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Efficient and precise insertion of large DNA fragments into pri-
mary human T cells has remained a bottleneck for gene and cell
therapy. We present BaEVshort-AAVG6 site-specific integration
for CAR T (BASIC), a modular platform that combines
BaEVshort-pseudotyped virus-like particles for Cas9 RNP deliv-
ery with AAV6 donor vectors for homology-directed repair.
BASIC achieves >85% knockin efficiency without drug selection
or electroporation, preserving cell viability while enabling
multiplex genome engineering. Edited chimeric antigen recep-
tor (CAR)-T cells show uniform CAR expression, enhanced
cytotoxicity, and complete tumor clearance in vivo. BASIC offers
a clinically scalable solution for next-generation cell therapies.

INTRODUCTION

Precise, efficient, and safe integration of large transgenes into defined
genomic loci is a longstanding goal in gene therapy and regenerative
medicine. For decades, homologous-recombination-based gene tar-
geting has been hampered by low efficiency, typically <5% even with
selection markers, making it unsuitable for clinical applications."”
The advent of CRISPR-Cas9 technology further enhanced homolo-
gous directed repair (HDR) efficiencies to 5%-30% in selected cell
types3’7; however, HDR remains inefficient in primary immune cells,
especially for knockin of large therapeutic constructs.

Numerous strategies have been explored to overcome the limitations
of low HDR efficiency, including non-homologous end joining
(NHEJ) inhibition,>” HDR-promoting compounds,'’ donor tem-
plate engineering,'"'* and cell-cycle synchronization."> However,
these approaches often show marginal benefit in primary human
cells, particularly for integrating large payloads. Furthermore, these
approaches often rely on electroporation or drug selection, which
can cause substantial cytotoxicity and hinder scalability. As a result,
no existing platform offers a broadly applicable, electroporation-free,
and clinically scalable solution for efficient large-fragment integra-
tion in primary immune cells.

In parallel, chimeric antigen receptor (CAR)-T cell therapy has

. . . 14,15
revolutionized hematologic cancer treatment, >~ but current

manufacturing approaches rely on random integration of transgenes
via retroviruses or lentiviruses, raising concerns about insertional
mutagenesis and transgene silencing.'®"'* While site-specific CAR
knockin via CRISPR-Cas9 has attracted intense interest for its poten-
*0°22 current strategies
remain technically demanding and inefficient, often requiring elec-

tial to improve product uniformity and safety,

troporation of Cas9 ribonucleoprotein complexes (RNPs) together
with adeno-associated virus (AAV) or double-stranded DNA do-
nors. All of these available multi-step processes suffer from high
cell loss and batch-to-batch variability, posing major hurdles for clin-
ical translation and large-scale manufacturing.

Virus-like particles (VLPs) retain the natural cell-entry capacity of
viruses but lack a genome, eliminating integration risk while serving
as efficient carriers for Cas9 RNPs or mRNAs.”>** Although VLP-
based approaches have been explored for T cell genome editing, an
effective strategy for generating CAR-T cells with high-efficiency,
site-specific integration has yet to be established.”>*°

Here we introduce BaEVshort-AAV6 site-specific integration for
CAR T (BASIC)—a clinically scalable genome-editing platform
that integrates two potent viral systems: (1) BaEVshort-pseudotyped
virus-like particles to deliver Cas9 RNPs efficiently into primary
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T cells, and (2) AAV6 vectors encoding CAR donor templates
flanked by homology arms. BASIC eliminates the need for electropo-
ration, drug selection, or random integration and consistently
achieves >85% knockin and >95% knockout efficiencies in human
primary T cells.

BASIC-engineered CAR-T cells exhibit enhanced antitumor activity,
cytokine secretion, and long-term persistence in vitro and in vivo,
surpassing conventional lentiviral-based methods. Moreover,
BASIC supports multiplex editing and application in natural killer
(NK) cells, offering a generalizable, modular framework for building
next-generation cellular immunotherapies.

RESULTS

VLPs enable site-specific integration by delivering

CRISPR-Cas9

Previous studies have demonstrated that VLPs can efficiently deliver
a variety of genome-editing cargos into mammalian cells.”>”~*' In
parallel, lentiviral vectors have been engineered into non-integrating
forms (NILVs) through mutations in the integrase recognition

i 32,33
sites,

allowing them to serve as transient donor templates for ho-
mology-directed repair (Figures S1A and S1B). To test this strategy,
we first co-delivered VLPs™ loaded with Cas9 RNPs and an NILV-
based donor designed to correct a point mutation in the BFP gene
into HEK293T cells stably expressing BFP from the AAVSI1 locus
(Figures S1C and S1D). This approach achieved approximately
26% GFP conversion (Figure S1E), indicating successful HDR-medi-

ated correction.

We next extended this approach to large-fragment integration. An
NILV donor encoding a CDI19-specific CAR (3.3 kb) flanked by
TRAC-specific homology arms was co-delivered with VLPs into Ju-
rkat cells (Figure SIF). In the presence of the DNA-PKcs inhibitor
M3814, we observed 34.7% CAR" cells (Figure S1G), demonstrating
that NILV donors can support integration of therapeutic-sized cargo.

However, when the same system was applied to primary human
T cells, knockin efficiency dropped sharply to ~3.2% (Figures SIH
and S1I). Given that VSV-G-pseudotyped lentiviral vectors can effi-
ciently transduce activated T cells, this reduction is unlikely to be ex-
plained by impaired viral entry alone. Rather, our results point to two
intrinsic bottlenecks in this configuration: first, VSV-G-pseudotyped
VLPs may not efficiently support Cas9 RNP delivery and genome ed-
iting in primary T cells; second, NILV-derived HDR donors cannot
be dose-escalated to the high template copy numbers achievable with
AAV vectors. Together, these limitations substantially constrain the
amount of genome-editing machinery available per cell, resulting in
the modest KI efficiency observed.

BaEVshort-pseudotyped VLPs outperform VSV-G for Cas9
delivery in primary T cells

To improve VLP transduction efficiency in T cells, we replaced the
conventional VSV-G envelope with the baboon endogenous virus
(BaEV) envelope, which utilizes ASCT1/2 receptors highly expressed
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on activated T cells.”*® A previously reported BaEV envelope
mutant further enhances T cell transduction but induces pro-
nounced syncytium formation in packaging cells.”” To address
this, we engineered a truncated envelope (BaEVshort) lacking
the C-terminal R peptide (Figure 1A). BaEVshort-pseudotyped
VLPs achieved a 6-fold increase in capsid protein (p30) levels
compared to VSV-G-VLPs, indicating improved packaging effi-
ciency (Figure 1B). Notably, all BaEV envelope variants tested simi-
larly produced significantly higher physical titers than VSV-G, with
no detectable differences observed among the BaEV variants
themselves.

To prevent envelope-mediated fusion during production,”® we
generated ASCT1/2 double-knockout HEK293T packaging cells
(Figures S2A and S2B). BaEVshort-VLPs produced from ASCT1/2
double-knockout HEK293T cells were directly applied to human pri-
mary T cells for transduction (Figure 1C). VSV-G-VLPs were gener-
ated using wild-type HEK293T cells under otherwise identical con-
ditions. Both VLP types shared identical internal components,
differing only in their envelope glycoproteins (Figure S2C). We
next compared VLPs pseudotyped with different BaEV variants to
VSV-G VLPs under matched conditions. BaEVshort-pseudotyped
VLPs vyielded the highest editing efficiency in primary T cells,
whereas BaEVRless showed the lowest efficiency (Figure 1D). These
results indicate that BaEVshort is the most effective BaEV-derived
envelope for genome editing in T cells, while BaEVRless—despite
its advantages for lentiviral vector production’’—is suboptimal for
retrovirus-based VLP delivery. Furthermore, modifying the single
guide RNA (sgRNA) scaffold to enhance Cas9-RNP complex stabil-
ity”” boosted editing efficiencies by 1.5- to 2.5-fold across multiple
targets (Figure 1E).

Importantly, BaEVshort-VLPs did not impair T cell proliferation
(Figure S2D). Flow cytometry analysis demonstrated that TRAC-tar-
geting VLP transduction resulted in ~96% CD3 knockout in both
CD4" and CD8" T cell subsets without selection (Figure S2E). Titra-
tion of BaEVshort plasmid input revealed that, while physical titers
declined at higher doses, editing efficiency improved (Figures 1F
and S2F), likely due to increased envelope density per particle.

BaEVshort-enveloped MLV VLPs enable multiplex gene editing
in T and NK cells

NK cell-based immunotherapies are gaining clinical momentum
due to their low risk of graft-versus-host disease and cytokine
release syndrome.””*’
NK cells remains challenging due to poor transduction efficiency
with conventional envelopes such as VSV-G. Given the high
expression of ASCT1/2 on NK cells,"’ we hypothesized that
BaEVshort-VLPs may offer superior editing performance. Indeed,
when BaEVshort-VLPs were used to transduce primary NK cells,
editing efficiencies exceeded 80% at TRAC and B2M loci, and
they surpassed 60% at programmed cell death protein 1(PD-1)
and CTLA4—significantly higher than those achieved with VSV-
G-VLPs (Figure S3A).

However, genetic modification of primary



Please cite this article in press as: Wang et al., Basic enables selection-free efficient knockin of large DNA in primary human T cells, Molecular Therapy
(2025), https://doi.org/10.1016/j.ymthe.2025.12.064

www.moleculartherapy.org

*kkk
A B *kk*k
**kkk
ns
| Surface unit | Ectodomain | ™ | Cytoplasm | R | BaEVwt 1 ——| S s ek
10 5
2, *
| Surface unit | Ectodomain | ™ | Cytoplasm | R | BaEVTR E 7
o 6
35
| Surface unit | Ectodomain | ™ | Cytoplasm | BaEVRless g 4
~ 3
2
1
Surface unit Ectodomain | T™M Cytoplasm BaEVshort 0
W (@& (O
o ) K & 3
N O R N )
)2 LAY %&\\ N

C
2T,
«Q@@ ™
)
Gagpol ) o
Supernatant ASU (f % Yoat 2’
GagCas9 Transfection @ASCH harvest : gﬂ @@,. : 3% 9@"
> > ~ Y
ASCT2 e %Sa‘ L &w\
41 A
“d0
- g*
L4 ? ®

1
D TRAC B2M PD1 CTLA4
Kk kK Fokkk *kkk I
*kkk
*kkk .
*kkk *kkk
*kkk
*kkk *xkk
50 50 60 ,—| 509 kkk
40 40 40
%30 g 30 g 40 ’\5 30
K%} @ @ K2
[7) [7} [} [)
g g €20 g
10 . 10 o - 10 .
& @ P O T @ o 07 @ o TN W @ O
O (& P o (€ e R NP AR g\ e o A (€07
N o T N IR N ) N o O NPT R N )
& T Fe © TR e & T F e & FFe
E TRAC B2M PD1 CTLA4 F
*kkk *kkk * kK ~ *% « TRAC
1007 1009 10049 — 100 i 100
= B2M
80 1 80 80 80 ” —— CTLA4
~ ~ = = . PD1
® 60 = 60 S 60 = 60 £ 60
2 ) i) o <
3 3 ] $ ]
2 404 2 40 2 40 o £ 40 ° 40
20 20 20 20 - 20
R Iy Ry Iy LY Y 0 5 Y o T T T !
& & o o 0 1.0 2.0 3.0 4.0
& o & o & o & o

BaEVshort (ug)

Figure 1. MLV VLPs with BaEVshort envelope enhance gene editing efficiency in T cells

(A) Structural schematics of BaEVwt, BaEVTR, BaEVRIless, and BaEVshort envelope variants. (B) Physical titers of VLPs pseudotyped with BaEVwt, BaEVTR, BaEVRIess,
BaEVshort, or VSV-G, measured by p30 ELISA (n = 2 technical replicates). (C) Schematic of BaEV-VLP production and T cell transduction. Created with BioRender.com. (D)
Gene editing efficiency at four genomic loci (TRAC, PD-1, B2M, CTLA4) in T cells transduced with VLPs pseudotyped with VSV-G or BaEV variants. (E) Optimized sgRNA
scaffold improves Cas9-mediated editing via BaEVshort-VLPs across multiple targets. (F) Effect of BaEVshort envelope plasmid titration on editing efficiency at TRAC, PD-1,
B2M, and CTLA4. Data are presented as the mean + SD from triplicates (n = 3 independent healthy donors). p values were calculated by one-way ANOVA with Tukey’s
multiple-comparisons test (B), Dunnett’s multiple-comparisons test (D), and unpaired t tests: **p < 0.01, **p < 0.001, and ***p < 0.0001; ns, not significant.
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To support the development of off-the-shelf CAR-T therapies, multi-
plex gene editing is required to ablate immunogenicity (TRAC,
B2M) and enhance persistence (PD-1, CTLA4).**** We generated
multiplexed VLPs by co-packaging multiple sgRNAs and tested their
performance in both T and NK cells. In primary T cells, dual and tri-
ple editing efficiencies reached 62%-78% and 52%-61%, respec-
tively. NK cells also supported double editing at 61%-67% and triple
editing at 23%-31% (Figures S3B-E). Notably, these high multiplex-
ing efficiencies were achieved without viral concentration or Retro-
nectin pre-coating.”” These findings demonstrate that BaEVshort-
pseudotyped VLPs support robust, high-efficiency multiplex
genome editing in both T and NK cells, providing a versatile and
scalable platform for the generation of universal immune effector
cells.

BaEVshort-VLPs paired with AAV6 donor enable one-step gene
knockout and targeted CAR knockin

Since lentiviral vectors require reverse transcription in target cells
before providing an HDR template, we opted to use AAV as the
CAR donor, whose single-stranded DNA genome can efficiently
serve as a template for HDR in T cells.*** To streamline CAR-T
cell engineering, we combined BaEVshort-VLPs for Cas9 RNP deliv-
ery with an AAV6 donor encoding a CD19 CAR flanked by TRAC-
specific homology arms and matched sgRNA cut sites (Figures 2A
and 2B). This configuration enables simultaneous T cell receptor
(TCR) knockout and CAR knockin in a single transduction step,
constituting the basis of our BASIC platform.

Across a range of AAV6 multiplicities of infection (MOIs), we
observed robust CAR™ cell generation, with efficiencies increasing
from 38.5% at low MOIs to over 85% at an MOI of 2 x 10°
(Figure 2C). CAR expression was uniform across CD4" and CD8"
subsets (Figure 2D), and >94% TRAC knockout was observed.
CAR expression was restricted to CD3" cells, indicating high target-
ing fidelity (Figures 2E and S4A). Off-target analysis via next-gener-
ation sequencing (NGS) showed no detectable indels at predicted loci
(Figure S4B), and junction PCR with Sanger sequencing confirmed
precise integration (Figure S4C). To assess the impact of AAV dose
on CAR-T cell performance, we evaluated viability, proliferation,
and phenotype across different AAV MOIs. On days 4 and 10 post
infection, CAR-T cells generated with MOIs of 2 x 10* to 4 x 10°
all maintained high viability (>90%), with no significant differences
among groups (Figure 2F). Proliferation after tumor cell stimulation
increased with higher CAR-positive rates, consistent with enhanced
CAR-mediated activation (Figure 2G). Under antigen stimulation,
TIM3 expression gradually increased with higher AAV MOJ, likely
reflecting the greater proportion of CAR-positive cells rather than a
direct effect of AAV itself. Importantly, at the optimal MOI of
2 x 10°, TIM3 levels in BASIC-edited cells remained lower than those
in retrovirally generated CAR-T cells, indicating that early exhaustion
was largely mitigated (Figure 2H).

We further validated this approach at the PD1 locus, achieving up to
75.2% CAR" cells with similarly high precision (Figures S5A-S5E).
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These results establish the BASIC system as a flexible, high-fidelity
platform for programmable CAR integration at multiple therapeutic
loci.

Multiplex gene knockout and knockin enable potent allogeneic
CAR-T cells

To produce hypoimmunogenic, allogeneic CAR-T cells, we simulta-
neously disrupted TRAC and B2M while inserting a CD19 CAR into
the TRAC locus. Under optimized conditions, double-knockout ef-
ficiencies exceeded 55%-58% in both CD4" and CDS8" cells, and
CAR" rates exceeded 80% (Figures 3A and 3B). Across six donors,
we observed consistent outcomes: >95% CD3 knockout, ~80%
CAR positivity, and ~50% double knockout (Figure 3C).

Compared to retroviral (RV) methods, BASIC CAR-T cells exhibited
more uniform CAR expression (Figures 3D and 3E and 3F). No sig-
nificant difference in CAR positivity was observed among CD3"
T cells between the BASIC CAR-T cells and control groups
(Figure 3G). These features highlight improved manufacturing con-
sistency and support the scalability of the platform.

To further evaluate whether BASIC can accommodate a broader
range of knockout and knockin combinations, we designed
additional donors targeting the B2M and CTLA4 loci. These
achieved CAR positivity rates of 80.4% and 56.8%, respectively
(Figure S6A). We then assessed the feasibility of generating fully uni-
versal CAR-T cells by combining multi-gene knockouts with site-
specific CAR integration (Figure S6B). When using B2M-targeting
BASIC together with PD-1, TRAC, or CTLA4 knockouts, knockin
efficiencies remained between 72% and 80%. For CTLA4-targeting
BASIG, efficiencies ranged from 52% to 67%, whereas TRAC-target-
ing BASIC maintained 79%-82% CAR insertion (Figures S6C, S6D
and S6E). As expected, knockin efficiencies varied by genomic locus.

Importantly, robust and consistent knockout efficiencies were main-
tained across all editing combinations, demonstrating the scalability
and versatility of BASIC for generating next-generation universal
CAR-T cell products.

BASIC CAR-T cells exhibit superior cytotoxicity and persistence
in vitro

To evaluate the antitumor activity of CAR-T cells generated via the
BASIC, we performed in vitro cytotoxicity assays using CD19-ex-
pressing Nalmé6 lymphoma cells engineered to co-express GFP and
luciferase (Nalm6-GFP-Luc). BASIC CAR-T cells showed greater
cytolytic activity than RV controls across a range of effector:target
(E:T) ratios, as measured by luciferase signal (Figures 4A and
S7A). To evaluate target cell death induced by CAR-T cells, Annexin
V staining was performed after 12-h co-culture at the indicated E:T
ratios. Early apoptosis of target cells was assessed by Annexin V
staining and flow cytometry. BASIC CAR-T cells induced higher
levels of apoptosis compared with the RV CAR-T group
(Figures 4B and S7B). Real-time IncuCyte imaging confirmed earlier
and more durable tumor killing (Figures 4C and S7C).
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Figure 2. One-step gene knockout and CD19 CAR knockin via BASIC

(A) Simultaneous TRAC knockout and CAR knockin achieved through a one-step infection with AAV6 donor and VLP-delivered RNP. Created with BioRender.com. (B)
Structure of AAV6 donor construct containing SFFV-driven CD19 CAR flanked by TRAC homology arms. (C) CAR expression in T cells following co-transduction with
BaEVshort-VLPs and AAV6 at indicated MOls. (D) CAR positivity in CD4* and CD8* T cells across different AAV doses. (E) TRAC knockout and co-expression of CAR in CD3™~
T cells assessed by flow cytometry. Representative flow cytometry plots are shown for one donor. (F) Viability of CAR-T cells on days 4 and 10 post infection, assessed by flow
cytometry using Zombie NIR dye. (G) Proliferation of CAR-T cells following tumor cell stimulation, assessed using CellTrace Violet. (H) TIM3 expression on CAR-T cells after
tumor cell stimulation, measured by flow cytometry. Data are presented as the mean + SD from triplicates (1 = 3 independent healthy donors). p values were calculated by
Sidak’s multiple-comparisons test (D and F) and Tukey’s multiple-comparisons test (G and H): *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001; ns, not significant.

In serial challenge assays, BASIC CAR-T cells maintained cytotoxic =~ CAR-Ts also demonstrated enhanced proliferation (Figures 4E and

function over three rounds of tumor stimulation, while RV CAR-T  S7E) and secreted higher levels of interleukin (IL)-2, tumor necrosis
cells displayed functional exhaustion (Figures 4D and S7D). BASIC  factor (INF)-a, interferon (IFN)-y, and granzyme B upon target
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Figure 3. Simultaneous TRAC/B2M knockout and TRAC-targeted CD19 CAR knockin in primary T cells

(A) Dual knockout efficiency (TRAC, B2M) in CD4" and CD8* T cells after co-transduction with BaEVshort-VLPs and AAV6. Surface expression of B2M and TCR was

analyzed by flow cytometry on day 5 post transduction. (B) CAR expression in double-knockout T cell subsets. (C) CAR* rates and knockout efficiency across six donors. (D)

CAR expression in CD4* and CD8™ T cells comparing BASIC, retroviral (RV), and RV TCR™ groups. (E-F) CAR expression uniformity shown by median fluorescence intensity
(legend continued on next page)

6 Molecular Therapy Vol. 34 No 4 April 2026



(2025), https://doi.org/10.1016/j.ymthe.2025.12.064

Please cite this article in press as: Wang et al., Basic enables selection-free efficient knockin of large DNA in primary human T cells, Molecular Therapy

www.moleculartherapy.org

stimulation (Figures 4F and S7F). CAR-T cell survival after tumor
co-culture was highest in the BASIC group (Figure S7G), reflecting
their superior proliferative and cytotoxic potential.

To explore mechanisms underlying their improved function, we pro-
filed activation and exhaustion markers. BASIC CAR-T cells upregu-
lated CD69 and CD25 following tumor exposure (Figures 5A and 5B)
while maintaining markedly lower expression of PD-1 and TIM-3
compared to RV CAR-T cells, even after repeated stimulation
(Figures 5C and 5D). This phenotype is consistent with previous re-
ports that TRAC-targeted CAR-T cells exhibit reduced early PD-1 in-
duction due to the loss of endogenous TCR signaling,” which nor-
mally drives transcription of exhaustion-associated genes. In the
absence of a functional TRAC complex, PD-1 expression remains
low during initial antigen encounters because CAR-mediated activa-
tion does not strongly engage the same transcriptional programs as
TCR signaling. However, with repeated rounds of tumor stimulation,
residual CAR-driven activation and cumulative antigen exposure can
eventually induce modest PD-1 upregulation, albeit to a substantially
lower extent than in cells harboring randomly integrated CARs, which
are more prone to tonic signaling. Together, these findings provide a
mechanistic basis for the enhanced resilience of BASIC CAR-T cells
to exhaustion and support their superior functional durability.

To assess whether the enhanced cytotoxicity of BASIC CAR-T cells is
inherent to the delivery strategy, we generated CAR-T cells using
BASIC targeted to the AAVSI safe-harbor locus. Across increasing
AAV MOIs, CAR positivity reached up to 50.3%, following a trend
consistent with previously tested loci (Figures S8A). Compared
with retrovirally transduced CAR-T cells under matched conditions,
no significant differences were observed (Figures S8B). Notably,
when comparing AAVS1 with functional loci including TRAC,
PD-1, B2M, and CTLA4, TRAC-targeted CAR-T cells exhibited
the highest tumor-killing activity (Figures S8C). These findings indi-
cate that the cytotoxic potential of BASIC CAR-T cells is locus
dependent, and precise integration into functional genomic sites
maximizes effector function.

BASIC CAR-T cells mediate robust and durable tumor clearance
in vivo

To evaluate the antitumor efficacy of BASIC in vivo, we conducted
experiments as outlined (Figure 6A). Bioluminescence imaging re-
vealed that compared with the mock-treated or untreated T cell
groups, tumor cells were effectively eliminated in the BASIC, RV,
and RV TCR™ groups (Figure 6B).

Mice treated with BASIC CAR-T cells exhibited significantly higher
levels of human IFN-y in the blood than those in the RV and RV
TCR™ groups, indicating robust T cell activation shortly after treat-
ment (Figure 6C). Furthermore, CD19 antigen was nearly undetect-

able in the blood, liver, spleen, and bone marrow of the BASIC
group, with tumor cell residues significantly lower than in the RV
and RV TCR™ groups (Figure 6D). Survival analysis revealed 100%
survival in the BASIC group vs. 37.5% and 62.5% in RV and RV
TCR™ groups, respectively (Figure 6E). Flow cytometry analysis
confirmed efficient TCR disruption in the RV TCR™ group, with
approximately 80% loss of CD3 expression (Figures S9A and S9B).
Interestingly, despite exhibiting CAR expression levels comparable
to the RV CAR-T group (Figure S9C), RV TCR™ cells demonstrated
improved tumor control and prolonged survival in vivo, likely re-
flecting reduced tonic signaling from the endogenous TCR, which
limits premature activation and supports CAR-T persistence.

Notably, TRAC-targeted BASIC CAR-T cells achieved stronger and
more durable antitumor activity, reflecting both higher CAR positiv-
ity and precise site-specific integration beyond TCR deletion, thereby
establishing the potent antitumor efficacy of our platform.

DISCUSSION

BASIC represents a significant advance in genome engineering for
human immune cells by addressing key challenges associated with
large-fragment knockin: efficiency, precision, safety, and scalabil-
ity. Its core innovation lies in the combination of two clinically
viable components—BaEVshort-pseudotyped VLPs and AAV6
vectors—that together enable high-efficiency, site-specific integra-
tion in primary T cells without compromising viability or
requiring drug-based selection. This system eliminates the need
for electroporation, enhances safety by avoiding random viral
integration, and simplifies manufacturing via a one-step viral
transduction protocol.

Compared to electroporation-based delivery of plasmids or RNPs—
which often compromise cell viability***’ —our BaEVshort VLP-
based approach maintains high editing efficiency while preserving
cell health. We achieve >90% gene knockout and >85% targeted
CAR integration at the TRAC locus without selection. Importantly,
this platform is also applicable to NK cells, enabling over 60% editing
at multiple loci, which supports the development of universal, alloge-
neic cell therapies.

AAYV has been extensively validated in both preclinical studies and
clinical trials as an efficient and safe vector for delivering donor
DNA templates.”® While multiple strategies combine AAV donors
with Cas9 RNP delivery,”***"*" electroporation prior to AAV trans-
duction increases manufacturing complexity and limits in vivo
applicability. In contrast, VSV-G-pseudotyped lentiviral vectors effi-
ciently deliver genes into activated T cells, but their utility as HDR
donors is constrained by the limited number of donor molecules
delivered per cell. Because NILV doses cannot be escalated without
compromising T cell viability, reverse-transcribed donor DNA

(MFI) and coefficient of variation (CV). n = 6 independent healthy donors. (G) CAR* rates of CD3™ T cell subsets. Data are presented as the mean + SD from triplicates (0 > 3
independent healthy donors). p values were calculated by two-way ANOVA with Tukey’s multiple-comparisons test (D) and ordinary one-way ANOVA with Tukey’s multiple-

comparisons test (E-G): *p < 0.05, **p < 0.001; ns, not significant.
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Figure 4. TRAC-BASIC CAR-T cells show superior antitumor and proliferation capacity in vitro compared to traditional CAR-T cells

(A) Cytotoxicity of CAR-T cells against CD19* Nalm6-GFP-Luc cells measured via bioluminescence after 12-h co-culture at varying effector:target (E:T) ratios. (B) Early
apoptosis of Nalm6-GFP-Luc target cells after 12-h co-culture with CAR-T cells, assessed by Annexin V staining. (C) Real-time killing kinetics of CAR-T cells over 72 h
monitored using IncuCyte GFP imaging at 4-h intervals. (D) Serial tumor challenge assay measuring CAR-T durability across three rounds of stimulation. (E) T cell proliferation
assessed via CellTrace Violet dilution following 48-h co-culture with Raji cells. (F) Cytokine secretion (IL-2, IFN-y, TNF-a, granzyme B) quantified post co-culture with tumor
targets. p values were calculated by two-way ANOVA with Tukey’s multiple-comparisons test (A-D) and one-way ANOVA with Tukey’s multiple-comparisons test (E and F):
*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Data are presented as the mean + SD (n = 3 biological replicates from independent donors). Black significance
represents comparisons between BASIC and RV-treated groups, while red represents comparisons between experimental and RV KO groups (A-D).
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Figure 5. Phenotypic profiling of TRAC-BASIC CAR-T cells reveals enhanced activation and reduced exhaustion

(A and B) CD69 and CD25 expression following 24-h co-culture with tumor cells in CD4* and CD8" CAR-T subsets. (C and D) PD-1 and TIM3 expression levels following first,
second, and third tumor stimulations in CAR-T cells generated by BASIC or RV methods. p values were calculated by one-way ANOVA with Tukey’s multiple-comparisons
test (A and B) and two-way ANOVA with Tukey’s multiple-comparisons test (C and D): *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001. Data are presented as the

mean + SD (n = 3 biological replicates from independent donors). Ns, not significant.

remains low, forming a bottleneck for HDR. Indeed, recent studies of
lentivirus-derived nanoparticles indicate that IDLV-derived tem-
plates are present at modest levels,”” and our observation that
AAV-mediated knockin efficiency drops sharply when MOI is
reduced further supports the conclusion that HDR efficiency in pri-
mary T cells is strongly dependent on donor template abundance. By
pairing BaEVshort-VLPs with AAV6 donors, BASIC enables precise
genome editing with abundant template availability and a single-step

viral transduction workflow, overcoming the cytotoxicity and
complexity associated with traditional electroporation-based
methods.

VLPs have been established as safe and efficient delivery vehicles,
with demonstrated success in gene therapy applications.”*%>">!
Compared to earlier VLP-based CAR-T approaches that relied
on lentiviral or RV vectors for random CAR integration,”>””
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Figure 6. TRAC-BASIC CAR-T cells exhibit potent antitumor activity in vivo

Molecular Therapy

(A) Experimental timeline for xenograft model using Nalm6-GFP-Luc cells in immunodeficient mice. For each group, 10 mice were monitored for survival, while five mice were
allocated for terminal tissue harvest to assess tumor burden in blood, liver, spleen, and bone marrow. (B) Bioluminescence imaging of tumor cell growth following different
treatments on the indicated days after CAR-T cell infusion. n = 10 mice per group. (C) CD19" tumor cell burden in blood, liver, spleen, and bone marrow on day 28. n = 3 mice
per group. (D) Serum IFN-y levels measured on day 3 post infusion. n = 5 mice per group. (E) Kaplan-Meier survival curves over 42 days. Mice were euthanized by cervical
dislocation. n = 10 mice per group. p values were calculated by two-way ANOVA with Tukey’s multiple-comparisons test (C), one-way ANOVA with Tukey’s multiple-
comparisons test (D), and the Mantel-Cox log rank test (E). *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Data are presented as the mean + SD.

BASIC employs VLPs solely for transient Cas9 RNP delivery and
uses AAV for high-fidelity homology-directed repair. Further-
more, by flanking AAV donors with matched sgRNA cut sites,”
we reduce concatemer insertions and enhance knockin precision.
This strategy improves both the efficacy and safety of engineered
cells.

The BASIC platform is designed to maximize efficiency while mini-
mizing production costs in CAR-T cell engineering. By achieving
high KO/KI and CAR-T positivity rates in primary T cells, BASIC re-
quires substantially fewer starting cells and smaller-scale ex vivo cul-
ture, thereby reducing vector consumption per patient. Moreover, its

10 Molecular Therapy Vol. 34 No 4 April 2026

compatibility with allogeneic, “off-the-shelf” CAR-T manufacturing
further decreases vector usage and shortens production timelines. To
lower production costs, we are also developing stable packaging cell
lines expressing murine leukemia virus (MLV) gagpol, Gag-Cas9,
and BaEVshort envelope, a strategy known to improve batch-to-
batch consistency and reduce reliance on repeated transient transfec-
tion. At the industry level, continuous improvements in viral-vector
manufacturing—such as high-density fixed-bed bioreactors,
plasmid-free helper systems, and continuous downstream purifica-
tion—are rapidly driving down per-dose AAV costs.”»>> Because
BASIC relies on modular AAV and VLP components that align
with these maturing platforms, its production workflow can be
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readily standardized and scaled within existing GMP infrastructures.
Together, these features support the economic feasibility and indus-
trial scalability of BASIC for future clinical translation.

Recent studies have shown that envelope selection critically affects
the efficiency and tropism of RV and lentiviral vectors. Replacing
the VSV-G envelope of lentiviral vectors with heterologous viral
glycoproteins—such as those from measles virus, baboon endoge-
nous retrovirus, Cocal virus, Nipah virus, or Sendai virus—can sub-
stantially improve transduction of hematopoietic stem cells, B cells,
T cells, and NK cells.’® In addition, codon-optimized gibbon ape
leukemia virus (GALV) envelopes have been shown to increase len-
tiviral titers and enhance T cell transduction.”” Further approaches
involve antibody-coupled envelope proteins to specifically enhance
the transduction of targeted cell types, such as T cells and NK cells,
thereby improving the in vivo applicability of viral vectors.”® ®° In
this study, our BASIC platform utilizes BaEVshort-pseudotyped
VLPs to enhance delivery efficiency into primary human T cells,
enabling high-efficiency multiplexed KO/KI and integration of
large transgenes such as CARs. Future iterations may incorporate
base or prime editors, allowing precise, double-strand-break-free
genome modification and further enhancing therapeutic safety.”"*'
Moreover, with appropriate envelope optimization, BASIC may
support in vivo delivery applications®*—extending its utility beyond
ex vivo cell manufacturing.

In conclusion, BASIC offers a robust, safe, and scalable system for
precise large-fragment genome integration. It enables researchers
and clinicians to overcome longstanding barriers in cell therapy
development and provides a generalizable solution for next-genera-
tion gene and cell engineering applications.

MATERIALS AND METHODS

Cell culture

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM, Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco), 1 mM sodium pyruvate (Gibco), 1x non-essential
amino acids (NEAAs, Gibco), and 1% penicillin-streptomycin
(Gibco). Cells were cultured at 37°C in a 5% CO, incubator.
Nalm-6-GFP-Luc and Raji cells were grown in RPMI-1640 medium
(Gibco) with10% FBS and 1% penicillin-streptomycin. Stable cell
lines expressing GFP and firefly luciferase (ffLuc) were generated
by lentiviral transduction and validated by fluorescence and biolumi-
nescence assays. All cell lines were confirmed to be mycoplasma-free
by periodic PCR-based testing.

Isolation and culture of human primary T cells and NK cells

Human peripheral blood mononuclear cells (PBMCs) were obtained
from human peripheral blood provided by Shanghai Liquan Hospital
and the hPBMC isolation service provided by Milecell Biotechnol-
ogies. T cells cultured in X-VIVO 15 medium (Lonza) supplemented
with 10% FBS (Gibco), recombinant human IL-2 (100 U/mlL,
PeproTech), and T cell TransAct (Miltenyi Biotec). NK cell cultiva-
tion was conducted with a commercial-grade culture medium

(YOCON Biotech). Cells were activated for 3 days prior to transduc-
tion and maintained at 37°C in 5% CO,.

Plasmid construction

Plasmids used for VLP production and gene editing were generated
using standard molecular cloning. The VSV-G envelope plasmid
(pCMV-VSV-G), MLV gagpol (pBS-CMV-gagpol), and MLV gag-
Cas9 (pMLV-Gag-Cas9) were obtained from Addgene. The BaEV
envelope sequence and its truncated variant (BaEVRless and
BaEVshort) were synthesized (General Biology) and cloned under
a CAG promoter. sgRNAs were cloned into expression vectors via
BbslI restriction sites. HDR donor constructs were generated by in-
serting SFFV-driven CD19-CAR between homology arms into a
PAAV-MCS (multiple cloning sites) vector. Recombinant AAV6
was packaged using triple transfection and purified by Guangzhou
PackGene Biotechnology. All constructs were verified by sequencing.

VLP production and titration

To produce BaEV- or VSV-G-pseudotyped VLPs, HEK293T or
ASCT1/2-knockout HEK293T cells were seeded in 10-cm dishes at
5 x 10° cells per plate and incubated for 24 h prior to transfection.
Transfection was performed using jetPRIME (Polyplus) with plasmids
encoding MLV gagpol, gagCas9, sgRNA, and envelope (BaEV or
VSV-G), in a 3.375:1.125:4.4:3-pg ratio unless otherwise indicated.
For multiplex editing, multiple sgRNA plasmids were co-transfected
in a2.2:2.2-ug ratio. Supernatants were harvested at 48 h post transfec-
tion, clarified by 400 x g centrifugation, and filtered through a 0.45-pm
polyvinylidene fluoride (PVDF) membrane. VLPs were stored at
—80°C until use. Physical titers were quantified by ELISA using anti-
p30 antibodies (GenScript) according to the manufacturer’s protocol.

T and NK cell transduction

Activated T cells were transduced with BaEV-VLPs at 8 x 10° parti-
cles per reaction in the presence of 8 pg/mL Polybrene (Sigma) and
2 uM M3814 (Selleck). For gene knockin, AAV6 was added at indi-
cated MOIs simultaneously with VLPs. Transductions were per-
formed in 12-well plates by centrifugation at 2,000 rpm for 60 min
at 30°C. The same protocol was applied to NK cell transduction. Cells
were harvested 48-72 h post transduction for downstream analyses.

Genomic DNA extraction and editing analysis

Genomic DNA was extracted using the DNeasy Blood & Tissue Kit
(Qiagen). On-target and off-target editing were quantified by tar-
geted PCR amplification and deep sequencing. Libraries were pre-
pared using NEBNext Ultra II DNA Library Prep Kit (NEB), and
sequencing was performed on an Illumina MiSeq. CRISPResso2
was used for indel analysis. Off-target sites were predicted using
Cas-OFFinder, and editing was quantified as the proportion of reads
with insertions or deletions. Sanger sequencing was used to validate
HDR integration at homology arms.

Flow cytometry analysis

T cells were stained in PBS with 2% FBS using antibodies against hu-
man CD3 (APC/PE/BV786), 2M (FITC), PD-1 (PE), CD4 (BV785),
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CD69 (PerCP), CD25 (PE), TIM-3 (PE Cy7), and CAR (anti-cMyc,
Alexa Fluor 647; all from BioLegend) and CD8 (BUV395, from
BD). Flow cytometric analysis was performed on a BD FACSAria
Fusion Flow Cytometer (BD Biosciences), and data were analyzed
using FlowJo v10.8 (BD Biosciences). For analysis of gene editing,
knockout efficiency was calculated by comparing the frequency of
positive cells in edited samples to the frequency of negative cells in
untransduced controls.

Bioluminescence imaging-based cytolysis assay

To evaluate the CAR-T cell-mediated tumor cell lysis capacity,
CAR-T cells or untransduced T cells (untreated T) were co-cultured
with CD19-expressing Nalm6-GFP-Luc cells at varying E:T ratios for
12 h. Luminescence signals reflecting luciferase activity were quanti-
fied using a SpectraMax i3x multimode microplate reader (Molecular
Devices). Cytolytic activity was calculated using the formula: cytol-
ysis (%) = [1 — (experimental lysis — spontaneous lysis)/(maximum
lysis — spontaneous lysis)] x 100%, where maximum lysis was deter-
mined by detergent-mediated cell disruption, and spontaneous lysis
represented baseline signal from target cells alone. All experiments
were performed in triplicate.

Fluorescence-based kinetic analysis via IncuCyte

Untreated T cells were co-cultures with Nalm6-GFP-Luc cellsat a 1:1
E:T ratio. Real-time kinetic monitoring was conducted using the
IncuCyte S3 Live-Cell Analysis System (Sartorius). Phase-contrast
and GFP fluorescence images were acquired every 4 h for 72 h. Total
GFP intensity per well, normalized to initial values, served as a quan-
titative metric for viable GFP* tumor cells.

Flow-cytometry-based cytolysis assessment

CAR-T or untreated T cells were co-cultured with Nalm6-GFP-Luc
cells at defined E:T ratios for 12 h. Apoptotic tumor cells were iden-
tified by APC-Annexin V staining (BioLegend). Samples were
analyzed on a BD FACSAria Fusion cytometer with data processed
using Flow]Jo v10.8.1. Apoptotic rate was calculated as the percentage
of GFP*/Annexin V" cells relative to total cells. Triplicate experi-
ments were conducted.

Cytokine release profiling

Supernatants from CAR-T/tumor cell co-cultures (12-h incubation)
were analyzed using the LEGENDple Human Cytokine Panel (13-
plex, BioLegend) following manufacturer protocols. Bead arrays
were acquired via flow cytometry, with cytokine concentrations
interpolated from standard curves.

CAR-T cell proliferation assay

CAR-T and untreated T cells were labeled with CellTrace Violet
(Thermo Fisher) per manufacturer guidelines. Labeled cells were
co-cultured with CD19" Raji cells (1:1 E:T ratio) for 48 h. Prolifera-
tion kinetics were quantified by flow cytometric analysis of dye dilu-
tion (BD FACSAria Fusion, FlowJo v10.8.1). Three independent ex-
periments were performed.
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Xenograft tumor model in immunodeficient mice

Female NPG/Vst mice (NOD-PrkdcscidIl2rgnull, 6-8 weeks old)
under specific-pathogen-free conditions were purchased from Vital-
start (Beijing, China). Mice received intravenous inoculation of
2 x 10° Nalm6-GFP-Luc cells via tail vein. Four days post engraft-
ment, tumor-bearing mice were randomized into five groups (n =
15/group): PBS, untreated T, RV, RV TCR—, and TRAC KO/KI.
For each group, a total of 15 mice were used, of which 10 were allo-
cated for survival monitoring and five were predetermined for termi-
nal tissue harvest to assess tumor burden in blood, liver, spleen, and
bone marrow. CAR-T cells (2 x 10° cells/mouse) were administered
intravenously on day 0 and day 8. Tumor burden was monitored
weekly using the Fusion FX7 Spectra imaging system (Vilber Lour-
mat) following luciferin injection.

Peripheral blood was collected via retro-orbital puncture at day 3
post treatment for IFN-y quantification (Human IFN-y EILSA Kit,
R&D Systems). At day 26, CD19" cell persistence was assessed by
APC-conjugated CD19 staining (flow cytometry). Terminal tissue
harvest (liver, spleen, bone marrow) was performed at day 31 post
tumor inoculation. Human CD19 expression in blood and tissues
was analyzed via flow cytometry (BD FACSAria Fusion, FlowJo
v10.8.1). The study duration was 42 days.

Institutional review board statement

PBMCs were obtained from human peripheral blood provided by
Shanghai Liquan Hospital (scheme number: Z-ZJMS—21-10-001)
and hPBMC isolation service provided by Milecell Biotechnologies.
Animal experiments were approved by the Animal Welfare
Committee of China Agricultural University (approval no.
AWO03111202-3-1).

Statistics

Experimental data are presented as the mean + SD as described in the
figure legends. Data were analyzed by unpaired ¢ test, one-way
ANOVA, two-way ANOVA, or Mantel-Cox log rank test as indi-
cated using GraphPad software. p < 0.05 was considered statistically
significant. Asterisks are used to indicate significance: ****p < 0.0001,
**p < 0.001, **p < 0.01, *p < 0.05; NS, not significant.
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