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Abstract 11 

Targeted lipid nanoparticles (tLNPs) enable efficient mRNA delivery to T cells, allowing for in 12 

situ generation of chimeric antigen receptor (CAR) T cells without ex vivo manipulation. This 13 

strategy has shown promising therapeutical efficacy in preclinical studies of cardiac fibrosis, 14 

cancer, and autoimmune diseases. While multiple T-cell surface receptors have been targeted 15 

across studies for tLNP-mediated in vivo CAR T-cell generation and exhibit diverse efficiencies, 16 

their comparative performance and the mechanisms underlying these differences remain 17 

unclear. Here, we systematically compared tLNPs with antibody-based moieties targeting T-cell 18 

receptors including CD2, CD4, CD5, CD7, CD8, or a CD4/8 dual-targeting combination under 19 

identical conditions, assessing their mRNA delivery efficiency in human T cells and PBMCs in 20 

vitro, and subsequently validating the best performer in vivo in humanized mice. Among all 21 

moieties tested, CD7-targeting tLNPs achieved the highest mRNA delivery to T cells and 22 

efficiently generated functional CAR T cells in vivo. Mechanistic analysis revealed that receptor 23 

internalization, rather than the receptor abundance, is the primary determinant of delivery 24 

efficiency, a property intrinsic to each receptor and largely independent of antibody clone. These 25 

findings provide a rational framework for selecting optimal targeting moiety to enable highly 26 

efficient in vivo CAR T-cell engineering.  27 
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Introduction 41 

Messenger RNA (mRNA) delivered by lipid nanoparticles (LNPs) has emerged as a 42 

transformative platform for therapeutic development across vaccines, cancer treatments, and 43 

gene therapies[1-4]. A particularly compelling approach is the use of LNP-mRNA to generate 44 

chimeric antigen receptor (CAR) T cells directly in vivo. CAR T-cell therapy has revolutionized 45 

treatment of B-cell malignancies, delivering durable remissions and even cures [5-8]. However, 46 

current CAR T-cell manufacturing depends on complex ex vivo engineering workflows, requiring 47 

leukapheresis, viral transduction, expansion, quality control, and reinfusion, that are technically 48 

intensive, costly, and accessible only at specialized GMP facilities[9, 10]. Additional hurdles 49 

include the need for lymphodepletion conditioning via chemotherapy [11-13]. Prolonged CAR 50 

expression in virally induced T cells can drive sustained release of cytokines and long-term 51 

depletion of healthy B cells, leading to cytokine-release syndrome, extended 52 

immunosuppression, and increased infection [6, 14-16]. In contrast, in vivo generation of CAR T 53 

cells using LNP-mRNA can overcome many of these limitations. This approach eliminates the 54 

need for cell isolation and in vitro manipulation, thereby markedly simplifying the manufacturing 55 

process. Engineering endogenous T cells in situ also eliminates the requirement for chemo-56 

conditioning and reduces associated toxicities. Moreover, mRNA enables the transient 57 

expression of CAR, mitigating risks associated with prolonged CAR T-cell activity and allowing 58 

for temporal control to minimize toxicity [17-19]. 59 

A major breakthrough enabling efficient in vivo mRNA delivery to T cells—and thereby enabling 60 

in vivo CAR T-cell generation—was the development of targeted lipid nanoparticles (tLNPs). 61 

Unlike macrophages or dendritic cells, T cells possess limited endocytic activity and do not 62 
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efficiently uptake conventional unmodified LNP-mRNAs. The tLNP platform addresses this 63 

limitation by conjugating targeting moieties, such as monoclonal antibodies recognizing T-cell 64 

surface receptors, to the LNP surface to direct LNP-T cells engagement and trigger receptor-65 

mediated endocytosis of LNP. This strategy enables potent and selective mRNA delivery to T 66 

cells following systemic administration [20-22]. tLNP-mediated in vivo CAR T-cell generation has 67 

demonstrated compelling efficacy across multiple preclinical and clinical studies. Rurik et al. 68 

demonstrated that aCD5/tLNPs enabled in vivo generation of anti-FAP CAR T cells, resulting in 69 

reversal of cardiac fibrosis in mice [22]. Hunter et al. reported that aCD8/tLNPs enabled in vivo 70 

generation of anti-CD19 CAR T cells and elicited an ‘immune reset’ in a nonhuman primate 71 

model of autoimmune disease [18]. Most recently, Wang et al. employed aCD8/tLNPs to 72 

generate anti-CD19 CAR T cells directly in patients with systemic lupus erythematosus, 73 

achieving robust B-cell depletion and reductions in pathogenic autoantibodies [23]. Across these 74 

studies, various T-cell surface receptors have been targeted by tLNPs, each yielding different 75 

levels of delivery efficiency [18, 21, 22]. However,  a head-to-head performance comparison of 76 

tLNPs targeting these T cell receptors under identical experimental conditions has yet to be 77 

reported.  Moreover, the mechanistic principles underlying the variable performance of tLNPs 78 

with different targeting moieties remain poorly defined.  Addressing these questions would inform 79 

the selection of optimal targeting receptors and moieties for tLNP design to achieve robust 80 

mRNA delivery to T cells for in vivo CAR T-cell engineering. 81 

Here, we systematically compared tLNPs targeting CD2, CD4, CD5, CD7, CD8, or a CD4/8 dual-82 

targeting combination (referred to as CD4/8 hereafter) under uniform conditions. Using ZsGreen 83 

reporter mRNA as the tLNP payload, we quantitatively compared tLNP delivery efficiency in vitro 84 

in purified human T cells and in PBMCs, where T cells compete with other immune populaitons, 85 
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followed by in vivo validation of the top-performing tLNP in humanized mice. To investigate the 86 

mechanistic principles underlying the tLNP delivery efficiency, we measured receptor 87 

abundance, assessed antibody-receptor internalization kinetics across multiple antibody clones, 88 

and quantified intracellular mRNA accumulation and resultant protein output. With the top 89 

performing tLNP, we further determined functional relevance by delivering anti-CD20 CAR 90 

mRNA to generate CAR T cells both in vitro and in vivo. We found that CD7-targeting tLNPs 91 

achieved the highest mRNA delivery to T cells and enabled potent CAR T-cell generation in vitro 92 

and in vivo. Mechanistically, the internalization capacity of the antibody–receptor complex, rather 93 

than receptor abundance, emerged as the primary determinant of mRNA delivery efficiency by 94 

tLNPs targeting that receptor. This internalization capacity appears to be an intrinsic property of 95 

each receptor and largely independent of the binding antibody clone. Together, our findings 96 

provide a framework for selecting optimal targeting moieties in designing tLNP-mRNA for 97 

efficient in vivo CAR T-cell engineering.  98 

99 
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Materials and Methods 100 

 101 

mRNA synthesis  102 

mRNA was produced following previously described protocols [20, 24]. The amino acid 103 

sequences of encoded proteins (e.g., ZsGreen) were codon-optimized prior to generating the 104 

corresponding mRNA coding sequences. DNA templates for in vitro transcription, consisting of 105 

the T7 promoter, 5′ UTR, coding sequence, 3′ UTR, and poly(A) tail, were synthesized and 106 

cloned into the pUC-ccTEV-A101 plasmid vector. Plasmids were linearized and used as 107 

templates for in vitro transcription with the MEGAscript® T7 Transcription Kit (Invitrogen, Cat. 108 

AM133), according to the manufacturer’s instructions. Uridine triphosphate (UTP) was replaced 109 

with m¹ψ-5′-triphosphate (pseudouridine triphosphate; TriLink, Cat. N1081), and co-110 

transcriptional capping was performed using CleanCap® (TriLink). Synthesized mRNA was 111 

purified using cellulose-based purification to remove double-stranded RNA contaminants, as 112 

previously described [25]. The integrity of purified mRNA was assessed by 2% agarose gel 113 

electrophoresis, and samples were stored at −20 °C until use. 114 

 115 

LNP-mRNAs preparation and characterization  116 

mRNAs were encapsulated in lipid nanoparticles using the NanoAssemblr™ Ignite™ microfluidic 117 

formulation system (Cytiva) according to the manufacturer’s instructions. Lipids (SM-102, DSPC, 118 

cholesterol, and PEG2000) were dissolved in ethanol, and mRNA was diluted in 25 mM sodium 119 

acetate buffer (pH 5.0). The lipid solution and mRNA were combined within the microfluidic 120 

cartridge at a flow-rate ratio of 3:1. Following formulation, LNP–mRNA preparations were buffer-121 

exchanged into 10% sucrose and concentrated to 1 mg/mL using a 10 kDa MWCO centrifugal 122 
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filter (Millipore, Cat. UFC9010). Samples were stored at −80 °C until use. Encapsulated mRNA 123 

concentration was quantified using the Quant-iT™ RiboGreen assay (Thermo Fisher Scientific, 124 

Cat. R11490), as previously described [26]. Particle size, polydispersity index, and zeta potential 125 

of the LNP–mRNA formulations were measured by dynamic light scattering (DLS) using a 126 

Malvern Zetasizer instrument (Malvern, UK) following the manufacturer’s instructions. 127 

 128 

Antibody-conjugated LNP-mRNA preparation 129 

To prepare targeted LNPs, monoclonal anti-CD2 (TS1/8, BioLegend, cat# 309202), anti-CD4 130 

(A161A1, BioLegend, cat# 94222), anti-CD5 (UCHT2, BioLegend, cat# 98889), anti-CD7 (CD7-131 

6B7, BioLegend, cat# 94122), anti-CD8 (SK1, BioLegend, cat# 92401), and anti-CD71 (B3/25, 132 

Bio X Cell, cat# BE036) were conjugated to LNP-mRNA using SATA-maleimide chemistry as 133 

described previously[27-29]. Briefly, LNP-mRNA was modified with maleimide functional groups 134 

(DSPE-PEG-mal) via post-insertion. The antibody was functionalized with SATA (N-succinimidyl 135 

S-acetylthioacetate) to introduce sulfhydryl groups for conjugation to maleimide. The sulfhydryl 136 

groups on the antibody were then conjugated to maleimide moieties through thioether chemistry. 137 

The resulting conjugates were purified using Sepharose CL-4B gel filtration columns 138 

(MilliporeSigma).  139 

 140 

Cell culture and medium 141 

Human T cells and peripheral blood mononuclear cells (PBMCs) were obtained from 142 

STEMCELL Technologies and from the Human Immunology Core at the Perelman School of 143 

Medicine, University of Pennsylvania. Cells were cultured in RPMI 1640 supplemented with 10% 144 

fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, and 50 IU/mL 145 
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recombinant human IL-2, and maintained at 37°C in a humidified incubator with 5% CO₂. T-cell 146 

activation was carried out using Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher, cat# 147 

11131D) following the manufacturer’s instructions. 148 

 149 

Flow cytometry analysis of tLNP-mRNA delivery efficiency 150 

For cultured cells, one million cells were collected for flow cytometric analysis. For immune cells 151 

isolated from blood, peripheral whole blood was collected using heparinized micro-hematocrit 152 

capillary tubes, transferred immediately into blood collection tubes, and subjected to ACK red 153 

blood cell (RBC) lysis. For spleen samples, spleens were harvested, mechanically dissociated, 154 

passed through a 70-µm cell strainer, and treated with RBC lysis. One million cells per sample 155 

were used for flow staining. Cells were first stained with a live/dead viability dye (Invitrogen, cat# 156 

L34994) followed by Fc receptor blocking (BioLegend, cat# 422302). The T-cell staining panel 157 

included CD45-BUV805 (HI30, BD Biosciences, cat# 612891), CD3-APC (OKT3, BioLegend, 158 

cat# 317318), CD4-BUV395 (SK3, BD Biosciences, cat# 563550), CD8-BV421 (RPA-T8, 159 

BioLegend, cat# 301036), and the G4S linker antibody (E7O2V, Cell Signaling Technology, cat# 160 

38907) for detection of CAR expression. For PBMC and spleen samples, additional antibodies 161 

included CD20-BV711 (2H7, BioLegend, cat# 302342), CD14-PE/Fire 810 (S18004B, 162 

BioLegend, cat# 399223), and CD56-BV605 (HCD56, BioLegend, cat# 318333). Sample 163 

acquisition was performed on an LSRFortessa flow cytometer (BD Biosciences), and data were 164 

analyzed using FlowJo software (v11) 165 

 166 

 167 

 168 
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Antibody internalization assay  169 

Activated human T cells were seeded into 96-well optical-bottom plates at 200,000 cells per well 170 

in 50 µL of T-cell medium. To promote cell adherence and minimize cell movement during 171 

imaging, plates were pretreated with 50 µL of 0.01% poly-L-ornithine per well for 2 hours at room 172 

temperature. Afterward, the solution was removed, and the plates were air-dried for 1-hour. 173 

Seeded cells were incubated for 2-hours before the addition of the antibody. For each well, 0.5 174 

µg of antibody was mixed with 1 µL of IncuCyte FabFluor-pH Antibody labeling reagent (Red) in 175 

50 µL of T-cell medium. The mixture was then incubated at room temperature for 15 minutes 176 

and subsequently added to the cells. Antibody internalization kinetics were imaged and analyzed 177 

using the IncuCyte Live-Cell Analysis System. For higher-resolution imaging, confocal 178 

microscopy was performed using a ZEISS LSM 880; Hoechst 33342 was added to the cells prior 179 

to imaging to visualize nuclei. 180 

 181 

Cy5-labeling of tLNP-mRNA and internalization assay  182 

To generate fluorescently labeled mRNA, 25% of the UTP in the in vitro transcription reaction 183 

was replaced with Cy5-labeled UTP, while all other steps of mRNA synthesis and purification 184 

were performed as described above. The resulting Cy5-labeled mRNA was then used to 185 

formulate tLNP–mRNA. For assessing tLNP internalization, activated T cells were seeded as 186 

described for the antibody internalization assay, and Hoechst 33342 was added to the culture 187 

medium to visualize nuclei. Subsequently, 0.5 µg of tLNP-Cy5-labeled mRNA encoding ZsGreen 188 

was added per well for confocal imaging of internalized mRNA and ZsGreen protein expression 189 

using a ZEISS LSM 880 confocal microscope. Each treatment condition included duplicate wells, 190 

and three fields of view per well were imaged for quantification. 191 
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RNAseq analysis of tLNP-mRNA treated T cells  192 

Donor-matched CD4⁺ or CD8⁺ T cells from three healthy donors were treated with aCD2- or 193 

aCD5-targeted LNP-ZsGreen mRNA at a dose of 1 μg mRNA per 1 × 10⁶ cells, with untreated 194 

cells and mouse IgG-conjugated LNP–ZsGreen mRNA serving as controls. After 24-hours, cells 195 

were collected, and total RNA was isolated using the Qiagen RNeasy Mini Kit. Sequencing data 196 

were processed in R (v4.2.2), and differential gene expression analysis was performed using 197 

DESeq2 (v1.38.3). Variance stabilizing transformation (VST) was applied for normalization, and 198 

batch effects were corrected using the removeBatchEffect function from the limma package 199 

(v3.54.2). Principal component analysis was visualized with ggplot2 [30]. Gene Set Enrichment 200 

Analysis (GSEA) was conducted to identify enriched pathways, with genes ranked using a metric 201 

that reflects both statistical significance and the directionality of change, calculated as log10(p-202 

value) × sign(log2FoldChange). Gene Ontology (GO) enrichment and visualization were 203 

performed using the ClusterProfiler package (v4.6.2). 204 

In vitro generation of CAR T cells and killing assay 205 

To evaluate the ability of aCD7/tLNP-mRNA to generate CAR T cells, mRNA encoding an anti-206 

CD20 CAR construct was encapsulated in LNPs. T cells from two healthy donors were treated 207 

with 0.01, 0.1, or 1 μg of aCD7/tLNP-mRNA or with unconjugated LNP-mRNA dosage per million 208 

cells. After 24-hours, the cells were collected for flow cytometric analysis of CAR expression. To 209 

assess cytotoxic activity, CAR T cells were then co-cultured with CD20-expressing, luciferase-210 

labeled Raji cells (ATCC, cat# CCL-86-LUC2) at effector-to-target ratios of 1:1, 2:1, 5:1, and 211 

10:1.  10,000 Raji cells in 50 μL of Raji cell medium were seeded in 96-well optical-bottom plates 212 

that had been pretreated to enhance cell adherence, as described above, followed by a 2-hour 213 

incubation to promote attachment. Subsequently, CAR T cells in 50 μL of T-cell medium 214 
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 12 

containing Incucyte® Cytotox Green Dye (for counting dead cells, Sartorius, Cat. 4633; 200 μM 215 

stock, diluted 1:2000) were added to each well. After 24-hours of co-culture, dead cells were 216 

imaged using an EVOS™ M5000 Imaging System (Thermo Fisher). Raji cell viability was then 217 

quantified by measuring luciferase activity using the ONE-Glo™ Luciferase Assay System 218 

(Promega, Cat# E6110) according to the manufacturer’s instructions. 219 

 220 

Humanized mouse model 221 

All animal studies were conducted in accordance with the Guide for the Care and Use of 222 

Laboratory Animals (National Research Council). All procedures were approved by the 223 

Institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania, and 224 

the university’s animal facilities are accredited by the American Association for Accreditation of 225 

Laboratory Animal Care (AAALAC). PBMC-NSG humanized mice used for in vivo studies were 226 

obtained from the Jackson Laboratory (hu-PBMC-NSG, Cat. 745557). Female NSG™ mice (6–227 

7 weeks old) were engrafted with human peripheral blood mononuclear cells (hu-PBMCs) by 228 

Jackson Laboratory. Peripheral blood was collected two weeks after engraftment to confirm 229 

successful humanization. Three weeks post-engraftment, humanized mice were randomized 230 

into treatment groups, and treated with tLNP-mRNA at a dosage of 2.5 μg mRNA per mouse. 231 

24-hours after treatment, blood and spleen samples were collected to assess mRNA expression 232 

(ZsGreen reporter or anti-CD20 CAR construct) in T cells by flow cytometry. 233 

 234 

Immunohistochemistry staining  235 

Spleens from aCD7/tLNP-aCD20 CAR-treated humanized mice were harvested and fixed in 4% 236 

paraformaldehyde (PFA) at 4 °C for 24-hours with orbital shaking at 100 rpm. Fixed tissues were 237 
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washed in a graded ethanol series (30%, 50%, and 70%; each for 1-hour) before undergoing 238 

routine processing for paraffin embedding and sectioning at a thickness of 4 µm. For 239 

immunohistochemistry, antigen retrieval was performed in Tris-EDTA buffer (pH 9.0). Tissue 240 

sections were blocked with 10% goat serum for 15 minutes and incubated overnight at 4 °C with 241 

primary antibodies against CD20 (SP32, Abcam, Cat# ab64088; 1:100) and Granzyme B 242 

(D6E9W, Cell Signaling Technology, Cat. 46890; 1:100). After washing, secondary antibody 243 

incubation and chromogenic detection were performed using the Rabbit-Specific IHC Polymer 244 

Detection Kit, HRP/DAB (Abcam, Cat# ab209101), following the manufacturer’s instructions. 245 

Slides were counterstained with hematoxylin, mounted using an aqueous mounting medium 246 

(Abcam, Cat# ab264230), and imaged using an Aperio FL Scanning System (Leica). 247 

 248 

Statistical analysis  249 

Data are presented as mean ± standard deviation (SD). Statistical differences between two 250 

groups were assessed using Student’s t-test, and comparisons among multiple groups were 251 

performed using one-way ANOVA. Significance thresholds were defined as: n.s. (not significant), 252 

*p < 0.05, **p < 0.01, and ***p < 0.001. Statistical analysis was performed with GraphPad Prism 253 

10.1.2. 254 

 255 
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Results 256 

 257 

Comparison of targeting moieties for tLNP-mediated mRNA delivery efficiency to human 258 

primary T cells in vitro 259 

 260 

To evaluate the relative performance of different targeting moieties systematically under uniform 261 

experimental conditions, we compared the mRNA delivery efficiency of LNPs conjugated with 262 

monoclonal antibodies against several highly expressed and T cell-specific surface markers: 263 

CD2, CD4, CD5, CD7, CD8, and CD4/8. Antibodies were covalently conjugated to LNP-mRNA 264 

via N-succinimidyl-S-acetylthioacetate (SATA)-maleimide chemistry (Fig. 1A, Methods) [20, 27]. 265 

Following antibody conjugation, the hydrodynamic diameter of LNPs increased from 94.4 nm to 266 

an average of 116.6 nm, as measured by dynamic light scattering. The zeta potential of tLNPs 267 

showed only minor changes relative to unmodified LNPs (Fig. 1B). To evaluate the impact of 268 

each targeting moiety on delivery efficiency of tLNP, we encapsulated a ZsGreen reporter mRNA 269 

as the payload. We treated activated human pan T cells at varying doses of each tLNP 270 

formulation (0.01, 0.1, or 1 μg mRNA per 100,000 cells) for 24-hours, followed by flow cytometric 271 

analysis of ZsGreen expression (Fig. 1C). Untreated cells or unmodified LNP-treated cells 272 

showed minimal ZsGreen signal in CD3⁺ T cells, whereas all antibody-conjugated tLNPs 273 

produced robust, dose-dependent reporter mRNA expression (Fig. 1D, upper panel; Fig. 1E). 274 

At the 1 μg dose, aCD2, aCD5, and aCD7/tLNPs achieved the highest efficiencies, with ~80% 275 

of T cells expressing ZsGreen (aCD2: 80.6 ± 1.7%; aCD5: 83.3 ± 1.3%; aCD7: 76.4 ± 2.6%). In 276 

comparison, aCD4/tLNPs (target CD4) and aCD4/8-tLNPs (target both CD4 and CD8) yielded 277 
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moderate efficiencies (~60%), and aCD8/tLNPs were the least effective (17.0 ± 1.0%) (Fig. 1D, 278 

E). 279 

We next assessed subtype selectivity by quantifying ZsGreen expression in CD4⁺ and CD8⁺ T 280 

cell subsets (Fig. 1D, middle and lower panels; Fig. 1F). At 1 μg mRNA dose, aCD2, aCD5, 281 

and aCD7/tLNPs efficiently transfected both subsets, with comparable expression levels (aCD2: 282 

83.7 ± 1.6% in CD4⁺ vs. 79.9 ± 0.7% in CD8⁺; aCD5: 88.1 ± 0.9% vs. 88.6 ± 0.8%; aCD7: 80.6 283 

± 1.6% vs. 86.1 ± 3.0%). In contrast, aCD4/tLNPs specifically transfected CD4⁺ T cells, while 284 

aCD8/tLNPs selectively targeted CD8⁺ T cells. The dual aCD4/8-tLNPs targeted both subsets 285 

but at lower efficiency than aCD2, aCD5, or aCD7-tLNPs formulations. To further compare the 286 

level of protein output, we quantified the mean fluorescence intensity  of ZsGreen (Fig. 1G). 287 

Among the top-performing tLNPs, aCD7/tLNPs produced the strongest expression, with MFI 288 

values of 25,583 A.U. in CD4⁺ T cells and 23,131 A.U. in CD8⁺ T cells. aCD5/tLNPs yielded 289 

moderate expression (18,970 and 13,271 A.U., respectively), while aCD2/tLNPs showed lower 290 

intensity (5,742 and 5,008 A.U.). Together, these data identify aCD7/tLNPs as the most efficient 291 

formulation for mRNA delivery to human T cells, among the tLNPs tested in this study, combining 292 

broad subset targeting with the highest expression strength. 293 

 294 

Antibody-receptor internalization capacity, not receptor abundance, determines T-cell 295 

uptake of tLNP-mRNA 296 

 297 

We next investigated factors influencing the mRNA delivery efficiency of tLNPs bearing different 298 

targeting moieties. We initially hypothesized that the abundance of target receptors on the T cell 299 

surface determines the efficiency of tLNP-mediated mRNA delivery. Under this hypothesis, the 300 
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higher delivery efficiency observed with aCD7/tLNP compared to aCD2/tLNP would suggest 301 

greater CD7 expression than CD2. To examine this, we first assessed the expression levels of 302 

targeted receptors on T cells using publicly available datasets. Specifically, we referenced the 303 

Human Protein Atlas and the Schmiedel Immune Cell Dataset [31], which provide transcriptomic 304 

profiles of activated T cells from 91 healthy donors. Surprisingly, CD2 was expressed at the 305 

highest level among all targeted surface receptors, approximately fivefold higher than CD7 and 306 

CD5 (Fig. 2A). We further assessed the receptor abundance at the protein level using flow 307 

cytometry. Consistent with the trend in transcriptomic data, CD2 protein levels were 308 

approximately three times higher than those of CD5 and twice as high as those of CD7 (Fig. 2B, 309 

C). Counterintuitively, despite the higher abundance of CD2, aCD2/tLNP-ZsGreen transfected 310 

T cells yielded only one-third the ZsGreen MFI of aCD5/tLNP and one-fifth that of aCD7/tLNP, 311 

indicating that receptor abundance alone does not account for differences in tLNP-mRNA 312 

delivery efficiency and protein expression strength. 313 

 314 

We alternatively hypothesized that, rather than receptor density, the internalization of the 315 

antibody-receptor complex determines the efficiency of tLNP-mRNA uptake. To test this, we 316 

employed the IncuCyte® Fabfluor-pH antibody labeling system to quantitatively assess antibody 317 

internalization kinetics upon receptor binding. In this system, antibodies served as LNP targeting 318 

moieties are tagged with Fab fragments conjugated to pH-sensitive fluorophores, upon 319 

internalized into the cell and exposed to the acidic lysosomal environment (pH 4.5–5.5), the 320 

fluorophores exhibit a marked increase in fluorescence (Fig. 2D). Employing this labeling 321 

approach in combination with the IncuCyte® Live-Cell Analysis System, we monitored the 322 

internalization of antibodies targeting CD2, CD5, and CD7 in activated human T cells. IgG served 323 
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as a negative control, while CD71 (transferrin receptor, known to undergo extensive receptor 324 

cycling but not T-cell-specific) was included as a positive control [32, 33]. We found that aCD7 325 

exhibited the highest level of antibody internalization, followed by aCD5, both of which exceeded 326 

the positive control aCD71 (Fig. 2E). In contrast, aCD2 showed substantially lower 327 

internalization. Confocal imaging at 4 hours after antibody addition further confirmed the higher 328 

internalization and lysosomal accumulation of aCD7 (Fig. 2F). To assess whether the higher 329 

internalization of aCD7 relative to aCD2 is antibody-clone dependent, we evaluated three distinct 330 

clones of aCD7 and aCD2 antibodies and compared their internalization kinetics. The capacity 331 

of these antibodies to bind to their targeting receptors was confirmed by flow cytometry (Fig. 332 

S1A, B). Using the FabFluor-pH labeling system, we found that all aCD7 clones exhibited 333 

substantially higher internalization than the aCD2 clones, averaging a four times increase (aCD7: 334 

66873 ± 10075 A.U. VS. aCD2: 17329 ± 7052 A.U.), despite minor clone-to-clone variations (Fig. 335 

S1C, D). These results indicate that aCD7 internalizes more efficiently than aCD2 upon receptor 336 

binding, largely regardless of the antibody clone. 337 

 338 

To further determine whether the higher internalization of aCD7 antibodies correlates with 339 

increased uptake of aCD7/tLNPs, we encapsulated Cy5-labeled mRNA encoding ZsGreen 340 

within tLNPs (Fig. 2G). Human T cells were treated with aCD2-, aCD5-, or aCD7-conjugated 341 

tLNPs, while IgG-tLNP and aCD71-tLNP served as negative and positive controls, respectively. 342 

4-hours post-transfection, confocal imaging revealed the greatest accumulation of Cy5-labeled 343 

mRNA in cells treated with aCD7/tLNP, followed by aCD5/tLNP, aCD71/tLNP, and finally 344 

aCD2/tLNP, a pattern consistent with the antibody internalization kinetics (Fig. 2H upper panel). 345 

Quantitative analysis showed a strong positive correlation between the level of antibody 346 
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internalization shown in Fig. 3F and the intracellular accumulation of Cy5-mRNA shown in Fig. 347 

3H (**Pearson r = 0.894, **p < 0.0001) (Fig. 2I), indicating that antibody internalization strongly 348 

corelates tLNP-mRNA uptake efficiency. Further analysis of the ZsGreen protein level in each 349 

cell revealed a significant, although weaker, positive correlation to the amount of Cy5-mRNA 350 

uptake (**r = 0.374, p = 0.0017) (Fig. 2J). The reduced correlation may reflect differences in 351 

mRNA translation activity in T cells following distinct tLNP treatments. Consistent with this 352 

hypothesis, RNA sequencing and gene set enrichment analysis comparing aCD7/tLNP-ZsGreen 353 

treated T cells compared with aCD2/tLNP-ZsGreen treated T cells, revealed strong enrichment 354 

of pathways related to protein translation, ribosome biogenesis, and mRNA metabolism in CD4⁺ 355 

T cells (Fig. S2A, B, C). In CD8⁺ T cells, aCD7/tLNP treatment showed positive, though more 356 

modest, enrichment for mRNA processing and translation accompanied by significant 357 

downregulation of mRNA decay pathways compared with aCD2/tLNP treatment (Fig. S2D, E). 358 

These findings indicate that aCD7/tLNP-treated T cells may be in a more active state for mRNA 359 

translation than those treated with aCD2/tLNP. 360 

In summary, our results demonstrate that the capacity of antibody-receptor internalization, rather 361 

than receptor abundance , is the key determinant of tLNP efficiency for mRNA delivery to human 362 

T cells.  This internalization capacity appears to be an intrinsic property of each receptor and 363 

largely independent of the binding antibody clone.  364 

 365 

 366 

 367 
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aCD7/tLNP efficiently delivers mRNA to T cells in the presence of other immune cells  368 

To evaluate whether aCD7/tLNPs can efficiently deliver mRNA to T cells in the presence of other 369 

immune cell populations, we assessed their performance using human peripheral blood 370 

mononuclear cells (PBMCs) (Fig. 3A), which more closely recapitulate the cellular complexity in 371 

vivo. We first characterized the immune cell composition of PBMCs from three healthy donors 372 

and found that they comprised CD4⁺ T cells (50.9 ± 3.1%), CD8⁺ T cells (15.1 ± 1.8%), B cells 373 

(16.6 ± 1.6%), monocytes (17.1 ± 5.7%), and NK cells (0.4 ± 0.1%) (Fig. 3B). We then treated 374 

the PBMCs with tLNPs bearing targeting moieties against CD2, CD4, CD5, CD7, CD8, or CD4/8, 375 

each loaded with ZsGreen mRNA as a reporter. 24-hours post-treatment, we performed flow 376 

cytometry to quantify the percentage of ZsGreen⁺ cells and MFI within each immune subset, 377 

with a focus on T cells. Even in the presence of other immune cells, aCD7/tLNPs maintained the 378 

highest T-cell targeting efficiency (42.7 ± 0.9% in CD4⁺ T cells and 27.0 ± 3.4% in CD8⁺ T cells), 379 

followed by aCD5/tLNPs (42.1 ± 3.6% in CD4⁺ T cells and 17.1 ± 5.1% in CD8⁺ T cells) (Fig. 3C, 380 

D). The absolute efficiencies were approximately half of those observed in pure T cells shown 381 

in Fig. 1E, likely due to competition for nanoparticle uptake among different cell types, particularly 382 

monocytes, which exhibited consistently high ZsGreen⁺ percentages across all treatment 383 

conditions (Fig. 3C, D). Among other PBMC subsets, B cells showed negligible ZsGreen 384 

expression, whereas NK cells displayed elevated ZsGreen⁺ levels specifically under aCD7/tLNP 385 

treatment, consistent with the high CD7 expression on NK cells [34, 35]. In terms of mRNA 386 

expression strength, aCD7/tLNPs again ranked among the most effective formulations, with 387 

average MFIs of 1,907 A.U. in CD4⁺ T cells and 1,124 A.U. in CD8⁺ T cells (Fig. 3E).  388 
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Notably, these MFI values were 10–20 times lower than those observed in purified, activated T-389 

cell cultures shown in Fig. 1G. This reduction likely reflects both decreased tLNP bioavailability 390 

due to competition from other cell types and the absence of the in vitro T-cell activation step in 391 

PBMC experiments, which was omitted to preserve other immune populations, as monocytes 392 

and NK cells do not survive the 72-hour activation process (Fig. S3A, B). When comparing the 393 

performance of aCD7/tLNP-ZsGreen in activated versus non-activated T cells, we found that T-394 

cell activation substantially enhanced transfection efficiency, with the ZsGreen⁺ fraction 395 

approximately doubling in both CD4⁺ and CD8⁺ T cells (Fig. S3C–F). Likewise, ZsGreen MFI 396 

increased markedly upon activation, from 1,541 to 8,649 in CD4⁺ T cells and from 1,807 to 397 

16,940 in CD8⁺ T cells (Fig. S3G). Together, these results demonstrate that aCD7/tLNPs 398 

efficiently deliver mRNA to T cells even in the presence of other immune cell populations, and 399 

that T-cell activation further enhances mRNA expression levels. 400 

 401 

aCD7/tLNP efficiently delivers mRNA to T cells in vivo 402 

To evaluate whether aCD7/tLNPs can achieve efficient mRNA delivery to T cells in vivo, we 403 

employed a humanized mouse model generated by engrafting human PBMCs into NOD.Cg-404 

Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, a well-established system for studying human T-cell biology 405 

in vivo [36-38]. We first characterized the kinetics of human immune cell reconstitution in this 406 

model. By four weeks post-engraftment, human CD45⁺ cells constituted approximately 50% of 407 

splenocytes and 20% of circulating white blood cells, the majority of which were human CD4⁺ or 408 

CD8⁺ T cells (Fig. S4), indicating a robust level of humanization. At this time point, mice were 409 

administered either unmodified LNP-ZsGreen or aCD7/tLNP-ZsGreen via retro-orbital injection 410 

at a dose of 2.5 µg/mouse. 24-hours post-injection, spleen and blood samples were collected to 411 
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assess ZsGreen expression in human T cells (Fig. 4A). In splenic T cells, aCD7/tLNP treatment 412 

resulted in 59.3% ZsGreen⁺ CD4⁺ T cells and 88.7% ZsGreen⁺ CD8⁺ T cells (Fig. 4B-D). T cells 413 

isolated from peripheral blood displayed ZsGreen⁺ frequencies and MFI values comparable to 414 

those in splenic T cells (Fig. 4E–G). Notably, in both spleen and blood, CD8⁺ T cells consistently 415 

exhibited higher ZsGreen⁺ percentages and fluorescence intensities than CD4⁺ T cells, for 416 

example, 88.7% vs. 59.3% ZsGreen⁺ and 20,912 A.U. vs. 7,028 A.U. MFI in the spleen, likely 417 

reflecting the considerably higher CD7 expression on CD8⁺ than CD4⁺ T cells, as shown in fig. 418 

2B, C by flow cytometry. Collectively, these findings demonstrate that aCD7/tLNPs efficiently 419 

delivers mRNA to human T cells in vivo, with preferential uptake and expression in CD8⁺ T cells 420 

compared to CD4⁺ T cells. 421 

 422 

aCD7/tLNP loaded with anti-CD20 CAR mRNA efficiently generates functional CAR T cells 423 

in vitro 424 

To evaluate the potential of aCD7/tLNPs for engineering human T cells into CAR T cells, we 425 

loaded the tLNP with mRNA encoding anti-CD20 CAR. Activated T cells from two different 426 

donors were treated with a range of doses, 0.01, 0.1, and 1 µg of aCD7/tLNPs-anti-CD20 CAR 427 

mRNA per million cells. 24-hours post-treatment, cells were collected and stained for the G4S 428 

linker within the anti-CD20 CAR construct to quantify CAR expression. We found that, while 429 

treatment with unmodified LNPs resulted in minimal CAR expression across all doses (Fig. 5A, 430 

upper panel; Fig. 5B, C), aCD7/tLNP-treated cells displayed a clear dose-dependent increase 431 

in the proportion of CAR⁺ cells within both CD4⁺ and CD8⁺ T-cell subsets. At the highest dose 432 

(1 µg mRNA/million cells), donor ND615 exhibited 48.1% CAR⁺ CD4⁺ T cells and 76.0% CAR⁺ 433 
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CD8⁺ T cells, while a second donor showed 63.3% CAR⁺ CD4⁺ T cells and 64.0% CAR⁺ CD8⁺ 434 

T cells (Fig. 5A, lower panel; Fig. 5D, E). These results demonstrate that aCD7/tLNPs enable 435 

highly efficient mRNA delivery for the generation of CAR T cells in vitro. 436 

We next assessed whether the CAR T cells generated with aCD7/tLNPs were functionally 437 

capable of killing their target cells. We co-cultured CAR T cells with the lymphoblast-like Raji cell 438 

line, which was verified to express the CD20 antigen.(Fig. S5). CAR T cells were co-cultured 439 

with Raji cells at effector-to-target (E: T) ratios of 1:1, 2:1, 5:1, and 10:1. To visualize target cell 440 

killing, we added Cytotox Green dye, which fluoresces upon binding to the DNA of dead cells, 441 

and imaged cultures after 24-hours. T cells treated with unmodified LNPs exhibited minimal 442 

cytotoxic activity across all E: T ratios. In contrast, aCD7/tLNP-engineered CAR T cells showed 443 

a prominent ratio-dependent increase in Raji cell killing, with ~5-fold higher Cytotox Green 444 

fluorescence at 5:1 and 10:1 ratios compared to Raji-only controls (Fig. 5F-H). We also 445 

quantified cytotoxicity and Raji cell survival by measuring luciferase activity, as the Raji cell line 446 

expresses a luciferase reporter. Consistent with imaging results, co-culture with aCD7/tLNP-447 

generated CAR T cells led to a dose-dependent reduction in luciferase signal, confirming 448 

effective target cell killing (Fig. 5I). Collectively, these findings demonstrate that the aCD7/tLNP 449 

platform efficiently delivers CAR mRNA into human T cells, generating potent and functional 450 

CAR T cells capable of antigen-specific cytotoxicity in vitro. 451 

 452 

 453 

 454 

 455 
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aCD7/tLNP loaded with anti-CD20 CAR mRNA efficiently generates CAR T cells in vivo 456 

and depletes B cells  457 

To further evaluate the ability of aCD7/tLNPs to deliver anti-CD20 CAR mRNA in vivo for CAR 458 

T-cell generation and B-cell depletion, we employed the PBMC-NSG humanized mouse model. 459 

Mice were administered either aCD7/tLNP-ZsGreen or aCD7/tLNP-CAR at 2.5 µg mRNA via 460 

retro-orbital injection. 24-hours post-injection, spleens were harvested and divided for analysis: 461 

one half for flow cytometry to assess CAR expression efficiency, and the other for 462 

immunohistochemistry (IHC) to evaluate depletion of CD20⁺ B cells (Fig. 6A). In aCD7/tLNP-463 

CAR-treated mice, we found an average of 33.3% of human CD4⁺ T cells and 50.6% of CD8⁺ T 464 

cells expressed the CAR construct, whereas CAR expression was minimal in both untreated 465 

controls and aCD7/tLNP-ZsGreen–treated mice (Fig. 6B–D). Consistent with our in vitro findings 466 

that aCD7/tLNP mediates more efficient mRNA delivery to T cells than aCD2/tLNP, humanized 467 

mice treated with aCD2/tLNP-CAR exhibited substantially lower CAR expression, averaging 468 

11.5% in CD4⁺ T cells and 20.2% in CD8⁺ T cells (Fig. S6). To determine whether the in vivo-469 

generated CAR T cells were functionally active, we quantified CD20⁺ B cells in the spleen. In 470 

untreated mice (n = 6) and aCD7/tLNP-ZsGreen–treated control mice, CD20⁺ B cells accounted 471 

for 4.1% and 7.5% of splenocytes, respectively. In contrast, aCD7/tLNP-CAR-treated mice 472 

exhibited only 0.5% CD20⁺ B cells, representing a significant reduction and indicating potent 473 

CAR T-cell-mediated B-cell clearance (Fig. 6B, lower panel; Fig. 6E). IHC staining further 474 

confirmed near-complete B-cell depletion in the spleen of aCD7/tLNP-CAR–treated mice. 475 

Compared with approximately 500 CD20⁺ B cells per field observed in naïve and aCD7/tLNP-476 

ZsGreen–treated control animals, fewer than 20 CD20⁺ cells per field were detected following 477 

aCD7/tLNP-CAR treatment (Fig. 6F, upper panel; Fig. 6G). Moreover, strong Granzyme B 478 
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staining was observed in the spleens of aCD7/tLNP-CAR-treated mice, but not in controls (Fig. 479 

6F, lower panel), indicating robust cytotoxic activity of the generated CAR T cells. Collectively, 480 

these findings demonstrate that aCD7/tLNPs loaded with anti-CD20 CAR mRNA efficiently 481 

generate functional CAR T cells in vivo, leading to potent B-cell depletion.  482 
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Discussion 483 

Antibody-functionalized tLNPs have emerged as a powerful platform for in vivo mRNA delivery 484 

to T cells and for generating CAR T cells directly in vivo [19]. Although multiple T-cell surface 485 

receptors, including CD4, CD5, CD7, and CD8, have been targeted by  antibody-functionalized 486 

tLNPs [18, 20-22], the relative performance of tLNPs targeting these receptors for mRNA 487 

delivery to T cells under identical conditions and the mechanisms underlying their varied 488 

efficiencies remain unclear. Clarifying this question is essential for designing optimal tLNPs for 489 

in vivo CAR T-cell therapy. In this study, we systematically compared tLNPs targeting CD2, CD4, 490 

CD5, CD7, CD8, and CD4/8 to determine which receptor allows for the most efficient delivery of 491 

mRNA to T cells and the reasons behind this efficiency. We showed that aCD7/tLNPs 492 

consistently outperformed other targeting moieties , achieving the highest mRNA delivery in vitro 493 

and generating potent CAR T cells in vivo. By integrating measurements of receptor abundance, 494 

antibody–receptor internalization across multiple different antibody clones, and intracellular 495 

mRNA and protein output, we showed that although CD2 is the most abundant receptor on 496 

human T cell surface among the list of receptors targeted, it internalizes poorly and supports 497 

limited tLNP-mRNA uptake and protein expression. In contrast, antibody binding to CD7 498 

undergoes rapid, robust, and clone-independent internalization, enabling superior tLNP-mRNA 499 

uptake and protein production. These results establish antibody-receptor internalization capacity, 500 

a property intrinsic to each receptor and largely independent of antibody clone, as the key 501 

parameter governing effective tLNP-mediated mRNA delivery to T cells and highlight CD7 as an 502 

optimal targeting receptor for in vivo CAR T-cell engineering. 503 
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Our in vivo studies using humanized mice showed that aCD7/tLNP-CAR generated substantially 504 

higher CAR expression than aCD2/tLNP–CAR, with an average of 33.3% versus 11.5% CAR⁺ 505 

in CD4⁺ T cells and 50.6% versus 20.2% CAR⁺ in CD8⁺ T cells (Fig. 6, S6). These results are 506 

consistent with our in vitro findings that antibody binding to CD7 internalizes far more efficiently 507 

than those binding to CD2 (Fig. 2, S1) and drives higher tLNP-mRNA delivery and ZsGreen 508 

reporter expression (Fig. 1). Notably, the in vivo transfection efficiency to generate CD8⁺ CAR 509 

T cells we observed at 24-hours post aCD7/tLNP-CAR treatment is nearly double that reported 510 

by Hunter et al. using aCD8/tLNP-CAR, despite our using a dose of only 2.5 μg mRNA compared 511 

with their 30 μg per mouse, over a tenfold higher amount [18]. Similarly, compared with the anti-512 

FAP CAR generated using aCD5/tLNPs [22], our aCD7/tLNP still achieved nearly double the 513 

CAR⁺ percentage while using only one-quarter of the mRNA dose. Together, these data indicate 514 

that CD7-targeted tLNP–mRNA enables superior efficiency for in vivo CAR T-cell generation. 515 

We acknowledge, however, that these studies used different CAR constructs; thus, differences 516 

in the percentage of CAR⁺ cells may reflect not only variations in mRNA delivery efficiency but 517 

also differences in the translational efficiency of the respective CAR-encoding mRNAs. A direct 518 

head-to-head comparison of all targeting moieties in vivo under identical conditions will be 519 

important for definitive benchmarking in the future. An additional advantage of targeting CD7 is 520 

its high expression on NK cells [34, 35], which enables the simultaneous generation of CAR⁺ T 521 

cells and CAR⁺ NK cells, potentially enhancing target-cell clearance [35, 39]. This NK-cell 522 

transfection capacity is also reflected in our PBMC experiments, where aCD7/tLNP–ZsGreen 523 

yielded ~30% ZsGreen⁺ NK cells, whereas other targeting moieties showed minimal NK-cell 524 

transfection (Fig. 3). Overall, CD7 represents a highly potent targeting receptor for in vivo CAR 525 

generation using tLNP-mRNA. 526 
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To our surprise, although antibody-receptor internalization is strongly associated with tLNP-527 

mRNA uptake levels, the correlation between the levels of intracellular mRNA accumulation and 528 

protein output is more modest (Fig. 2I, J). One potential explanation for the partial uncoupling 529 

between intracellular mRNA levels and protein output is that engagement of different antibody–530 

receptor pairs (e.g., aCD2–CD2 versus aCD7–CD7) may differentially modulate the translational 531 

activity of T cells. Antibody binding has been reported to exert agonistic effects and activate 532 

downstream signaling pathways [40, 41], and CD7 itself functions as a co-stimulatory molecule 533 

in T cells [42, 43]. Consistent with this possibility, our transcriptomic profiling revealed that 534 

aCD7/tLNP-treated T cells upregulate pathways associated with mRNA metabolism, translation, 535 

and ribosome biogenesis (Fig. S2). However, these observations are preliminary; whether 536 

aCD7/tLNPs truly prime T cells toward a more translation-active state remains a hypothesis and 537 

will require more comprehensive mechanistic investigation in the future. 538 

Our study also highlights opportunities for further refinement. First, our selection of targeting 539 

moieties focused on receptors previously explored in in vivo CAR studies and therefore did not 540 

encompass all potential candidates. Incorporating additional T-cell–specific receptors—such as 541 

TCR, CD28, CCR7, and CXCR4—could further expand and strengthen the targeting repertoire 542 

[44-46]. Our finding that antibody-receptor internalization capacity dictates mRNA delivery 543 

efficiency provides a guiding principle for prioritizing new candidates and assessing whether any 544 

may even outperform aCD7/tLNP. Second, our framework identifying rapidly internalizing 545 

receptors as optimal targets for efficient tLNP-based mRNA delivery is derived from human T-546 

cell data, and whether this principle extends to other cell types remains to be determined. Future 547 

studies will evaluate this internalization-based selection strategy in additional hard-to-transfect 548 

cell populations. Third, the PBMC-NSG humanized mouse model used in our in vivo studies 549 
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provides robust human T-cell reconstitution but lacks other critical immune components, 550 

including NK cells and myeloid populations, and therefore does not fully recapitulate the 551 

complexity of the human immune system. Evaluating aCD7/tLNPs in models with more complete 552 

immune repertoires will be needed to more accurately assess performance and translational 553 

potential.  554 

In summary, our study establishes antibody-receptor internalization capacity as a key design 555 

principle for selecting targeting moieties for tLNP-mediated mRNA delivery to T cells in vivo. We 556 

identify CD7 as a particularly effective receptor to target, enabling robust mRNA delivery to T 557 

cells and generation of in vivo CAR T cells. These findings provide a framework for rational 558 

selection of targeting receptors to optimize tLNP-mRNA-based in vivo CAR T-cell therapies and 559 

other T-cell engineering applications.  560 
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Fig. 1 Comparison of targeting moieties for tLNP-mediated mRNA delivery efficiency to 743 

human primary T Cells in vitro. 744 

(A) Schematic of conjugating antibodies to the surface of LNP-mRNA through the SATA-745 

maleimide chemistry. (B) Physical properties of LNP with vs. without antibody conjugation. (C) 746 

The analytic scheme of human T cells treated with tLNPs bearing targeting moieties against 747 

different T cell receptors. (D) The ZsGreen expression in CD3+, CD4+, and CD8+ T cells in each 748 

indicated group at 1 μg mRNA per 100,000 cells dosage, analyzed with flow cytometry. (E) 749 

ZsGreen+% in CD3+ T cells 24-hours after treated with each tLNP formulation at 0.01, 0.1, or 1 750 

μg mRNA per 100,000 cells dosage. (F) ZsGreen+% in CD4+ VS. CD8+ T cells 24-hours after 751 

treated with each tLNP formulation at 1 μg mRNA per 100,000 cells dosage. (G) Mean 752 

fluorescence intensity of ZsGreen+ CD4+ VS. CD8+ T cells. n = 3 biological replicates. Data are 753 

represented as mean ± SD.  754 
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Fig. 2 Higher antibody-receptor internalization, rather than receptor density, correlates 756 

with increased T-cell uptake of tLNP-mRNA.  757 

(A) Transcript levels of CD2, CD4, CD5, CD7, and CD8 in activated human CD4⁺ and CD8⁺ T 758 

cells analyzed using the Schmiedel Immune Cell Dataset (Human Protein Atlas). (B) Flow 759 

cytometry histograms showing protein expression of CD2, CD4, CD5, CD7, and CD8 in activated 760 

human CD4⁺ and CD8⁺ T cells. (C) Quantification of protein expression shown in (B). (D) 761 

Schematic of the IncuCyte® Fabfluor-pH antibody labeling system for quantitative analysis of 762 

antibody internalization via fluorescence. (E) Antibody internalization kinetics in activated T cells 763 

measured using the IncuCyte® Live-Cell Analysis System. (F) Representative images showing 764 

internalized antibodies (red) 4-hours after incubation with labeled antibodies. (G) Schematic 765 

showing Cy5-labeled mRNA encoding ZsGreen loaded into tLNPs to track mRNA uptake by T 766 

cells. (H) Representative images of internalized Cy5-labeled mRNA and ZsGreen expression 4-767 

hours after tLNP treatment. (I) Correlation between antibody internalization (from F) and 768 

intracellular Cy5-mRNA accumulation (from H); each point represents one biological replicate. 769 

(J) Correlation between intracellular Cy5-mRNA and ZsGreen protein expression; each point 770 

represents a single cell, and cells from three biological replicates were pooled for plotting. n = 3 771 

biological replicates for all experiments. Data are shown as mean ± SD. Scale bar = 100 μm. 772 
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Fig. 3. aCD7/tLNPs efficiently deliver mRNA to T cells in the presence of other immune 774 

cells. 775 

(A) Experimental scheme of human PBMCs treated with tLNPs bearing targeting moieties 776 

against different T cell surface receptors. (B) Immune cell composition of PBMCs from three 777 

healthy donors used for tLNP treatment. (C) ZsGreen expression in CD4⁺ and CD8⁺ T cells, 778 

CD14⁺ monocytes, CD19⁺ B cells, and CD56⁺ NK cells 24-hours after treatment with each tLNP 779 

formulation at 1 μg mRNA per 100,000 cells dosage, analyzed by flow cytometry. (D) 780 

Quantification of ZsGreen⁺ cell percentages in each immune cell subtype. (E) Mean fluorescence 781 

intensity of ZsGreen⁺ cells in each immune cell subtype. n = 3 biological replicates. Data are 782 

shown as mean ± SD. 783 
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Fig. 4. aCD7/tLNP efficiently delivers mRNA to T cells in vivo. 787 

(A) Experimental scheme for evaluating aCD7/tLNP-mediated mRNA delivery to human T cells 788 

in vivo. (B) ZsGreen expression in human CD4⁺ and CD8⁺ T cells in the spleen of humanized 789 

mice 24-hours after treatment with each tLNP formulation (2.5 μg mRNA per mouse). (C) 790 

Quantification of ZsGreen⁺ cell percentages in human CD4⁺ and CD8⁺ T cells in the spleen. (D) 791 

Mean fluorescence intensity of ZsGreen⁺ CD4⁺ and CD8⁺ T cells in the spleen. (E) ZsGreen 792 

expression in human CD4⁺ and CD8⁺ T cells in peripheral blood. (F) Quantification of ZsGreen⁺ 793 

cell percentages in human CD4⁺ and CD8⁺ T cells in the blood. (G) MFI of ZsGreen⁺ CD4⁺ and 794 

CD8⁺ T cells in the blood. n = 3 mice for naïve and aCD7/tLNP-ZsGreen–treated groups; n = 2 795 

for the unmodified LNP-ZsGreen control group. Data are shown as mean ± SD. 796 
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Fig. 5. aCD7/tLNP loaded with anti-CD20 CAR mRNA efficiently generates functional CAR 798 

T cells in vitro. 799 

(A) CAR expression in activated human T cells 24-hours after treatment with unconjugated LNP–800 

CAR mRNA or aCD7/tLNP-CAR mRNA at doses of 0.01, 0.1, or 1 μg mRNA per million cells. 801 

(B and C) Quantification of CAR expression in CD4⁺ and CD8⁺ T cells treated with unconjugated 802 

LNP-CAR mRNA. (D and E) Quantification of CAR expression in CD4⁺ and CD8⁺ T cells treated 803 

with aCD7/tLNP-CAR mRNA. (F) Experimental scheme for evaluating the cytolytic activity of 804 

CAR T cells against target cells. (G) Representative images showing Cytotox Green 805 

fluorescence indicating Raji cell death in co-cultures with T cells treated with unmodified LNP-806 

CAR or aCD7/tLNP-CAR at effector-to-target (E: T) ratios of 1:1, 2:1, 5:1, and 10:1. (H) 807 

Quantification of Cytotox Green fluorescence shown in (G). (I) Quantification of Raji cell viability 808 

in co-culture based on luciferase activity. n = 2 biological replicates. Data are shown as mean ± 809 

SD. Scale bar = 100 μm. 810 
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Fig. 6. aCD7/tLNP loaded with anti-CD20 CAR mRNA efficiently generates CAR T cells in 812 

vivo and depletes B cells. 813 

(A) Experimental scheme for evaluating aCD7/tLNP-mediated CAR T-cell generation in vivo and 814 

their cytolytic activity against target cells. (B) CAR expression in CD4⁺ and CD8⁺ T cells in the 815 

spleen and levels of remaining CD20⁺ B cells 24-hours after treatment with aCD7/tLNP-ZsGreen 816 

(control) or aCD7/tLNP-CAR mRNA (2.5 μg per mouse), analyzed by flow cytometry. (C and D) 817 

Quantification of CAR expression in CD4⁺ and CD8⁺ T cells. (E) Quantification of CD20⁺ B cells 818 

in the spleen. (F) Representative immunohistochemistry images showing CD20⁺ B cells (upper 819 

panel) and Granzyme B (lower panel) in spleens from aCD7/tLNP-ZsGreen- or aCD7/tLNP-820 

CAR-treated humanized mice. (G) Quantification of CD20⁺ B-cell density shown in (F). n = 6 821 

mice for (B-E); n = 3 mice for (F and G). Data are shown as mean ± SD. Scale bar, 100 μm. 822 
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