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In vivo chimeric antigen receptor (CAR)-T cell generation can bypass ex
vivo manufacturing and lymphodepletion, potentially simplifying and
accelerating access to cellular therapy; preliminary clinical experience
supports feasibility and suggests preliminary efficacy. This phase 1,
single-arm, open-label trial evaluated the safety and tolerability of ESO-TO1,
ananobody-directed, immune-shielded lentiviral vector encoding a
humanized anti-B cell maturation antigen (BCMA) CAR, in adults with
relapsed or refractory multiple myeloma. ESO-TO1 was administered
asasingle intravenous infusion of 0.2 x 10° transduction units without
leukapheresis, ex vivo manufacturing or lymphodepleting chemotherapy.
Five heavily pretreated male patients (median three prior lines) were
consecutively enrolled and followed for amedian of 6.0 months. The trial
was stopped early in 2025, and no further enrollment was performed. The
primary endpoint was safety and tolerability, and secondary endpoints
included efficacy, pharmacokinetics and pharmacodynamics of ESO-TO1.
No dose-limiting toxicities occurred. All patients developed grade 3 or
higher adverse events. Cytokine release syndrome occurred in four patients
(three grade 3 and one grade 2) and was managed with corticosteroids,
tocilizumab, or supportive care. The most frequent toxicities were transient
cytopenias and reversible hepatic enzyme elevations, and three patients
experienced grade 2 infections. One patient developed grade 1immune
effector cell-associated neurotoxicity and died from extramedullary
lesion-related spinal cord compression. Preliminary antimyeloma activity
was observed: four of five patients achieved objective responses, including
three stringent complete remissions, with minimal residual disease
negativity (107°) in all evaluable responders (4/4) by day 60. These findings
provide preliminary evidence on the feasibility and safety of in vivo

CAR-T generation using an immune-shielded vector. ClinicalTrials.gov
registration: NCT06791681.
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Multiple myeloma is a malignancy of plasma cells that accounts
for nearly 10% of hematologic cancers. It is characterized by clonal
expansion in the bone marrow and production of monoclonal immu-
noglobulins, leading to anemia, bone destruction, renal impairment
and immune dysfunction’. Despite advances with proteasome inhibi-
tors,immunomodulatory agents and monoclonal antibodies, multiple
myeloma remains incurable, and most patients ultimately relapse,
underscoring a substantial global disease burden?.

CAR-T cell therapy has reshaped the treatment landscape for
hematologic cancers, particularly B-cell-derived malignancies such as
multiple myeloma®. Among available targets, B cellmaturation antigen
(BCMA) is notable for its selective expression on malignant plasma
cells*. Several autologous CAR-T products targeting BCMA—includ-
ing idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel
(cilta-cel) (approved in the United States and Europe) as well as eque-
cabtagene autoleucel and zevorcabtagene autoleucel (approved in
China)—have demonstrated deep and durable responsesinrelapsed or
refractory multiple myeloma®®. These pivotal studies have established
BCMA-directed CAR-T cell therapy as abreakthrough for patients with
relapsed or refractory multiple myeloma, yielding high remission rates
inadvanced disease’.

However, conventional autologous CAR-T therapies are limited by
complexlogistics and biological constraints. These approaches require
leukapheresis, individualized ex vivo manufacturing and lymphode-
pleting chemotherapy, resulting in prolonged production times and
reduced accessibility, particularly for patients with aggressive disease
who cannot wait’ ", Allogeneic CAR-T and CAR natural killer platforms
have been explored as potential ‘off-the-shelf” alternatives, but they
remain dependent on ex vivo cell engineering and preconditioning
regimens and face challenges such as immunogenicity, limited per-
sistence and safety concerns' ™.

To overcome these barriers, anew paradigm has emerged: invivo
generation of CAR-T cells through direct infusion of a CAR-encoding
vector. This approach enables endogenous T cell reprogramming
without leukapheresis, ex vivo manipulation or lymphodepletion®.
Proof of concept has been demonstrated in preclinical studies using
both viral (for example, lentiviral and adenoviral) and non-viral (for
example, lipid nanoparticle) platforms, with lentiviral systems offer-
ing stable genomic integration and the potential for durable CAR
expression”’ . Nonetheless, clinical translation remains at an early
stage, and key questions regarding immune kinetics, safety and vec-
tor-hostinteractions remain unresolved.

Here we report a phase 1 study of ESO-TO1, a replication-
incompetent, T cell receptor (TCR) lentiviral vector encoding ahuman-
ized, single-domain anti-BCMA CAR. Administered asanintravenous
infusion without leukapheresis or lymphodepletion, ESO-TO1 repre-
sents adistinctinvivo CAR-T platform compared to both autologous
and allogeneic approaches. A previous correspondence reported
the initial feasibility of the same construct and infusion dose in four
patients®. The present study is an independent, single-center clini-
cal trial conducted at Tongji Hospital, separate from the previously
reported cohort?. Although the same construct and infusion dose
were used, the enrolled patients differed in their baseline character-
istics, and there was no overlap between the cohorts. In addition, this
study provides more comprehensive mechanistic data that comple-
ment and extend the initial feasibility findings. Building upon this
foundation, the present study provides the comprehensive evaluation
oftheimmunologic, phenotypic and safety dynamics of in vivo lenti-
viral CAR-T programming in humans. We identify a biphasicimmune
activation profile, characterize longitudinal CAR-T cell phenotypes
in the absence of lymphodepletion and report safety events with
translational relevance. Collectively, these findings advance in vivo
CAR-T cell therapy from conceptual feasibility toward a preliminary
framework to inform risk assessment, patient selection and future
clinical development.
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Fig.1| CONSORT flow diagram summarizing patient screening, enrollment
and treatment in the ESO-TO1 study. Six patients were screened between
January and March 2025 in Tongji Hospital; one was excluded for not meeting
eligibility criteria. Five patients received ESO-TOlinfusion and were included
inthe analysis. No patients were lost to follow-up or discontinued treatment.
This CONSORT diagram represents only the Tongji Hospital cohort; the Union
Hospital cohort was reported separately in a previous correspondence®.

Results

Patient disposition and baseline characteristics
BetweenJanuary and March 2025, six adults with relapsed or refractory
multiple myelomawere screened for eligibility. One individual did not
meetinclusion criteriaand was excluded, resultingin afinal cohort of
five patients (Fig.1). The trial was stopped early in 2025 owing to spon-
sorrestructuring, and no further enrollment was performed. The first
patient was enrolled on10 January 2025 and the last patient on 17 March
2025. All five patients received a single intravenous dose of 0.2 x 10°
transduction units, without leukapheresis, ymphodepleting chemo-
therapy, ex vivo cell manipulation or conditioning. Bridging therapy
was not permitted. Corticosteroids and antipyretics were allowed at
the investigator’s discretion but were not mandated.

Baseline demographics and disease characteristics are sum-
marized in Table 1. The median age of patients was 52 years (range,
52-68 years), and all five patients were male (100%). Patients had
received a median of three prior lines of therapy (range, 3-5); one
patient (1005) could not receive an immunomodulatory imide drug
(IMiD) dueto ahistory of lower limb thrombosis; three patients (60%)
had previously been exposed to an anti-CD38 monoclonal antibody;
and one patient (20%) had undergone autologous stem cell transplan-
tation (ASCT) (Supplementary Table 1). Patient 1002 had multiple
myeloma with a small pleural effusion at baseline. The interval from
diagnosis to enrollment ranged from 4.3 months to 50.1 months. Across
the five patients, the median time from enrollment to infusion was
8 hours, 37 minutes (range, 2:00-23:48). The cohort carried a high
burden of adverse prognostic features. One participant (1003) had
Revised International Staging System (R-ISS) stage Ill disease and two
(1004 and 1005) had stage II; R-ISS stage could not be assigned in the
remaining two patients (I001 and 1002) owing to incomplete cytoge-
netic information. High-risk cytogenetic abnormalities according
to the mSMART criteria—specifically, amp(1q21) and/or del(17p)—
were present in patients 1003 and 1004. Patient 1003 also had baseline
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Table 1| Baseline characteristics of enrolled patients

Characteristic 1001 1002 1003 1004 1005 Median/summary
Age (years) 52 63 52 52 68 52 (median)
Sex Male Male Male Male Male 5/5 (100%) male
Months since diagnosis 4.3 10.5 5.6 43.3 501 10.5 (median)
ECOG performance status score® 2 2 2 (0] (0] -

Previous lines of therapy 3 4 3 5 3 3 (median)
Cytogenetic high risk® N/A N/A amp(1921) amp(1921), del(17p) Negative 2/5 (40%)

DS staging A 1A A A IA -

R-ISS staging® N/A N/A Il 1l I -

Monoclonal protein 19G-k A free light chain 19G-A IgD-A IgA-k -
Extramedullary disease® No No Yes No No 1/5 (20%)

Bone marrow plasma cells at enrollment (%) 25 0.4 60 100 30 30 (median)
Time from enrollment to infusion, h:min 2:00 19:35 2:26 23:48 8:37 8:37 (median)
Prior therapies

Proteasome inhibitor Yes Yes Yes Yes Yes 5/5 (100%)
Immunomodulatory drug Yes Yes Yes Yes No 4/5 (80%)
Anti-CD38 monoclonal antibody No Yes Yes No Yes 3/5 (60%)

Prior CAR-T therapy No No No No No 0/5

Prior auto-HSCT No No No Yes No 1/5 (20%)

*ECOG performance status scores range from O to 5, with higher scores indicating greater disability. "Cytogenetic risk was assessed by fluorescence in situ hybridization. High risk was defined

as the presence of del(17p), t(4;14), t(14;20), amp(1921), del(1p) and/or t(14;16). Fluorescence in situ hybridization could not be performed in two patients due to insufficient bone marrow
samples. °R-ISS stage was derived from ISS stage, presence of cytogenetic abnormalities and serum LDH levels. “Extramedullary disease was defined as a soft tissue mass outside the bone
marrow. DS, Durie-Salmon staging; auto-HSCT, autologous hematopoietic stem cell transplantation; N/A, not available.

extramedullary disease involving the cervicaland thoracic spine. Base-
line bone marrow plasma cell infiltration was 60% in patient 1003 and
100%in patient1004, underscoring the substantial tumor burdenin this
early-phase population. Collectively, these characteristics illustrate
theadvanced, biologically heterogeneous disease treated in this trial.

Primary outcome: safety

Overall safety profile. ESO-TO1 was generally well tolerated across
the five treated patients (Table 2, Extended Data Figs. 1 and 2,
Supplementary Tables 2-5and Supplementary Fig.1). Cytokine release
syndrome (CRS) occurred in four of five patients (80%, 95% confi-
dence interval: 17-93), including three grade 3 events that resolved
within 2 days. One patient (20%) experienced grade limmune effector
cell-associated neurotoxicity syndrome (ICANS). No dose-limiting
toxicities (DLTs) were observed.

The most common adverse events, irrespective of attribution,
were transient cytopenias, including lymphopenia (100%), thrombo-
cytopenia (100%), leukopenia (80%) and neutropenia (80%), as well as
biochemical abnormalities such as aspartate aminotransferase (AST)
increased (100%), gamma-glutamyl transferase (GGT) increased (100%),
hypoalbuminemia (100%) and lactate dehydrogenase (LDH) increased
(80%). Four patients experienced sinus tachycardia, but no otherelec-
trocardiogram abnormalities were observed. Two patients (40%) expe-
rienced mild, self-limiting creatinineincreased without long-termrenal
dysfunction. Infectious eventsincluded grade 2 herpes simplex virusin
two patients within 30 days and one pulmonary infection at 6 months
after infusion. Patient 1003 required transfusion support for both red
blood cells and platelets during cytopeniarecovery. Alladverse events,
including laboratory tests, vital signs, physical examinations and elec-
trocardiograms, are summarized in Supplementary Tables 2 and 3.

Representative clinical course: patient 1001. Patient 1001, who had
a 25% bone marrow tumor burden, received standard premedica-
tion with diphenhydramine and acetaminophen prior to ESO-TO1

Table 2 | Key adverse events observed during follow-up in
five patients treated with ESO-TO1

Adverse event Any grade Grades1and 2 Grade23
n (%) n (%) n (%)
CAR-T-related events
CRS 4(80) 1(20) 3(60)
ICANS 1(20) 1(20) 0
Hematologic toxicities
Lymphopenia 5(100) 0 5(100)
Neutropenia 4 (80) 0 4 (80)
Thrombocytopenia 5(100) 2(40) 3(60)
Leukopenia 4 (80) 1(20) 3(60)
Anemia 1(20) 0 1(20)
Non-hematologic toxicities
Fever 4(80) 3(60) 1(20)
Hypotension 3(60) 3(60) 0
Hypoxia 3(60) 0 3(60)
Sinus tachycardia 4 (80) 4 (80) 0
Hypoalbuminemia 5(100) 4 (80) 1(20)
AST increased 5(100) 1(20) 4 (80)
GGT increased 5(100) 5(100) 0
LDH increased 4 (80) 4 (80) (0]
Hyponatremia 3(60) 2 (40) 1(20)
Hypocalcemia 4 (80) 4 (80) (0]
Hypokalemia 4 (80) 4 (80) 0

Values are shown as number of patients (%). A comprehensive listing of all adverse
events by system organ class and grade is provided in Supplementary Tables 2 and 3 and
Extended Data Fig. 1.
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Fig. 2| Clinical efficacy and biomarker dynamics after ESO-TO1 infusion.

a, Swimmer plot of individual responses according to IMWG criteria. Bars
indicate depth and duration of response: PR, VGPR, CR and sCR. Gray segments
denote non-evaluable periods. Red triangles mark the first detection of MRD
negativity by flow cytometry. Black arrows indicate ongoing follow-up; the
vertical bar denotes death (patient 1003). b,c, Longitudinal changes in M protein
(b) and free light chain (c) over 180 days. Patients were monitored according to
baseline monoclonal protein type: 1001 (IgG-k), 1003 (IgG-\), 1004 (IgD-\) and

1005 (IgA-k) were assessed by intactimmunoglobulin, whereas 1002 (A free light
chain) was primarily monitored by serum free light chains. d, Imaging changesin
patient 1003 with extramedullary disease. Left, spine MRl and CT at days 4 and 12
after infusion, with lesion margins outlined in red, showing progression. Right,
corresponding MRl and CT demonstrating progressive spinal edema (arrows).
CR, complete response; CT, computed tomography; MRI, magnetic resonance
imaging; NE, not estimatable; PR, partial response.

infusion. Approximately 2 hours after infusion, he developed an acute
reaction characterized by high-grade fever with chills (peak 40.0 °C),
sinus tachycardia (130-150 bpm), hypotension (85/49 mmHg) and
decreased oxygen saturation (Extended DataFig. 3a). The patient was
managed in the hematology ward, which is equipped for intensive
monitoring and emergency interventions and, therefore, was not
transferred to the intensive care unit. Immediate supportive meas-
ures included high-flow oxygen (15 I min™), fluid resuscitation and
vasopressor support. At emergency evaluation 2 hours after infusion,
laboratory testing showed interleukin-6 (IL-6) 3,165 pg ml ™, ferritin
13,363 pg 17, high-sensitivity C-reactive protein (hs-CRP) 17.7 mg I
and procalcitonin 0.12 ng ml™. By 4 hours, these inflammatory mark-
ers further increased, peaking at IL-6 > 5,000 pg ml™, interleukin-8
(IL-8) > 7,500 pg mI™ and ferritin 15,576 ng I* (Extended Data Fig. 3b).
A transient decline in the patient’s IgG-kx monoclonal protein was
observed, whichwas interpreted asimmune-related fluctuation rather
than tumor lysis (Extended Data Fig. 3c).

The patient developed grade 3 CRS 2 hours after infusion. Manage-
mentincluded high-dose corticosteroids (dexamethasone 20 mg, three
times), tocilizumab (720 mg followed by 400 mg), plasma infusion
(400 ml) and two sessions of continuous renal replacement therapy
with HA380 hemoperfusion at 6 hours and 24 hours. Dopamine infu-
sionwasinitiated 12 hours after infusion (3 ml h™), escalated to10 ml h™*
anddiscontinued after 30 hours. After these interventions, the patient
stabilized, hypotension resolved and inflammatory markers declined.
This sentinel inflammatory event prompted a protocolamendment to
introduce prophylactic dexamethasone (20 mgintravenously, 1 hour
before infusion).

Representative clinical course: patient 1003. Patient I003 exhibited
baseline lower limb weakness but was able to ambulate with assistance.
Motor and sensory functionsin the lower extremities were otherwise
intact. On the day of infusion, the patient developed grade 1 CRS. By
day 3 after infusion, he experienced low back pain, urinary retention,
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hypoesthesia and motor dysfunction in the lower limbs, with muscle
strength graded as1. On day 4, complete sensory loss was documented
inboth lower extremities, accompanied by diminished sensation from
the xiphoid process to the lumbar region. By day 6, the sensory deficit
had extended below the inter-nipple line, and the patient’s CRS had
progressed to grade 3 (Extended Data Fig. 4a).

On day 10, peripheral blood analysis demonstrated a peak
CAR-T cell copy number of 77,000 copies per microgram of genomic
DNA (gDNA). On day 11, coinciding with this peak of in vivo CAR-T
expansion, the patient developed acute neurological deterioration,
including a transient episode of coma, pinpoint pupils and involun-
tary movements such as head shaking and tongue protrusion. After
intravenous dexamethasone administration, the patient regained full
consciousness (Extended DataFig. 4b-d). Imaging of the spinerevealed
cervicothoracic spinal cord compression caused by an enlarging epi-
dural mass, and biochemical markers demonstrated marked declines
inserumintact M protein (approximately 50%, from55g1"t025.5g1™)
and A free light chains (approximately 90%, from 1,308.8 mg 1™ to
14.48 mg I™"). These changes may represent short-lived antitumor activ-
ity orimmune-related fluctuations (pseudoprogression), although true
progression could not be definitively excluded without histopathologic
confirmation (Fig. 2d and Extended Data Fig. 4€).

On day 15, the patient developed grade 1 ICANS, manifesting
as mild neurocognitive impairment, persistent sensory loss below
the xiphoid process and facial and bilateral lower limb edema,
although with preserved sensation of urination and defecation. By
day 18, he further deteriorated with hypotension and coma, cul-
minating in cardiac arrest on day 19 despite corticosteroid-based
supportive care. This sentinel fatal extramedullary lesion compres-
sion, which was not observed in the previously reported cohort*,
underscores the importance of anatomical risk stratification before
administeringinvivo CAR-T cell therapy to patients with preexisting
extramedullary disease.

Secondary outcomes

Clinical responses. At the data cutoff (25 August 2025), the median
follow-up was 6.0 months (range, 0.6-7.5), and overall outcomes are
depictedinFig.2a. The overall response rate (ORR) was 80% (4/5), with
amediantimetoresponse (TTR) of 15 days. Median progression-free
survival (PFS), overall survival and duration of response (DOR) were
notreached (Supplementary Fig. 2). Patients were monitored accord-
ing to their baseline monoclonal protein type, and rapid declines in
therelevant biomarkers (M protein or free light chains) were observed
within the first month after infusion (Fig. 2b,c). Patient 1001 achieved
avery good partial response (VGPR) by day 30 and maintained this
response at the last follow-up. Patient 1002 attained a complete
response by day 30, which deepened to astringent complete response
(sCR) by day 60. Patients 1004 and 1005 initially attained partial
responses by day 30 and subsequently converted to sCR by day 60.
Minimal residual disease (MRD) was assessed by next-generation
flow cytometry (EuroFlow panel) with a sensitivity of 10~ and was
undetectable onday 60 in all four responders (Extended Data Table1).
Patient 1003 experienced a marked decrease in M protein by day 14
after infusion, but extramedullary disease could not be assessed,
and the patient died on day 19 due to extramedullary disease-related
compression. As of last follow-up, three patients remained in sCR
and onein VGPR.

Cytokine dynamics. Cytokine profiling revealed a biphasic inflam-
matory pattern (Fig. 3). Aninitial hyperacute cytokine surge occurred
within 24 hours of infusion—preceding detectable CAR-T expansion
and temporally associated with early CRS onset—followed by asecond,
more modest peak between days 6 and 14 that coincided with CAR-T
expansion and low-grade fevers. This pattern involved early innate
cytokines (IL-6, IL-8, tumor necrosis factor (TNF), interleukin-1 beta

(IL-1B), ferritin and interferon gamma (IFNy)) followed by adaptive
cytokines (solubleinterleukin-2 receptor (sIL-2R), IFNy, IL-10 and IL-6),
indicating sequential innate and adaptive immune activation.

CAR-T expansion and persistence and immune reconstitution.
ESO-TO1 expansion and persistence were assessed in all infused
patients using flow cytometry and quantitative polymerase chain
reaction (QPCR). CAR-T cellsbecame detectable in peripheral blood
by day 6 in all patients, followed by a marked expansion phase that
peaked between days 10 and 14. Peak CAR-T levels ranged from
10.6% to 59.1% of CD3" T cells, with qPCR values ranging from
77,000 t0 220,000 copies per microgram of gDNA and flow cytom-
etry counts from 168.6 to 2,343 cells per microliter (Fig. 4a-b and
Extended Data Fig. 5). Corresponding area under the curve from
day O to day 28 (AUC,_,54) values indicated durable persistence
(315,456-1,301,584 copies - days per microgram of gDNA and 1,137-
14,186 cells - days per microliter by flow cytometry). In patient 1002,
CAR-T cells were also identified in pleural effusion on days 8 and 9,
representing 3.2% and 7.8% of CD3" T cells (Supplementary Fig. 3),
suggesting extravascular trafficking. B cell aplasia occurred in all
patients by day 10, with recovery by days 60-180 (Fig. 4c). Spe-
cifically, B cell recovery was observed in patients 1001 and 1004
between 2 months and 3 months after infusion, whereas norecovery
was detected in patients 1002, 1003 or 1005 during the follow-up
period. Natural killer cell and T cell counts exhibited a transient
decline restricted to day 1 after infusion (Extended Data Fig. 6a,b).
After ESO-TO1 administration, serum immunoglobulin levels (IgA,
IgG and IgM) decreased within 1 month after ESO-TO1 infusion
(Extended DataFig. 6¢c-e).

Exploratory outcomes

Vector clearance and biodistribution. Quantitative PCR assays
detected lentiviral vector DNA in peripheral blood as early as day
2, with complete clearance by day 4. No vector sequences were
detected in urine, saliva or feces at any timepoint (Fig. 4d and
Supplementary Table 6). Flow cytometry analysis at the time of peak
CAR-T expansionshowed very low frequencies of CAR" cells within CD3~
lymphocyte subsets, monocyte subsets and neutrophil subsets (<1%),
providing no evidence of clinically meaningful off-target transduction
(Extended Data Fig. 7). Based on ethical and patient safety considera-
tions, organ biopsies were not performed to assess CAR expression.
Furthermore, to evaluate genotoxicity risk, integration site analysis
was performed on day 12 post-infusion peripheral blood from patient
1004, and analysis of a predefined gene set did not show enrichment
of integrations near tumor-associated genes relative to background,
consistent with a favorable biosafety profile, although longer-term
follow-up remains essential (Supplementary Fig. 4).

CAR-T phenotypic and functional profiling. Flow cytometry revealed
dynamic changes in CAR-T cell subsets and activation states after
infusion. Both CD4" and CD8" CAR-T cells expanded in parallel, peak-
ing around day 14, with a balanced CD4"/CD8" ratio (Fig. 4e,f). In
patient 1003, the CD4" CAR-T count was relatively low, which may
have contributed to the limited expansion observed in this case.
Early activation markers (CD69 and CD25) peaked between days 4
and 8 and rapidly declined, whereas HLA-DR expression reached its
maximum around days 14-17, coinciding with peak CAR-T expansion
(Extended DataFig. 8a,b). Programmed cell death 1 (PD-1) expression
rose transiently shortly after infusion but subsequently decreased and
remained low by day 30 (Extended Data Fig. 8c). Phenotypic analysis
showed a transition from naive and effector states during the first
week to central memory (T,) and effector memory (T subsets by
day 28 (Extended Data Fig. 8d,e). Within the CD8' compartment, Ty,
cells predominated at later stages, whereas a small pool of naive-like
cellsreemerged by day 28.
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emerging between days 6 and 14, coincided with peak CAR-T expansion and was
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adaptiveimmune activation. This kinetic separation suggests a transition from
vector-driven innate inflammation to CAR-T-mediated adaptive immunity. LOD,
limit of detection.
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Fig. 4 |Invivo expansion kinetics and immune reconstitution of ESO-TO1
CAR-T cells. a, CAR transgene copy number in peripheral blood mononuclear
cells measured by qPCR, showing rapid expansion with peak levels at days 10-14
inmost patients. b, Enumeration of circulating CAR-T cells by flow cytometry,
confirming expansion kinetics consistent with qPCR. ¢, Absolute counts of
CD19’ B cells, showing near-complete depletion by day 10, with recovery in

Days after infusion

Days after infusion

some patients during follow-up. d, Viral titers in peripheral blood at early
timepoints, peaking around day 2. e, Longitudinal profiling of CD4*and CD8"*
CAR-T subsets, with absolute counts plotted over time. f, CD4/CD8 CAR-T ratio
during the expansion phase, illustrating a transient CD4-skewed phenotype

at peak proliferation. Together, ¢, e and fdepict treatment-related immune
reconstitution. LPS, lipopolysaccharide.

Sensitivity analyses
No formal sensitivity analyses were conducted owing to the small sam-
ple size and early-phase design of this study.

Post hoc analyses

Following the protocol amendment, prophylactic dexamethasone
(20 mgintravenously, 1 hour before infusion) was administered
to the four subsequent patients. Under this modified regimen,
toxicity was markedly attenuated. Two patients developed grade 3
CRS, and one patient developed grade 2 CRS; none required vaso-
pressors. Inaccordance with European Society of Blood and Mar-
row Transplantation/European Hematology Association (EBMT/
EHA) guidelines, tocilizumab was administered in three cases,
with prompt resolution of symptoms®’; one patient experienced
no CRS. Most adverse events resolved either spontaneously or
with treatment, and the prophylactic intervention did not impair
CAR-T expansion.

Discussion
This phaseltrial demonstratesthat ESO-TO1, areplication-incompetent,
nanobody-directed lentiviral vector, canreliably generate CAR-T cells
invivo. A single intravenous infusion achieved robust expansion and
persistence without leukapheresis, ex vivo manufacturing or lym-
phodepleting chemotherapy, underscoring the feasibility of this
approach. In this study, the interval from enrollment to infusion was
short (median, 8 hours, 37 minutes; range, 2:00-23:48), reflecting
that administration could be scheduled promptly once enroliment
was confirmed. The primary endpoint of safety was met: no DLTs were
observed, and adverse events were manageable with supportive care.
Compared to established autologous BCMA-directed CAR-T prod-
ucts such as ide-cel and cilta-cel, ESO-TO1 introduces several distinct
features, including vector-driveninnateimmune activation preceding
CAR-T expansion and engraftment without conditioning. Although the
incidence of CRS and ICANS was consistent with prior ex vivo CAR-T
experiences, the timing and sequence of toxicities suggest different
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underlying biology. Notably, no unexpected or clinically meaningful
off-target events were identified.

The study populationrepresented a heavily pretreated, high-risk
cohort, with a median of three prior lines of therapy and extensive
exposure to proteasome inhibitors, IMiD and anti-CD38 antibodies.
One patient could not receive an IMiD due to a history of lower limb
thrombosis. Only one patient had previously undergone ASCT, a pro-
portion substantially lower than that reported in Western trials. This
reflects treatment patterns in China, where ASCT uptake remains
limited due to accessibility and practice differences, as documented
in national registry studies®* . This cohort was entirely independent
of the four patients reported ina previous correspondence®, allowing
distinct follow-up and baseline characterization.

ESO-TOl incorporates multiple vector engineering refinements
intended to optimize selective T cell programming. These include
pseudotyping to enforce T cell tropism, CD47 overexpressionto reduce
clearance by the mononuclear phagocyte system, removal of major
histocompatibility complex class I (MHC-I) to limit immunogenicity
and the addition of an anti-TCR nanobody to achieve T-cell-specific
targeting®”®. Unlike conventional autologous CAR-T therapies,
ESO-TO1 enables in vivo programming with a single infusion, poten-
tially broadening accessibility while preserving the biological fitness
of engineered cells.

Most adverse events were transient cytopenias and biochemical
abnormalities thatresolved without sequelae. The transient cytopenias
occurred primarily within approximately 2 hours of infusion, despite
the absence of lymphodepleting chemotherapy. These acute cytope-
nias are most consistent with innate immune activation triggered by
in vivo vector delivery, occurring prior to detectable CAR-T expan-
sion. Possible mechanisms include cytokine-driven redistribution
and changes in vascular permeability as well as transient hematopoi-
etic suppression or T cell sequestration triggered by engagement of
innate sensing pathways such as Toll-like receptors (TLRs) and cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING)**
*, Notably, such early cytopenias have not been observed with conven-
tional ex vivo CAR-T therapies, underscoring that this phenomenonis
specifictoinvivo delivery. Further studies are required to confirm the
underlying mechanisms.

Sentinel cases further delineate the boundaries of safety. Patient
1001 developed a hyperacute inflammatory reaction within hours of
infusion, likely mediated by innate sensing rather than CAR-T expan-
sion. This led to a protocol amendment introducing prophylactic
corticosteroids, which successfully mitigated early CRS in subsequent
patients without impairing CAR-T proliferation. By contrast, patient
1003 developed fatal spinal cord compression temporally associated
with peak expansion. Imaging suggested inflammatory edema or pseu-
doprogression, although true progression could not be excluded,
a phenomenon recognized in other CAR-T settings®>**. Serological
markers showed substantial declines despite radiographic worsening,
highlighting the complexity of interpreting biomarker dynamics. This
case underscores the importance of anatomical risk stratification in
patients with extramedullary disease.

Cytokine profiling revealed a biphasic pattern distinct from ex
vivo CAR-T therapy. An early ‘innate wave’ occurred within 24 hours,
characterized by elevationsinIL-6, IL-8, TNF and ferritin before CAR-T
detection. Asecond ‘adaptive wave’ appeared between days 6 and 14,
coinciding with expansion and marked by increases in sIL-2R, IFNy
and IL-10. IFNy displayed a biphasic profile, supporting a transition
from vector-induced innate activation to CAR-T-driven adaptive
immunity®**. Transient cytopenias and reversible hepatic enzyme
elevations observed in this period further support arole for innate
vector sensing. Notably, prophylactic corticosteroids attenuated early
CRSwithout diminishing CAR-T expansion or antimyelomaactivity**”,
defining a therapeutic window in which toxicity and efficacy may
be decoupled. In several patients, biochemical responses preceded

detectable CAR-T cells, raising the possibility that innate activation
contributed to early tumor debulking and microenvironment priming.

Pharmacologic dataconfirmthe efficiency of in vivo programming.
Allpatients received a single infusion of 0.2 x 10° transduction units, far
below doses commonly required for ex vivo manufacturing or used in
non-human primate studies®*”. Nevertheless, robust expansion was
achieved, with CAR-T cells comprising up to 59.1% of CD3" T cells and
vector copy numbers reaching 220,000 copies per microgram of gDNA.
Vector copy numbers were similar to those reported for autologous
BCMA CAR-T products such as ide-cel, cilta-cel and equecabtagene
autoleucel***®, Flow cytometry showed no detectable off-target trans-
ductionin CD3" subsets, supporting a favorable biosafety profile.Inone
patient, CAR-T cells were identified in pleural effusion, suggesting tissue
penetration and trafficking. These findings support the pharmacologic
efficiency of in vivo delivery while reducing vector requirements.

B cell depletion provided further insight into platform-specific
biology. Despite the absence of lymphodepleting chemotherapy, all
patients experienced transient B cell aplasia within 30 days. Poten-
tial mechanisms include transient BCMA upregulation on immature
precursors under inflammatory conditions®* or cytokine-mediated
suppression of lymphopoiesis****. Between 2 months and 6 months,
malignant plasma cell clearance and reduced antigenic drive were
followed by reconstitution of normal B cells as CAR-T levels declined.
Notably, recovery occurred alongside ongoing clinical responses,
indicating that ESO-TOl1retains antitumor activity despite physiological
immune reconstitution.

Longitudinalimmunophenotyping demonstrated that both CD4*
and CD8'CAR-T cells peaked around day 14, consistent with previ-
ous reports of BCMA CAR-T expansion kinetics**¢. Subset analysis
revealed transitions from naive and effector states toward central and
effector memory subsets, particularly within the CD8" compartment.
PD-1expressionrose transiently early after infusion but subsequently
declined and remained low, consistent with activation dynamics.

Collectively, these clinical and translational findings indicate
that in vivo CAR-T therapy should be regarded not simply as a manu-
facturing simplification but also as a biologically distinct platform
requiringtailored clinical oversight. By eliminating leukapheresis, ex
vivo processing and conditioning, ESO-TO1 reduces treatment delays
and procedural complexity. At the same time, unique pharmacologic
properties—vector-driven innate inflammation, expansion without
preconditioning and endogenous differentiation trajectories—neces-
sitate refinement of clinical monitoring. Conventional CRS and ICANS
grading frameworks may not fully capture these dynamics; for exam-
ple, early hypotension or fever preceding CAR-T detection may not
meet grading thresholds yet still represent clinically meaningful tox-
icity. Future monitoring systems should incorporate innate response
windows, vector-specific inflammatory profiles and anatomical
risk stratification.

Limitations of this early-phase trial include the small cohort size
and single-center design as well as the absence of biopsies that could
have provided mechanistic insights into innate immune responses
and tumor pseudoprogression. Although no evidence of clinically
meaningful off-target transduction was observed, potential eventsin
hematopoietic or otherimmune cells remain a concern, and long-term
follow-up willbe required to assess the risk of insertional mutagenesis
or secondary malignancies. The durability of clinical responsesis not
yet defined. Future study designs may incorporate safety switches such
assuicide genes, and vector refinements—including codon optimiza-
tion, reduction of CpG motifs, alternative pseudotyping strategies or
glycosylation shielding approaches targeting innate immune sensors
such as TLR9—could mitigate innate immune activation**, In addi-
tion, dose optimization and multicenter evaluation will be necessary
to establish generalizability. Taken together, these considerations
outline the key priorities for future clinical development of in vivo
CAR-Ttherapy.
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In conclusion, ESO-TO1 represents a promising candidate for

invivo CAR-T therapy in multiple myeloma. This early-phase trial estab-
lishes the feasibility of in vivo CAR-T generation withanacceptable and
manageable safety profile. The distinct immune dynamics observed
here, together with protocol-defined eligibility ensuring appropriate
enrollment, provide afoundation for the rational development of this
next-generation CAR-T platform.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Study design and participants

This was a phase 1, single-arm, open-label clinical trial of ESO-TO1
conducted at Tongji Hospital in Wuhan, China (ClinicalTrials.gov:
NCT06791681; registered 9 January 2025; https://clinicaltrials.gov/
study/NCT06791681). The trial was designed to evaluate the safety,
tolerability and preliminary efficacy of ESO-TO1, a replication-
incompetent, TCR-targeted lentiviral vector encoding a humanized
anti-BCMA CAR, delivered in vivo. The protocol was approved by the
institutional review board of Tongji Medical College, Huazhong Uni-
versity of Science and Technology, and all participants provided writ-
ten informed consent before enrollment. The study adhered to the
Declaration of Helsinki, Good Clinical Practice guidelines and local
regulatory requirements.

Enrollment was discontinued in early 2025 following acquisition
ofthe original sponsor, EsoBiotec, by AstraZeneca, and the study was
closed after treatment of five patients. This decision wasindependent
of safety or efficacy considerations. These five patients constituted
the final analysis set.

The clinical protocol was amended to introduce prophylactic
corticosteroids (dexamethasone 20 mg intravenously, 1 hour before
infusion) and to remove the single-infusion restriction for ESO-TO1.
Additional operational changes included adjusting enrollment inter-
vals; clarifying the timing of urine protein electrophoresis, urine
immunofixation electrophoresis and urine free light chain assess-
ments; and modifying the study schedule, including discretionary
acceptance of test results obtained within 7 days before screening as
screening period data (see supplementary information for details of
the protocol amendment).

Sex was determined based on self-report. Due to the limited num-
ber of eligible patients, the sex and/or gender of participants could not
be specifically considered before enrollment. As the sample size was
small, no disaggregated analysis by sex was conducted.

All enrolled patients received study-related medications, tests
and treatments free of charge during participation. Transportation
reimbursement was provided for follow-up visits.

Study eligibility

Inclusion criteria. Eligible patients were adults (=18 years of age) of any
gender with a confirmed diagnosis of multiple myelomaaccording to
International Myeloma Working Group (IMWG) criteria®®, with BCMA
expression on malignant plasma cells verified by flow cytometry or
bone marrow pathology with immunohistochemistry. Patients must
have received at least two prior lines of therapy (each comprising at
least one full cycle) and shown disease progression within 12 months
of the most recent treatment or been deemed refractory to both an
immunomodulatory drug and a proteasome inhibitor, with progres-
sion documented during or within 2 months after the last therapy.
Measurable disease at screening was required, defined by at least one
of the following: serum M protein >0.5 g dI”!, urine M protein 2200 mg
per 24 hours or involved serum free light chain =10 mg dI™* with an
abnormal k/A ratio.

Additional requirementsincluded an Eastern Cooperative Oncol-
ogy Group (ECOG) performance status of 0-2 and an expected survival
of at least 3 months. Bone marrow function test results, obtained at
screening or within 2 months prior to screening, were required to
meet the following criteria: hemoglobin =6 g dI™ (no red blood cell
transfusions within 1 week prior to screening), and the use of recom-
binant human erythropoietin is allowed. For patients who meet the
inclusion criterion of hemoglobin =6 g dI”, red blood cell transfu-
sions are permitted to maintain hemoglobin levels at >6 g dI™; abso-
lute neutrophil count = 600 per microliter (without granulocyte
colony-stimulating factor (G-CSF) administration within 1 week prior
to screening or pegylated G-CSF within 2 weeks prior to screening);
platelet count > 50,000 per microliter, lymphocyte count > 500 per

microliter and CD3" T cell count =150 per microliter. Renal function had
tomeet creatinine clearance >45 ml min™ (Cockcroft-Gault). Hepatic
function required ALT and AST < 3.0x upper limit of normal (ULN),
bilirubin and alkaline phosphatase <2.0x ULN (Gilbert syndrome
excepted) and albumin =3 g dI"". Cardiac function required left ven-
tricular ejection fraction > 40% without clinically relevant pericardial
effusion or electrocardiographic abnormalities. Pulmonary function
required oxygen saturation > 90% without clinically relevant pleural
effusion. For women of childbearing potential, a negative pregnancy
test at screening and prior to infusion was mandatory; breastfeed-
ing was not allowed. Men and women of childbearing potential were
required to use effective contraception and to refrain from donat-
ing germ cells (sperm or oocytes) until 1 year after administration.
Writteninformed consent was obtained from all participants or their
legal representatives.

Exclusion criteria. Key exclusions included receipt of anticancer
therapy during screening, such as targeted or epigenetic agents; par-
ticipationin otherinterventional clinical studies or treatmentsinvolv-
ing invasive investigational medical devices within five half-lives;
immune-directed or non-immune-directed systemic therapy or
cytotoxic chemotherapy within 1 week; proteasome inhibitors or
immunomodulatory agents within 2 weeks; or radiotherapy within
4 weeks (except when <5% of thebone marrow reserve wasirradiated).
Prior allogeneic hematopoietic stem cell transplantation within
6 months or autologous transplantation within 3 months was not
permitted. Patients with active malignancies other than multiple
myeloma were excluded, except those treated with curative intent
and disease free >2 years or adequately treated non-melanoma skin
cancer. Previous exposure to viruses pseudotyped with vesicular
stomatitis virus glycoprotein (VSV-G) was prohibited. Additional
exclusions included uncontrolled infection, active hepatitis B (HBV
DNA positive), hepatitis C (HCV RNA positive), HIV, syphilis, sympto-
matic heart failure (New York Heart Association class IlI-1V), recent
myocardial infarction or coronary revascularization (<6 months),
clinically relevant arrhythmias, severe non-ischemic cardiomyopathy,
primary immunodeficiency and stroke or seizure within 6 months
before screening, dementia or altered mental status and Parkinson’s
disease or parkinsonism. Surgery within 2 weeks before administra-
tion or planned within 2 weeks after administration (excludinglocal
anesthesia procedures) was not permitted. Immunization with a
live attenuated vaccine within 1 month before administration was
prohibited. Patients with known severe allergic reactions to ESO-T0O1
oritscomponents, or to tocilizumab, were excluded. Patients unable
to undergo venous access creation or those with other conditions
deemed unsuitable by the investigator for study participation were
also excluded.

Treatment and CAR-T cell infusion

ESO-TO1was administered as anintravenous infusion onday O at afixed
dose of 0.2 x 10° transduction units. The investigational product was
delivered as alow-volume, slow-rate intravenous drip under continu-
ous clinical supervision. Premedication included diphenhydramine
(12.5 mg intravenously) and acetaminophen (650 mg orally), admin-
istered 1 hour before infusion.

After asentinel case of grade 3 CRS inthe first treated patient, the
protocol was amended to mandate prophylactic corticosteroids. All
subsequent patients received dexamethasone (20 mg intravenously,
1 hour before infusion) in addition to standard premedication.

All patients were hospitalized for infusion and remained inpatient
for atleast 14 days thereafter. During hospitalization, patients under-
went daily monitoring including physical examination, complete blood
counts, serum chemistry, coagulation profiles, cardiac and pulmonary
evaluations and standardized toxicity assessments. After discharge,
patients were monitored daily through day 30, either as inpatients
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or during scheduled outpatient visits, with ongoing follow-up to
24 months or until study termination.

Toxicity monitoring

The primary endpoint was safety and tolerability, assessed by incidence
of DLTs, treatment-emergent adverse events and laboratory abnormali-
ties. The DLT evaluation window was defined as day O through day 28
after infusion. Adverse events were graded by Common Terminology
Criteria for Adverse Events version 5.0 (CTCAE v5.0), and CRS and
ICANS were graded according to 2019 American Society for Transplan-
tation and Cellular Therapy (ASTCT) consensus criteria’’.

DLTs in this protocol were defined as any of the following: grade
4 or higher CRS attributed to ESO-TO1; grade 3 CRS not resolving to
grade 2 or lower within 7 days of onset; grade 3-4 neurotoxicity not
resolving to grade 1 within 2 weeks or to baseline within 4 weeks; grade
3-5allergic reactions attributed to ESO-T01, excluding acute infu-
sion reactions that resolved to grade 2 or lower within 24 hours after
treatment; or grade 3 or higher non-hematologic toxicities persist-
ing beyond protocol-defined windows (72 hours for diarrhea, nau-
sea or vomiting; 7 days for fatigue; and 14 days for hepatic or renal
laboratory abnormalities).

Hematologic cytopenias were not considered DLTs. Safety moni-
toring included vital signs, daily hematology and chemistry panels,
cardiac and pulmonary assessments and electrocardiography. Man-
agement of CRS or ICANS followed institutional algorithms, including
tocilizumab and corticosteroids when indicated.

Endpoints and clinical assessments

The primary objective was to assess the safety and tolerability of
ESO-TO1in patients with relapsed or refractory multiple myeloma.
Safety endpoints included DLTs, adverse events, laboratory param-
eters, vital signs, physical examinations and electrocardiograms.

Secondary endpoints included preliminary efficacy outcomes,
namely the ORR, defined as the proportion of patients achieving an
sCR, complete response, VGPR or partial response, aswellas TTR, DOR,
PFS and overall survival.

Responses were assessed according to IMWG 2016 criteria®®. MRD
negativity was evaluated by multiparameter flow cytometry with a
sensitivity threshold of 107>,

Additional secondary endpoints included pharmacokinetics
(ESO-TO1 expansion in peripheral blood) and pharmacodynamics
(cytokine and immune biomarker profiling). Exploratory analy-
ses included vector shedding, CAR-T cell phenotype and function,
off-target detection and CAR-T cell insertion site profiling. Based
on the treatment response observed in the first patient, the condi-
tioning protocol was subsequently adjusted, and post hoc analyses
were performed.

Clinical assessments were conducted at baseline and daily during
hospitalization; after discharge, they were performed weekly through
day 28 and subsequently per the protocol-specified schedule.Imaging
studies, bone marrow evaluations and laboratory tests were obtained
at protocol-defined timepoints.

Pharmacokinetics and pharmacodynamics

Pharmacokinetics. Vector copy number was quantified by gPCR at a
central laboratory (Junke Zhengyuan). The assay had a validated lower
limit of detection of 50 copies per microgram of gDNA. Real-time qPCR
was performed ona7500 Fast Dx Real-Time PCR System (Thermo Fisher
Scientific) according to the manufacturer’sinstructions. The ESO-TO1
transgene was detected using specific primers (forward: AGATGGCG-
GAGGCCTACAGT;reverse: CTGCATGTGAAGGGCGTCGT), generating
a125-bp amplicon corresponding to the CAR transgene sequence
(5’-6FAM-ATTGGGATGAAAGGCGAGCGCCG-BHQI-3’). Data acquisi-
tion and quantification were performed using 7500 Fast Dx software
(Thermo Fisher Scientific) and analyzed with Microsoft Excel 2013.

Pharmacokinetic parameters included maximum observed con-
centration (C,,,,), time to peak expansion (T,,,,) and AUC_,g 4.

Pharmacodynamics. Serum cytokines, including IL-6, IL-10, IFNy, TNF,
IL-1B, IL-8 and sIL-2R, were quantified by chemiluminescence assay.
Acute-phase reactants such as CRP and ferritin were also measured by
immunoturbidimetry. Serumimmunoglobulinisotypes (IgG, IgA and
IgM) were analyzed by nephelometry.

Exploratory analyses included monitoring for ESO-TO1 persistence
and potential sheddinginblood, urine, salivaand feces as well as evalu-
ation of hostimmune responses to the vector.

Longitudinal immunophenotyping was performed to charac-
terize ESO-TO1-induced immune effects, including T cell activation
(for example, CD69, CD25 and HLA-DR), functional or exhaustion
markers (PD-1and CD57) and memory differentiation subsets (naive,
central memory, effector memory and effector) defined by CD45RA
and CD62L. Flow cytometry samples were acquired using a DxFLEX
flow cytometer (Beckman Coulter) for data collection and analysis.
Theselection of markers followed the study protocol andis detailed in
Supplementary Fig.5and 6, and detailed information of flow cytometry
antibodiesis provided in Supplementary Table 7. CAR-T lentiviral inte-
grationsites were analyzed using the ligation-mediated PCR (LM-PCR)
method performed with aPCR machine (Dongsheng) accordingtothe
manufacturer’sinstructions and sequenced using the lllumina NovaSeq
6000 platform (Testing Laboratory, GENEWIZ, Inc.).

CAR vector design and manufacturing

ESO-TO1 is a third-generation, self-inactivating, replication-
incompetentlentiviral vector engineered forin vivo T cell modification.
The CARbackbone (PRG1801) (W02025/003526A1and CN109134665B)
consists of an anti-BCMA nanobody (VHH) for antigen recognition, a
CD8 hinge and transmembrane domain for structural stability, a4-1BB
co-stimulatory domain and a CD3( signaling domain, all under the
control of a synthetic T-cell-specific promoter (SYN).

ToenhanceT cell selectivity and reduce off-target effects, ESO-TO1
incorporates additional modifications, including a mutant VSV-G
envelope, CD47 overexpression, MHC-I knockout and an anti-TCR
nanobody. The underlying mechanisms and construct architecture
areillustrated in Extended Data Fig. 9.

Manufacturing was performed under Good Manufacturing Prac-
tice conditions. ESO-TO1 was generated by transient transfection of
engineered producer 293T cells (MHC-1"/CD47"/TCR-VHH" back-
ground) using a four-plasmid system (Gag/Pol, Rev, Env and transfer
plasmid encoding PRG1801). Viral harvests were clarified, concentrated
by tangential flow filtration and purified by anion-exchange chroma-
tography, followed by sterile filtration and aseptic filling.

Final release criteria included sterility, potency, purity and vec-
tor identity. All batches were stored at < —65 °C until administration.

Statistical analysis
All statistical analyses were performed according to the prespecified
plan outlined in section 9 of the study protocol (version 1.1). Clinical
data were collected using a validated electronic data capture sys-
tem. Giventhe limited samplesize (n = 5), analyses were descriptive in
nature. Categorical variables were summarized as counts and percent-
ages, and continuous variables were reported as medians with ranges.

Time-to-event outcomes, including PFS and overall survival, were
estimated using the Kaplan-Meier method, with censoring at the date
of last follow-up. Safety data are presented as the maximum toxicity
grade per patient. Adverse events were coded using MedDRA termi-
nology and graded by CTCAE v5.0 or by ASTCT consensus criteria for
CRS and ICANS.

Because the trial was terminated early after five patients had been
treated, no formal hypothesis testing, power calculation or inferential
statistical analysis was performed. No statistical methods were used to
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predetermine the sample size; no datawere excluded from the analyses;
and the study was not randomized. Prespecified statistical methods
were outlined in the study protocol and the statistical analysis plan,
whichwere approved by theinstitutional review board prior to patient
enrollment. Allanalyses were performed using commercially available
software packages, including FlowJo (version 10.8.1), NovoExpress,
CytExpert (version 2.0) and GraphPad Prism (version 9.5.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All primary data supporting the findings of this study are included
in this article and its supplementary files. Extended data tables and
figures, together with the supplementary information, provide
patient-level data for safety, response, pharmacokinetic and immu-
nophenotyping analyses as well as vector construct, integration site
analyses and gating strategies.

The clinical datasets generated and analyzed during this study are
not publicly available due to proprietary restrictions and to protect
patient privacy and sensitive information. All individual-level clinical
datahave beendeidentified and are stored on the secure data server of
Tongji Hospital. Interested researchers may contact the corresponding
author to request access to the datasets. Access requires completion
ofadataaccess agreement describing the intended research use; com-
mercial or for-profit useis prohibited. After approval by the applicant’s
institution and our institutional data access committee, deidentified
individual participant-level data will be provided within 6 months
after publication and will remain accessible for at least 5 years. The
full trial protocol and the statistical analysis plan are provided in the
supplementary materials.

All requests for data access should be directed to the corresponding
author (cunrui5650@hust.edu.cn), and responses will be provided
within 10 working days.
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b, Longitudinal expression of HLA-DR on CAR-T cells, associated withimmune transition with early expansion followed by phenotypic diversification. Each
activation, with some patients showing sustained expression. ¢, PD-1expression bar at agiven time point represents data from an individual patient.Grey bars
on CAR-T cells across multiple timepoints. A transient increase was observed (NA) indicate unavailable data. Abbreviations: CD25, interleukin-2 receptor «;
shortly after infusion, which declined by Day 30, suggesting activation-related CD69, early T-cell activation marker; HLA-DR, human leukocyte antigen-DR;
dynamics but not sufficient alone to define exhaustion. d, Phenotypic PD-1, programmed cell death protein 1; T, central memory T cell; Ty, effector
distribution of CD4* CAR-T cells at Days 4, 8,14, 17, and 28, classified into naive, memory T cell; NA, not available.
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Extended DataFig. 9| Vector design and CAR construct of ESO-TO1. a, Vector
design features of ESO-TO1. An anti-TCR nanobody (VHH) targets the TCR/CD3
complex to confer T-cell specificity. Amutant VSVG (ENV) envelope reduces
broad tropism and lowers immunogenicity. High CD47 expression decreases
clearance by the mononuclear phagocyte system, enhancing persistence

and transduction. Knockout of MHC class I reduces immunogenicity and
susceptibility to complement- or antibody-mediated inactivation. A synthetic T
cell-specific promoter (SYN) restricts expression to T cells, while the BCMA CAR

backbone s derived from the clinically validated PRG1801 second-generation
VHH CAR. b, CAR construct of ESO-TO1. The CAR contains an anti-BCMA VHH

for antigen recognition, a CD8 hinge and transmembrane domain (TMD) for
structural stability, the 4-1BB costimulatory domain, and the CD3Tsignaling
domain for T-cell activation. Abbreviations: CAR, chimeric antigen receptor;
BCMA, B Cell Maturation Antigen; MHC, Major Histocompatibility Complex; SYN,
Synthetic T cell-specific Promoter; TCR, T Cell Receptor; VHH, Variable Domain
of Heavy-chain Antibodies; VSVG, Vesicular Stomatitis Virus Glycoprotein.
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Extended Data Table 1| Peak expansion, exposure kinetics, MRD status, and clinical responses of ESO-TO1-generated

CAR-T cells

Metric 1001 1002 1003 1004 1005
CAR-T peak (copies/ug gDNA) 207,000 220,000 77,000 166,000 157,000
AUC, ,;, (copies-day/pg gDNA) 1,301,584 938,659 315,456 888,618 929,257
MRD status Negative Negative NA Negative Negative

Response on Day 28 VGPR CR NA PR PR

Best response VGPR sCR NE sCR sCR

CAR-T expansion was quantified by qPCR at serial timepoints after infusion. Peak levels and total exposure (area under the curve, AUC) from day O to day 28 were calculated. Minimal residual

disease (MRD) was

d by multiparameter flow cytometry, and clinical responses were evaluated according to International Myeloma Working Group (IMWG) consensus criteria.

Abbreviations: AUC, area under the curve; CAR, chimeric antigen receptor; CR, complete response; IMWG, International Myeloma Working Group; MRD, minimal residual disease; NA, not
applicable; NE, not estimable; PR, partial response; gPCR, quantitative polymerase chain reaction; sCR, stringent complete response; VGPR, very good partial response.
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in the electronic case report form (eCRF). The study objectives were designed independently of sex or gender. Therefore, this
information was not used in the data analysis
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Population characteristics Baselines demographics and disease characteristics are summarized in Table 1. The median age of patients was 52 years
(range, 52—68 years), and all five participants were male (100%). Patients had received a median of three prior lines of
therapy (range, 3-5), one patient (I003) could not receive an Immunomodulatory Imide Drug (IMiD) due to a history of
lower-limb thrombosis; three (60%) patients had previously been exposed to an anti-CD38 monoclonal antibody, and one
(20%) had undergone autologous stem-cell transplantation (Supplementary Table 1).

Recruitment Participants were identified by the direct medical team as part of routine clinical practice, as well as through a review of
medical records and clinical databases maintained within the institution. The study included eligible participants who were
adults (>18 years) with measurable relapsed/refractory multiple myeloma (R/R MM) who had received at least two prior lines
of therapy or were considered dual-refractory to both an immunomodulatory agent and a proteasome inhibitor. The full
inclusion and exclusion criteria are listed in the study protocol and in the "Study eligibility" section of the methods.

Ethics oversight The protocol was approved by the Institutional Review Board (IRB) of Tongji Medical College, Huazhong University of Science

and Technology, and all participants provided written informed consent before enrollment. The study adhered to the
Declaration of Helsinki, Good Clinical Practice guidelines and local regulatory requirements.
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Sample size The sample size for this study was 5 patients with relapsed and refractory multiple myeloma. The sample size was not pre-calculated using
statistical methods, as this study is a Phase 1 clinical trial with the primary aim of evaluating the safety of ESO-TO1.

Data exclusions  Thisis a Phase 1, single-arm, prospective study. The primary, secondary, and exploratory research objectives have all been reported, and no
data were excluded.

Replication This study is a single-center Phase 1 clinical trial, with the primary objective of evaluating the safety of ESO-TO1. As such, no applicable
replication validation is provided.

Randomization  As this study is a single-arm design, all patients received the same treatment regimen, and therefore, random allocation was not applicable.

Blinding This study is an open-label trial, and therefore, blinding was not implemented. All participants were aware of the treatment they received, and
the researchers did not apply blinding to the treatment allocation.
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Antibodies

Antibodies used For a list of antibodies used, please refer to Supplementary Table 7

Validation All antibodies used for flow cytometry have been validated for flow cytometry applications, and the corresponding validation flow
plots are available on the manufacturer's website.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT06791681
Study protocol The complete clinical study protocol has been uploaded as an attachment to the article.

Data collection Between January and March 2025, six adults with relapsed or refractory multiple myeloma (R/R MM) were screened for eligibility.
One individual did not meet the inclusion criteria and was excluded, resulting in a final cohort of five patients. Five patients received a
single intravenous infusion of ESO-TO1 at a dose of 0.2 x 10”9 transduction units at Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology. Clinical data were collected using an electronic data capture (EDC) system. The follow-up
period ended on August 25, 2025.

Outcomes The primary objective was to assess the safety and tolerability of ESO-TO1 in patients with relapsed or refractory MM. Safety
endpoints included dose-limiting toxicities (DLTs), adverse events (AEs), laboratory parameters, vital signs, physical examinations, and
electrocardiograms. DLTs were assessed and the maximum tolerated dose (MTD) was determined. Adverse events were summarized
by incidence, severity, and attribution, coded with MedDRA, and graded using CTCAE v5.0; Cytokine release syndrome (CRS) and
immune effector cell-associated neurotoxicity syndrome (ICANS) were graded according to the 2019 ASTCT consensus criteria50.
Secondary objectives were to evaluate preliminary efficacy (time to response, objective response rate [ORR], duration of response
[DOR], progression-free survival [PFS], and overall survival [OS]). ORR included stringent complete response (sCR), complete response
(CR), very good partial response (VGPR), and partial response (PR) per IMWG 2016 criteria. Minimal residual disease (MRD) negativity
was assessed by multiparameter flow cytometry at a sensitivity of at least 107,

Additionally, secondary endpoints included pharmacokinetics (CAR-T cell expansion kinetics quantified by qPCR and flow cytometry),
pharmacodynamics (cytokine profiling and immune cell subsets). Pharmacokinetic parameters included maximum concentration
(Cmax), time to peak (Tmax), and area under the curve from day O to day 28 (AUCo—2sd) of BCMA CAR-T cell expansion in peripheral
blood following ESO-TO1 infusion. gPCR was used to measure the copy number of lentiviral transgenes, with a validated detection
limit of 50 copies per microgram of genomic DNA (Junke Zhengyuan). Pharmacodynamic evaluations included serial measurement of
cytokines (IL-6, IL-10, IFN-y, TNF-a and others), C-reactive protein, ferritin, immunoglobulin levels (IgG?IgA?IgM), and lymphocyte
subsets (T, B, and NK cell frequencies and absolute counts) in peripheral blood.

Exploratory analyses included vector shedding, immunogenicity, off-target detection, and CAR-T cell insertion site analysis; based on
the treatment response of the first patient, the conditioning protocol was adjusted and post-hoc analyses were conducted.
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Methodology
Sample preparation Peripheral blood samples from patients were analyzed using flow cytometry to assess the characteristics of CAR-T cells and
their subsets.
Instrument Flow cytometry samples were acquired using the BECKMAN flow cytometer (DxFLEX) for data collection and analysis.
Software Data were analyzed with CytExpert, FlowJo and NovoExpress.
Cell population abundance Typically stained 0.5 - 1x10° total PBMCs at each timepoint.
Gating strategy The gating strategy is provided in the supplementary information.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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