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ABSTRACT
◥

Purpose: Although CD19 chimeric antigen receptor T cells
(CAR-T) therapy has shown remarkable success in B-cell malig-
nancies, a substantial fraction of patients do not obtain a long-term
clinical response. This could be influenced by the quality of the
individual CAR-T infusion product. To shed some light on this,
clinical outcome was correlated to characteristics of CAR-T infu-
sion products.

Patients and Methods: In this phase II study, patients with
B-cell lymphoma (n ¼ 23) or leukemia (n ¼ 1) received one
or two infusions of third-generation CD19-directed CAR-Ts
(2 � 108/m2). The clinical trial was registered at clinicaltrials.
gov: NCT03068416. We investigated the transcriptional pro-
file of individual CD19 CAR-T infusion products using

targeted single-cell RNA sequencing and multicolor flow
cytometry.

Results: Two CAR-T infusions were not better than one in the
settings used in this study. As for the CAR-T infusion products, we
found that effector-like CD8þCAR-Ts with a high polyfunctionality,
high cytotoxic and cytokine productionprofile, and lowdysfunctional
signature were associated with clinical response. An extended ex vivo
expansion time during CAR-T manufacturing negatively influenced
the proportion of effector CD8þCAR-Ts in the infusion product.

Conclusions:We identified cell-intrinsic characteristics of effec-
tor CD8þCAR-Ts correlating with response that could be used as an
indicator for clinical outcome. The results in the study also serve as a
guide to CAR-T manufacturing practices.

Introduction
Remarkable results have been achieved using CD19-targeting

chimeric antigen receptor T cells (CAR-T) against B-cell malignancies
(1–7). However, there are still patients that do not respond, so in order
to achieve sustained complete responses (CR), several hurdles need to
be overcome. These include manufacturing failure, primary resistance
to treatment, and relapse after initial response (8). The contribution of
each of these factors to long-term response varies across different B-
cell malignancies. In early studies, the primary response rates were
slightly higher in patients with B-cell acute lymphoblastic leukemia
(ALL) comparedwith patientswith large B-cell lymphoma (LBCL) and

especially compared with patients with chronic lymphocytic leuke-
mia (8). Although the primary response rates are now comparable in
patients with LBCL andALL (6, 7, 9) relapses are less frequent in LBCL
in comparisonwith ALL. To further improve the response for patients,
factors contributing to primary resistance toCAR-T treatmentmust be
addressed (8).

Parameters that have consistently been associated with response to
CAR-T therapy across different studies include disease histology and
the lymphodepleting preconditioning used (8). Other factors corre-
lating with response are disease dependent, for example, high CAR-T
expansion in patient blood is associated with response in ALL (10, 11).
However, the contribution of CAR-T in vivo expansion to response in
LBCL is contradictory (2, 12). The characteristics of the CAR-T
infusion product can influence the response to CD19 CAR-T treat-
ment in patients with LBCL (13). The status of the startingmaterial for
CAR-T production (harvested patients’ T cells) can also influence
treatment response (14, 15). These studies highlight the importance of
further investigating preclinical parameters in all steps of the
manufacturing process to find potential markers correlating with
response. Such markers could, apart from predicting response, also
suggest modifications to the manufacturing process to improve the
CAR-T products.

We have previously evaluated the efficacy and safety of a third-
generation CD19-targeting CAR-T construct, with CD3z, CD28, and
4–1BB intracellular signaling domains, in patients with advanced B-
cell lymphoproliferative disease (16). In this study, we evaluated the
feasibility and efficacy of administering two doses of these third-
generation CAR-Ts. We also performed a detailed characterization
of the individual CAR-T infusion products using single-cell RNA
sequencing (scRNA-seq) and multicolor flow cytometry, and identi-
fied that an effector-like CD8þCAR-T subpopulation with a cytokine
and cytotoxic signature is associated with clinical response.
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Patients and Methods
Clinical trial design

The clinical trial (EudraCT 2016–004043–36; NCT03068416) was a
phase II, open-label, one-armed, single center trial. The clinical
objectives were to evaluate safety and feasibility of two administrations
of third-generation CD19-directed CAR-Ts to patients with dissem-
inated B-cell lymphoma or leukemia, to evaluate long-term toxicity of
CAR-T, and to evaluate whether two courses of gemcitabine given in
association with the second dose of CAR-Ts can increase the effect of
CAR-T therapy. All patients were treated at the Uppsala University
Hospital (Uppsala, Sweden). The trial was approved by the Swedish
Medical Product Agency (5.1–2017–6020 with amendment 5.1–2019–
12385) and by the regional Ethical Review Board (Dnr 2017/053 with
amendment 2019–02326), and conducted in accordance with the
Declaration of Helsinki. All patients had relapsed or refractory CD19þ

B-cell lymphoma or leukemia with no other curative treatment option
available and measurable disease. Written informed consent was
obtained from all patients. Study representation is shown in Supple-
mentary Table S1.

After enrollment, 50 mL of peripheral blood was extracted for
CAR-T production. Bridging chemo- or radiotherapy was used
during the manufacture of CAR-Ts to control disease and reduce
tumor burden. Lymphodepleting therapy was given with fludarabine
25 mg/m2 daily on days �4 to �2 and cyclophosphamide 500 mg/m2

on day �4. At day �1, patients with lymphoma were examined with
FDG-PET MRI. A total of 2�108/m2 CAR-Ts were administered
through intravenous infusion on day 0. Patients were then followed
weekly with blood biochemistry, blood counts, and clinical visits.

A second dose of CAR-Twas administered if patients did not develop
a cytokine release syndrome (CRS) or neurological toxicity of a grade≥3.
The second dose was followed by 2 courses of chemotherapy with
gemcitabine 800 mg/m2 after the second dose, attempting to control
myeloid-suppressor cells (17). The second dosewas not given to patients
with severe cytopenia or rapid clinical progression and deterioration.

The response was evaluated at 1 month with FDG-PET-MRI when
available (n¼ 20), otherwise with FDG-PET-CT (n¼ 3). The Lugano
classification for response assessment of lymphomas was used (18).
One patient with ALL was evaluated with bone marrow (BM) exam-
ination. In a few patients, a second FDG-PET-MRI was performed
later but, in most patients, subsequent radiology was FDG-PET-CT or
CT. Patients with ALL were evaluated with BM investigation.

CAR-T production
The CAR-Ts were manufactured by the Vecura GMP facility at the

Karolinska University Hospital (Huddinge, Sweden), as previously
described (16). In brief, peripheral blood mononuclear cells (PBMC)

were prepared from50mL autologous peripheral heparinized blood by
Ficoll (GE Healthcare) density gradient centrifugation. The fresh
(non-cryopreserved) PBMCs were cultured in RPMI and Eagle’s
Hank’s Amino Acids culture media (1:1 ratio) supplemented with
10% FCS and 2 mmol/L L-glutamine, in culture plates/flasks coated
with anti-CD3 (1 mg/mL, OKT3, Miltenyi Biotec) and anti-CD28
(1 mg/mL, Miltenyi Biotec) for 2–3 days. From day 2, IL2 (200 IU/mL,
Miltenyi Biotec) was added. Cells were transduced with a GMP-grade
retroviral vector (Moloney murine leukemia virus), produced at the
Center for Cell and Gene Therapy at Baylor College of Medicine
(Houston, TX), encoding for CAR SFG aCD19.28.4–1BB-z (19) in
retronectin (TaKaRa/Clonetech)-coated plates. Transduced cells were
cultured under continuous IL2 supplementation until the target T-cell
number was reached and were then frozen in therapeutic doses. The
product was released after quality control (QC; enough cells for dose,
no bacterial contamination, <5.0 EU/kg endotoxin, negative for
Mycoplasma, >10% transgene expression, and no detectable autono-
mous growth) and transported on dry ice to Uppsala University
Hospital (Uppsala, Sweden).

CAR-T detection in blood by quantitative PCR
Genomic DNA was prepared from 200 mL whole blood using the

QIAamp DNA Blood Mini Kit (Qiagen) according to the manufac-
turer’s protocol. Concentration was measured using the Qubit dsDNA
BR assay kit (Thermo Fisher Scientific) using Qubit 3.0 fluorometer
(Thermo Fisher Scientific). Quantitative PCR was carried out using
50 ng of genomic DNA as template. Reactions were performed with
TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) with
custom-madeCAR-specific primers and probe (fwd: TGCCGATTTC-
CAGAAGAAGAAGAAG, rev: TGCGCTCCTGCTGAACT, probe:
FAM-CACTCTCAGTTCACATCCT-NFQ/MGB; Custom plus Taq-
Man RNA Assay, Thermo Fisher Scientific). Reactions were run on a
Bio-Rad CFX96 Touch real-time PCR detection system (Bio-Rad).

Single-cell library preparation for targeted transcriptome
sequencing and protein analysis

Targeted RNA and protein single-cell libraries were obtained using
the BD Rhapsody platform (BD Biosciences). Patient-derived CAR-Ts
were thawed and stained with the Zombie Aqua Fixable Viability Kit
(#423101, BioLegend) and Fc block (#564220, BDBiosciences) accord-
ing to the manufacturer’s protocol. Cells were subsequently labeled
with sample tags from the BD Human Immune Single-Cell Multi-
plexing Kit (#633781, BD Biosciences) and BD Ab-seq Ab-Oligos
(Supplementary Table S2). Live cells were enriched for by sorting in
BD FACSAria III Cell Sorter (BD Biosciences). After sorting, viability
was measured in the BD Rhapsody analysis system and subsequently
CAR-Ts from 6 patients were pooled at an equal ratio to obtain
approximately 20,000 cells in total and added up to 620 mL with
ice-cold Sample Buffer (#650000062, BDBiosciences). The pooled cells
were then loaded in a BD Rhapsody cartridge (#633733, BD Bio-
sciences) and mRNA captured with Cell Capture Beads (#650000089,
BD Biosciences) according to the manufacturer’s protocol. Captured
mRNA was used as template to synthesize cDNA with the BD
Rhapsody cDNA kit (#633773, BD Biosciences) according to the
manufacturer’s protocol. Subsequently, targeted libraries of genes in
the human BD Rhapsody immune response panel Hs (# 633750, BD
Bioscience), together with some additionally selected genes (Supple-
mentary Table S3), Abseq Ab-Oligos and sample tags were prepared
using BD Rhapsody Targeted mRNA and Abseq Amplification Kit
(#633774, BD Biosciences). Concentration of the sequencing library
was assessed using theQubit dsDNAHSKit (#Q32854, Thermo Fisher

Translational Relevance

Our study highlights the importance of performing detailed,
single-cell characterization of chimeric antigen receptor T-cell
(CAR-T) products as it identified a T-cell subset correlating with
response. IdentifiedT-cell subsetscorrelatingwith responsecouldbe
used as an indicator for clinical outcome in future studies. It further
highlights the importance of the CAR-Tmanufacturing process and
suggests thatmaintaining a shorter ex vivo expansion time generates
more functional CAR-T cells. Therefore, our study serves as a useful
guide to manufacturing practices.
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Scientific) and fragment size was measured using the Agilent 2200
TapeStation with HS D5000 ScreenTape (#5067–5592, Agilent Tech-
nologies). In total, four separate targeted libraries were produced with
6 patients per library. The mRNA, Abseq, and Sample-tag amplicons
from the four different libraries were diluted to 2 nmol/L and pooled
for paired-end (Read1: 64bp, Read2: 55bpþ i7 Indexes: 8bp) sequenc-
ing on NovaSeq 6000 S1 sequencer (Illumina) at the SNP&SEQ
Technology Platform (Uppsala, Sweden).

Analysis of scRNA-seq data
QC

The raw scRNA-seq data were pre-processed by BD Biosciences
using theRhapsodyAnalysis pipeline (20) to convert the raw reads into
UniqueMolecular Identifier (UMI) counts. UMIs were further adjust-
ed within Rhapsody by applying BD’s Recursive Substitution Error
Correction and Distribution-based Error Correction to remove false
UMIs caused by sequencing or library preparation errors. Pooled
samples were deconvoluted using Sample-tag reads. A cell was anno-
tated as a singlet if theminimum read count for a given Sample-tag was
attained and if more than 75% of the Sample-tag reads were derived
from a single Sample-tag antibody. Multiplets were assigned if the
count for two or more Sample-tag antibodies exceeded the minimum
threshold. Cells were assigned as undetermined if they did not reach
the criteria for either a singlet ormultiplet.Whenever a cell was labeled
as a multiplet or as undetermined, it was filtered out in the subsequent
steps of the analysis. The final read depths for the libraries were in the
following range: mRNA 8,888 to 13,006 average reads/cell and 94%–
95% sequencing saturation, and AbSeq 1,995 to 4,672 average reads/
cell and 39%–46% sequencing saturation, which were in the expected
range of the manufacturer’s recommendations for targeted transcrip-
tomics sequencing (BD Biosciences)

The scRNA-seq and AbSeq counts were loaded and processed
with Seurat v. 4.0.0 (21). Counts for the CAR gene were excluded
from the scRNA-seq count matrices and kept as a separate metadata
field to avoid introducing biases when clustering CARþ and CAR�

cells. Low-quality cells were filtered by sorting the cells from the
highest to the lowest read count separately for each library. The
cumulative count curve was then plotted for each library, and a
cutoff point was defined at the first inflection point of the curve for
each library. All cells above such cutoff point were labeled as low
quality and excluded from subsequent analyses.

Clustering and differential gene expression
The scRNA-seq counts were log-normalized with scale factor of

10,000 and rescaled to regress out the number of detected genes per cell
as a confounding factor. Detection of highly variable genes showed that
all genes for which expression was not null for all cells were considered
variable. Dimensionality reduction was first performed with principal
component (PC) analysis with 30 components. A subset of 20 PCs was
thenmanually selected from the elbowplot of the standard deviation of
each PC, and used to perform non-linear dimensionality reduction
with uniform manifold approximation and projection (UMAP;
arXiv:1802.03426). The 2D UMAP embedding was used for all sub-
sequent visualization purposes. The top 20 PCs were used to build a
graph of neighboring cells using Seurat’s k-nearest neighbors (22)
function with k¼ 20. Clustering was then performed on the neighbor’s
graph using Seurat’s shared nearest neighbor function at resolution
0.6. Each of the resulting clusters was then classified as a CD4 or CD8
cluster based on the mean expression of CD4 and CD8A genes,
respectively, and saved as Seurat objects for clustering fine-tuning
and differential gene expression.

The Seurat objects were imported into Partek Flow build version
10.0.21.0411 (Partek Inc.) for subsequent downstream analysis. Biomar-
kers for each cluster and differentially expressed genes (DEG) between
responders and non-responders were computed using the ANOVA test
with Benjamini–Hochberg tests to correct for the false discovery rate
(FDR) value of ≤0.05. Biomarkers for CD8 and CD4 clusters can be
found in Supplementary Table S4. For correlation analysis, we calculated
Pearson’s coefficient with Benjamini–Hochberg tests to correct for FDR
(SupplementaryTable S5). TheAUCell tool (23) inPartek Flowwas used
to identify cells that highly expressed genes belonging to well-described
T-cell states (Supplementary Table S6).More detailed statistical analyses
are mentioned in the respective figure legends.

GO term analysis
To test for enriched Gene Ontology (GO) Biological Processes,

the DEGs from responder’s versus non-responders (Supplementary
Table S7) were uploaded to the online gProfiler tool (https://biit.cs.ut.
ee/gplink/l/uNqpTde1Si). GOprocesses that were significantly enriched
either in responders or non-responders are shown in Fig. 3C.

Detection and analysis of polyfunctional cells
The scRNA-seq counts were used to detect whether a cell could be

included in one of several polyfunctional classes (Regulatory, Effector,
Stimulatory, Chemoattractive, Inflammatory, and Inhibitory). Each
class is determined by a list of genes associated to it according to the
literature. A cell was assigned to a class whenever the expression of at
least one gene in the corresponding list was higher than the median of
non-zero counts for that given gene across the dataset.Whenever a cell
was assigned to more than one polyfunctional class, the cell was
classified as polyfunctional, and the fraction of polyfunctional cells
was calculated for each patient.

We have developed the single-cell Polyfunctional Strength Index
(scPSI) by adapting the PSI (24) of single-cell data. This was calculated
for each patient sample s following the formula:

scPSIs ¼
PG

g¼1

PPC
pc¼1 countsg;pc

G � C
where the raw gene counts are summed up for each polyfunctional
gene g and polyfunctional cell pc for that given sample and normalized
by the total number of polyfunctional genes G multiplied by the total
number of cells (polyfunctional or not) C in the sample.

To compare polyfunctionality across response classes (responders,
non-responders), we performed bootstrapping by randomly selecting
50 cells for each patient and calculating the cumulative scPSI score for
each response class. The bootstrap procedurewas performed 1,000 times
andused to estimate themean for the scPSI scores in each responsewhile
avoidingbiases frompatientswith larger amounts ofpolyfunctional cells.
The difference between responses is tested by computing the fraction of
tests (out of 1,000) that agree with the null hypothesis, that is, whenever
the mean scPSI for a subset of cells from non-responders is higher than
themean scPSI for an equally sized subset of cells from responders. This
fraction is then doubled to obtain the two-sided test P value.

Proteomics analysis of plasma
Plasma was collected from heparin tubes before CAR-T infusion

(preCAR) and at follow-up post-treatment. Samples were stored at
�80�C until analysis. The preCAR, 1 week (w) and 3 weeks post-
treatment samples were analyzed for all treated patients except patient
5 (n¼ 23). In addition, samples 3months post-treatment and pre- and
post-gemcitabine were analyzed when applicable. Plasma samples
were analyzed using the Inflammation panel (#95302, Olink).

CAR-T Functions Correlating with Clinical Response
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Protein level association with side effect is analyzed using mixed
effects linear regression (function lmer in the R-package lme4 (25),
with normalized protein expression (NPX) as dependent variable and
CRS (2–3 vs. 0–1) as well as age, sex, time point (preCAR, 1w or 3w),
and the interaction between CRS and time point as fixed effects
independent variables and patient ID as random effects variable.
Results can be found in Supplementary Tables S8–S10.

The association between var and NPX at each of the time points
separately is computed in post hoc contrast tests. All post hoc tests were
performed using estimated marginal means implemented in the R-
package emmeans (26).

The proteins are studied one at the time and the resulting P values
will be adjusted for multiple tests (adjusting for the number of
investigated proteins) using the Benjamini–Hochberg’s method for
controlling the FDR. The adjusted P value is reported in tables as q and
associations are deemed significant if q < 0.05.

Cell lines and primary cell culture conditions
The human B lymphoma cell line Daudi (ATCC, CCL-213) was

cultured in RPMI-1640 supplemented with 10% FBS, 1% penicillin/
streptomycin (PEST), and 1% sodium pyruvate. Cells were tested for
Mycoplasma before the experiments were performed to ensure nega-
tivity. The cells were not authenticated. Cells were used for experiments
within 2weeks after thawing.Upon thawing, theCAR-Tpatient batches
were maintained in culture medium (RPMI-1640) supplemented
with 10% FBS, 1% PEST, 1% sodium pyruvate, and IL2 (50 IU/mL,
Proleukin, Novartis). All reagents were purchased from Thermo Fisher
Scientific, unless mentioned otherwise.

Flow cytometry
CAR-T batch analysis

Patient-derived CAR-T batches were thawed and either analyzed
immediately or rested overnight in culture medium with 50 IU/mL
IL2. CAR-Ts were co-cultured together with target cells (Daudi) at a
1:1 effector to target ratio overnight before analysis and the co-culture
supernatant was collected for ELISA. For analysis, unstimulated and
stimulated CAR-Ts were first washed with FACS Buffer (PBS with 3
mmol/L EDTA and 0.1% BSA) and then re-suspended in Fixable
Viability Stain (#565388, BDBiosciences). After washing, cells were re-
suspended in Fc-block (# 564219, BD Biosciences) according to the
manufacturer’s protocol. After blocking, cells were washed twice with
FACS Buffer before staining surface markers with antibodies that were
conjugated with fluorochromes (Supplementary Table S11) in Brilliant
Stain Buffer (#563794, BDBiosciences). Samples were run in CytoFLEX
LX (Beckman Coulter) and analyzed using FlowJo (FlowJo LLC).

CAR-T batch functionality analysis
Patient-derived CAR-T batches were thawed and rested overnight in

culturemediumwith 25 IU/mL IL2.CAR-Tswere either leftuntreatedor
were co-cultured together with target cells (Daudi) at a 1:1 effector to
target ratio for 6 hours in presence of Protein Transport Inhibitor
(#555029, BD Biosciences) before analysis. For analysis, T cells were
washed with FACS Buffer (PBS with 3 mmol/L EDTA) and re-
suspended in Fixable Viability Stain (#565388, BDBiosciences) contain-
ing Fc-block (#564219, BDBiosciences) according to themanufacturer’s
protocol. After blocking, cells were washed twice with FACS Buffer
containing 0.1% BSA before staining surface markers with antibodies
that were conjugated with fluorochromes (Supplementary Table S12) in
Brilliant Stain Buffer (#563794, BD Biosciences). After staining, cells
were washed and subsequently fixed and permeabilized using Cytofix–
Cytoperm (#554714, BD Biosciences) according to the manufacturer’s

protocol. Intracellular markers were stained with fluorochrome conju-
gated antibodies (Supplementary Table S12) in Perm/Wash Buffer
(#554714, BD Biosciences). After staining, cells were washed twice with
Perm/Wash Buffer and subsequently fixed with 1% paraformaldehyde
before analysis the same or following day. Samples were run in Cyto-
FLEX LX (Beckman Coulter) and analyzed using FlowJo (FlowJo LLC)

Cytokine detection in co-culture supernatant
The supernatants from overnight co-culture of CD19-positive

target cells (Daudi) and patient-derived CAR-Ts from the flow cyto-
metry analysis (explained above) were used for detection of IFNg
by ELISA. The co-culture supernatants from experimental duplicates
were pooled. Before ELISA, the supernatant was diluted 1:4 and ELISA
was performed in experimental duplicates according to the manufac-
turer’s protocol (Mabtech AB).

Statistical analysis
Information about statistical analysis can be found in each figure

legend.

Data and code availability
Sequencing data generated during the current study are not publicly

available due to the European General Data Protection Regulation to
protect patients’ privacy but are available from the corresponding
author on reasonable request (DOI: 10.17044/scilifelab.20208764;
https://figshare.scilifelab.se/articles/dataset/Targeted_scRNA-seq_and_
AbSeq_of_human_CAR-T_cell_infusion_product_from_24_cancer_
patients/20208764). Processed RNA-seq and AbSeq count files, raw
and normalized, are available upon request on BioStudies (Accession:
E-MTAB-12407; https://www.ebi.ac.uk/biostudies/arrayexpress/studies/
E-MTAB-12407). R code used to process the data is available on the
study GitHub repository: https://github.com/magnessa/EudraCT_
2016-004043-36.

Results
Patients, CAR-T treatment, clinical response, and toxicity

The study included 28 patients of which 24 patients received CAR-T
treatment (Fig. 1A). Treated patients had diffuse LBCL (DLBCL; n ¼
21), indolent B-cell lymphoma (n¼ 2; one follicular and one marginal
zone lymphoma), or ALL (n ¼ 1; Fig. 1B). Individual patient char-
acteristics before CAR-T treatment are displayed in Fig. 1B. Patients
received either one (n ¼ 10) or two CAR-T doses (n ¼ 14; Fig. 1A),
with preconditioning only given at thefirst dose. A secondCAR-Tdose
was not given to 10 patients due to CAR-T–related adverse events,
including cytopenia (n ¼ 4), CRS grade 3 (n ¼ 2), clinical dete-
rioration (n ¼ 3), or limited amount of CAR-T (n ¼ 1). Four
patients were not treated due to CAR-T production failure (n ¼ 1),
or rapid clinical deterioration (n ¼ 3). A detailed description of the
patients, clinical procedures, response rate, and related toxicities is
presented in Supplementary Tables S13 and S14.

The overall response rate (ORR), that is, CR and partial response at
1month after the first CAR-T infusionwas 38% (9/24; Fig. 1C) and the
best ORR was 50% (12/24). The median progression-free survival
(PFS) was 105 days (21–1,373þ days) and the median overall survival
(OS) was 316 days (57–1,413þ days; Fig. 1D and E). OS correlated
with PFS (Fig. 1F). A univariate cox regression analysis of lymphoma
patient characteristics and clinical procedures revealed that only
C-reactive protein (CRP) level and metabolic tumor volume (MTV)
before CAR-T infusion could impact OS and PFS (Supplementary
Table S15). An association between MTV and survival has previously
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Figure 1.

A schematic overview of the patient cohort, trial design, and clinical outcome. A, Schematic illustration of the clinical trial from patient inclusion, CAR-T
manufacturing, and treatment to follow-up. Patients were divided into responders (R), including complete response (CR) and partial response (PR), and non-
responders (NR), including stable disease (SD) and progressive disease (PD) based on the response to CAR-T therapy at 1 month after treatment. Response was
determined using FDG-PET-MRI (n¼ 20) or FDG-PET-CT (n¼ 3).B, Summary of patient characteristics before CAR-T infusion. ECOG, Eastern CooperativeOncology
Group performance status scale; IPI, International Prognostic Indices in diffuse large B-cell lymphoma. C, Swimmer plot of patient outcomes and number of CAR-T
infusions (white circle, one; crossed circle, two). Bars represent progression-free survival and are colored according to response to CAR-T therapy at the one-
month follow-up (orange, CR; blue, PR; green, SD; and yellow, PD). Line represents survival until deceased (cross) or last follow-up (black circle). Arrows at the
end of a bar represent ongoing response. Kaplan–Meier estimates of (D) overall survival (OS) and (E) progression-free survival (PFS) in patients who received
CAR-T therapy. F, Correlation between OS and PFS. Each dot represents data from one patient. Correlation analysis was performed using Pearson correlation.
(A, Created with BioRender.com.)
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been reported in a separate publication of the current clinical trial (27),
but not in relation to the same factors as used in this study. BothMTV
and CRP were still related to OS, but onlyMTVwas related to PFS in a
multivariate analysis (Supplementary Table S15). CRPwas further able
to separate patients with lymphoma into two groups using both OS
(P ¼ 0.02) and PFS (P ¼ 0.047) as outcome (Supplementary Fig. S1A
and S1B). Two courses of gemcitabine were given to 11 patients in
association with the second CAR-T infusion (Fig. 1A) to improve the
effect of CAR-T therapy by reducing myeloid-derived suppressor
cells (17). However, no improvement of OS or PFS was observed in
patients receiving gemcitabine (Supplementary Table S15). Of note,
the two patients with indolent lymphoma (one follicular and one
marginal zone lymphoma) are remaining in CR without further
treatment 1,042þ and 1,244þ days. The patients who received two
doses of CAR-Ts did not have a better PFS or OS compared with the
patients who received one dose of CAR-T (Supplementary Fig. S2A
and S2B; Supplementary Table S15). The CAR-T level in blood
typically reached the peak within one to three weeks after the first
infusion (Supplementary Fig. S2C–S2F). However, only 4 (patients 9,
10, 12, 16) out of the 14 patients who got two doses had an increase of
CAR-Ts in their blood after the second infusion (Supplementary
Fig. S2F). As receiving a second dose of CAR-T did not have a
significant impact on PFS or OS, patients receiving one and two doses
were from then on evaluated together. Patients were divided into
responders (R, n ¼ 9; overall/objective response) if they showed a
radiological response at the one month follow-up and as non-
responders (n ¼ 15) if no radiological response was observed
(Fig. 1A). Responding patients had a significantly better OS and PFS
compared with non-responders (Supplementary Fig. S3A and S3B).

The toxicity was generally mild with only 4 patients experiencing
grade 3 CRS and no one developing grade 3 immune effector cell–
associated neurotoxicity syndrome (Supplementary Tables S13–S14).
In 7 patients, severe cytopenia was observed after CAR-T treatment
(Supplementary Table S14). For patients developing grade 2–3 CRS,
there was no correlation to the proportion of CAR-positive T cells in
their CAR-T infusion products (Supplementary Fig. S4A) or CAR-T
expansion in vivo (assessed as the peak CAR values; Supplementary
Fig. S4B). On the other hand, patients who experienced grade 2–3 CRS
displayed a trend of elevated levels of several proteins in the plasma
before CAR-T infusion and also one and three weeks after CAR-T
infusion (e.g., IFNg , TNF, IL12R, CXCL10, CCL3; Supplementary
Fig. S4C; Supplementary Tables S8–S10). Seven patients developed low-
grade CNS toxicity apart from CRS and these patients displayed no
difference in the proportion of CAR-positive T cells in their CAR-T
products (Supplementary Fig. S4D) or peak CAR-T values in the
blood (Supplementary Fig. S4E) but showed a slight increase in CD27
expression on CD8þCAR-Ts before infusion (Supplementary Fig. S4F).
We also observed a trend of a higher proportion of CD8þ cells in the
CAR-T product with increased CRS grade (Supplementary Fig. S4G).

scRNA-seq and clustering analysis of the CAR-T products
Response could not be predicted by the level of CAR-T expansion in

patients after infusion (Supplementary Fig. S5A) or CAR-T infusion
product composition such as the proportion of CAR-positive T cells
(Supplementary Fig. S5B) or the CD8/CD4 ratio of CAR-Ts (Supple-
mentary Fig. S5C). We hypothesized that the quality of the individual
CAR-T products could influence outcome and therefore investigated
the CAR-T infusion products by targeted scRNA-seq. CAR-Ts from
the 23 treated patients with lymphoma (the patient with ALL was
excluded from the scRNA-seq analysis) were thawed and prepared for
targeted scRNA-seq (465 genes) using the BD Rhapsody system

(Fig. 2A). Dimensionality reduction and unsupervised analysis
revealed that T cells from all patients were dispersed across the
dimensional space (Fig. 2B) and the number of cells that passed QC
per patient ranged from approximately 700 to 2,200 cells (Fig. 2C). A
total of 12 clusters (0–11) were identified by unsupervised clustering
(Fig. 2D) and cells belonging to each cluster were found in almost all
patients (Fig. 2E). CD8 versus CD4 expression was determined using
scRNA-seq (Fig. 2F and G) and confirmed by using oligonucleotide-
conjugated antibodies (Abseq; Supplementary Fig. S6A and S6B).
Importantly, a significant correlation was observed between the pro-
portion of cells identified by scRNA-seq/Abseq and by flow cytome-
try–based measurements in terms of CD8-positive, CD4-positive, and
CAR-positive T cells (Supplementary Fig. S6C–S6E). Clusters 0, 1, 2, 4,
5, 6, 9, 10, and 11 were all defined as CD8 T-cell clusters and clusters
3, 7, and 8 as CD4 T-cell clusters (Supplementary Fig. S6F–S6I).
CAR-transduced T cells in the CAR-T infusion products were detected
in all clusters (Fig. 2H; Supplementary Fig. S6J) and were only
associated with a limited number of significant differences in gene
expression compared with the non-transduced T cells (Supplementary
Fig. S6K). The subsequent analysis was performed specifically on the
CAR-transduced T cells. Of note, clusters 10 and 11 were mainly
dominated by patients 1 and 25, respectively (Supplementary Fig. S7A)
and especially cluster 11 contained very few CAR-Ts (Supplementary
Fig. S7B). CD8þCAR-Ts dominated most CAR-T infusion products
(Supplementary Fig. S7C).

CAR-T products from responders were dominated by effector
CD8þCAR-Ts with high cytotoxic and cytokine signatures

We assessed differences in the CAR-T product transcriptomic
signatures and functional states from patients who responded (R)
to those that did not respond at 1 month after treatment (Fig. 3A).
The response at 1month was selected as the patients had only received
one CAR-T infusion at that time point. Comparing CD8þCAR-Ts
between responding and non-responding patients showed upregula-
tion of genes associated with effector functions involved in cytotoxicity
(e.g., PRF1,GZMB,GNLY) and cytokine production (e.g., CCL3,CCL4,
IFNG) in responders (Fig. 3B; Supplementary Table S7). GO analysis
of the DEGs showed that CAR-Ts from responders were enriched for
GO terms involving cytolysis, chemokine production, and immune
response against tumor cells, whereas CAR-Ts from non-responders
were enriched for GO terms involved in negative regulation of T-cell–
mediated immunity, signaling, and proliferation (Fig. 3C).

Of the 12 clusters identified by unsupervised clustering analysis,
nine clusters with CD8þCAR-Ts were identified (Fig. 3D). Although
cells from both responding and non-responding patients were present
in each identified cluster, the distribution of cells from the respective
group in each cluster varied (Fig. 3E and F). Differential gene
expression in each cluster and AUCell analysis from previously
described gene signatures (cytotoxic, cytokine, cell cycle, exhaustion,
and dysfunction; refs. 28–32), were used to define the T-cell subsets
and cell-intrinsic functions present in the infusion products (Fig. 3D;
Supplementary Fig. S8A–S8E; Supplementary Tables S4 and S6).
Clusters 1 and 5 were the top two enriched clusters in CAR-T products
of responding patients (Fig. 3D andE). CD8þCAR-Ts in cluster 1were
highly proliferative (e.g., TOP2A, AURKB, UBE2C, MKI67) and
expressed activation markers, including MHC-II and CD86 and
effector molecules KLRG1 and NKG7 (Fig. 3D; Supplementary Fig.
S8D; Supplementary Table S4). The markers expressed in cluster 1 are
associated with proliferating short-lived effector CD8þT cells (33, 34).
Cells in cluster 5 expressed IFNG, TNF, effector molecules (GZMB,
GLNY), and chemokines (e.g., CCL1, CCL3, CCL4, XCL1; Fig. 3D;
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Supplementary Table S4). Expressions of these genes are associated
with effector T cells (TE; ref. 35). In addition, cluster 1 and especially
cluster 5 displayed high cytokine secretion and cytotoxic scores and a
lowdysfunctional score (Supplementary Fig. S8A–S8C). Taken togeth-

er, responder-enriched clusters (1 and 5) comprised of two distinct
effector T-cell subsets, which is in line with our observations that
responders display upregulation of gene signatures involved in cyto-
toxicity and cytokine secretion (Fig. 3G). Clusters 0, 6, and 9 had

Figure 2.

Overview of single-cell RNA sequencing of the individual CAR-T infusion products.A, Schematic overview of the experimental procedure to prepare patient-derived
CAR-T products for single-cell RNA sequencing. B, An overview of the distribution of cells, which passed quality control (QC), from each patient in the UMAP.
C, The total number of cells from each patient that passed QC. D, UMAP showing the localization of the 12 identified T-cell clusters (0–11). E, Bars show total
number of cells in each cluster from each patient. Colors reflect the number of cells belonging to each cluster. UMAP displaying the T cells identified as (F)
CD8þ, (G) CD4þ, and (H) CARþ.
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intermediate representation in the infusion products of both respon-
ders and non-responders. Cluster 0 had an intermediate state between
effector and exhausted T cells (GZMK, CD74, CCL5, HLA-DPA1;
Fig. 3D; Supplementary Table S4; ref. 36). Cells in cluster 6 were
proliferating (e.g., TOP2A, AURKB, UBE2C, MKI67) whereas cells in
cluster 9 expressed genes associated with tissue resident-memory cells
(TRM; ITGAE, CD69, IRF4; Fig. 3D; Supplementary Table S4; ref. 37).
Clusters 2 and 4 were the most represented clusters among non-

responding patients (Fig. 3E and F). Cells in cluster 2 resembled
dysfunctional T cells with low cytotoxicity and cytokine scores (Sup-
plementary Fig. S8A–S8C) that expressed genes associated with dys-
function NR4A1, NR4A2, and NR4A3 (38, 39), functional exhaustion
markers ENTPD1 and TIGIT (31, 40) and immune checkpoint CTLA4
(Fig. 3D; Supplementary Table S4). In accordance, CD8þCAR-Ts of
non-responding patients displayed a dysfunctional gene signature
(Fig. 3G). Cluster 4 contained central memory-like CD8þCAR-Ts

Figure 3.

CD8þCAR-Ts with high cytotoxic and cytokine-gene signatures are associated with response to treatment. A, Schematic overview of the analysis performed
assessing expression profile and functional score of CD8þCAR-Ts from the infusion product in relation to clinical response at one month after treatment.
B, Volcano plot depicting differentially expressed genes in responding (R) and non-responding (NR) patients. Red dots represent genes expressed at higher
levels in R whereas blue dots represent genes with higher expression levels in NR. The y-axis denotes P values whereas the x-axis shows log2 fold change.
C, GO terms analysis of the differentially expressed genes from R and NR. D, UMAP showing the CD8þCAR-T clusters generated by unsupervised clustering.
Distribution of cells from (E) R and (F) NR within each CD8þCAR-T cluster. G, AUCell scores of functional states compared between R and NR. Welch’s ANOVA
with Benjamin–Hochberg tests to correct for the FDR value of ≤0.05, was used to assess statistical difference between groups. H, Schematic illustration
describing the analysis of how genes upregulated in responding patients change in expression (up- or downregulated) with culture time. I, Genes with
negative (downregulated) and positive (upregulated) correlation with culture time were compared with the genes specifically upregulated in CD8þCAR-Ts
from responding patients. J, Proportion of CD8þCAR-Ts from cluster 5 in the CAR-T products harvested at different time points during manufacturing. Each
dot represents an average of the products collected at each time point. Statistical differences and R values were calculated using Pearson correlation.
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(TCM; SELL, CD27, CCR7; Fig. 3D; Supplementary Table S4). Cluster
10 displayed a cytotoxic natural killer T-cell–like signature (NCAM1,
NCR3, KLRC1, KLRC3, NKG7, and PRF1) but about 70% of the cells
in this clusterwere present in the infusionproduct of patient 1 (Fig. 3D;
Supplementary Table S4; Supplementary Fig. S7A) and therefore it
is difficult to evaluate the importance of this cluster in relation to
response. Cluster 11 comprised of few CAR-Ts (Supplementary
Fig. S7C) and was therefore not further evaluated. All CD8þCAR-T
clusters had high exhausted T-cell signature (Supplementary Fig. S8E);
however, cytokine and cytotoxicity scores of individual clusters pos-
itively correlated with exhaustion (Supplementary Fig. S8F–S8H). On
the other hand, all T-cell gene signatures had a negative correlation
with dysfunction (Supplementary Fig. S8I–S8K). These results indicate
that exhaustion observed in CD8þCAR-Ts from responders (Fig. 3G)
might be a result of activation rather than dysfunction. No AUCell
score correlated with cell cycle (Supplementary Fig. S8L–S8O).

Unsupervised clustering of CD4þCAR-Ts resulted in three
clusters (3, 7, and 8; Supplementary Table S4). Cells in cluster 3
expressed SELL, LEF1, CD27, and IL7R, which are characteristics of
TCM, whereas cells in cluster 7 expressed genes characteristic of the
type 1 Th cells profile with cytotoxic capacity (TBX21, IFNG, CCL3,
GZMB, NKG7, GNLY; Supplementary Fig. S9A; Supplementary
Table S4). Cells in cluster 8 expressed genes involved in the cell
cycle, indicating proliferating cells (UBEC, TOP2A, AURKB,
MKI67; Supplementary Fig. S9A; Supplementary Table S4). There
were no striking differences in the proportion of CD4þCAR-Ts in
the different clusters (Supplementary Fig. S9B and S9C) and DEGs
(Supplementary Fig. S9D; Supplementary Table S16) when com-
paring responders with non-responders. However, there was a
trend to increased proportion of CAR regulatory T-cells in the
infusion products of non-responding patients (Supplementary
Fig. S9E and S9F), which has been associated with poor response
to CD19 CAR-T therapy in patients with DLBCL (41, 42).

In conclusion, CAR-T infusion products with a relatively higher
proportion of CD8þCAR-Ts with effector T-cell phenotype-expressing
cytotoxic and cytokine secretion factors were associated with better
clinical response.

Extended ex vivo expansion time during CAR-T production
was associated with reduced proportion of effector T cells
associated with response

CAR-T infusion products from responders proliferated slightly
better during ex vivo production compared with CAR-T products
from non-responders (Supplementary Fig. S10A and S10B), and were
therefore cultured for a shorter time ex vivo (Supplementary
Fig. S10C). Extended ex vivo culture time negatively correlated and
fold ex vivo expansion positively correlated with the ability of CAR-Ts
to proliferate in patients after infusion (Supplementary Fig. S10D and
S10E). To determine the impact of culture time on the CAR-T product,
correlation between gene expression and ex vivo culture time was
performed (Fig. 3H; Supplementary Fig. S10F). We found 93 genes
(e.g., SLAMF7, CD69, TIGIT, DUSP1) with a positive correlation and
129 genes (e.g., CCL3, CCL4, GZMB, GLNY, IFNG, NKG7, PRF1,
KLRG1, MKI67) with a negative correlation with culture time (Sup-
plementary Table S5). Of the 129 genes with negative correlation with
extended culture time (decreased expression), 64 genes were also
upregulated among responding patients (Fig. 3I). Interestingly, several
of the commonly found genes are associated with cytotoxicity and
cytokine secretion, and products with longer culture time during
CAR-T manufacturing had a lower proportion of cells belonging to
the responder-enriched effector-like CD8þCAR-Ts (cluster 5; Fig. 3I

and J). Among genes upregulated in CD8þCAR-Ts from non-respon-
ders, most genes had a positive correlation with extended culture time
(increased expression; Supplementary Fig. S10G).

In summary, the ex vivo culture time during CAR-T production
negatively impacts expression of cytotoxic and cytokine secretion
signatures. A shorter CAR-T production could be desirable to main-
tain the effector CD8þCAR-T subset correlating with response in this
study.

Increased polyfunctional heterogeneity of the CAR-T product
was associated with clinical response

Given that the infusion CAR-T products from the responders had
more effector T cells, we next assessed the polyfunctionality of our
CAR-T products, as it is known to be a predictor for clinical out-
come (24). scPSI values of CAR-Ts were defined as CAR-Ts
co-expressing two or more markers per cell from a prespecified
categorical list, linked to the expression level of the respective gene
(Fig. 4A). The majority of the CD8þCAR-Ts in the infusion product
co-expressed 2 or 3 genes whereas few cells co-expressed 4 or more
genes (Fig. 4B). Expression of individual genes in individual patients is
displayed in Supplementary Fig. S11. Overall, CAR-T products had a
wide range of scPSI values, with a majority of the CAR-Ts having a
chemoattractive expression profile followed by an effector expression
profile (Fig. 4C). The total fraction of polyfunctional CAR-Ts
(Fig. 4D) and the global average scPSI (Fig. 4E) were higher in
CAR-T infusion products from responders compared with non-
responders. The fraction of polyfunctional cells (Fig. 4F) and scPSI
(Fig. 4G) did not change with longer ex vivo expansion time of
CAR-Ts. However, the scPSI values of CAR-Ts from responders were
always higher than non-responders irrespective of culture time.
Responders had a higher fraction of polyfunctional CD4þCAR-Ts
but lower scPSI compared with non-responders (Supplementary
Fig. S12A–S12D). The scPSI (Supplementary Fig. S12E) and frac-
tion of polyfunctional (Supplementary Fig. S11F) cells among
CD4þCAR-Ts had a trend to decrease with extended culture time
but no difference was observed between responders and non-
responders (Supplementary Fig. S12E and S12F). In conclusion,
our results show that a combination of fraction of polyfunctional
CD8þCAR-Ts and the cytokine expression levels of these cells in the
product are associated with clinical response.

The importance of effector CD8þCAR-Ts for response was
verified phenotypically

Next, we compared the cellular functional states within CAR-T
products from responders and non-responders at the protein level
by flow cytometry (Fig. 5A). CAR-Ts in the infusion product of
non-responders had increased surface protein expression of the early
T-cell dysfunction marker CD40L (Fig. 5B; ref. 30) and the immune
checkpoint receptor TIM-3 (Fig. 5C). Furthermore, CD8þCAR-Ts
from responders had a higher proportion of CD45RAþCCR7� TE

CAR-Ts (Fig. 5D and E), whereas patients with poor response had
higher proportion of CD45RA�CCR7� effector memory CAR-Ts
(TEM; Fig. 5E). There were no differences in the frequencies of
CD45RA�CCR7þ TCM CAR-Ts but a trend towards increased pro-
portion of na€�ve T cells (TN) among responders (Fig. 5E). In addition,
unstimulated CD45RAþCCR7� TE CAR-Ts of responders expressed
higher levels of chemokines (CCL4, CCL3) and cytotoxic molecules
(GZMB, PRF1;Fig. 5F). No IFNg or TNFa expressionwas observed in
unstimulated TE CAR-Ts (data not shown). This supports the impor-
tance of effector CD8þCAR-Ts for clinical response observed in the
scRNA-seq data.
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After exposure to CD19þ tumor cells (Fig. 5G; Supplementary
Fig. S13A), CAR-Ts from both responders and non-responders
upregulated CD69 (Supplementary Fig. S13B) and death receptor
CD95 (Fas; Supplementary Fig. S13C), and secreted IFNg (Sup-
plementary Fig. S13D). Furthermore, a significantly higher pro-
portion of CD45RAþCCR7� TE CAR-Ts from responders
expressed cytotoxic molecules (IFNg , TNFa, and PRF1) and a
trend toward increased proportion of cells expressing chemokines
(CCL3, CCL4, and CCL5) was observed (Fig. 5H), indicating
activation in response to tumor cells. In addition, CAR-Ts from
responders upregulated CD27, a member of the TNF-receptor
superfamily (Supplementary Fig. S13E), and the immune check-
point receptor TIM-3 (Supplementary Fig. S13G) after exposure

to tumor cells. In contrast, CAR-Ts from non-responders upregu-
lated CD25 (IL2Ra) after stimulation (Supplementary Fig. S13F).
No difference in expression of CD40L or PD1 was observed
between responders and non-responders after in vitro stimulation
with CD19þ tumor cells (Supplementary Fig. S13H and S13I). A
summary of expression of different T-cell activation and exhaus-
tion markers in the CAR-T infusion products before or after
overnight stimulation with tumor cells are shown in Supplemen-
tary Fig. S13J.

In summary, CAR-T infusion products from responders have more
CD8þ TE CAR-Ts and upon antigen-stimulation (co-cultured with
tumor cells), a higher proportion of these cells express the effector
molecules IFNg and TNFa. Furthermore, after stimulation CAR-Ts

Figure 4.

Association between single-cell polyfunctionality strength index (scPSI) of CD8þCAR-Ts with clinical response and ex vivo expansion time. A, Polyfunctionality of
CAR-Ts was measured as scPSI using a prespecified panel of key immunologically relevant gene markers across the categories: regulatory, effector, stimulatory,
chemoattractive, inflammatory, and inhibitory. B, Fraction of CD8þCAR-Ts positive for two or more genes (specified in A) across all patients. C, scPSI, according
to polyfunctionality category in A, of CD8þCAR-Ts for all patients. D, Fraction of CD8þCAR-Ts positive for two or more genes from responders (R) versus
non-responders (NR). The difference in ratio of polyfunctional versus non-polyfunctional cells between the two groupswas determined using the Fisher’s exact test
(P value <2.2E�16). E, scPSI, according to polyfunctionality category in A, of CD8þCAR-Ts from R versus NR. The difference between scPSI across the two groups
was determined according to the bootstrap P value (P¼ 0.016). F, Fraction of CD8þCAR-Ts positive for two or more genes from R versus NR plotted against culture
time. G, scPSI of CD8þCAR-Ts from R versus NR plotted against culture time. R (n ¼ 8) and NR (n ¼ 15). �� , P ≤ 0.01; ��� , P ≤ 0.001.
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from responders had higher CD27 and lower CD25 expression than
non-responders.

Discussion
CD19 CAR-T therapy has emerged as a potent treatment option for

patients with advanced B-cell malignancies (1–3). However, the
response rates differ across the various malignancies and there are
still many patients who do not benefit from treatment with CD19
CAR-Ts (8). The response rate to the third-generation CD19 CAR-Ts
used in this study was lower than what has been observed for
lymphoma patients using second-generation CD19 CAR-Ts; however,
a lower level of toxicity was also observed in this study (8). Although

third-generation CARs promote enhanced T-cell activation (19, 43)
and survival (43, 44) compared with second-generation CARs, no
enhanced clinical efficacy has been reported. We observed poor
persistence of third-generation CAR-Ts after infusion; therefore, it is
not surprising that a lower response was observed compared with
studies using second-generationCARs. It is important to point out that
we used amilder lymphodepletion regimen compared withmost other
protocols (7, 9), which could contribute to the lower engraftment of
CAR-Ts in the patients and poorer response.

Several factors can influence the response to CAR-T therapy,
including CAR design, characteristics of the infusion product, pre-
conditioning, number of doses, etc. Likemost CD19-directed CAR-Ts,
including second-generation CAR-T therapies axicabtagene ciloleucel

Figure 5.

Effector CD8þCAR-Ts with high expression of cytotoxic molecules upon antigen stimulation associate with response. A, Schematic illustration of in vitro
characterization of CAR-T infusion products at the protein level by flow cytometry. Mean fluorescence intensity (MFI) of (B) CD40L and (C) TIM-3 expression
on CAR-Ts from responders (R; n¼ 7) and non-responders (NR; n¼ 11). An unpaired t test was used to compare between groups (� , P ≤0.05).D, Representative plot
and gating strategy for gating out T effector (TE, CD45RA

þCCR7�), T na€�ve (TN, CD45RA
þCCR7þ), T central memory (TCM, CD45RA

�CCR7þ), and T effector
memory (TEM, CD45RA

�CCR7�) CD8þCAR-Ts. E, The percentage of TE, TN, TCM, and TEM of CD8þCAR-Ts in R (n¼ 8) and NR (n¼ 14). Fisher’s least significance
difference (LSD) test was used to compare between groups (� , P ≤0.05; �� , P < 0.01). F, Average z-score of marker expression on CD8þ TE CAR-Ts from R
(n ¼ 8) and NR (n ¼ 14) before antigen stimulation. G, Illustration of experimental setup to assess marker expression after co-culture with CD19þ tumor cells.
H, Proportion of CD8þ TE CAR-Ts expressing IFNg , TNFa, PRF1, GZMB, CCL3, CCL4, and CCL5 from R (n¼ 8) and NR (n¼ 14) after co-culture with CD19þ tumor
cells. Each dot represents data from one donor co-culture and data are shown as boxplots with whiskers, indicating Min and Max points. Fisher’s LSD test was
used to compare between groups (� , P ≤0.05).
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(axi-cel) and tisagenlecleucel (tisa-cel), our CAR-Ts use the FMC63
clone as the CD19-targeting moiety. However, the spacer region
is derived from immunoglobulin G1 CH2CH3 domains in contrast
with axi-cel, which has a hinge and transmembrane domain derived
from CD8a and tisa-cel, which uses CD28. Furthermore, we observed a
low response rate despite dual CAR-T infusion in a majority of the
patients as observed in other studies (4, 45). The lack of a survival benefit
in patients receiving dual CAR-T infusions was likely due to the limited
engraftment and expansion of CAR-Ts upon re-infusion (45, 46).
Responses observed after a second infusion are due to either adminis-
tration of higher CAR-T dose compared with the first infusion (47) or
additional lymphodepletion before infusion (46), none of which were
applied in this study. Despite having a small patient cohort with
heterogenous clinical procedures, CRP levels and the MTV (27) before
treatment were associatedwith OS and PFS. This is in line with previous
studies where both increased CRP levels and tumor volume has been
found to have a predictive value for early progression (48) and response
to CAR-T treatment (49, 50).

The status of the startingmaterial forCAR-Tmanufacturing (14, 15)
and the quality of CAR-T infusion product significantly influences
efficacy (13, 50). Therefore, we investigated whether discrete cellular
states of the infused CAR-Ts were associated with response to therapy
in patients with B-cell lymphoma. We found that CD8þCAR-Ts from
the infusion products of responding patients had an enrichment of
effector-like T cells expressing activation and effector molecules.
However, a higher proportion of cells expressing activation and
effector molecules in axi-cel pre-infusion products was associated
with therapeutic failure (13). In other studies, a higher proportion of
cells expressing a TCM signature in the infusion product has been
associated with clinical response (13, 41, 51). TCM cells were almost
completely absent in our study, most likely due to long-term
manufacturing in the presence of IL2, skewing cells toward an effector
phenotype (52–54). Because of factors such as different CAR-T
manufacturing protocol and CAR design it is therefore difficult to
directly compare CAR-T infusion products from different studies.
This has become evident as cells from infusion products of axi-cel and
tisa-cel, incorporating different co-stimulatory domains, have differ-
ent phenotypes suggesting that the CAR design influences the T-cell
phenotype (41). The third-generation CAR used here includes both
4–1BB and CD28 co-stimulatory domains and the infusion product
has a completely different profile compared with previously published
studies (13, 41). Importantly, gene expression phenotypes associated
with response to axi-cel in one study could not be replicated in another
study (13, 41). Considering these findings, it is of great importance to
evaluate which infusion product characteristics are associated with
response in studies using different CAR constructs, manufacturing
methods, etc., individually to enable accurate prediction of response.

It is not only the frequency of T-cell subsets in the CAR-T
infusion product that influences the response but rather the cell-
intrinsic functions of these subsets such as cytotoxic potency of
TE CAR-Ts and proliferation of TCM CAR-Ts (24, 51). Important-
ly, in line with this we also found that high polyfunctionality in
infusion product T cells was associated with clinical response (24).
Furthermore, cells associated with response displayed cytotoxic
and cytokine secretion signatures and low dysfunction. We
hypothesize that in the lack of TCM CAR-Ts, previously associated
with response (13, 41), in this study, the TE CAR-Ts with highly
functional characteristics might be important to promote a clinical
response. CD8þCAR-Ts overrepresented in non-responding patients
on the other hand were less polyfunctional and displayed an elevated
T-cell dysfunction gene signature (24, 51). T-cell dysfunction is

associated with an inability to exert effector functions such as secretion
of cytotoxic molecules and cytokines (55). In line with those findings,
effector CD8þCAR-Ts from infusion products of non-responding
patients secreted less effector molecules upon stimulation compared
with responding patients in our study.

Manufacturing time and culture conditions during CAR-T
production are important determinants of the status of the final
CAR-T infusion product (52, 54). The proportion of responder-
enriched TE CAR-Ts in infusion products decreased with extended
culture time. This suggests that a short culture time was important
to maintain this CAR-T subset. Low cell doubling time during CAR-T
manufacturing has been associated with a lower response rate and
lower ability of the CAR-Ts to expand in patients after infusion (50).
In line with these findings, we also observed a correlation between
CAR-T expansion ex vivo and in vivo. Cell doubling time in culture
was suggested as a measure of T-cell fitness and was associated with
the apheresis product used to produce CAR-Ts (50). However,
further studies would be needed to determine whether the observed
phenotypes in the cell pool and expansion of CAR-Ts in our study
can be attributed to the quality of the starting material.

In summary, we found that CD8þCAR-Ts with high polyfunc-
tional index, cytotoxic and cytokine secretion signature/phenotype,
and low dysfunction phenotype were associated with response to
CAR-T treatment.
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