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ABSTRACT
◥

Purpose: Target-dependent TCB activity can result in the strong
and systemic release of cytokines that may develop into cytokine
release syndrome (CRS), highlighting the need to understand and
prevent this complex clinical syndrome.

Experimental Design: We explored the cellular and molecular
players involved in TCB-mediated cytokine release by single-cell
RNA-sequencing of whole blood treated with CD20-TCB together
with bulk RNA-sequencing of endothelial cells exposed to TCB-
induced cytokine release. We used the in vitro whole blood assay
and an in vivo DLBCL model in immunocompetent humanized
mice to assess the effects of dexamethasone, anti-TNFa, anti-IL6R,
anti-IL1R, and inflammasome inhibition, on TCB-mediated cyto-
kine release and antitumor activity.

Results: Activated T cells release TNFa, IFNg , IL2, IL8, and
MIP-1b, which rapidly activate monocytes, neutrophils, DCs,
and NKs along with surrounding T cells to amplify the cascade

further, leading to TNFa, IL8, IL6, IL1b, MCP-1, MIP-1a, MIP-
1b, and IP-10 release. Endothelial cells contribute to IL6 and
IL1b release and at the same time release several chemokines
(MCP-1, IP-10, MIP-1a, and MIP-1b). Dexamethasone and
TNFa blockade efficiently reduced CD20-TCB–mediated
cytokine release whereas IL6R blockade, inflammasome inhibi-
tion, and IL1R blockade induced a less pronounced effect.
Dexamethasone, IL6R blockade, IL1R blockade, and the inflam-
masome inhibitor did not interfere with CD20-TCB activity,
in contrast to TNFa blockade, which partially inhibited anti-
tumor activity.

Conclusions: Our work sheds new light on the cellular and
molecular players involved in cytokine release driven by TCBs and
provides a rationale for the prevention of CRS in patients treated
with TCBs.

See related commentary by Luri-Rey et al., p. 4320

Introduction
In thefield of cancer immunotherapy, redirecting T-cell cytotoxicity

toward tumor cells is a promising approach for the treatment of
various types of cancer. T-cell bispecific antibodies (TCB) are a class
of T-cell engagers, which activate T cells by engaging theCD3e chain of
the T-cell receptor and simultaneously binding to tumor-associated
antigens on-target cells. This enables the formation of immunologic
synapses where the release of the pore-forming cytolytic protein
(perforin) and of the cytotoxic granule (granzyme B) induce target
cell killing (1–4).We have previously described several TCBs including

CEA-TCB (cibisatamab), CD20-TCB (glofitamab), WT1-TCB (a
TCR-like TCB), EGFRVIII-TCB, and BCMA-TCB, which are engi-
neered with the same 2:1 format enabling potent T-cell activation and
tumor cell killing (1–3, 5–9). Importantly, TCBs directed against
hematologic tumors demonstrated positive clinical outcomes. Among
them, glofitamab (CD20-TCB) has shown promising activity in diffuse
large B-cell lymphoma (DLBCL) and other non-Hodgkin lymphoma
(NHL) patients (7, 10–12).

Despite promising activity, on-target activation of T cells is asso-
ciated with an intrinsic risk of cytokine release syndrome (CRS), one of
the most common adverse events associated with the treatment with
T-cell–engaging therapies (13–17). CRS is characterized by cytokine
release resulting from an overactivation of both T cells and innate
immune cells, causing symptoms, which include fever, hypotension,
and respiratory deficiency, and in the worst case, multiorgan fail-
ure (13, 18, 19). The American Society for Transplantation and
Cellular Therapy (ASTCT) consensus classifies CRS into different
grades based on clinical symptoms (e.g., fever, hypotension, and
hypoxia). High-dose glucocorticoids and/or IL6R blockade (tocilizu-
mab) can be utilized to alleviate symptoms (13, 18). In the specific case
of T-cell engagers, step-up dosing (SUD) or fractionated dosing regi-
mens are widely used in the clinic to lower the risk of CRS (10). Target
cell predepletion approaches may also be applied in case of B-cell
targeting T-cell engagers to reduce the amount of circulating and
lymphoid tissue-resident CD20/CD19-expressing B cells and subse-
quently reduce the systemic on-target cytokine release by T-cell–
engaging therapies directed against B-cell malignancies. One clinically
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relevant example is the pretreatment with obinutuzumab (Gpt) in
combination with SUD of glofitamab (CD20-TCB), which lowers the
rate and severity of CRS (3, 7).

In spite of these management strategies, CRS still occurs in some
patients treated with TCBs. This highlights the need to better char-
acterize this complex clinical syndrome in the context of T-cell
engagers and to identify mitigation strategies that reduce cytokine
release while retaining treatment efficacy. In this work, we first aimed
to dissect the kinetics of events to identify the early players that
“trigger” cytokine release along with the ones that “amplify” the signal
later on. We used single-cell RNA-sequencing (scRNA-seq) of whole
blood following incubation with CD20-TCB, targeting CD20-expres-
sing B cells. This model system aims to reflect the kinetics of cytokine
release observed inDLBCL patients after the first CD20-TCB dose.We
focused on identifying the key molecular players in immune cells
present in the human whole blood, including neutrophils, which are
among the most abundant (yet poorly studied due to their fragility)
cytokine-secreting immune cell population in blood that is lost during
PBMC isolation (20). In addition, we also conducted bulk RNA-
sequencing of endothelial cells exposed to cytokine-rich supernatants
from a T-cell–dependent cytotoxicity assay to explore their contribu-
tion to cytokine release. In parallel, we assessed the effects of the known
CRS mitigation approaches, including dexamethasone, adalimumab
(anti-TNFa), tocilizumab (anti-IL6R), and anakinra (anti-IL1R) on
cytokine release and efficacy of CD20-TCB in both, whole blood assays
andDLBCL tumor-bearing humanizedmice (4, 18, 20–23). In parallel,
we also investigated the effects of an inflammasome inhibitor (NLRP3
inhibitor), given the promising activity in alleviating severe symptoms
after COVID-19 infections (24). This enabled a comprehensive assess-
ment of the different mitigation approaches on the key molecular
players involved in CRS, in addition to evaluating the sequence of
events of T-cell engager-mediated cytokine release.

Materials and Methods
Antibodies and compounds

2þ1 T-cell bispecific antibodies are IgG1-based with bivalent
binding entities to a target antigen and monovalent binding to the

CD3e chain of the T-cell receptor. They have a silent Fc region
engineered with a P329G LALA mutation, which prevents binding
to the FcgR. DP47-TCB, used as an untargeted-TCB control, has the
same IgG1-based format but bears two nonbinding active binders in
place of the target antigen binders. Obinutuzumab (Gazyva), CD20-
TCB, DP47-TCB, and CEA-TCB were produced internally. The
commercial compounds adalimumab, anakinra, and tocilizumab were
used to block TNFa, IL1Ra, and IL6 signaling, respectively. The
NLRP3 inhibitor (MCC950) was purchased from Sigma-Aldrich.
Dexamethasone was purchased from Sigma-Aldrich.

Cell lines
MKN45 (DMSZ) is a human gastric cancer cell line used as target

cells in TDCC assays with CEA-TCB. MKN45 cells are adherent cells,
which were harvested with Trypsin (Gibco) and were passaged twice
per week at a density of 60 000 cell/cm2 in RPMI Glutamax (Gibco)
containing 10% FBS (Gibco).

OCI-Ly18 (DMSZ) is a human DLBCL cell line. OCI-Ly18 was
passaged twice per week at a density of 0.6�106 cells/mL in RPMI
Glutamax (Gibco) containing 10% FBS (Gibco).

Cell lines are routinely authenticated by short tandem repeat
profiling. Upon receipt, cells were expanded and frozen; cells were
not passaged for more than 6 months after resuscitation. No further
authentication of these cell lines was conducted.

Whole blood assays (WBA)
Human fresh blood was collected from anonymous healthy volun-

teers through the Roche internal employee donation program, in
accordance with the declaration of Helsinki. Whole blood (190 mL)
was incubated with a dose titration of CD20-TCB (5 mL) in the
presence and absence of cytokine/cytokine receptor blocking anti-
bodies (5 mL). At the assay endpoint, 60 mL of serum was collected for
cytokine measurements and 20 mL of blood was collected for immune
phenotyping by flow cytometry.

Red blood cell magnetic isolation
Total leukocytes were isolated from fresh whole blood by magnetic

removal of RBCs using the EasySepRBCdepletion kit (Stemcell). Fresh
whole blood was diluted 1:2 in PBS with 6 mmol/L EDTA. 10 mL of
diluted freshwhole bloodwas incubatedwith beads targeting RBCs (50
mL/mL of undiluted blood volume) in a 14-mL polystyrene tube (BD)
using a magnetic tube holder (EasyEights, Stemcell) for 5 minutes at
RT. The cell suspension was carefully transferred to a new 14-mL
polystyrene tube. RBC magnetic isolation was then repeated three
times (5 minutes, RT). The clear yellowish cell suspension was
collected and placed for 5 minutes in the magnetic tube holder to
remove the remaining magnetic beads, and washed twice with PBS by
centrifugation at 800 rpm, for 10 minutes (RT) to eliminate the
platelets.

T-cell–dependent cytotoxicity assay
Peripheral blood mononuclear cells were purified from Buffy Coats

from the Blutspendezentrale Z€urich by conventional Histopaque
gradient (Sigma-Aldrich). Suspension tumor target cells (MKN45)
were harvested and resuspended at 0.3�106 cells /mL in assaymedium
(RPMI-1640, 10% FCS, 1% Glutamax). 100 mL/well of target cells
(30,000 cells/well) were seeded into 96-flat-bottom plates for 24 hours
at 37�C, 5% CO2 in the incubator. 50 mL (300,000 cells) of a 6.00�106

cells/mL PBMCs stock solution were added to the wells containing the
target cells (approximate E:T ratio of 10:1). CEA-TCB was prepared in
assay medium and was added to the wells containing the target cells

Translational Relevance

Despite the promising clinical activity of T-cell bispecific anti-
bodies (TCB), cytokine release syndrome (CRS) remains a com-
mon dose-limiting safety liability associated with TCB treatment.
We provide a mechanistic and kinetic understanding of TCB-
mediated cytokine release. In particular, we dissect the contribu-
tion of immune cells using scRNA-sequencing of human whole
blood treated with a B-cell targeting TCB and of endothelial cells
using bulk RNA-sequencing. We highlight the molecular players
involved in CRS together with the timing of their upregulation in
different immune cells. In parallel, we present the comparative
assessment of clinically available therapeutic approaches for the
mitigation of CRS, including IL6R blockade (tocilizumab), TNFa
blockade (adalimumab), IL1R blockade (anakinra), inflammasome
inhibition, and dexamethasone in the in vitro whole blood assay
system and in a diffuse large B-cell lymphoma (DLBCL) in vivo
model in humanized NSG mice. These provide experimental
evidence for the efficient mitigation of CRS in patients treated
with TCBs.
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(50 mL, final end concentration: 4 nmol/L). The assay plates were
incubated for 48 hours at 37�C, 5%CO2 in the incubator. Supernatants
were then transferred to human umbilical endothelial cells (HUVEC).

Target cell killing: LDH release
CytoTox-Glo (Promega) cytotoxicity assay was used to measure

target cell killing. 75 mL supernatants were collected in a 96-well white
plate and 25 mL of CytoTox-Glo reagents were added in each well. The
plate was agitated for 15 minutes, 600 rpm, RT, and luminescence was
measured using a PerkinElmer plate reader.

Bulk RNA-sequencing of HUVECs
HUVECs were seeded in 6-well plates (145K cells/well), let adhere

overnight, and stimulatedwith conditionalmedia from the TCBkilling
experiment. The medium from the cells was aspirated, and cells were
washed with PBS. Cells were lysed on the wells with 350 mL of RTL
buffer. Cell lysates were collected with the help of a scraper, transferred
to Eppendorf tubes, and frozen at �80�C prior to continuing
with the RNA extraction following the manufacturer’s instructions
(QIAGEN RNeasy Mini Kit). The RNA concentration was quantified
using a Nanodrop instrument, and the quality of the preparations
(RIN) was evaluated using an Agilent BioAnalyzer. Libraries were
prepared using the Illumina TruSeq Stranded mRNA kit following
the recommended instructions and quantified with the qPCR KAPA
Library Quantification kit (KAPA Biosystems). The fragment size
distribution was evaluated with an Agilent Tapestation. The libraries
were sequenced in an Illumina NovaSeq6000 instrument (R1:51,
i7:8, i5:8, R2:51) with a targeted depth of 30 Mio paired reads
per sample. A comparison between HUVECs incubated with
CEA-TCB supernatants and HUVECs incubated with DP47-TCB
(negative control) supernatants was conducted to identify differen-
tially expressed genes.

In vivo studies
Mice were maintained under specific pathogen-free conditions

with daily cycles of 12-hour light/12-hour darkness according to
international (Federation of European Laboratory Animal Science
Associations) and national (Gesellschaft f€ur Versuchstierkunde/
Society of LaboratoryAnimal Science (GV-Solas) andTierschutzgesetz
(TierSchG) guidelines. The study protocol was reviewed and approved
by the local government (license ZH225-17). CD20-expressing OCI-
Ly18 cells were cultured at 37�C in a water-saturated atmosphere with
5% CO2. Cells were harvested, washed once with RPMI, and resus-
pended inRPMI admixedwith 50%Matrigel at 5�107 cells/mL. 100mL
of this solution was injected subcutaneously into the flank of female
stem cell–humanized NSG mice (HSC-NSG, 5�106 OCI-LY18 cells)
subcutaneously tumor volumes were calculated from caliper measure-
ments conducted 2–3 times per week. Treatment started when the
tumor volumes reached approximately 100 to 150 mm3, which was
15 days after tumor cell injection. Mice were pretreated with 30 mg/kg
obinutuzumab (Gazyva;Gpt), 3 days prior to thefirst administration of
CD20-TCB or vehicle. Mice received a total of 3 cycles of CD20-TCB
with an SUD ranging from 0.5 mg/kg to 1 mg/kg to 2 mg/kg.
Obinutuzumab and CD20-TCB were administered intravenously
(i.v.). Adalimumab (25 mg/kg, i.v.) and tocilizumab (10 mg/kg. i.v.)
were given 1 day and 1 hour prior to each CD20-TCB treatment.
Dexamethasone (1 mg/kg) was given 1 hour prior to each CD20-TCB
therapy. Anakinra (10 mg/kg, i.v.) and NLRP3 inhibitor (20 mg/kg,
i.p.) were administered 1 hour before and 4 hours and 1 day after the
first CD20-TCB treatment as well as 1 hour before and 4 hours after
the second CD20-TCB treatment. Compound dilutions were daily

prepared in histidine buffer prior to therapy. Blood was collected by
tail-vein bleedings 3 hours and 24 hours after the first CD20-TCB
treatment.

Flow-cytometry analysis
20 mL whole blood was lysed twice (10 minutes, RT) with 200 mL

lysis buffer (BD Pharm Lyse), and washed with PBS. Cells were stained
with a LIVE/DEAD Fixable AquaDead dye (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Surface staining was
performed with the antibodies listed in Supplementary Table S1.

Total leukocytes obtained aftermagnetic depletion of red blood cells
were stained with a LIVE/DEAD Fixable Aqua Dead dye (Thermo
Fisher Scientific) according to themanufacturer’s instructions. Surface
staining was performed with the antibodies listed in Supplementary
Table S2.

HUVECs were harvested and stained with a LIVE/DEAD a LIVE/
DEADFixable AquaDead dye (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Surface staining was performed with
the antibodies listed in Supplementary Table S3.

Tumor samples were dissociated into cell suspensions using
the gentleMACS Octo Dissociator (Miltenyi Biotec) and digested
with DNAse and Liberase. Cell suspensions were stained with
LIVE/DEAD Fixable Blue Dead dye (Thermo Fisher Scientific) to
exclude dead cells according to the manufacturer’s instructions.
Surface staining was performed with the antibodies listed in
Supplementary Table S4.

The final cell suspensions were washed, resuspended in FACS
buffer, and acquired using a BD LSR Fortessa cell analyzer (BD).

Multiplex cytokine analysis
Cytokines were analyzed in the serum collected fromWBA or from

humanized mouse blood (stored at �80�C) using the Luminex tech-
nology with a Bio-Plex Pro Human Chemokine Panel (Bio-Rad).
Prediluted serum was incubated with beads for 1 hour and then
centrifuged at 800 rpm. The plate was washed with wash buffer and
detection antibodies were added for 1 hour before centrifugation at
800 rpm. The plate was washed again, and streptavidin was added for
1 hour before centrifugation at 800 rpm. After another washing,
samples were resuspended in assay buffer before being measured by
fluorescence reading using a Luminex plate reader from Bio-Rad. Data
were analyzed using the Bio-Rad Bio-Plex Software.

Cytokine measurement in clinical samples
Blood samples were collected from patients at predefined time

points per clinical protocol during the course of treatment. All patients
provided written informed consent. The trial was approved by each
center’s ethics committee or institutional review board and was
performed in compliance with the Declaration of Helsinki and
the International Conference on Harmonization Guidelines for
Good Clinical Practice. Plasma samples were prepared for cytokine
(IFNg , TNFa, and IL6) analysis using validated multiplex immunoas-
says on a ProteinSimple Ella platform (Microcoat Biotechnologie
GmbH).

Data analysis and representation
Flow-cytometry data were analyzed using FlowJo V10. Cytokine

data were analyzed using the Bio-Plex software from Bio-Rad. Graph-
Pad Prism 8was used to generate the graphs, for statistical analysis and
to calculate the area under the curve (AUC) for dose–response
experiments. The respective statistical tests used are indicated in the
figure legends for each experiment.
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scRNA-seq of whole blood
As previously described, whole blood from 4 donors was treated

with 0.2 mg/mL CD20-TCB, or incubated in the absence of CD20-
TCB (20). At baseline (before the addition of TCB) and assay end-
points (2, 4, 6, and 20 hours), blood was collected for total leukocyte
isolation using EasySep red blood cell depletion reagent (Stemcell).
Briefly, cells were counted and processed for scRNA-seq using the BD
Rhapsody platform. To load several samples on a single BD Rhapsody
cartridge, sample cells were labeled with sample tags (BD Human
Single-Cell Multiplexing Kit) following the manufacturer’s protocol
prior to pooling. Briefly, 1�106 cells from each sample were resus-
pended in 180 mL FBS Stain Buffer (BD, PharMingen) and sample tags
were added to the respective samples and incubated for 20 minutes at
RT. After incubation, 2 successive washes were performed by addition
of 2 mL stain buffer and centrifugation for 5 minutes at 300� g. Cells
were then resuspended in 620 mL cold BD Sample Buffer, stained
with 3.1 mL of both 2 mmol/L Calcein AM (Thermo Fisher Scientific)
and 0.3 mmol/L Draq7 (BD Biosciences) and finally counted on the
BD Rhapsody scanner. Samples were then diluted and/or pooled
equally in 650 mL cold BD Sample Buffer. The BDRhapsody cartridges
were then loaded with up to 40,000 to 50,000 cells. Single cells were
isolated using Single-Cell Capture and cDNA Synthesis with the
BD Rhapsody Express Single-Cell Analysis System according to
the manufacturer’s recommendations (BD Biosciences). cDNA
libraries were prepared using the Whole-Transcriptome Analysis
Amplification Kit following the BD Rhapsody System mRNA
Whole-Transcriptome Analysis (WTA) and Sample Tag Library
Preparation Protocol (BD Biosciences).

IndexedWTA and sample tags libraries were quantified and quality
controlled on the Qubit Fluorometer using the Qubit dsDNA HS
Assay, and on the Agilent 2100 Bioanalyzer system using the Agilent
High Sensitivity DNA Kit. Sequencing was performed on a Novaseq
6000 (Illumina) in paired-end mode (64-8-58) with Novaseq6000 S2
v1 or Novaseq6000 SP v1.5 reagents kits (100 cycles).

scRNA-seq data analysis
As previously described, sequencing data were processed using the

BD Rhapsody Analysis pipeline (v 1.0 https://www.bd.com/docu
ments/guides/user-guides/GMX_BD-Rhapsody-genomics-informatic
s_UG_EN.pdf) on the Seven Bridges Genomics platform. Briefly, read
pairs with low sequencing quality were first removed, and the cell label
and UMI were identified for further quality check and filtering. Valid
reads were then mapped to the human reference genome (GRCh38-
PhiX-gencodev29) using the aligner Bowtie2 v2.2.9, and reads with the
same cell label, sameUMI sequence, and same genewere collapsed into
a single raw molecule while undergoing further error correction and
quality checks. Cell labels were filtered with a multistep algorithm to
distinguish those associated with putative cells from those associated
with noise. After determining the putative cells, each cell was assigned
to the sample of origin through the sample tag (only for cartridges with
multiplex loading). Finally, the single-cell gene-expression matrices
were generated and a metrics summary was provided.

After preprocessing with BD’s pipeline, the count matrices and
metadata of each sample were aggregated into a single data object and
loaded into the besca v2.3 pipeline for the scRNA-seq analysis (25).
First, low-quality cells with less than 200 genes, less than 500 counts, or
more than 30% of mitochondrial reads were filtered. This permissive
filtering was used in order to preserve the neutrophils. Potential
multiplets (cells with more than 5,000 genes or 20,000 counts),
and genes expressed in less than 30 cells were further excluded.
Normalization to log-transformed UMI counts per 10,000 reads

[log(CP10K þ 1)] was applied before downstream analysis. After
normalization, the technical variance was removed by regressing out
the effects of total UMI counts and percentage of mitochondrial reads,
and gene expression was scaled. The 2,507 most variable genes (with a
minimummean expression of 0.0125, amaximummean expression of
3, and a minimum dispersion of 0.5) were used for principal compo-
nent analysis (PCA). Finally, the first 50 PCs were used as input for
calculating the 10 nearest neighbors and the neighborhood graph was
then embedded into the two-dimensional space using the UMAP
algorithm) (https://doi.org/10.48550/arXiv.1802.03426). Cell cluster-
ing was performed using the Leiden algorithm (https://www.nature.
com/articles/s41598-019-41695-z) at a resolution of 2 (26).

Cell-type annotation was performed using the Sig-annot semiau-
tomated besca module, which is a signature-based hierarchical cell
annotation method (25). The used signatures, configuration, and
nomenclature files can be found at https://github.com/bedapub/
besca/tree/master/besca/datasets.

Finally, cell types of interest were selected in order to generate
further visualizations, such as the expression level of selected cytokines
across conditions, by using a custom script with mainly besca and
scanpy functions.

Enrichment pathway analysis
Differential expression analysis was performed by using the Wil-

coxon test across treatment time points (1 vs. all) for the selected cell
types. Only genes with >25% fraction positive in at least one group
were considered. A gene was defined as differentially expressed when
having a Padj < 0.05 and a linear absolute fold change >2. In order to
exclude the incubation effect, differentially expressed genes among
control samples were filtered out. Next, using the upregulated genes at
each timepoint and cell type, pathway enrichment analysis using
the enrichr package and the following libraries: GO_Biological_Pro-
cess_2021, GO_Molecular_Function_2021, KEGG_2021_Human,
Reactome_2016, WikiPathways_2019_Human was performed (27).
A GO term or pathway was considered enriched when at least 5 genes
were present andPadj< 0.05. Finally, significantly enriched pathways of
interest were selected, and the per-cell score was computed using the
scanpy method score_genes with default parameters selected. For the
latter, the pathway genes that were identified as differentially expressed
at any time point or cell type of interest were used. The score
distribution was visualized in ridge plots generated with custom
scripts.

Data availability
The bulk RNA-seq data generated and analyzed in this study are

available inGene-ExpressionOmnibus atGSE234676. The scRNA-seq
data generated and analyzed in this study are available in Figshare at
https://doi.org/10.6084/m9.figshare.23499192.v1.

Other data generated in this study are available upon request from
the corresponding author.

Additional methods are described in the Supplementary Methods
S1 file.

Results
WBA with CD20-TCB recapitulates T-cell activation, cytokine,
and chemokine release

We used a whole blood assay system to explore the onset of on-
target T-cell activation, target cell depletion, cytokine, and chemokine
release induced byCD20-TCB. In thewhole blood assaymodel system,
the presence of healthy CD20þ B cells induces on-target activity of
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CD20-TCB and allows to study the abundant neutrophil population,
which is lost during PBMC isolation, in addition to all the other cell
types present in PBMCs. Whole blood from two healthy donors
(donors 3 and 4 from the following scRNA-seq experiment) was
incubated with CD20-TCB for 2, 6, and 20 hours to evaluate the early
kinetics of cytokine release. As early as 2 hours following treatment
with CD20-TCB, we detected B-cell depletion and activation of T cells,
as indicated by the percentages of CD19þ B cells and expression of
CD25 and CD69 activation markers on T cells (Fig. 1A and B). The
highest level of target cell lysis alongwith the strongest T-cell activation
was observed at 20 hours (Fig. 1A and B). Along with this, elevated
concentrations of IFNg , TNFa, IL2, IP-10, MCP-1, MIP-1a, MIP-1b,
IL1b, and IL1Ra were detected at 6 hours of treatment in the serum of
these assays, whereas IL6 and IL8 were first detected at 6 hours and
most elevated at 20 hours within the experimental time frame (Fig. 1C;
ref. 26; Supplementary Fig. S1A). At longer incubation time, most
cytokines accumulated in the serum with the exception of IL8 and
IL10, which decreased, suggesting that they may be consumed (Sup-
plementary Fig. S1B). Similar to our in vitro system, cytokine kinetics
were evaluated in relapsed/refractory DLBCL patients treated with
CD20-TCB monotherapy in the NP30179 (NCT03075696) clinical
study. Cytokine kinetics in patients treated with 2.5 mg CD20-TCB
were similar to our in vitro WBA system with IFNg and TNFa
reaching peak levels by 6 hours after infusion of CD20-TCB and
delayed kinetics of IL6 not peaking until 20 hours following infusion
(Fig. 1D).

scRNA-seq of the human whole blood treated with CD20-TCB
reveals a strong phenotypic change in T cells, neutrophils, and
monocytes

We further aimed to explore the sequence of events involved in
TCB-induced cytokine release. To this end, we conducted scRNA-seq
of healthy donor human whole blood before (pre-TCB) and after 2, 4,
6, and 20 hours of incubation with 0.2 mg/mLCD20-TCB using the BD
Rhapsody platform (Fig. 2A). ScRNA-seq of untreated whole blood
(incubated under the same culture conditions as CD20-TCB–treated
samples) was performed at 2, 6, and 20 hours to consider the potential
impact of ex vivo culture (Fig. 2A). UMAP plots generated by scRNA-
seq data analysis reveal different clusters of immune cells in whole
blood, including CD4þ T cells, CD8þ T cells, NK cells, dendritic cells
(DC), B cells, monocytes and, importantly, a large population of
neutrophils (Fig. 2B). The proportion of cells identified by scRNA-
seq reflects similar ratios measured by flow cytometry in the same
samples (Fig. 2B; Supplementary Fig. S2A–S2C). In addition to the
main immune cell populations, and in line with the mode of action of
CD20-TCB that bridges T cells to B cells, we also identified a time-
dependent cluster of interacting B andT cells in treated samples, where
B and T-cell markers were coexpressed (Fig. 2B andC; Supplementary
Fig. S3A–S3E). Importantly, there were no quantitative changes in the
frequency of the CD4þ T cells, CD8þ T cells, monocytes, or neutro-
phils within the experimental time frame (2–20 hours of treatment) for
all 4 donors, allowing us to focus on immune cell activation states,
pathways, and the key molecular players involved therein (Fig. 2C).
The comparison of single cells from the treated and untreated samples
shown in the UMAP plots of Fig. 2D suggests that CD20-TCB
treatment leads to a shift in T-cell, monocyte, and neutrophil state
starting at 4 hours, with the most pronounced changes observed in
monocyte and neutrophil populations at 20 hours. At 4 hours, treated
cells were compared with the cells from the pretreatment sample (0
hours). To confirm this observation, we plotted the multidimensional
scaling plots showing each sample per cell type colored by cell type or

by treatment and time point (Supplementary Fig. S4A–S4B). Using a
linear mixed model to quantify and interpret the contribution of
treatment, time point, and their interaction to gene-expression var-
iation, we confirmed that the largest transcriptomic changes induced
by CD20-TCB treatment over time were observed in neutrophils,
monocytes, CD4þ, and CD8þ T cells (Fig. 2E; ref. 28). Altogether,
these data demonstrate that CD4þ and CD8þ T cells, neutrophils, and
monocytes are the most affected cell populations by CD20-TCB
treatment.

scRNA-seq of whole blood treated with CD20-TCB highlights
the cellular source of inflammatory pathways and molecular
players together with the timing of their upregulation in the
cytokine release cascade

We further investigated the contribution ofCD4þ andCD8þT cells,
neutrophils, and monocytes to the inflammatory response induced by
CD20-TCB. Hallmark enrichment pathway analysis outlined the
cascade of activation events in CD20-TCB-mediated immune cell
activation. In particular, it revealed the enrichment of TNFa signaling
via NF-kB, IL6 JAK/STAT3, IFNg response and inflammatory
response signaling pathways in CD4þ T cells, CD8þ T cells, mono-
cytes, and neutrophils as early as 2–4 hours after treatment (Fig. 3A).
Interestingly, the enrichment of those pathways was stronger in
monocytes and neutrophils compared with T cells 2–4 hours after
treatment andwas the strongest 20 hours after treatment. This suggests
that monocytes and neutrophils react strongly and further amplify the
inflammation signal in peripheral blood (Fig. 3A). The enrichment of
various GO biological inflammatory pathways in T cells, monocytes,
and neutrophils also confirms these findings (Supplementary
Fig. S5A–S5D). Because neutrophils are poorly studied by scRNA-
seq, we further corroborated their contribution to TCB-mediated
inflammation by bulk RNA-sequencing (Supplementary Fig. S6). In
line with the scRNA-seq analysis, the bulk RNA-seq data revealed the
early enrichment of hallmark pathways, including TNFa signaling via
NF-kB, IL6 JAK/STAT3, IFNg response and inflammatory response
pathways (Supplementary Fig. S6).

We next conducted a more detailed analysis of the cell types
expressing the key molecular players involved in cytokine release, to
gain insight into the timing of their upregulation and involvement in
the cytokine cascade. First, the differential gene-expression analysis
revealed the cytokine genes induced by CD20-TCB, among which
TNF-a (TNF), IFNg (IFN), IL1b (IL1B), IL6 (IL6), IL8 (CXCL8),MCP-
1 (CCL2),MIP-1a (CCL3),MIP-1b (CCL4), and IP-10 (CXCL10) were
identified (Supplementary Fig. S7). IFNg (IFNG) gene is specifically
induced in T cells (CD4þ, CD8þ, interacting T, and B cells, MAIT T
cells), and to some extent in NK cells, as early as 2 hours after TCB
engagement. In contrast, TNFa transcript (TNF) is upregulated in
numerous immune cells, including CD8þ T cells, MAIT T cells,
monocytes, neutrophils, plasmacytoid, and conventional dendritic
cells at 2–4 hours (Fig. 3B–E; Supplementary Figs. S8A–S8I and
S9–S11). Of note, all immune cells also expressed TNFR1a
(TNFRSF1A), TNFR1b (TNFRSF1B), IFNGR1 (IFNGR1), and
IFNGR2 (IFNGR2) genes, suggesting that TNFa and IFNg may act
in an autocrine and paracrine loop to further amplify immune cell
activation via their receptors (Supplementary Fig. S8A–S8I). Mono-
cytes, neutrophils, and moderately conventional dendritic cells
appeared to be themain contributors of IL1b and IL8 as demonstrated
by the early upregulation IL1b (IL1B) and IL8 (CXCL8) genes 2 hours
after TCB stimulation (Fig. 3B–E; Supplementary Fig. S8F–S8I;
Supplementary Fig. S10–S11). Interestingly, neutrophils downregu-
lated IL8 receptor genes CXCR1 and CXCR3, indicating that IL8 may
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Figure 1.

Kinetics of cytokine release inWBA reflect those observed in DLBCL patients after the first treatment with CD20-TCB.Whole blood from donors 3 and 4 used in the
scRNA-seq experiment was incubated in the presence and the absence of 0.2 mg/mL CD20-TCB for 2, 6, and 20 hours.A, The proportion of CD19þ B cells among live
total leukocytes and (B) the expression of CD69 and CD25 on CD4þ and CD8þ T cells was measured by flow cytometry for 2 donors before and after treatment with
CD20-TCB for 2, 6, and 20 hours. Means of n¼ 2 donorsþ SD. C, The levels of cytokines were measured by Luminex in serum fromwhole blood assay untreated or
treated with 0.2 mg/mL at 2, 6, and 20 hours. Means of n ¼ 2 donors þ SD. D, Plasma samples from biomarker-evaluable DLBCL patients treated with 2.5 mg of
glofitamab were evaluated for IFNg (n¼ 17), TNFa (n¼ 30), or IL6 (n¼ 43). Median with interquartile range. 6 hours EOI, 6 hours after end of infusion; 20 hours EOI,
20 hours after end of infusion.
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Figure 2.

ScRNA-sequencing of whole blood treated with CD20-TCB reveals an early phenotypic change in T cells, monocytes, and neutrophils. A, scRNA-seq of whole blood
was performed using the BDRhapsody platformat baseline (donors 1, 2, 3, and 4) and 2 hours (donors 3 and 4), 4 hours (donors 1 and 2), 6 hours (donors 3 and 4), and
20hours (donors 1, 2, 3, and4) after treatmentwith0.2mg/mLCD20-TCB.B,UMAPplot of immune cells coloredby cell types reveals a largeproportion of neutrophils.
C, Stacked barplot with cell type proportions for each sample analyzed for scRNA-seq. D, UMAP plots of immune cells colored by treatment. The UMAP plots show
single cells from all time points in gray, cells from baseline samples in green, cells from treated samples at 2-, 4-, 6-, and 20-hour time points in pink, and cells from
untreated samples at 2-, 4-, 6-, and 20-hour time points in blue. Each dot represents one cell. E, Box plot representing the percentage of variance in gene expression
attributed to treatment-induced changes between time points across different cell types.
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Figure 3.

The hallmark pathway analysis and cytokine expression reveal thatmyeloid cells are indirectly amplifying proinflammatory cytokine release after the initial activation
of CD4þ andCD8þT cells byCD20-TCB. scRNA-seqofwhole blood treatedwith 0.2mg/mLCD20-TCBwasperformedusing the BDRhapsody platform at baseline, 2,
4, 6, and 20 hours. A, Ridge plots representing the enrichment kinetics of the TNFa signaling via NF-kB, IL6 JAK STAT3, IFNg response and inflammatory response
hallmark pathways in CD4þ, CD8þ, monocytes, and neutrophils following treatment with CD20-TCB. B–E, Dot plots showing the kinetics of gene-expression
distribution in (B) CD4þ T cells, (C) CD8þ T cells, (D) monocytes, and (E) neutrophils. The expression of TNFa (TNF), IFNg (IFNG), IL1b (IL1B), IL6 (IL6), IL8 (CXCL8),
MCP-1 (CCL2),MIP-1a (CCL3), MIP-1b (CCL4), and IP-10 (CXCL10) is depicted on the graph. The size of the dot represents the percentageof positive cells, and the color
scale, the average gene expression.
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act in an autocrine loop (Supplementary Fig. S8G). CD4þ and CD8þT
cells strongly upregulated the IL8 (CXCL8) gene at 20 hours, suggestive
of their contribution to IL8 release at later time points. The IL6 (IL6)
gene is specifically upregulated in monocytes at early time points (2–6
hours) whereas it is expressed by interacting B andT cells together with
conventional and plasmacytoid dendritic cells at the later time point of
20 hours (Fig. 3B–E; Supplementary Fig. S8F–S8I; Supplementary
Fig. S10A–S10C). Only monocytes together with plasmacytoid and
conventional dendritic cells upregulated MCP-1 (CCL2) gene from
4 hours onward (Fig. 3B–E; Supplementary Figs. S8F, S8H, S8I and
S10A–S10C). Most blood immune cell subsets upregulated MIP-1a
(CCL3) and MIP-1b (CCL4) genes as early as 2 hours with the
exception of neutrophils, plasmacytoid, and conventional dendritic
cells that upregulated the genes at 4 hours, suggestive of their slower
activation kinetics compared with T cells and monocytes (Fig. 3B–E;
Supplementary Fig. S7–11). Monocytes and conventional dendritic
cells appeared to be the strongest contributors of IP-10 starting from
4 hours of treatment, with interacting B and T cells and plasmacytoid
dendritic cells contributing less, as indicated by the IP-10 (CXCL10)
gene expression (Fig. 3B–E; Supplementary Figs. S7, S8, and S10A–
S10C). Importantly, all these cytokines and chemokines were detected
in the serum of a whole blood assay with CD20-TCB, demonstrating
that those are also expressed as proteins, beyond the gene mRNA
upregulation (Fig. 1A; Supplementary Fig. S1; refs. 29, 30).

Altogether, this analysis recapitulates the initial trigger of IFNg and
TNFa release by CD4þ and CD8þ T cells (2 hours) followed by the
strong and rapid amplification of TNFa, IL1b, IL6, IL8, MCP-1, MIP-
1a, MIP-1b, and IP-10 by monocytes, neutrophils, and by T cells.

Bulk RNA-sequencing of endothelial cells following exposure to
TCB cytokine-rich supernatants highlights their contribution to
cytokine release

Because endothelial cells play a major role in the pathophysi-
ology of CRS, we evaluated their contribution to the inflammatory
cascade (13). Therefore, HUVECs were incubated with supernatant
collected from a killing assay experiment, where tumor cell lysis
demonstrated TCB activity (Fig. 4A and B). Following exposure to
the cytokine-rich supernatant, endothelial cells were activated, as
shown by the upregulation of adhesion molecules on their surface,
including ICAM and VCAM (Fig. 4C). In line with this, bulk
RNA-seq of endothelial cells revealed the upregulation of ICAM1
and VCAM1 genes, confirming the previous observation at the
gene mRNA level (Fig. 4D). Among the most upregulated genes,
we also discerned the upregulation of various chemokines includ-
ing IP-10 (CXCL10), CXCL9 (CXCL9), fractalkine (CX3CL1),
MCP-2 (CCL8), RANTES (CCL5), MCP-1 (CCL2), CXCL1
(CXCL1), CXCL5 (CXCL5), CXCL6 (CXCL6) genes, suggesting
that endothelial cells may contribute to the inflammatory cascade
and further attract surrounding T cells and myeloid cells with the
release of chemoattractant molecules (Fig. 4D). In addition, endo-
thelial cells also upregulated IL1b (IL1B) and IL6 (IL6) genes,
indicating that they possibly contribute to the release of these two
key CRS cytokines (Fig. 4D).

In summary, these data highlight the role of endothelial cells in
further mediating the cytokine release cascade with the release of IL6
and IL1b, and, at the same time, attracting peripheral immune cells
with the release of various chemokines.
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Activation of endothelial cells following exposure to cytokine-rich supernatants from T-cell–dependent cytotoxicity assaywith CEA-TCB.A,Assay set-up. Cytokine-
enriched supernatants from 48 hours coculture of PBMCs and MKN45 tumor cells with 4 nmol/L CEA-TCB or untargeted-TCB (DP47-TCB, negative control) were
incubated onHUVEC cells for 5 hours.B, The percentage ofMKN45 tumor cell lysiswas assessed by LDH releasemeasurements (48 hours).C, The expression of ICAM
and VCAM on HUVECs was measured by flow cytometry 5 hours after incubation with cytokine-enriched supernatants. B and C,Means of technical triplicatesþ SD.
D,Volcano plot depicting expressed genes in HUVECs following exposure to CEA-TCB–induced cytokine release, each dot represents one gene. The x-axis shows the
logarithmic fold change, and the y-axis shows the negative log of the unadjustedP value for each gene by comparing samples exposed toCEA-TCB–induced cytokine
release to those exposed to untargeted-TCB (negative control) supernatants.
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Assessment of different mitigation strategies on
CD20-TCB–mediated cytokine release and activity in a
whole blood assay system

Next, we explored the effects of TNFa blockade (adalimumab),
IL6R blockade (tocilizumab), IL1b blockade via inflammasome inhi-

bition (NLRP3 inhibitor), and dexamethasone on CD20-TCB–
mediated cytokine release and activity in a whole blood assay. In this
in vitro system, dexamethasone broadly reduced the secretion of all
measured cytokines and chemokines including IFNg , TNFa, IL2,
IL1b, IL1Ra, IL6, IL8, MCP-1, MIP-1a, and MIP-1b (Fig. 5A). TNFa
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Figure 5.

Effect of TNFa blockade, IL6R blockade, NLRP3 inhibitor, and dexamethasone onCD20-TCB–mediated cytokine release and activity in the humanwhole blood assay
system. WBA with escalating doses of CD20-TCB and TNFa blockade with adalimumab (1 mg/mL), IL6R blockade with tocilizumab (1 mg/mL), NLRP3i (10 mmol/L),
and dexamethasone (100 nmol/L). Cytokine levels were measured by Luminex in serum of WBA at 24 hours. A, Cytokine release in the serum. Cytokine dose–
response curves showdata for 1 representative donor. Bar plots showAUCof cytokine dose–response curves for 3 donorswith � ,P <0.05 by two-wayANOVA.B, The
killing of CD19þ B cells and (C) the expression of CD25 on CD4þ and CD8þ T cells were measured by immune phenotyping of whole blood by flow cytometry after
stimulation with 1 nmol/L CD20-TCB (24 hours). B and C, Means of n ¼ 3 donors � SEM.
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blockade reduced IL2, IP-10, IL1b, IL1Ra, IL8, MCP-1, MIP-1a, and
MIP-1b but retained IL6 and IFNg release, confirming the upstream
contribution of TNFa in inducing cytokine release (Fig. 5A). The
NLRP3 inhibitor reduced IL1b, and to a lower extent, IL6 and IL8
release. In contrast, IL6R blockade did not reduce the overall CD20-
TCB–mediated cytokine release, demonstrating that IL6 acts down-
stream in the cytokine release cascade (Fig. 5A).

As the balance between reducing cytokine release and maintaining
T-cell cytotoxic activity is key to efficient mitigation strategies, we
further assessed their effects on T-cell activation and killing of healthy
B cells by flow cytometry. Whereas dexamethasone and the NLRP3
inhibitor minimally interfered with CD20-TCB–induced B-cell deple-
tion, TNFa blockade and IL6R blockade had no effect (Fig. 5B). As
shown by the expression of CD25 on CD4þ T cells, none of these
mitigation approaches interfered with CD4þ T-cell activation
(Fig. 5C). In contrast, dexamethasone minimally affected CD25
upregulation on CD8þ T cells, suggestive of a partial inhibition of
CD8þ T-cell activation (Fig. 5C). These data suggest that dexametha-
sone’s capacity to reduce cytokine release may affect T-cell activation
under continuous in vitro exposure, which was not observed with the
other mitigation approaches in the human whole blood assay system.

Assessment of different mitigation strategies on
CD20-TCB–mediated cytokine release and activity in a
model of DLBCL in humanized mice

In parallel, we used a humanized mouse model of DLBCL subcu-
taneously engrafted with CD20-expressing OCI-Ly18 tumor cells to
assess the effects of the mitigation strategies mentioned above on
CD20-TCB–mediated cytokine/chemokine release and antitumor
efficacy. In line with the clinical development of CD20-TCB, mice
were pretreated with obinutuzumab (Gazyva pretreatment, Gpt) to
debulk circulating and tissue-resident B cells and thus reduce the
target-dependent cytokine release following the first infusion with
CD20-TCB (3, 7, 31). Clinically relevant doses of the different mit-
igation strategies were given prior to the first administration of CD20-
TCB to evaluate their impact on ameliorating cytokine release, which is
most pronounced upon the first administration of TCBs (32). Dexa-
methasone was given in addition prior to the second and the third
CD20-TCB administration, whereas anakinra and the NLRP3 inhib-
itor prior to the second CD20-TCB treatment, to explore their impact
upon serial treatment cycles.

We found that dexamethasone and TNFa blockade reduced both
T-cell–derived cytokines (IFNg , IL2, TNFa, IP-10) and myeloid cell–
derived cytokines (TNFa, IP-10, IL6, IL1b, IL8, MIP-1b, and MCP-
1; Fig. 6A). In contrast, the NLRP3 inhibitor and IL1R blockade had a
less pronounced effect than dexamethasone and TNFa blockade and
partially reduced the levels of IP-10, IL6, and IL1b and, to some extent,
IL2, TNFa, IL8, MIP1-b, and MCP-1. In line with in vitro findings,
tocilizumab induced a milder reduction of cytokine release, with the
strongest effect observed on IP-10 (Fig. 6A).

Importantly, we found that pretreatment with dexamethasone did
not interfere with long-term antitumor activity and minimally inter-
fered with CD8þ T-cell infiltration in tumors collected at experiment
termination (Fig. 6B and C; Supplementary Fig. S12). Similarly, the
blockade of IL1Rwith anakinra, the blockade of IL6Rwith tocilizumab
as well as the NLRP3 inhibitor did not interfere with antitumor
efficacy, as indicated by the tumor growth curves and intratumoral
CD8þ T-cell infiltration (Fig. 6B and C; Supplementary Fig. S12). In
contrast, the blockade of TNFa with adalimumab negatively affected
antitumor activity mediated by CD20-TCB (Fig. 6B; Supplementary
Fig. S12). The loss of antitumor activity was associated with lower

counts of intratumor CD8þ T cells on day 25, suggesting that the
blockade of TNFa could possibly prevent intratumoral T-cell infil-
tration required for TCB activity (Fig. 6D). To further investigate how
TNFa blockade interferes with CD20-TCB efficacy, we used a 3D
in vitro system that explores T-cell transmigration (Supplementary
Fig. S13A). We found that T-cell transmigration toward cytokine-rich
supernatant (derived from a killing assay with CD20-TCB) was
strongly reduced in the presence of adalimumab, supporting the
important role of TNFa in regulating T-cell infiltration into tumors
(Supplementary Fig. S13B).

Collectively, we showed that dexamethasone, NLRP3 inhibitor,
IL1R blockade, or IL6R blockade did not interfere with CD20-TCB
antitumor activity, with dexamethasone having the strongest effect in
reducing the cytokine and chemokine release upon the first TCB
administration. In contrast, adalimumab was found to broadly reduce
cytokine and chemokine release, but at the same time, negatively
affects CD20-TCB antitumor activity possibly by reducing the intra-
tumor T-cell infiltration required for TCB activity.

Discussion
T-cell–engaging therapies, including CAR-T cells and T-cell enga-

gers, are a promising class of cancer immunotherapies capable of
redirecting T-cell cytotoxicity to eliminate tumor cells. At the same
time, they also drive an inflammatory response, whichmay be toxic if it
develops into a CRS. For CAR-T cells, CRS usually occurs within
10 days after infusion, jointly with CAR-T-cell expansion (33). GM-
CSF and IFNg are described as themain trigger of CRS in the context of
CAR-T-cell therapies, by activating monocytes and macrophages,
resulting in TNFa, IL6, and IL1b release (34, 35). For T-cell engagers,
the risk of CRS ismainly associated with the first dose of treatment and
is attenuated after repeated dosing (23, 36, 37). Therefore, we explored
the early cascade of events that drive the inflammatory response
following T-cell engager treatment before evaluating different pro-
phylactic treatments to mitigate the same.

In particular, we used scRNA-seq of human whole blood treated
with CD20-TCB using the BD Rhapsody platform to assess the
treatment effects on all cellular components, including the fragile and
abundant neutrophils, which are generally lost during PBMCs isola-
tion and thus in general poorly studied in the CRS context. This model
system reflects the early kinetics of cytokine release in DLBCL patients
treated with 2.5 mg CD20-TCB. Among all cell types present in whole
blood, we observed the largest treatment effects in neutrophils, mono-
cytes, CD4þ, and CD8þ T cells, evolving from 2 to 20 hours after
treatment with CD20-TCB. Hallmark pathway analysis revealed the
early enrichment of TNFa-mediated signaling via activation of NF-
kB, IL6, JAK/STAT3, IFNg response, and inflammatory response
pathways in CD4þ T cells, CD8þ T cells (2–4 hours), monocytes
(2–20 hours), and neutrophils (4–20 hours), suggestive of their early
contribution to the proinflammatory response upon CD20-TCB stim-
ulation. We show that CD20-TCB treatment induces activation of T
cells that further extends to monocytes (2 hours) and neutrophils (4–
20 hours; refs. 20, 23, 38). Of note, the induction of cytokine genes,
including TNFa (TNF) and IFNg (IFNG), was less pronounced in T
cells, suggesting that their upregulation may have been missed at the
2-hour time points or that low levels of T-cell–derived cytokines are
needed to activate downstream cell populations. The enrichment of the
IL6 JAK/STAT3 signaling pathway in T cells, monocytes, and neu-
trophils suggests the establishment and further amplification of auto-
crine and paracrine inflammation loops that increase blood cytokine
levels over time (39). The enrichment of TNFa signaling via NF-kB
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and IFNg response signaling pathways supports the early contribution
of both TNFa and IFNg in the trigger of the cytokine release cascade.

Differential gene-expression analysis revealed that transcripts of
IL6, IL8, TNFa, IL1b, MCP-1, IP-10, IFNg IL1Ra, MIP-1a, and MIP-
1b are significantly induced inwhole blood after treatment withCD20-
TCB, highlighting their potential as CRSbiomarker candidates (38).Of
note, the corresponding proteins were also detected in the serum of the
samewhole blood assays bymultiplex cytokine analysis.We conducted
a more granular analysis of the scRNA-seq data to identify the cellular
source and the timing of upregulation of the different cytokine genes.
Although IFNg (IFNG) gene was specifically expressed in T cells as of
2 hours, TNFa (TNF) gene was expressed in both T cells and myeloid
cells at 2 hours. IL1b (IL1B) gene was predominantly expressed at
2 hours inmonocytes and neutrophils and to a lower extent in T cells at
4 hours. IL8 (CXCL8) and MIP-1a (CCL3) genes were initially
expressed at 2 hours in monocytes, then in neutrophils at 4 hours
and later inT cells at 20 hours.MIP-1b (CCL4) genewas expressed inT
cells and monocytes at 2 hours and in neutrophils at 4 hours. IL6 (IL6)
gene was found to be specifically expressed in monocytes at 4 hours.
MCP-1 (CCL2) gene was expressed in monocytes at 4 hours and in
neutrophils and T cells at 20 hours. Finally, IP-10 (CXCL10) gene was

expressed inmonocytes, neutrophils, andT cells at 4 hours. Altogether,
this shows that on-target T-cell activation (2 hours) rapidly leads to
activation of neighboring and peripheral immune cells including
monocytes, neutrophils, and T cells (2–20 hours). Once activated,
these cells further contribute to cytokine release and amplify the
inflammatory response. This highlights the importance of monitoring
cytokine release at early time points during and after infusion with
T-cell engagers, together with developing prophylactic mitigation
strategies to prevent the instant release of proinflammatory cytokine
and chemokines.

Given the central role of endothelial cells in the pathophysiology of
CRS symptoms,we explored their contribution by bulkRNA-sequencing
following exposure to cytokine-rich supernatants (13, 40). Endothelial
cells were rapidly activated, as shown by the upregulation of ICAM1
and VCAM both at the proteomic and transcriptomic levels. At the
same time, they also upregulated cytokine genes, including IL6 and
IL1B, and chemokine genes, including CXCL9, CXCL10, CXCL11,
CCL2, CCL5, and CCL8, suggestive of their role in further amplifying
the cytokine release cascade and recruiting surrounding immune cells.
In line with our findings, Himmels and colleagues recently reported
that cytokine and chemokines induced by T-cell–dependent bispecific
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Figure 6.

Effect of TNFa blockade, IL6R blockade, IL1R blockade, NLRP3i, and dexamethasone on CD20-TCB–mediated cytokine release and efficacy in a model of diffused
large B-cell lymphoma in humanized mice. OCI-Ly18 (DLBCL)-bearing humanized NSGmice were pretreated with 30 mg/kg Gazyva (Gpt) and treated weekly with
escalating doses of CD20-TCB (0.5, 1, 2 mg/kg). Adalimumab (25 mg/kg, TNFa blockade) and tocilizumab (10 mg/kg, IL6R blockade) were given 1 day and 1 hour
before the first CD20-TCB infusion. Dexamethasone (1 mg/kg) was given 1 hour prior to each therapy. Anakinra (10 mg/kg, IL1R blockade) and the NLRP3 inhibitor
(20mg/kg) were administered 1 hour before, 4 hours and 24 hours after the first CD20-TCB infusion as well as 1 hour before and 4 hours after the second CD20-TCB
treatment.A,Bar plot representing the individual levels of cytokines in the peripheral blood 3 hours after the first CD20-TCB infusion,means of n¼ 2–5mice/group�
SEM. Ordinary one-way ANOVA, Tukey multiple comparison test with � , P < 0.05; ��, P < 0.01; ��� , P < 0.001 and ns > 0.99. The levels of cytokines were measured in
serum by Luminex. B, Grouped tumor growth curves, meansþ SEM. Two-way ANOVA on day 25 with �� , P < 0.01 and ns > 0.99. C, Intratumoral CD8þ T-cell count,
24 hours after third CD20-TCB infusion. Tumors were digested, and the counts of CD8þ T-cells were measured by flow cytometry. Bar plots representing the
maximum and minimum values for n ¼ 4 mice.
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antibodies canmediate the activation of endothelial cells, which results
in adhesion and infiltration of peripheral T cells in tumor and/or
healthy tissues (41). Altogether, these data highlight the importance of
vasculature in the safety and efficacy of T-cell–engaging therapies.

To confirm the sequence of events in the cytokine release cascade
and to explore mitigation strategies of the same using clinically
available molecules, we used two human model systems, including
the in vitro whole blood assay, comprising all immune cells, and an
in vivomodel of DLBCL in immunocompetent humanized NSGmice.
The in vitro whole blood assay allows a comprehensive assessment of
the mitigation strategies on CD20-TCB–induced cytokine release,
whereas the in vivo model of DLBCL in humanized NSG mice allows
their parallel assessment of the effects on cytokine release and anti-
tumor activity. The in vivomodel remains limited in the assessment of
cytokine release, as the proportions ofmyeloid cells do notmatch those
observed in humans (42).

Our work indicates that IL6 acts as a downstream cytokine in the
inflammatory cascade. Although tocilizumab is the drug of choice for
the mitigation of CRS, it did not reduce CD20-TCB–induced cytokine
release in vivo and in vitro, suggesting that it may prevent CRS
symptoms via other mechanisms (43). Possibly, the blockade of the
IL6R with tocilizumab could resolve IL6-derived toxicities, including
endothelial cell activation (16). In line with previous findings, we
confirmed that the prophylactic use of tocilizumab retains in vivo
efficacy (20, 23, 38).

We demonstrated that anakinra and the NLRP3 inhibitor, which
targets the upstream inflammasome pathway, attenuatedmyeloid cell-
derived cytokine release (IL1b, MCP-1, IL6, and IL8) while retaining
the antitumor efficacy in vivo (24). This confirmed the early contri-
bution of IL1b in the inflammatory cascade. As shown by Norelli and
colleagues and Giavridis and colleagues, the blockade of the IL1 axis
may be of interest for T-cell–engaging therapies, which are associated
with a risk of neurotoxicity in addition to CRS, which was mainly
observed for T-cell–engaging therapies targeted against the CD19
antigen (21, 22, 44, 45).

The prophylactic blockade of TNFawith adalimumab was themost
efficacious approach to reduce T-cell and myeloid cell–derived cyto-
kines, including IL2, IL1b, IL1Ra, IP-10, IL8, MCP-1, MIP-1a, and
MIP-1b confirming the upstream involvement of TNFa in mediating
the cytokine release cascade. Adalimumab may prevent further acti-
vation ofmyeloid cells and T cells, which both express its receptors and
therefore attenuate the cytokine release cascade (20). In contrast to
other studies, we found that adalimumab interfered with CD20-TCB–
mediated antitumor efficacy in a humanized mouse model of DLBCL.
In this hematopoietic stem cell–humanizedmousemodel, the presence
of human T cells is likely to better recapitulate themode of action of T-
cell engagers, in contrast to a transgenicmousemodel, where surrogate
molecules are needed (23). Further investigations revealed lower T-cell
migration toward cytokine-rich supernatants from cocultures of
PBMCs, tumor cells, CD20-TCB, and adalimumab. This confirms
the importance of TNFa in regulating endothelial cell activation
and subsequently T-cell infiltration into tumors, in line with our
previous findings (3). Consequently, adalimumab may not be the
preferred candidate for the prophylactic mitigation of CRS, especially
for T-cell bispecific antibodies targeted against solid tumors where
T-cell infiltration in the tumor plays an important role in response
to treatment.

In parallel, we also investigated the effects of dexamethasone, which
are widely used in the clinic to mitigate CRS (18). Dexamethasone
reduced CD20-TCB–mediated cytokine release in vitro and prevented
the cytokine elevations in vivo observed upon the first TCB admin-

istration. The effects of dexamethasone on efficacy differed between
in vitro and in vivo settings, possibly due to the difference in their
exposure in both models. Given its short in vivo exposure, dexameth-
asone only transiently interfered with T-cell activation and prolifer-
ation while efficiently reducing the cytokine release, which can cause
CRS (46). This preclinical evaluation translates to recent clinical data
showing that glucocorticoids did not interferewithCD20-TCBefficacy
(ref. 12; ASCO 2022, Dickinson). Along those lines, the use of
glucocorticoids for the management or prophylaxis of CRS was
reported not to interfere with the response after treatment with the
CD19xCD3 bispecific T-cell engager blinatumomab (47).

Collectively, ourwork contributes to the identification of the cellular
and molecular players involved in cytokine and chemokine release
induced by TCB treatment, together with the timing of their upregula-
tion.We show that activated T cells initiate the cascade with the release
of cytokine and chemokine, which, in turn, activate myeloid cells to
amplify the cascade further. In addition to monocytes, we highlighted
the role of the understudied neutrophils and endothelial cells as key
mediators to the inflammatory response induced by TCBs. Targeting
upstream TNFa for the mitigation of CRS may also come with a
decreased T-cell infiltration and efficacy of T-cell–engaging therapies,
as these play an important role in the upregulation of adhesion
molecules on endothelial cells required for T-cell infiltration in the
tumor (3). Our preclinical evaluation of different mitigation strategies
supports the transient use of glucocorticoids for the mitigation of
TCB-mediated CRS, as these potently reduce cytokine release and
preserve antitumor efficacy.
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