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ABSTRACT

Background Relapsed or refractory (R/R) B-cell non-
Hodgkin’s lymphoma (B-NHL) remains a major therapeutic
challenge despite CD19-directed chimeric antigen receptor
(CAR) T-cell therapies, with treatment failure often driven
by antigen escape and limited CAR-T persistence. Dual
targeting of CD19 and CD20 may mitigate antigen loss.
We conducted an expanded phase I/l study of bispecific
CD19/20 CAR-T cells and incorporated spatially resolved
single-cell transcriptomics to evaluate tumor-intrinsic and
microenvironmental factors of clinical response.

Methods Patients with R/R B-NHL received CD19/20
CAR-T cells following lymphodepletion. Efficacy, safety,
CAR-T expansion/persistence, and B-cell reconstitution
were assessed. Pretreatment tumor biopsies from five
patients with divergent outcomes underwent spatial
single-cell transcriptomic profiling.

Results 32 patients were treated, including 24 with
diffuse large B-cell lymphoma. Among 31 evaluable
patients, the best overall response rate was 74%, including
58% achieving complete remission. Median progression-
free and overall survival were 6.8 and 22.1 months,
respectively. Response rates were higher in patients with
normal lactate dehydrogenase. CAR-T expansion peaked
on days 7-17, and persistence exceeded 500 days in long-
term responders. Cytokine release syndrome occurred in
53% (12% grade >3) and immune effector cell-associated
neurotoxicity syndrome in 9% (all grade 3), with no

lasting deficits. Spatial profiling identified two dominant
tumor architectures: (1) a B-cell-dominant phenotype,

in which durable remission was associated with
heightened apoptotic competence in malignant B cells,
and (2) a fibroblast-enriched and monocyte/macrophage-
enriched phenotype, in which response correlated with a
chemokine-rich, T-cell-permissive microenvironment.
Conclusions Bispecific CD19/20 CAR-T therapy produced
durable clinical activity with manageable toxicity. Spatial
single-cell analysis reveals distinct tumor-intrinsic and
microenvironmental features associated with CAR-T
responsiveness, providing a spatially informed framework
for understanding heterogeneous therapeutic outcomes.
Trial registration number NCT04723914.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= CD19 chimeric antigen receptor (CAR)-T therapy
is effective in relapsed or refractory B-cell non-
Hodgkin’s lymphoma, but treatment failure remains
common due to antigen escape and limited CAR-T
cell persistence.

WHAT THIS STUDY ADDS

= Bispecific CD19/20 CAR-T cells demonstrate du-
rable clinical activity with manageable toxicity, and
spatial single-cell transcriptomics reveals that both
tumor-intrinsic apoptotic competence and a T-cell-
permissive microenvironment are key determinants
of response.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Spatially informed profiling of tumor and microenvi-
ronmental features may guide patient stratification
and the development of combination strategies to
enhance CAR-T efficacy and durability.

INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is
the most common subtype of B-cell non-
Hodgkin’s lymphoma (B-NHL). Approxi-
mately 40% of patients develop refractory
disease after initial therapy or relapse
following remission. In patients ineligible
for transplantation or relapsing after autol-
ogous transplantation, second-line therapy
yields an overall response rate (ORR) of only
20-30% and a median overall survival (OS) of
approximately 6 months.'™

In recent years, five anti-CD19 chimeric
antigen receptor (CAR)-T products have
been approved globally for relapsed/refrac-
tory (R/R) large B-cell lymphoma (LBCL),
follicular lymphoma (FL), or mantle cell
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lymphoma (MCL). As >third-line therapy, reported ORRs
in R/R B-NHL range from 53% to 97% (53-83% for
LBCL, 86-97% for FL, and 83% for MCL), with complete
response (CR) rates of 39-94% (39-58% for LBCL,
68-94% for FL, and 68% for MCL).*"" Despite these
favorable outcomes, ~20% of patients with LBCL exhibit
primary resistance, and 50-60% of B-NHL cases relapse,'’
often due to limited CAR-T persistence or antigen
escape.’* ™ A potential strategy to prevent antigen escape
is dual-antigen targeting. Tandem CARs against CD19
and CD22 have shown promising activity in R/R B-cell
acute lymphoblastic leukemia.'” We previously reported
encouraging results from a phase I/II trial (n=11) of
bispecific CD19/20 CAR-T cells in R/R B-NHL."

To further validate these findings and explore factors
contributing to heterogeneous responses, we expanded
the original cohort and extended follow-up. In addition
to comprehensive clinical analyses, we incorporated
spatially resolved transcriptomic profiling of pretreat-
ment tumor biopsies to examine tumor-intrinsic and
microenvironmental features associated with response to
bispecific CD19/20 CAR-T therapy.

MATERIALS AND METHODS
Patients and study design
This phase I/II, single-arm clinical trial was conducted
at Shenzhen University General Hospital (May 2021
to November 2024) to evaluate the safety, efficacy, and
biological correlates of bispecific CD19/20 CAR-T cell
therapy in patients with R/R B-NHL. The study was
approved by the institutional ethics committee, registered
at ClinicalTrials.gov (NCT04723914), and conducted
in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants.
Eligible patients met the following criteria: (1) age
14-75 years; (2) histological confirmation of CDI9
and/or CD20 expression; (3) refractory or relapsed
disease after prior therapy; and (4) Eastern Cooperative
Oncology Group performance status <2. One 76-year-old
patient was enrolled with prior approval from the insti-
tutional ethics committee before enrollment. Diagnoses
were based on the 2008 WHO classification, including
DLBCL, transformed FL (tFL), MCL, FL, primary medi-
astinal large B-cell lymphoma, and Burkitt lymphoma.

CAR-T cell manufacturing and lymphodepletion
The bispecific anti-CD19/CD20 CAR incorporated CD20
(Leul6) and CD19 (FMC63) single-chain variable frag-
ments (scFvs) linked to CD8 hinge and transmembrane
domains and 4-1BB/CD3( signaling domains. Heavy
and light chains were connected via (GGGGS)s and 218s
linkers. CAR-T cells were manufactured as described
previously.'®

All patients received lymphodepleting chemotherapy
with fludarabine (30mg/m?2/dayx3days) and cyclophos-
phamide (300mg/m?2/dayx3days). Fresh CAR-T prod-
ucts were infused at 0.3-2.6x10° CAR-T cells/kg.

Toxicity and efficacy assessment

Primary objectives were safety and ORR, defined by 2014
Lugano criteria.'” Cytokine release syndrome (CRS) and
immune effector cell-associated neurotoxicity syndrome
(ICANS) were graded using American Society for Trans-
plantation and Cellular Therapy consensus criteria.'®
Tocilizumab or dexamethasone was administered as
indicated. Secondary objectives included duration of
response (DOR), progression-free survival (PFS), and
OS. Exploratory analyses included CAR-T cell expan-
sion/persistence, and peripheral B-cell recovery. B-cell
reconstitution was defined as 21% CD19" B cells among
peripheral lymphocytes by flow cytometry. CAR-T expan-
sion and persistence were quantified using multiparam-
eter flow cytometry.

Spatial transcriptomics

Pretreatment tumor biopsies from five patients with
divergent outcomes underwent spatial transcriptomic
profiling using the 10x Genomics Visium HD platform.
Raw sequencing data were processed with Space Ranger
(V.3.0) and aligned to GRCh38. Quality control was
performed using the Seurat package (V.5.0) in R (V.4.3).
Spots with <200 detected genes or >20% mitochondrial
content were excluded; genes detected in <10 spots were
removed.

Data normalization employed SCTransform with vari-
ance stabilization. Samples were integrated using recip-
rocal principal component analysis (RPCA) with Seurat’s
FindIntegrationAnchors (reduction=“rpca”, dims=1:30),
followed by IntegrateData to correct batch effects while
preserving biological variation.

Dimensionality reduction was performed using prin-
cipal component analysis (top 30 principal components
[PCs]) and Uniform Manifold Approximation and
Projection. Cell clusters were identified using shared
nearest neighbor clustering (resolution=0.8) and anno-
tated based on canonical markers and reference single-
cell RNA sequencing datasets.

Differential gene expression and functional enrichment
analysis

Differential expression analysis was performed using
Seurat’s FindMarkers (Wilcoxon rank-sum test), with
significance defined as adjusted p<0.05 and llog2FCI>0.25.
Genes identified by Seurat’s FindMarkers analysis were
subsequently subjected to Gene Ontology (GO) analysis.

Spatial neighborhood analysis

Spatial co-occurrence between cell types was computed
using squidpy.gr.co_occurrence across 20 distance bins
(0-30% of maximum spatial range). Co-occurrence ratio
>1 indicated spatial attraction; <1 indicated repulsion.

Statistical analysis

All statistical analyses were conducted using GraphPad
Prism (V.10.5.0), R (V.4.3) and Python (V.3.10). Contin-
uous variables are reported as medians with ranges, and
categorical variables as frequencies with percentages.
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Assessed for eligibility

(n=35)
Excluded (n=1)
—> + Disease progression due to
il CNS involvement (n=1)
Leukapheresis
(n=34)
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CAR-T cell not infused (n=2)
> « Disease progression (n=1)
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(n=32)
v
Included in study analysis
(n=32)

Figure 1 Study diagram. CAR, chimeric antigen receptor.
CNS, central nervous system.

Comparisons between groups were conducted using the
Wilcoxon rank-sum test for continuous variables and
Fisher’s exact test for categorical variables. Kaplan-Meier
analysis was used to estimate DOR, PFS, and OS. Best
overall response rates were visualized using forest plots
with corresponding 95% ClIs. All statistical tests were two-
sided, and p<0.05 was considered statistically significant.

RESULTS

Patient characteristics

Between May 2021 and November 2024, 35 patients
were screened, 34 underwent leukapheresis, and 32
patients with NHL meeting inclusion criteria received
anti-CD19/20 CAR-T therapy (figure 1). The median age
was 56 years (range: 28-76), with 15 males (47%) and 17
females (53%). Baseline demographics and clinical char-
acteristics are summarized in table 1.

Histological subtypes included DLBCL (n=24, 75%;
germinal center B-cell (GCB) or non-GCB), tFL (n=3,
9%), MCL (n=2, 6%), and one case each of FL, primary
mediastinal B-cell lymphoma, and Burkitt lymphoma
(n=3, 9%). One patient (3%) had previously received
CD19 CAR-T therapy. Most patients (94%) had stage
II-IV disease; 62% (n=20) had International Prognostic
Index (IPI) scores >3. 24 patients (75%) had refractory
disease and 8 (25%) had relapsed disease. 13 (41%)
were double-expressor lymphomas (c-MYC with BCL2 or
BCL6), and 72% had Ki-67>70%. Extranodal involvement
was present in 84%, and more than half had elevated

Table 1 Baseline characteristics
Patients (N=32),
no (%)

Age (years)

Median (range), years 56 (28-76)

>60 12 (38)
Sex

Male 15 (47)

Female 17 (53)
Predominant histology

DLBCL 24 (75)

tFL 309

Others (MCL, FL, PMBCL, BL) 5 (16)
Cell of origin in DLBCL

GCB 8 (29)

Non-GCB 16 (50)

Disease stage at enroliment

Il 2 (6)

1l 4 (13)

v 26 (81)
IPI at enroliment

<3 12 (38)

>3 20 (62)
Previous response status

Refractory to last line 24 (75)

Relapsed to last line 8 (25)
ECOG at enrollment

0-1 20 (63)

2 12 (37)

Number of previous lines of anti-neoplastic therapy
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<2 lines 8 (25)
>2 lines 24 (75)
IHC (CD19, CD20)
CD20+ 31 (97)
CD19+ 30 (94)
CD19- 2 (6)
CD20- 1)
Double or triple expression: MYC plus BCL2, BCL6 or both
Yes 13 (41)
No 12 (38)
Miss data 7 (21)
Ki-67
<70% 8 (25)
>70% 23 (72)
NA 1(3)
Extranodal involvement
Continued
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Table 1 Continued

lactate dehydrogenase (LDH). 29 patients had confirmed

Patients (N=32),

dual CD19/CD20 expression by immunohistochemistry.

no (%)
Yes 27 (84)
No 5(16)
Elevated LDH at enrollment
Yes 18 (56)
No 14 (44)

Data presented as no, (%).

BL, Burkitt lymphoma; DLBCL, diffuse large B-cell lymphoma;
ECOG, Eastern Cooperative Oncology Group performance status;
GCB, germinal center B-cell-like; IHC, immunohistochemistry; IPI,
International Prognostic Index; Ki-67, Ki-67 proliferation index;
LDH, lactate dehydrogenase; MCL, mantle cell ymphoma; NA,
not available; PMBCL, primary mediastinal B-cell lymphoma; tFL,
transformed follicular lymphoma.

atient #

A

PR
uCR
uSD
uPD

—alive

No evaluation

* cancer-related death
* non-cancer-related death

Response and survival

All patients received lymphodepleting chemotherapy
before CAR-T infusion. The median infused CAR-T dose
was 1.0x10° cells/kg (range: 0.3-2.6). 1 patient (Case
3) died before the first response evaluation; thus, 31
patients were evaluable for efficacy. The best ORR was
74% (23/31); 18 patients (58%) achieved CR and 5
(16%) achieved partial remission (PR). The median time
to first response was 1.5 months (range: 0.9-3.4), and the
median time to first CR was 2.6 months (range: 1.0-9.5)
(figure 2A; table 2).

The median DOR was 19.5 months (95% CI 10.7 to 38.4)
(figure 2B; table 2). The longest observed response was
38.8 months (Case 4). Among patients who achieved CR,
the median follow-up was 16.9 months, and the median
DOR was not reached; the 12-month probability of

— CR/PR
- CR
PR

Median DOR
not reached
50

. 19.5(10.7-38.4)
4.0 (2.3-NR)

~ [T
=INWANAIXOCS=NWANAIXCS=NWANAIR OO

10 20 30 40
Months after Infusion

50

Probability of continued response (%)

Months

@

— All
- CR
PR
—— Nonresponder

100

Median PFS
not reached

50 6.8 (4.0-NR)

4.0 (23-NR)
'13.1 (0.5-5.7)

10 20 30 40
Months after Infusion

Progression-free Survival (%)

0
0

1
50

-

o

o
1

Median OS
not reached

22.1 (8.6-NR) —— Nonresponder

a
o
| I T T

L

_ . 6.7 (4.8-NR)
17.8 0.8T2.0)
0
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0 T T

10 20 30 40
Months after Infusion

1
50

Figure 2 Clinical outcomes. (A) Clinical response among 32 patients. (B) Probability of continued response (%). (C) PFS

probability. (D) OS probability. Outcomes are stratified by best

response. CR, complete remission; DOR, duration of response;

NR, not reached; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial remission; SD, stable

disease.
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Table 2 Patient best responses

Patients (n=31)

Best overall response
Complete response
Partial response
Stable disease
Progressive disease
Continued response
Progression following complete response
Median time to first response, months
Median time to first CR, months
Median duration of response, months (95% CI)
Probability of continued response at 12 months (95% Cl), %
Median PFS, months (95% ClI)
Probability of PFS at 12 months (95% Cl), %
Median OS, months (95% Cl)
Median follow-up, months (95% CI)
Probability of OS at 12 months (95% ClI), %

23 (74%)

18 (58%)

5 (16%)

3 (10%)

4 (16%)

15 (48%)

3 (10%)

1.5 (0.9-3.4)

2.6 (1.0-9.5)

19.5 (10.7 to 38.4)
52.2 (33.0 to 70.8)
6.8 (4.0 to NR)
38.7 (23.7 to 56.2)
22.1 (8.6 to NR)
13.3 (7.1 t0 19.5)
54.8 (37.8 to 70.8)

CR, complete response; NR, not reached; OS, overall survival; PFS, progression-free survival.

continued response was 52.2% (95% CI 33.0% to 70.8%).
All PR patients (n=5) progressed within a median of 4.0
months (range: 2.3-6.8). Among CR patients (n=18), 15
remained in remission, while 3 relapsed at a median of 5.6
months (range: 3.9-11.4). Biopsies from the two relapsed
cases confirmed retained CD19 and CD20 expression.

In the overall cohort, the median follow-up was 13.3
months (95% CI 7.1 to 19.5). Median PFS was 6.8 months
(95% CI 4.0 to not reached [NR]) and median OS was
22.1 months (95% CI 8.6 to NR). The 12-month PFS and
OS rates were 38.7% (95% CI 23.7% to 56.2%) and 54.8%
(95% CI 37.8% to 70.8%), respectively. Median PFS and
OS were not reached in patients achieving CR (figure 2C
and D).

Response rates were not significantly associated with
baseline demographic or disease characteristics, infused
dose, or prior treatment history. In exploratory subgroup
analyses, ORR was nominally higher in patients with
normal LDH (93%; 95% CI 69% to 99%) compared with
those with elevated LDH (58%; 95% CI 36% to 78%;
p=0.045) (figure 3).

Safety and adverse events

A total of 32 patients received CD19/20 CAR-T cell prod-
ucts. 17 patients (53%) developed CRS with a median
onset of 2days post-infusion (range: 0-16) and median
duration of 3days (range: 1-8) (online supplemental
Table 1). CRS was grade 1 or 2 in 13 patients (41%) and
grade 3 or 4 in 4 (12%), presenting with fever, hypoten-
sion, and severe hypoxemia. Three patients (9%) devel-
oped grade 3 ICANS, with a median onset of 16 days
(range: 6-22) post-infusion, and median duration of 1 day.
Both CRS and ICANS were managed per institutional

guidelines. Seven patients (22%) received tocilizumab
(median two doses, range: 1-6), and four (13%) received
dexamethasone. No persistent neurological deficits were
observed in the cohort.

Key grade 3 or higher adverse events included: fatigue
(n=3, 9%), edema (n=1, 3%), hyponoia (n=1, 3%),
increased alanine aminotransferase (ALT) or aspartate
aminotransferase (AST) (n=3, 9%), hypokalemia (n=2,
6%), anemia (n=10, 31%), neutrophil count decreased
(n=24, 75%), platelet count decreased (n=11, 34%),
anorexia (n=2, 6%), nausea (n=1, 3%), upper respiratory
infection (URI) (n=2, 6%), lung infection (n=5, 16%),
skin infection (n=1, 3%), sepsis (n=3, 9%), sinus tachy-
cardia (n=1, 3%), heart failure (n=1, 3%), and muscu-
loskeletal disorders (n=2, 6%). One patient died of
severe pneumonia (pulmonary infection) before the first
response evaluation and was recorded as having a grade
5 lung infection. This patient also experienced grade 3
CRS, which was managed with tocilizumab. The primary
cause of death was severe pneumonia and was considered
unrelated to CAR-T therapy.

CAR-T cell expansion, persistence and B-cell recovery
CAR-T expansion peaked during days 7-17 post-infusion,
with a median peak of 81.5cells/pL (range: 0.35-1127)
(figure 4A and online supplemental Figure 1). No statis-
tically significant differences in peak CAR-T expansion
were observed between responders and non-responders
or between patients with durable CR and those who
relapse (figure 4B and C).

As of the last available data, CAR-T cells remained
detectable via flow cytometry in 11 of 15 patients with
ongoing CR, with the longest persistence reaching 551
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I

Age n/N Best Overall response rate (95% CI)
<60 14/20 —0~— 70% (48-85)
>60 9/11 ————  82%(52-97)

Sex
Male 9/14 e 64% (39-84)
Female 14/17 —e—  82%(59-94)

Predominant histology
DLBCL 16/23 —i— 70% (50-84)
tFL 2/3 o 67% (12-98)
others 5/5 ——+——@ 100% (57-100)

Cell of origin in DLBCL
GCB 6/8 —o—— 75%(41-96)
non-GCB 10/15 ——— 67% (42-85)

Disease stage at enrolment
I 12 e 50% (3-97)
11A% 22/29 —— 76% (58-88)

IPI at enrolment
3 9/12 ———— 75%(4691)
>3 14/19 —— 74% (51-88)

Previous response status
Refractory to last line 15/23 + 65% (45-81)
Relapsed to last line 8/8 ————® 100% (68-100)

ECOG at enrolment
0-1 16/20 — 80% (58-92)
9 711 ——— 64% (35-85)

Number of previous lines of anti-neoplastic therapy
<2 lines 718 ————&— 8% (53-99)
>2 lines 16/23 —— 70% (49-84)

Double or triple expression: MYC pus BCL2, BCL6 or both
Yes N3 —— 54% (29-77)
No 8/10 ————  80% (49-96)
Miss data 8/8 ——® 100% (68-100)

Ki-67 ;
<70% 5/7 o 71% (36-95)
>70% 18/23 —o—  78%(58-90)

Extrandal involvement
Yes 20/27 —— 74% (55-87)
No 3/4 ® 75% (30-99)

Elevated LDH at enrolment
Yes 10/17 S 58% (36-78)
No 13/14 ——®—  93% (69-99)

CAR-T dose, 1076/kg §
<1 10/13 ——  76%(50-92)
>1 13/18 — ¢ 72% (49-88)

All 2331 —— 74% (57-86)

I T T T T T

0 20 40 60 80 100
Figure 3 Best overall response rate by subgroup. CAR, chimeric antigen receptor; DLBCL, diffuse large B-cell ymphoma;
ECOG, Eastern Cooperative Oncology Group performance status; GCB, germinal center B-cell-like; IPI, International Prognostic
Index; Ki-67, Ki-67 proliferation index; LDH, lactate dehydrogenase; tFL, transformed follicular lymphoma.

6 Wang L, et al. J Immunother Cancer 2026;14:e015114. doi:10.1136/jitc-2026-015114



Open access

CR
PR
NE
Nonresponder

A 2 10004 ——
5
S 6001
N ~ +
T
g 2001 i
m
~ 1501
£
@ 100 1
£ 50
%
0 10 20 30 40 " 240
Days

CAR-T cells in PBMC (count/ul)

—e— (CAR-T detectable
CAR-

T undetectable

1IN ——e
440 640
Days
B = o0 0.4641 C = 6o 03603 D -
= [ ’I = 1 CAR-T detectable
[ ° (7]
3 : 3 ¢ € CAR-T undetectable
o k3 " 8 159
“;” 400 ® o 400 "g 4
— ° % 2
3 . 3 . 5 10+
I % = o 3
oy 200+ ° o 200- ° Qo
< ° < ° [ 5 11
(&) . (&) — o
X —e3- =< ¢ =z
© *® —— g . o —_— 3
S ol Seatee .40 S ol seee o 0 : :
CR/PR SD/PD & & & &
O Q} > 0‘
S & L
o> & >
& O & L
® P

Figure 4 CAR-T cell pharmacokinetics. (A) CAR-T cell counts in PBMCs, measured by flow cytometry and color-coded by
best response. (B) Peak CAR-T cell expansion in responders (CR/PR; n=23) versus non-responders (SD/PD; n=8). Median
values and p value shown. (C) Peak CAR-T cell expansion in patients with continued CR (n=15) versus those with PD after
CR (n=3). Median values and p value shown. (D) Number of patients with detectable versus undetectable CAR-T cells at end
of follow-up, stratified by group. (E) CAR-T cell counts in PBMCs among patients with continued CR in two groups based on
whether CAR-T could be detected at the final follow-up. CAR, chimeric antigen receptor; CR, complete remission; NE, no
evaluation; PBMC, peripheral blood mononuclear cell; PD, progressive disease; PR, partial remission; SD, stable disease.

days post-infusion (the maximum in this trial by the
cut-off date). CAR-T cells were also detectable in three
patients with disease relapse, with no significant differ-
ence between the two groups (figure 4D and E, p>0.9999,
Fisher’s exact test).

Peripheral blood B cells became undetectable in all
patients following CAR-T cell infusion. CD19" B-cell
recovery occurred in 11 patients (34%), with a median
time of 179 days (range: 61-473 days) post-infusion
Figure 2A). No significant

(online supplemental
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association between B-cell recovery and disease status
was observed in this cohort; the corresponding data are
shown in online supplemental Figure 2B and C.

B-NHL exhibits spatially distinct cellular architectures

To identify determinants of clinical response to CAR-T cell
therapy in B-NHL, we stratified the 32 enrolled patients
into two predefined subgroups: those achieving long-
term complete remission (LtCR; remission >1 year) and
non-responders (nonR; best response of PD or SD). Base-
line clinical characteristics were generally comparable
between the LtCR and nonR groups, with no statistically
significant differences observed (online supplemental
Table 2).

To further explore tumor-intrinsic and microenviron-
mental factors that may influence CAR-T efficacy, we
performed spatially resolved single-cell transcriptomics
on pretreatment tumor biopsies from five patients with
divergent clinical outcomes, as summarized in online
supplemental Table 3. Three patients subsequently
achieved LtCR (P1.1, P1.2, P1.3), whereas two patients
were classified as nonR (P2.2, P2.3). After stringent
quality filtering, a total of 35,759 high-quality cells were
retained for downstream analysis. Unsupervised clus-
tering resolved six major cell populations, including B
cells, myeloid-like B cells, plasma cells, fibroblasts, mono-
cyte/macrophage (Mono/M¢), and endothelial cells
(figure 5A and B).

Spatial mapping demonstrated that the five samples
segregated into two dominant architectural phenotypes:
(1) B-cell-dominant type (P1.1, P1.3, P2.3), characterized
by dense malignant B-cell infiltrates; and (2) fibroblast-
enriched and Mono/M¢-enriched type (P1.2, P2.2),
marked by extensive stromal and myeloid remodeling.
These transcriptomic classifications were concordant with
the histopathological features observed on H&E staining
(figure 5C and D).

Apoptotic competence of malignant B cells prior to CAR-T
infusion correlates with treatment response in B-cell-
dominant B-NHL

Within the B-cell-dominant subgroup, differential gene
expression analyses comparing LtCR and nonR patients
revealed a transcriptional program strongly associated
with apoptotic susceptibility in responders. LtCR samples
exhibited higher expression of multiple pro-apoptotic
genes (eg, CASP3, CASPY9, BAK1, CIDEB) and downregu-
lation of anti-apoptotic genes such as BCL2L2 and AKT1
(figure 6A).

GO enrichment confirmed significant activation of
pathways related to intrinsic apoptotic signaling and
apoptotic regulation, including regulation of response to
DNA damage stimulus, IkB kinase /NF-xB signaling, regu-
lation of protein ubiquitination, and protein monoubiq-
uitination (figure 6B). Collectively, these findings suggest
that a pre-existing pro-apoptotic molecular state in malig-
nant B cells may be associated with greater sensitivity to
CAR-T cytotoxicity.

Chemokine-driven immune microenvironment prior to CAR-T
infusion predicts response in fibroblast-dominant and Mono/
M¢-dominant B-NHL

In the fibroblast-dominant and Mono/M¢ cell-dominant
subgroup, differential expression analyses of non-B-cell
compartments (fibroblasts, Mono/M¢ cells, endothelial
cells) revealed markedly elevated chemokine expression
in the LtCR sample compared with the nonR sample.
Upregulated chemokines included CCL5, CCL17, CCL22,
CXCLY, CXCL10, and CXCLI2 (figure 7A). Dot-plot visual-
ization further demonstrated that these chemokines were
predominantly produced by Mono/M¢ cells (figure 7B).
Consistently, GO biological process enrichment anal-
ysis of cell type-specific differentially expressed genes
between P1.2 and P2.2 highlighted pathways related to
immune activation, leukocyte migration, and chemotaxis
(online supplemental Table 4).

Spatial  neighborhood  (co-occurrence)  analysis
revealed that T cell-recruiting chemokines (CCL5, CXCLY,
CXCL10) were spatially colocalized with Mono/M¢ popu-
lations, whereas fibroblasts, endothelial cells, and malig-
nant B cells were distributed at greater distances from
these chemokine-rich regions (figure 7C). This pattern
indicates that, in addition to lymphoma-fibroblast interac-
tions, the presence of a pre-existing immunostimulatory
niche-driven largely by chemokine-producing Mono/M¢
cells—may facilitate T-cell recruitment and activation,
thereby contributing to favorable CAR-T therapeutic
responses.

Collectively, these analyses define two spatially distinct
tumor architectures in B-NHL associated with divergent
mechanisms of response to CD19/20 CAR-T therapy. In
B-cell-dominant tumors, therapeutic efficacy appears to
be linked to tumor-intrinsic apoptotic competence of
malignant B cells, whereas in fibroblast-enriched and
Mono/M¢-enriched tumors, response is associated with
microenvironmental immunologic accessibility medi-
ated by chemokinerich niches that promote CAR-T
cell recruitment. Non-responding tumors within each
architecture lack these respective features, exhibiting
impaired apoptotic priming or deficient chemokine-
mediated immune recruitment. This architecture-specific
framework provides a unified interpretation of the spatial
transcriptomic findings summarized in figure 8.

DISCUSSION

Recently, considerable efforts have focused on developing
CARs that target multiple antigens to overcome CDI19
antigen escape observed in CD19 CAR-T trials. CD20 is
an attractive target for B-cell malignancies, as it is broadly
expressed on mature B cells but absent from hematopoi-
etic stem cells.'” In our previous work, we engineered a
tandem CAR incorporating scFvs against both CD19 and
CD20, which demonstrated potent antitumor activity in
vitro. We also reported promising outcomes in an initial
phase I/II trial (n=11) of this bispecific CAR-T in patients
with R/R B-cell malignamcies.16
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Here, we sought to validate those findings and explore
covariates influencing clinical response. The therapy
showed encouraging activity, with a best ORR of 74%
and a CR rate of 58%. At data cut-off, 48% of patients
remained in CR. Median DOR among responders was
19.5 months. For the overall cohort, median PFS and OS
were 6.8 months and 22.1 months, respectively.

Among Food and Drug Administration-approved CD19
CAR-T products, reported ORRs were 83% with axicabta-
gene ciloleucel,' 78% with lisocabtagene maraleucel,’
53% with tisagenlecleucel,” and 78% with relmacabtagene

autoleucel,? with corresponding CR rates of 58%, 53%,
39%, and 53%, respectively. Reported median PFS and
OS have ranged from 2.9 to 7.0 months and from 11.1
to 27.3 months, respectively. Notably, the median dura-
tion of CR in TRANSCEND NHL 001° and ZUMA-1(4)
was 26.2-62.2 months, with ongoing CR rates of 30%
in ZUMA-1 and RELIANCE.**’ At a median follow-up
of 16.9 months for patients achieving CR, the median
DOR for CR patients in our study was not reached, and
the ongoing CR rate was 48%. While these results appear
favorable, longer follow-up is needed for confirmation.
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In recent international studies of CD19/20 CAR-T
therapy,'” *'* ORRs ranged from 79% to 92%and CR
rates from 64% to 85%, broadly consistent with the
outcomes observed in our study. Reported median PFS
values in international CD19/20 CAR-T studies ranged
from 15.6 to 27.6 months, numerically longer than those
observed in our cohort, which may in part reflect differ-
ences in baseline risk profiles, including disease stage and
IPI distribution. Reported relapse rates in these studies
ranged from 18% to 27%, whereas relapse occurred in
3 of 31 evaluable patients in our study. Other bispecific
strategies, particularly CD19/CD22-directed CAR-T cells,
have also been explored in lymphoma. In published
CD19/CD22 CAR-T studies, best ORRs ranged from 62%
to 66% and CR rates from 29% to 49%.*** In the ALEX-
ANDER study, median PFS and OS were 3.32 and 13.8
months, respectively.”” Collectively, these data suggest
that dual-target CAR-T strategies beyond CD19/CD20
are also clinically active in lymphoma, although durability
remains variable across constructs and studies.

In exploratory subgroup analyses, normal LDH was
nominally associated with a higher response rate. This
finding is consistent with previous reports linking
elevated LDH before lymphodepletion or CAR-T infusion
to inferior outcomes in B-NHL, likely reflecting greater
tumor burden and more aggressive disease biology.”***
However, given the multiple subgroup comparisons in
our study, this finding should be considered exploratory
rather than definitive. Several retrospective studies have
further suggested that disease debulking and LDH reduc-
tion before infusion may be associated with improved
CAR-T outcomes. 2023 Nevertheless, the current evidence
remains largely retrospective, and prospective validation
is warranted.

In pivotal trials of CD19 CAR-T therapies,"™® * CRS
occurred in 42-94% of patients, with grade >3 CRS
reported in 2-23%; neurologic events occurred in 20-64%
(grade >3: 5-30%). For CD19/20 CAR-T trials,' *'~** CRS
rates were 64-94% (grade >3: 2-10%) and ICANS rates
6-32% (grade 23: 0-14%). In our study, CRS occurred in
53% of patients, with 12% experiencing grade 3—4 events,
while ICANS occurred in 9% (all grade 3). These find-
ings are consistent with international data and indicate
a manageable safety profile for CD19/20 CAR-T therapy.

CD19-negative relapse has been reported in ~30% of
evaluable postrelapse biopsy specimens after axicabta-
gene ciloleucel or tisagenlecleucel.”” ' In contrast,
among the two relapsed patients with available biopsies
in our study, both remained positive for CD19 and CD20.
Although limited by the small number of biopsied cases,
this finding is consistent with previous reports of bispe-
cific CD19/20 CAR-T therapy, in which 11 of 12 relapses
remained antigen positive.”" Collectively, these observa-
tions suggest that relapse after bispecific CAR-T therapy
may not be explained by antigen loss alone. Prior studies
have shown that detectable CAR-T cells do not necessarily
imply preserved functional activity, and antigen-positive
relapse may reflect CAR-T dysfunction/exhaustion,

insufficient functional persistence, or microenviron-
mental suppression.'** Together, these findings support
the possibility that resistance after bispecific CAR-T
therapy can arise through mechanisms beyond target
antigen loss. This question warrants further investigation.

To further explore biological sources of response
heterogeneity beyond conventional clinical variables, we
integrated spatially resolved single-cell transcriptomics
with clinical outcomes. We identified two predominant
spatial architectures—a B-cell-dominant pattern and
a fibroblast-enriched/Mono/M¢-enriched  pattern—
each associated with distinct biological features linked
to CAR-T efficacy. These findings are consistent with
prior reports highlighting architectural heterogeneity in
B-NHL**** and provide a biological framework that may
help explain some of the interpatient heterogeneity in
clinical response, beyond product manufacturing and
treatment procedures.

In B-cell-dominant tumors, durable responses were
associated with transcriptional programs indicative of
enhanced intrinsic apoptotic competence in malignant
B cells, including upregulation of core apoptotic effec-
tors and suppression of anti-apoptotic signaling. These
results extend resistance models centered mainly on
antigen escape'> ** or T-cell dysfunction® by suggesting
that tumor cell-intrinsic susceptibility to apoptosis may
represent an additional contributor to CAR-T efficacy.
Conversely, in fibroblast-enriched and Mono/M¢-en-
riched tumors, response appeared to be more closely
associated with microenvironmental immunologic acces-
sibility. Long-term responders exhibited a chemokine-rich
niche, predominantly driven by Mono/M¢ populations,
that spatially colocalized with T cell-recruiting signals.
This organization may facilitate CAR-T cell recruitment
and engagement and is consistent with broader immuno-
oncology literature implicating chemokine-mediated
Tecell trafficking in effective antitumor immunity.”*®

Together, our findings support a conceptual model in
which CAR-T responsiveness in B-NHL may be influenced
by two partially architecture-associated axes: tumor-
intrinsic apoptotic vulnerability and microenvironment-
mediated immunological accessibility. If validated in
larger cohorts, pretreatment spatial biopsy profiling
may help refine patient stratification and guide rational
combination strategies. For example, tumors with rela-
tive apoptotic resistance may be rational candidates for
apoptosis-sensitizing approaches, such as BH3 mimetic-
based strategies,” *’ whereas stromal-enriched/myeloid-
enriched or immune-excluded tumors may be better
suited for approaches aimed at remodeling suppressive
microenvironmental barriers or enhancing chemokine-
guided CAR-T trafficking and engagement."” *' * These
observations support the potential clinical utility of
spatial architectural and transcriptomic features not only
as predictive biomarkers, but also as a basis for biomarker-
guided therapeutic intensification.

Our study has several limitations. The spatial transcrip-
tomic cohort was modest in size, and causal mechanisms
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require validation in larger cohorts and functional
models. Spatial profiling offers only a static view and
cannot fully capture dynamic CAR-T trafficking or tumor-
immune interactions. Moreover, although the transcrip-
tional signatures implicate apoptotic and chemotactic
pathways, their functional relevance remains to be
defined through perturbational studies and prospective
clinical evaluation. Despite these limitations, our findings
highlight previously underappreciated tumor-intrinsic
and microenvironmental features associated with CAR-T
efficacy in B-NHL and underscore the utility of spatially
resolved analyses in elucidating therapeutic response.
Larger, integrated studies will be required to determine
whether spatial architecture can serve as a clinically
actionable biomarker.

CONCLUSIONS

In summary, this study demonstrates the safety and
durable clinical activity of bispecific CD19/20 CAR-T
therapy in heavily pretreated patients with relapsed or
refractory B-cell NHL, underscoring the therapeutic
potential of dual-antigen targeting. Our findings further
suggest that CAR-T responsiveness may be associated
with either tumor-intrinsic apoptotic vulnerability or
microenvironment-mediated immunologic accessibility,
with these factors predominating in distinct spatial tumor
architectures. If validated, pretreatment spatial biopsy
profiling may help refine patient stratification and guide
biomarker-informed combination strategies.
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