEA-1 (31.9%) 
and LAMP-1 (53.7%), indicating progressive phagosome maturation 

and erythrocyte degradation (Fig. 3, D and E). The Cy5-labeled 
mRNA signal showed that the conjugated mRNA-LNPs were inter-
nalized together with erythrocytes through phagocytosis and re-
mained associated up to 6 hours; by 16 hours, mRNA was largely 
dissociated from erythrocyte remnants and exhibited minimal colo-
calization (<10%) with either EEA-1 or LAMP-1 (Fig. 3, D and E), 
indicating that a substantial fraction of mRNA had escaped from 
phagosomes, thereby enabling enhanced cytosolic release for trans-
lation. Together, these findings demonstrated that mRNA-LNP-Ery 
enters myeloid cells through phagocytosis and releases its mRNA 
cargo into the cytosol before phagolysosomal degradation. This al-
ternative uptake pathway bypasses endosomal trapping, leading to 
markedly improved mRNA delivery and protein expression com-
pared with conventional LNPs.

Characterization of CAR myeloid cells generated by 
mRNA-LNP-Ery in vivo
Splenic CD11b+ myeloid cells can migrate to peripheral blood, tumors, 
or other diseased tissues, where they differentiate into M1 macro-
phages capable of phagocytosis and antigen presentation (32, 33). In 
addition, expressing CARs such as anti–human epidermal growth 
factor receptor 2 (HER2) CAR in human macrophages or mono-
cytes can redirect their phagocytic function, leading to targeted an-
titumor effects and the stimulation of adaptive immune responses 
(1, 34). We therefore investigated whether systemic delivery of anti-
HER2-CAR mRNA using erythrocytes could generate therapeutic 
CAR myeloid cells in vivo.

We designed the anti-HER2-CAR construct, incorporating the anti-
HER2 scFv (derived from herceptin), a mouse CD8 transmembrane 
(TM) domain, and the mouse CD3ζ intracellular domain (Fig. 4A) 
(35). The CD3ζ shares homology with the Fc common γ-chain 
(FcεRI-γ), a canonical signaling molecule for antibody-dependent cel-
lular phagocytosis in macrophages (30). To enhance the phagocytic ca-
pacity of myeloid cells, we incorporated a phosphatidylinositol 3-kinase 
(PI3K) recruitment domain, which is essential for the internalization of 
large targets such as tumor cells (31). Transducing this construct into 
RAW 264.7 macrophage cells confirmed its functionality, as shown by 
antigen-specific phagocytosis of HER2+ beads (Fig. 4B).

We next delivered anti-HER2-CAR mRNA by erythrocytes (HER2-
CAR-LNP-mEry) in a syngeneic MC38-hHER2 colorectal cancer 
model, in which murine MC38 tumor cells are engineered to stably 
express human HER2, and profiled splenic myeloid subsets for uptake 
and expression using established gating strategies (26, 36). Macro-
phage subsets included RPMs (CD11b− F4/80+), marginal metallo-
philic macrophages (MMMs; F4/80− CD169+), and marginal zone 
macrophages (MZMs; F4/80− CD209b+) (fig. S5). Monocytes were 
subdivided into inflammatory monocytes (CD11b+ Ly6C+ F4/80+ and 
CD11b+ Ly6C+ F4/80−) and precursor RPMs (Pre-RPMs; CD11b+ 
F4/80+ Ly6C−) (fig. S5). At 18 hours postinjection, CD11b+ Ly6C+ 
monocytes (both F4/80+ and F4/80−) were the predominant popula-
tion internalizing far-red–labeled HER2-CAR-LNP-mEry, with ~50% 
of cells showing uptake (fig. S6A). Among these far-red+ CD11b+ 
Ly6C+ monocytes, ~60 to 70% expressed detectable HER2-CAR pro-
tein, corresponding to ~20 to 30% of total CD11b+ Ly6C+ monocytes 
in the spleen being CAR+ (fig. S6A and Fig. 4C). In contrast, Pre-
RPMs and tissue-resident macrophages (RPMs, MMMs, and MZMs) 
also internalized HER2-CAR-LNP-mEry but exhibited markedly low-
er CAR expression (<5%) (fig. S6A and Fig. 4C). In total, HER2-CAR-
LNP-mEry generated ~3.1 × 105 CAR+ myeloid cells per spleen, ~95% 
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Fig. 3. mRNA-LNP-Ery bypasses endosomal trapping and enhances mRNA translation efficiency. (A) Experimental schematic showing coculture of CD11b+ myeloid 
cells with E-LNP-mEry, Luc-LNPs, or Luc-LNP-mEry. (B) Quantification of Cy5-mRNA uptake (as measured by flow cytometry) and luciferase activity (as measured by lumi-
nescence assay) in CD11b+ myeloid cells after treatment with the indicated formulations (n = 3 biologically independent samples per group). Representative data from 
two independent experiments. (C to E) CD11b+ myeloid cells were cocultured with Luc-LNPs or Luc-LNP-mEry and analyzed by immunofluorescence at the indicated time 
points (n = 3 biologically independent samples per group, with five cells analyzed per sample). (C) Representative immunofluorescence images showing Cy5-labeled mRNA 
delivered by Luc-LNPs and EEA-1 or LAMP-1 staining at 6 and 16 hours posttreatment. Scale bars, 10 μm. (D) Top: Representative immunofluorescence images showing 
far-red–labeled erythrocytes with EEA-1 or LAMP-1 staining at 2, 6, and 16 hours posttreatment. Bottom: Representative immunofluorescence images showing Cy5-
labeled mRNA delivered by Luc-LNP-mEry with EEA-1 or LAMP-1 staining at 2, 6, and 16 hours posttreatment. Scale bars, 10 μm. (E) Quantitative colocalization analysis of 
Cy5 (mRNA signal) or far-red (erythrocyte signal) with EEA-1 or LAMP-1 based on (C) and (D). Data are presented as means ± SEM. Statistical significance was determined 
by one-way ANOVA with Tukey’s multiple comparisons test (B), or two-way ANOVA with Šidák’s multiple comparisons test (E). ns, not significant; **P < 0.01; ***P < 0.001.
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Fig. 4. CAR myeloid cells generat-
ed by CAR-LNP-Ery achieve potent 
antitumor activity. (A) Schematic 
diagram of the CAR constructs target-
ing HER2 or CD19. (B) RAW 264.7 cells 
(R) transduced with or without HER2-
CAR mRNA were subjected to bead-
based phagocytosis analysis (n = 3 
biologically independent samples per 
group). Representative data from two 
independent experiments. (C and 
D) MC38-hHER2 tumor–bearing mice 
were treated with E-LNP-mEry, HER2-
CAR-LNP, or HER2-CAR-LNP-mEry. 
Spleens and tumors were harvested 
for flow cytometry analysis 18 hours 
postinjection. (C) Flow cytometry 
analysis of HER2-CAR expression in 
splenic myeloid subsets from MC38-
hHER2 tumor–bearing mice treated 
with E-LNP-mEry, HER2-CAR-LNP, or 
HER2-CAR-LNP-mEry (n = 3 mice for 
E-LNP-mEry, n  =  6 mice for HER2-
CAR-LNP, and n = 6 mice for HER2-
CAR-LNP-mEry). Left: Representative 
plots showing HER2-CAR expression 
in CD11b+ F4/80+ Ly6C+ monocytes. 
Middle: Proportions of HER2-CAR+ 
cells within each splenic myeloid 
subset. Right: Total numbers of HER2-
CAR+ myeloid cells per spleen. (D) 
Flow cytometry analysis of HER2-CAR 
expression in tumor-infiltrating my-
eloid cells (n  =  5 mice per group). 
Left: Representative CAR expression 
in CD11b+ F4/80+ cells. Right: Propor-
tions of HER2-CAR+ cells in CD11b+ 
F4/80+ myeloid cells. (E) Experimen-
tal outline illustrating the evaluation 
of antitumor efficacy of CAR-LNP-Ery 
in tumor models. (F) Antitumor effi-
cacy of E-LNP-mEry, HER2-CAR-LNPs, 
or HER2-CAR-LNP-mEry in mice bear-
ing subcutaneous MC38-hHER2 tu-
mors. C57BL/6 mice were treated 
twice weekly beginning 7 days post 
tumor implantation. Tumor growth 
(left) and tumor weight (right) were 
recorded in MC38-hHER2 tumor-
bearing C57BL/6 mice (n = 5 mice per 
group). (G) B16-hCD19 tumor–bearing 
mice were treated with E-LNP-mEry, 
CD19-CAR-LNPs, or CD19-CAR-LNP-
mEry. Spleens were harvested for 
flow cytometry analysis 18 hours 
postinjection. Flow cytometry anal-
ysis of CD19-CAR expression in splenic myeloid subsets from B16-hCD19 tumor–bearing mice treated with E-LNP-mEry, CD19-CAR-LNPs, or CD19-CAR-LNP-mEry (n = 2 mice 
for E-LNP-mEry, n = 3 mice for CD19-CAR-LNPs, and n = 4 mice for CD19-CAR-LNP-mEry). Left: Proportions of CD19-CAR+ cells within each splenic myeloid subset. Right: 
Total numbers of CD19-CAR+ myeloid cells per spleen. (H) Antitumor efficacy of E-LNP-mEry, CD19-CAR-LNP, or CD19-CAR-LNP-mEry in mice bearing subcutaneous B16-
hCD19 tumors. C57BL/6 mice were treated twice weekly beginning 10 days post tumor implantation (n = 5 mice per group). Tumor growth (left) and survival curves (right) 
were recorded. Data are presented as means ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test [(B), (D), and (F), 
right], two-way ANOVA with Šidák’s multiple comparisons test [(C), middle, and (G), left], two-way ANOVA with Tukey’s multiple comparisons test [(C), right; (F), left; (G), right; 
and (H), left], or log-rank (Mantel-Cox) test [(H), right]. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. B, beads; HER2-B, HER2 antigen–conjugated beads; CAR-R, 
mRNA encoding HER2-CAR; G, group.
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of which were CD11b+ Ly6C+ monocytes, a 3.6-fold increase com-
pared with HER2-CAR-LNP treatment, despite using only one-tenth 
of the mRNA dose (Fig. 4C and fig. S6B).

We then systematically analyzed HER2-CAR expression in extra-
splenic compartments. Myeloid cells in the liver and lung exhibited 
moderate uptake (<20%) but low CAR expression (<5%), whereas 
lymph node myeloid cells showed minimal uptake (<0.5%), likely 
because of limited vascular accessibility (fig. S6C). In contrast, abun-
dant HER2-CAR+ CD11b+ F4/80+ cells were detected in tumors, 
indicating active migration of splenic CAR myeloid cells to tumor 
sites (Fig. 4D). Last, we evaluated the persistence of these in vivo–
generated CAR myeloid cells and found that HER2-CAR expression 
within each myeloid subset, as well as the total number of CAR+ my-
eloid cells, declined to below 30% of the initial amount by 72 hours 
posttreatment (fig. S6, D and E).

CAR myeloid cells generated by mRNA-LNP-Ery exhibit 
potent antitumor activity with high safety
We next evaluated the antitumor activity of HER2-CAR-LNP-mEry 
in MC38-hHER2 tumor models (Fig. 4E) (2). Given the ~3-day per-
sistence of CAR expression in splenic myeloid cells, mice were treat-
ed every 3 days once tumors reached ~100 mm3 (fig. S6, D and E). 
Although HER2-CAR-LNPs induced only a modest antitumor re-
sponse, HER2-CAR-LNP-mEry significantly (P < 0.001) suppressed 
tumor growth, resulting in an 80% reduction in tumor size (Fig. 4F). 
In addition, HER2-CAR-LNP-mEry required only 0.5 μg of mRNA, 
one-tenth the dose used in the HER2-CAR-LNP group, further high-
lighting the efficiency of spleen-targeted delivery. To further validate 
the role of the spleen in the antitumor effects of HER2-CAR-LNP-
mEry, we performed splenectomy and evaluated the antitumor ac-
tivity of the treatment. We failed to detect HER2-CAR+ CD11b+ 
myeloid cells in splenectomized mice treated with HER2-CAR-LNP-
mEry (fig. S7A). The antitumor effect was also completely abolished 
in splenectomized mice bearing tumors, suggesting that the spleen is 
critical for HER2-CAR-LNP-Ery’s function (fig. S7, B and C).

To evaluate the functional activity of in vivo–generated CAR my-
eloid cells in immune “cold” tumors, we used a macrophage-rich 
and T cell–poor B16-hCD19 melanoma model, in which B16 mela-
noma cells are engineered to express human CD19, and used eryth-
rocytes to deliver mRNA encoding an anti-CD19 CAR designed 
analogously to the anti-HER2-CAR (Fig. 4A) (37, 38). Consistently, 
CD19-CAR-LNP-mEry efficiently generated ~4 × 105 CAR+ my-
eloid cells per spleen, over 80% of which were CD11b+ Ly6C+ 
monocytes (Fig. 4G). Once tumors reached ~50 mm3, mice were 
treated with E-LNP-mEry, CD19-CAR-LNPs, or CD19-CAR-LNP-
mEry. Although CD19-CAR-LNPs alone showed no significant ef-
ficacy, CD19-CAR-LNP-mEry treatment resulted in marked tumor 
regression (75% reduction in tumor size) and prolonged survival 
(Fig.  4H), validating the functional activity of CAR myeloid cells 
beyond the HER2 setting. Depletion of macrophages and monocytes 
using a colony-stimulating factor 1 receptor (CSF1R)–depleting an-
tibody administered 2 hours after each CD19-CAR-LNP-mEry dose 
abolished the antitumor efficacy of CD19-CAR-LNP-mEry, con-
firming that the myeloid compartment mediates the therapeutic ef-
fect (fig. S8) (39, 40).

Furthermore, we evaluated the safety of CAR-LNP-mEry. Con-
sistent with previous reports, repeated administration of conven-
tional HER2-CAR-LNPs induced systemic toxicity, including body 
weight loss, splenomegaly, elevated serum alanine aminotransferase 

and aspartate aminotransferase, and increased interleukin-6 secre-
tion (fig. S9, A to C) (41). In contrast, HER2-CAR-LNP-mEry caused 
minimal side effects, likely due to its lower dosages and selective tar-
geting of the spleen, thereby avoiding systemic distribution associat-
ed with current LNP systems (fig. S9, A to C). Collectively, these 
findings demonstrated that erythrocyte-mediated delivery effectively 
generates CAR myeloid cells in vivo, eliciting durable antitumor re-
sponses with a substantially improved safety profile.

CAR myeloid cells generated by mRNA-LNP-Ery adopt a 
proinflammatory phenotype that enhances 
immune activation
To investigate how CAR-LNP-Ery modulates the splenic immune sys-
tem, we performed single-cell RNA sequencing (scRNA-seq) on 
splenocytes harvested 20 hours after treatment from MC38-hHER2 
tumor–bearing mice across treatment groups (Fig. 5A and fig. S10A). 
Within the macrophage/monocyte (Macro/Mono) cluster, we observed 
pronounced induction of inflammatory and antigen-presentation pro-
grams in the HER2-CAR-LNP-Ery group. Gene ontology (GO) enrich-
ment analysis revealed that interferon-response and antiviral pathways 
were among the most enriched, with increased expression of interferon-
stimulated genes, including Isg15, Isg20, Ifit1, and Oasl1, together with 
antigen-presentation genes, including H2-Eb1, H2-Ab1, and H2-Q7 
(Fig. 5, B and C) (42, 43). Conversely, immunosuppressive mediators, 
such as Tgfb1, Il1b, and Klf4, were down-regulated in the same popula-
tion (Fig. 5C) (42). DCs and neutrophils displayed concordant tran-
scriptional shifts toward an inflammatory phenotype, indicating broad 
reprogramming of the splenic myeloid compartment (fig. S10, B and C).

Enrichment analysis of Macro/Mono cells further revealed acti-
vation of lymphocyte proliferation and signaling pathways after 
HER2-CAR-LNP-Ery treatment, suggesting enhanced cross-talk with 
adaptive immunity (Fig. 5B) (1). Consistent with this, splenic CD8+ T 
cells exhibited increased activation and cytotoxicity signatures, in-
cluding elevated Cd69, Prf1, Isg15, and Irf7 expression (Fig. 5, D and 
E). Similar signatures appeared in CD4+ T cells and natural killer 
(NK) cells (fig. S10, D and E). Flow cytometry also validated that 
CD11b+ F4/80+ myeloid cells from the HER2-CAR-LNP-Ery group 
expressed higher MHC-II and CD86 than controls, consistent with an 
immunostimulatory, antigen-presenting state (Fig.  5F). In parallel, 
the frequency of myeloid-derived suppressor cells (MDSCs) was re-
duced, indicating a shift away from an immunosuppressive state, ac-
companied by a significant (P < 0.01) expansion of effector CD8+ T 
cells, reflecting enhanced lymphocyte activation (Fig. 5F) (42). Col-
lectively, these results demonstrated that CAR-LNP-Ery reprograms 
splenic myeloid cells toward a proinflammatory, antigen-presenting 
state and, through this remodeling, promotes lymphocyte activation.

In vivo–generated CAR myeloid cells reprogram the tumor 
microenvironment and induce systemic antitumor immunity
CAR myeloid cells generated by HER2-CAR-LNP-mEry also pro-
foundly reprogrammed the tumor microenvironment (TME), promot-
ing immune activation characterized by increased infiltration of T cells 
and NK cells and a concomitant reduction in myeloid and B cell popu-
lations, as revealed by scRNA-seq (Fig. 6, A and B, and fig. S11A). Con-
sistent with their splenic counterparts, the Macro/Mono cluster from 
HER2-CAR-LNP-mEry–treated tumors exhibited strong enrichment 
of innate immune activation pathways compared with control groups, 
including elevated expression of proinflammatory genes (Isg15, Irf7, 
Ifit1, and Junb), antigen-presentation genes (B2m and H2-T22), and 
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phagocytosis-associated genes (Rab7b and Lgals9), accompanied by re-
duced expression of immunosuppressive markers (Mrc1 and Arg1) 
(Fig. 6, C and D). Similar transcriptional activation was observed in 
DCs (fig. S11B). Flow cytometry further confirmed these findings, 
showing increased MHC-II and CD86 expression in CD11b+ F4/80+ 
myeloid cells and a reduction of MDSCs in tumors from HER2-
CAR-LNP-mEry–treated mice (Fig. 6E).

Within T cell clusters, we observed enrichment of activation and cyto-
toxicity pathways, accompanied by up-regulation of effector-associated 

genes (Cd69, Irf7, Isg15, and Klf2) and down-regulation of inhibito-
ry and exhaustion-associated markers (Pdcd1, Klre1, and Tox), con-
sistent with a highly activated effector phenotype (Fig. 6, F and G, 
and fig. S11C). NK cells similarly displayed enrichment of metabolic 
and activation programs, indicative of a hyperactivated state (Fig. 6H). 
These transcriptional findings were validated by flow cytometry and 
immunohistochemistry, which revealed robust infiltration of CD8+ 
T cells and NK cells into tumors (Fig. 6, I and J). In splenectomized 
mice, the immunostimulatory effects of HER2-CAR-LNP-Ery were 

Fig. 5. CAR myeloid cells generated by CAR-LNP-Ery exhibit a proinflammatory phenotype and enhance lymphocyte activation within the spleen. (A to E) Spleens from 
one mouse per group were collected from MC38-hHER2 tumor–bearing C57BL/6 mice 20 hours after the third treatment with the indicated formulations and analyzed by scRNA-
seq. (A) Combined t-distributed stochastic neighbor embedding (t-SNE) plot of splenocytes from different treatment groups analyzed by scRNA-seq. (B) GO enrichment analysis 
showing the top up-regulated pathways in Macro/Mono population from the HER2-CAR-LNP-mEry group compared with other groups. (C) Differentially expressed genes (DEGs) 
in Macro/Mono population across the three treatment groups. (D) GO enrichment analysis showing the top up-regulated pathways in CD8 T cell population from the HER2-CAR-
LNP-mEry group compared with other groups. (E) DEGs in CD8 T cell population across the three treatment groups. (F) MC38-hHER2 tumor–bearing C57BL/6 mice were treated 
as described in Fig. 4F, and spleens were isolated at the study end point for flow cytometry analysis (n = 5 mice per group). Left: Proportions of CD86+ MHC-II+ cells among CD11b+ 
F4/80+ splenic myeloid cells. Middle: Proportions of MDSCs among CD45+ splenocytes. Right: Proportions of effector CD8+ T cells (CD44+ CD62L−) among total CD8+ T cells. Data 
are presented as means ± SEM. Statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test (F). *P < 0.05; **P < 0.01; ***P < 0.001.
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completely abolished, confirming the spleen as the essential site for 
CAR myeloid generation and systemic immune activation (fig. S7, 
D and E).

To functionally define the effector populations responsible for 
tumor control, we evaluated the therapeutic activity of CAR-LNP-
Ery in lymphocyte-deficient nude mice, which represent a simplified 
system lacking adaptive immunity. In MC38-hHER2 tumor–bearing 

nude mice, HER2-CAR-LNP-mEry treatment still suppressed tu-
mor growth, indicating that CAR myeloid cells have intrinsic tu-
moricidal activity (fig.  S12). However, the antitumor effect was 
substantially stronger in immunocompetent mice, suggesting a syn-
ergistic interplay between CAR myeloid cells and adaptive immune 
components (Fig.  4F). To further validate this synergy, we per-
formed immune cell depletion studies. Mice received αCD8 or 

Fig. 6. In vivo–generated CAR myeloid 
cells reprogram the TME. (A to D) Tumors 
from one mouse per group were collected 
from MC38-hHER2 tumor–bearing C57BL/6 
mice 20 hours after the third treatment 
with the indicated formulations and ana-
lyzed by scRNA-seq. (A) Combined t-SNE 
plot of total tumor cells from different 
treatment groups analyzed by scRNA-seq. 
(B) Sample preference of each cluster esti-
mated by the ratio of observed to expected 
(RO/E) values. (C) GO enrichment analysis 
showing the top up-regulated pathways in 
Macro/Mono population from the HER2-
CAR-LNP-mEry group compared with other 
groups. (D) DEGs in Macro/Mono populations 
across the three treatment groups. (E) Flow 
cytometry analysis of tumor-infiltrating 
myeloid cells from MC38-hHER2 tumor–
bearing C57BL/6 mice treated as described 
in Fig. 4F (n = 5 mice per group). Left: Pro-
portions of CD86+ MHC-II+ cells among 
CD11b+ F4/80+ myeloid cells. Right: Pro-
portions of MDSCs among CD45+ cells. (F to 
H) Tumor samples corresponding to (A) to 
(D) were analyzed by scRNA-seq. (F) GO en-
richment analysis showing the top up-
regulated pathways in CD8 T cell population 
from the HER2-CAR-LNP-mEry group com-
pared with other groups. (G) DEGs in CD8 T 
cell population across the three treatment 
groups. (H) GO enrichment analysis show-
ing the top up-regulated pathways in NK 
cell population from the HER2-CAR-LNP-
mEry group compared with other groups. 
(I) Flow cytometry analysis of effector lym-
phocyte populations in MC38-hHER2 tumor–
bearing C57BL/6 mice treated as described 
in Fig. 4F (n = 5 mice per group). Left: Pro-
portions of effector CD8+ T cells (CD44+ 
CD62L−) among total CD8+ T cells. Right: 
Proportions of NK cells (NK1.1+) among 
CD45+ tumor cells. (J) Immunohistochem-
istry analysis of tumor sections showing 
CD8+ T cell infiltration. Left: Representative 
images from different treatment groups. 
Scale bar, 50 μm. Right: Quantification of 
CD8+ T cells (n = 5 mice per group). Data are 
presented as means ± SEM. Statistical sig-
nificance was determined by two-tailed 
chi-square test (B) or one-way ANOVA with 
Dunnett’s multiple comparisons test [(E), (I), 
and (J)]. *P < 0.05; **P < 0.01; ***P < 0.001.
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αNK1.1 antibodies 1 day before each administration of CAR-LNP-
mEry. Depletion of either CD8+ T cells or NK cells markedly re-
duced the efficacy of CD19-CAR-LNP-mEry, decreasing tumor 
inhibition from 70.0 to ~40%, demonstrating that both populations 
are critical contributors to its antitumor activity (fig. S8). Together, 
these findings demonstrated that erythrocyte-mediated mRNA de-
livery generates functional CAR myeloid cells that reprogram both 
the splenic immune environment and TME. By coordinating innate 
and adaptive immune activation, CAR-LNP-Ery elicits a potent system-
ic antitumor response, underscoring its broad therapeutic potential.

DISCUSSION
In this study, we established a cell-based mRNA delivery strategy by 
covalently conjugating mRNA-loaded LNPs to erythrocytes, creat-
ing a platform termed mRNA-LNP-Ery. This system exploits the 
natural splenic homing and immune surveillance of erythrocytes to 
achieve highly selective and efficient mRNA delivery to splenic 
CD11b+ myeloid cells, such as CD11b+ Ly6C+ monocytes. Mecha-
nistically, mRNA-LNP-Ery enters cells through phagocytosis rather 
than endocytosis, bypassing endosomal sequestration and enabling 
robust cytosolic mRNA translation. Using this approach, we gener-
ated functional CAR myeloid cells in vivo that not only exhibited 
intrinsic tumoricidal activity but also reprogrammed the splenic 
and tumor immune environments to coordinate innate and adaptive 
immune activation, leading to potent antitumor efficacy with mini-
mal systemic toxicity.

CAR-based cellular therapies, including CAR T and CAR myeloid 
cells, have shown transformative potential for cancer immunothera-
py. However, ex vivo CAR cell engineering requires complex manu-
facturing processes and intensive preconditioning regimens, such as 
lymphodepletion or mobilization for cell collection (44). In addition, 
challenges related to cell exhaustion and suboptimal functional activ-
ity further limit scalability, accessibility, and clinical translation (45). 
To overcome these challenges, in vivo programming of immune cells 
using LNP-based RNA delivery has been proposed as an alternative 
approach for cancer treatment. The spleen serves as the reservoir of 
immune cells, making it an attractive site for drug targeting. Never-
theless, efforts to develop spleen-targeting LNPs, such as modifying 
lipid compositions or incorporating targeting ligands, have yielded 
mixed results. For example, Wang et al. used negatively charged lipids 
to achieve spleen targeting, but this reduced LNP stability and mRNA 
expression efficiency (13). Rurik et al. used CD5-targeting antibodies 
to induce antifibrotic CAR T cells in mice, but these LNPs still pri-
marily accumulated in the liver (46). In addition, it remains unclear 
which specific immune cells in the spleen are targeted by these ap-
proaches. Although Kranz et al. optimized net charges in mRNA-
lipoplexes to target splenic DCs, most of the particles were taken 
up by RPMs, which have low translation efficiency (47). The safety 
and functional roles of spleen-targeted LNPs in clinical settings re-
main underexplored (48), highlighting the need for more precise 
delivery systems.

On the other hand, erythrocytes naturally home to the spleen 
and maintain close interactions with immune cells in splenic micro-
environments, making them ideal cellular vehicles for immune 
modulation within the spleen. Although previous studies attempted 
to noncovalently attach nanoparticles to erythrocytes for therapeutic 
molecule delivery, these methods suffered from low drug payloads 
and rapid dissociation of nanoparticles from erythrocytes within 

hours postadministration (21). In contrast, our erythrocyte-based 
mRNA delivery system achieved high mRNA payloads with stable 
nanoparticle conjugation, enabling efficient and precise delivery to 
splenic immune cells. This in vivo CAR myeloid programming ap-
proach eliminates the need for lymphodepletion or other precondi-
tioning treatments, making it more scalable, efficient, and clinically 
accessible than current ex vivo CAR cell therapies. Moreover, our 
findings suggest that in vivo–generated CAR myeloid cells act not 
only as direct cytotoxic effectors but also as potent immune ampli-
fiers. By adopting a proinflammatory, antigen-presenting phenotype, 
they drive secondary activation of lymphocytes. This feed-forward 
interaction between CAR myeloid cells and adaptive immune popu-
lations sustains immune activation and may underlie long-term tu-
mor control.

The process of erythrocyte surveillance and clearance by splenic 
immune cells is a well-established biological mechanism (11). Our 
findings revealed that mRNA-LNP-Ery selectively targets splenic 
CD11b+ myeloid cells, which are critical for mediating antitumor 
responses. Although the exact reason for the preferential targeting 
of CD11b+ myeloid cells remains unclear, this observation under-
scores the potential to refine cell-specific targeting by engineering 
erythrocyte membrane components. Leveraging the natural com-
patibility of erythrocytes with membrane modifications, future strate-
gies can further enhance the precision of immune cell targeting. 
Mechanistically, erythrocyte-mediated mRNA delivery differs fun-
damentally from that of conventional LNPs. Whereas LNPs rely 
on receptor-mediated endocytosis and are frequently sequestered 
within endosomes, erythrocytes are internalized by myeloid cells 
through actin-dependent phagocytosis. Inhibition of this pathway 
markedly reduced erythrocyte-mediated uptake, confirming its es-
sential role. Time-resolved confocal imaging further revealed that 
the mRNA cargo is internalized together with erythrocytes and that 
a substantial fraction of the mRNA dissociates and escapes into the 
cytosol before phagolysosomal fusion. This early cytosolic release 
markedly enhances mRNA translation efficiency. This behavior is 
consistent with the distinct structural and dynamic properties of 
phagosomes, which exhibit slower acidification kinetics and per-
missive membrane remodeling that allow transient cytosolic com-
munication and facilitate ionizable lipid–mediated mRNA escape 
(49–51). Such delayed fusion is consistent with prior reports that 
phagosomes containing senescent erythrocytes exhibit incomplete 
acidification and limited proteolysis (52, 53). Unlike rapidly acidify-
ing endosomes, phagosomes have larger luminal volumes and slow-
er maturation kinetics, which delay acidification and allow transient 
membrane remodeling events that can promote cytosolic communi-
cation. Such dynamics, together with the fusogenic properties of 
ionizable lipids (54, 55), likely facilitate mRNA release from phago-
somes before full lysosomal fusion, explaining the efficient transla-
tion observed with erythrocyte-mediated phagocytic delivery. This 
phagocytic uptake route offers distinct advantages over endocytosis: 
Phagosomes containing erythrocyte-conjugated materials often avoid 
lysosomal fusion, allowing the delivered mRNA to remain intact 
and functional. In contrast, conventional LNPs experience extensive 
endosomal trapping that limits cytosolic availability and therapeutic 
output. By overcoming these intrinsic barriers, erythrocyte-based 
mRNA delivery provides a highly efficient and targeted mechanism 
for in vivo immune-cell programming.

Despite these advances, several limitations of this study should be 
acknowledged. The current findings are primarily based on murine 
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models, and additional evaluation in experimental systems that 
more closely reflect human physiology will be important to further 
establish translational relevance. In particular, it remains to be de-
termined whether the splenic targeting behavior, tissue biodistribu-
tion, and pharmacokinetic properties of mRNA-LNP-Ery observed 
in mice are conserved across species under human-relevant physi-
ological conditions. In addition, the therapeutic scope of this study 
is limited to CAR constructs targeting HER2 and CD19. Although 
these models demonstrate the feasibility of erythrocyte-mediated 
in vivo generation of CAR myeloid cells, future studies will be re-
quired to assess the generalizability of this platform across a broader 
range of tumor antigens and disease contexts. Last, because CAR 
expression driven by mRNA delivery is inherently transient, the op-
timal dosing frequency, durability of immune reprogramming, and 
potential consequences of repeated administration remain to be de-
fined. These factors will be important considerations for clinical 
translation and therapeutic regimen design. In conclusion, this plat-
form leverages the unique biology of erythrocytes to enable precise, 
high-efficiency mRNA transfer to immune cells, representing a ver-
satile and clinically translatable approach for advancing cancer im-
munotherapy and immune modulation.

MATERIALS AND METHODS
Study design
The overall objective of this study was to develop an erythrocyte-
mediated mRNA delivery system (mRNA-LNP-Ery) and to evaluate 
its pharmacokinetic behavior, biodistribution, delivery mechanism, 
and therapeutic potential in cancer models. Using reporter mRNAs 
encoding luciferase or Cre recombinase, we assessed the biodistri-
bution of mRNA-LNP-Ery across organs and immune cell popula-
tions in mouse models using in vivo bioluminescence imaging and 
flow cytometry. The cellular uptake and intracellular trafficking of 
mRNA-LNP-Ery were investigated using complementary in  vitro 
assays and in vivo approaches, including confocal imaging, phago-
cytosis assays, and studies conducted in both WT and Ldlr−/− mice. 
The therapeutic relevance of this platform was evaluated through 
in vivo delivery of CAR-encoding mRNAs targeting HER2 or CD19, 
followed by assessment of antitumor efficacy and safety in syngeneic 
MC38-hHER2 and B16-hCD19 tumor models. Immune remodel-
ing effects were further characterized by scRNA-seq, flow cytome-
try, and immunohistochemistry.

For in vitro experiments, at least two independent biological rep-
licates were performed for each condition. Samples with identical 
pretreatment conditions were randomly assigned to experimental 
groups. For in  vivo studies, sample sizes were determined on the 
basis of prior experience with comparable experimental systems and 
anticipated biological variability; exact animal numbers and repli-
cate information are provided in the corresponding figure legends. 
Age- and sex-matched mice were used throughout, and animals 
were randomly allocated to treatment groups before administration. 
No formal blinding was implemented for in vivo experiments be-
cause of logistical constraints related to animal handling and cage 
identification; however, objective quantitative end points were ap-
plied wherever feasible. All animal procedures were approved by the 
Committee for Animal Research of Westlake University (protocols 
20-043-GXF and GXF-24-134) and complied with the Guide for the 
Care and Use of Laboratory Animals. Data collection was continued 
until the predefined experimental end points were reached, as specified 

in the experimental protocols, with no interim stopping rules ap-
plied. No data points or animals were excluded from the analyses, 
and no outlier removal was performed. Detailed experimental pro-
cedures and statistical methods are provided in the figure legends 
and in the “Materials and Methods” section in the Supplementary 
Materials.

Statistical analysis
Experimental data are presented as means ± SEM unless noted oth-
erwise. Data were analyzed by unpaired t test or one- and two-way 
analysis of variance (ANOVA) using GraphPad Prism 7.0 software, 
and by chi-square test or Wilcoxon rank-sum test using R (v.4.2.1 
and later versions). Statistical significance is indicated as follows: ns, 
not significant; *P < 0.05; **P < 0.01; ***P < 0.001. All individual 
level data for n < 20 are presented in data file S1.
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Editor’s summary
Chimeric antigen receptor (CAR)–modified myeloid cells have emerged as promising immunotherapy candidates
in the treatment of solid tumors. Here, Nie et al. developed a method for the targeting of splenic myeloid cells to
generate CAR-modified myeloid cells in vivo. mRNA-loaded lipid nanoparticles were conjugated to erythrocytes,
which naturally home to spleens, enabling the efficient delivery of mRNA encoding CARs to myeloid cells and the
subsequent generation of functional CAR myeloid cells in vivo. CAR myeloid cells targeting human epidermal growth
factor receptor 2 (HER2) or CD19 reduced tumor progression and increased the infiltration of T and natural killer (NK)
cells. This work provides an innovative approach for the in vivo generation of myeloid-based CAR effector cells. —Amy
E. Baek

View the article online
https://www.science.org/doi/10.1126/scitranslmed.ady6730
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of Science. 1200 New
York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a registered trademark of AAAS. 

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on A
pril 28, 2026

https://www.science.org/content/page/terms-service

	In vivo generation of CAR myeloid cells through erythrocyte-mediated mRNA delivery for cancer immunotherapy
	INTRODUCTION
	RESULTS
	mRNA-LNP delivery by engineered erythrocytes predominantly localizes to the spleen
	Erythrocyte-mediated mRNA delivery selectively targets splenic CD11b+ myeloid cells
	Erythrocyte-mediated mRNA delivery enhances mRNA expression efficiency through phagocytosis
	Characterization of CAR myeloid cells generated by mRNA-LNP-Ery in vivo
	CAR myeloid cells generated by mRNA-LNP-Ery exhibit potent antitumor activity with high safety
	CAR myeloid cells generated by mRNA-LNP-Ery adopt a proinflammatory phenotype that enhances immune activation
	In vivo–generated CAR myeloid cells reprogram the tumor microenvironment and induce systemic antitumor immunity

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Statistical analysis

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments
	AbstractOne-sentence summary: 
	Editor’s summary


