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Abstract

Inhibitory myeloid cells and their cytokines play critical roles in limiting chimeric antigen
receptor T (CART) cell therapy by contributing to the development of toxicities and resistance
following infusion. We have previously shown that neutralization of granulocyte-macrophage
colony-stimulating factor (GM-CSF) prevents these toxicities and enhances CART cell functions
by inhibiting myeloid cell activation. In this report, we study the direct impact of GM-CSF
disruption during the production of CD19-directed CART cells on their effector functions,
independent of GM-CSF modulation of myeloid cells. In this study, we show that antigen-
specific activation of GM-CSFXO CART19 cells consistently displayed reduced early activation,
enhanced proliferation, and improved anti-tumor activity in a xenograft model for relapsed B

cell malignancies. Activated CART19 cells significantly upregulate GM-CSF receptors. However,
the interaction between GM-CSF and its upregulated receptors on CART cells was not the
predominant mechanism of this activation phenotype. GM-CSFXC CART19 cell had reduced BH3
interacting-domain death agonist (Bid), suggesting an interaction between GM-CSF and intrinsic
apoptosis pathways. In conclusion, our study demonstrates that CRISPR/Cas9-mediated GM-CSF
knockout in CART cells directly ameliorates CART cell early activation and enhances anti-tumor
activity in preclinical models.

INTRODUCTION

Despite the remarkable activity of CD19-directed chimeric antigen receptor T cell
(CART19) therapy in treating B-cell hematologic malignancies,’ 2 limitations include 1)

the development of potential life-threatening complications such as neurotoxicity (NT) and
cytokine release syndrome (CRS)3 4 and 2) lack of durable response.>~8 Emerging literature
suggests that inhibitory myeloid cells and their cytokines play an important role in inducing
CART cell toxicities and contribute to CART inhibition.®-12 Specifically, and of relevance
to the work presented in this manuscript, granulocyte-macrophage colony-stimulating factor
(GM-CSF) is implicated in the development of NT and CRS after CART19 therapy based on
correlative studies from pivotal clinical trials.13 14
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GM-CSF is produced by macrophages, T cells, NK cells, endothelial cells, and fibroblasts
and plays several roles in the hematopoietic and immune system.1® GM-CSF plays a role in
stimulating stem cells to differentiate into monocytes, granulocytes, and neutrophils.1®> GM-
CSF also activates monocytes and differentiates them into macrophages and is a component
of the immune response to infections.® Following allogeneic transplantation, GM-CSF has
also been demonstrated to drive graft versus host pathology by licensing donor-derived
myeloid cells to produce inflammatory mediators such as interleukin 1p.16 GM-CSF was
also shown to recruit dendritic cells and promote graft versus host disease, amplifying the
activation of alloreactive T cells.16

In an analysis from the pivotal ZUMA-1 clinical trial, which led to FDA approval of the
CART19 product, axicabtagene ciloleucel (Axi-cel), in adults with relapsed or refractory
large B-cell lymphoma, GM-CSF was the most significantly associated cytokine with the
development of CRS and NT.13 Our group identified that neutralization of GM-CSF results
in prevention of CRS and NT while enhancing CART19 anti-tumor activity in preclinical
models.1” Specifically, our work indicated that GM-CSF neutralization with lenzilumab
reduces monocyte activation and decreases inhibitory myeloid cytokines, which in turn
ameliorates the development of CRS, prevents neuroinflammation, and improves CART cell
anti-tumor activity.17- 18 This preclinical work led to the initiation of the ZUMA-19 study, a
phase Ib/1l multi-center study of lenzilumab and Axi-cel as sequenced therapy in adults with
relapsed or refractory large B-cell lymphoma (NCT04314843).19

While GM-CSF is secreted primarily by myeloid cells and contributes to their activation, it
is also produced by T cells.2® We therefore hypothesized that inhibition of GM-CSF during
CART cell manufacturing® may result in reduced GM-CSF levels and decreased monocyte
activation. Indeed, we have shown that CRISPR/Cas9 gene editing of GM-CSF in CART
cells during the ex vivo expansion process generates GM-CSFKO CART19 cells which
produce significantly less GM-CSF while maintaining their effector functions. This work
was recently corroborated by a separate, independent preclinical study using TALENS to
knock out GM-CSF in CAR-T cells.?! In fact, our results indicate that GM-CSFKO CART19
cells exhibit superior anti-tumor activity in xenograft models in which myeloid cells are
lacking. This pointed to a direct impact of GM-CSF on T cells, independent of its role as a
mediator of monocyte activation and monocyte-induced T cell inhibition.

To this end, GM-CSF-producing T cells (ThGM) have been identified as a novel subset of

T cells with unique phenotypic and functional properties.?? Specifically, ThCM cells were
found to induce activation of other T cell subsets, thus amplifying T cell responses.22 ThCM
were also demonstrated to be more susceptible to apoptosis and activation-induced cell death
(AICD).22

We therefore hypothesized that GM-CSFKO CART cells result in modulation of CART cell
activation and enhanced anti-tumor activity independent of the effects of GM-CSF depletion
on myeloid cell activation. In this work, we test this hypothesis and study the direct impact
of GM-CSF knockout on CART cell function.
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MATERIALS/SUBJECTS AND METHODS

Cell lines.

CART Cells.

Sequencing.

The following cells lines were purchased from ATCC: acute lymphoblastic leukemia cell
line Nalm6 (Manassas, VA, USA) and mantle cell lymphoma cell line Jeko-1 (Manassas,
VA, USA). Both cell lines (Jeko-1 and Nalm6) were transduced with a firefly luciferase
ZsGreen (Addgene, Cambridge, MA, USA) and then sorted to obtain >99% positive
population as previously described.1” Cell lines were cultured in R10 or R20 (RPMI

1640, Gibco, Gaithersburg, MD, US), 10% or 20% Fetal Bovine Serum (FBS, Millipore
Sigma, Ontario, Canada), respectively, and 1% Penicillin-Streptomycin-Glutamine (Gibco,
Gaithersburg, MD, US). Cell lines were kept in culture up to 20 passages, and fresh aliquots
were thawed every 7-8 weeks. Cell lines were authenticated by the manufacturer and
routinely checked for phenotype by flow cytometry. Cell lines were tested monthly for
mycoplasma. The use of recombinant DNA in the laboratory was approved by the Mayo
Clinic Institutional Biosafety Committee (IBC).

Generation of constructs, lentiviral production, titration, GM-CSFXC CART19 cells,

and T cell functional experiments were previously described.1”- 18 The CSF2 gRNA
sequence is GACCTGCCTACAGACCCGCC and the non-targeting (Ctrl) gRNA sequence is
GCACTTTGTTTGGCCTACTG.

RNA isolation and analysis were previously described.1” DNA was isolated using
PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA), prepared with Agilent
SureSelectXT (Santa Clara, CA, USA), and sequenced on Illumina HiSeq 4000 (Illumina,
San Diego, CA, USA) by the Medical Genome Facility Genome Analysis Core (Mayo
Clinic, Rochester, MN, USA). Burrows-Wheeler Aligner?® and Genome Analysis Toolkit?4
were used to align reads to GRCh28 and call variants. SAS 9.4 (SAS Institute Inc.,

Cary, NC, USA) was used to find differences and filter by genomic prevalence (allele
frequency <1%).2°> CRISPR/Cas9 target online predictor (CCTop) off-target predictions
were cross-referenced.?8 Single nucleotide variants (SNVs) or insertions/deletions (indels)
were compared between knockouts and controls. In order to determine disruption efficiency
of CRISPR/Cas9 GM-CSF knockout using targeted sequencing through PCR (Polymerase
Chain Reaction) and TIDE (Tracking of Indels by Decomposition) analysis, the latter

using the available software at https:/tide.nki.nl/ as previously described.2” Statistical
testing using Wilcoxon signed-rank test performed using GraphPad Prism version 8.1.1 for
Windows (GraphPad Software, La Jolla, CA, USA, www.graphpad.com).28

Flow Cytometric Analysis.

Extracellular staining, acquisition, and gating were previously described.1” The following
anti-human antibodies were used: anti-CD116 (GM-CSFRa) (clone 4H1) FITC (305906,
BioLegend, San Diego, CA, USA), anti-CD131 (GM-CSFRp) (clone 1C1) PE (306104,

BioLegend, San Diego, CA, USA), GM-CSF (clone BVD2-21C11) BV421 (562930, BD
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Biosciences, San Diego, CA, USA), CD262 (clone DJR2-4) PE (307405, BioLegend,

San Diego, CA, USA), CD3 (clone OKT3) BV421 (317344, BioLegend, San Diego,

CA, USA), CD3 (clone SK7) APC-H7 (560176, BD Pharmingen, San Jose, CA, USA),
CD4 (clone OKT4) FITC (11-0048-42, eBioscience, San Diego, CA, USA), CD8 (clone
SK1) PerCP (344707, BioLegend, San Diego, CA, USA), CD3 (clone OKT3) BV650
(317324, BioLegend, San Diego, CA, USA), CD197/CCR7 (clone G043H7) PE (353203,
BiolLegend, San Diego, CA, USA), CD45RA (clone HI100) APC (304111, BioLegend,
San Diego, CA, USA), (CD45 (clone HI30) BV421 (304032, BioLegend, San Diego, CA,
USA), CD20 (clone L27) PE (302306, BioLegend, San Diego, CA, USA), CD25 (clone
M-A251) PE-Cy7 (557741, BD Biosciences, San Jose, CA, USA), CD69 (clone FN50)
BV785 (310932, BioLegend, San Diego, CA, USA), HLA-DR (clone L243) APC-Fire/750
(307657, BioLegend, San Diego, CA, USA). Absolute quantification was obtained using
volumetric measurement or CountBright absolute counting beads (C36950, Invitrogen,
Carlsbad, CA, USA). Surface expression of CAR was detected by staining with a goat anti-
mouse F(ab’)2 antibody (Invitrogen, Carlsbad, CA, USA). Cytometric data were acquired
using a CytoFLEX Flow Cytometer (Beckman Coulter, Chaska, MN, USA). Gating was
performed using Kaluza version 2.1 (Beckman Coulter, Chaska, MN, USA).

Memory T cell phenotype assay.

Extracellular staining and acquisition were previously described.1” The following
antibodies were used: CD197/CCR7 (clone G043H7) PE (353203, BioLegend, San

Diego, CA, USA), CD45RA (clone HI100) APC (304111, BioLegend, San Diego, CA,
USA), and LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (L34966, Invitrogen,
Carlsbad, CA, USA). The following gating strategy was used to assess different T cell
subsets: Naive Phenotype (CCR7*CD45RA™), Central Memory /Tcp (CCR7TCD45RA"),
Effector Memory Cells re-expressing CD45RA/TgpmRA (CCR7-CD45RA™) and Effector
Memory/Tgpm (CCR7-CD45RA").

Apoptosis assays.

GM-CSFWT CART19 or GM-CSFKO CART19 cells were stimulated with PMA/lonomycin
(Millipore Sigma, Ontario, Canada), CD19" cell line Nalm6, or Cell Therapy Systems
Dynabeads CD3/CD28 (Life Technologies, Oslo, Norway) at different time points (Ohr, 1hr,
2hr, 4hr, 6hr, 1 day, 2 days, 3 days, 4 days, or 5 days). The following amounts were used
for stimulation: 50 ng/mL of PMA, 1 ug/mL of ionomycin, 3:1 ratio of beads:cells, and 1:1
ratio of Nalm6:CART19. Then, cells were spun and washed with flow buffer, followed by
incubation in the dark with the following reagents: CD3 (clone SK7) APC-Cy7 (344818,
BiolLegend, San Diego, CA, USA), Annexin V PE (556421, BD Biosciences, San Jose,
CA, USA), 7-AAD (559925, BD Biosciences, San Jose, CA), and 1X annexin binding
buffer (1:10 dilution of 10X ABB) (556454, BD Biosciences, San Jose, CA, USA). Then,
the expression of Annexin V and 7-AAD on CD3 cells was measured via flow cytometry.
For assays including recombinant exogenous hrGM-CSF (78190, Stemcell Technologies,
Vancouver, Canada), the following doses were added: 100 and 1000 ng/mL. For exogenous
FasL protein (FAL-H5241, ACRO Biosystems, Newark, DE, USA), the following dose was
used: 50ng/mL.
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Degranulation Assay.

CART19 cells were stimulated with PMA/ionomycin (Millipore Sigma, Ontario, Canada)

or CD197 cell line Nalmé for 4 hours. The following amounts were used for stimulation

50 ng/mL of PMA, 1 ug/mL of ionomycin, and 1:5 ratio CART19:Nalm6. This assay was
performed as previously described,1” and flow cytometric staining for GM-CSF, CD3, and
CD69 were assessed by flow cytometry using the antibodies described in the flow cytometry
section.

Bid-knockout CART19 with siRNA.

CART19 cells were washed three times in Opti-MEM (Gibco, Gaithersburg, MD, USA)
and stimulated with CD3/CD28 beads (Life Technologies, Oslo, Norway) at a 1:3 ratio of
beads:cells. 1 million cells were plated per well in a total volume of 1 mL in a 48-well

flat bottom plate (Corning, Corning, NY, USA). The siRNA conditions Bid (Invitrogen,
Carlsbad, CA, USA), control (Invitrogen, Carlsbad, CA, USA), or no siRNA (Opti-MEM,
Gibco, Gaithersburg, MD, USA) were incubated for 5 min with an equal amount of 6%
lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA) diluted in Opti-MEM. The
diluted siRNA conditions were added to the stimulated CART cells at a final dose of 10
pmol/well and incubated for 24 hours. The next day, CART cells were de-beaded and then
incubated with irradiated Nalmé cells (CD19* antigen) at a 1:1 ratio for 2 hours. Cells were
harvested for western blot analysis, and the apoptosis assay was performed.

Western blot.

For immunoblot assays, irradiated CD19" cell line Nalm6 was co-cultured at a 1:1 ratio with
CART19 or GM-CSFKO CART19 cells at different time points (Ohr, 1hr, 2hr, 4hr, 6hr). Cell
pellets were washed with PBS and lysed in 100uL of RIPA buffer (Thermo Fisher, Waltham,
MA, USA), and protein concentration was measured by BCA protein assay (Thermo Fisher,
Waltham, MA, USA). SDS-PAGE gels were used to resolve 30ug cell lysates, and proteins
were transferred to Nitrocellulose membranes via wet transfer. Nitrocellulose membranes
were blocked with 5% BSA in 1X TBS-T wash buffer (10x Tris Buffer Saline [BioRad,
Hercules, CA, USA] + Tween® 20 detergent [Millipore Sigma, Ontario, Canada]) for 1

hr at room temperature. Membranes were incubated overnight at 4°C with the following
antibodies: BID Antibody (human specific) (2002S, Cell Signaling, Danvers, MA, USA)
(dilution 1:1000), Fas (4C3) Mouse mAb (8023S, Cell Signaling, Danvers, MA, USA),

and p-Actin (D6A8) Rabbit mAb (8457T, Cell Signaling, Danvers, MA, USA). Membranes
were washed with 1X TBS-T and incubated with HRP-conjugated secondary antibodies at a
dilution of 1:1000 for 1 hr at room temperature. Blots were revealed using the SuperSignal
West Pico Plus Chemiluminescent substrate (Thermo Fisher, Waltham, MA, USA).

Animal Models.

Six-to-eight-week-old non-obese diabetic/severe combined immunodeficient mice bearing
a targeted mutation in the interleukin (IL)-2 receptor gamma chain gene (NSG) female
mice were purchased from Jackson Laboratories (Jackson Laboratories, Bar Harbor, ME,
USA) and then maintained at the Mayo Clinic animal facility. Five mice were used

per group to balance statistical power and ethical considerations; these experimental
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designs were approved by Institutional Animal Care and Use Committee (A00001767).
Mice were maintained in an animal barrier space that is approved by the Institutional
Biosafety Committee for BSL2+ level experiments (IBC #HIP00000252). Initial blindness
was achieved by assigning numbers to mice and samples, although this is ineffective

once the dramatic difference in results is observed. Mice were intravenously injected

with 1.0x108 luciferase™ JeKo-1 cells. Fourteen days after injection, mice were imaged
with a bioluminescent imager using an IVIS® Lumina S5 Imaging System (PerkinElmer,
Hopkinton, MA, USA) to confirm engraftment. Imaging was performed 10 minutes after
the intraperitoneal injection of 10 pL/g D-luciferin (15 mg/mL, Gold Biotechnology,

St. Louis, MO, USA). Mice were then randomized using the rank-order method based

on their bioluminescence imaging to receive either untransduced T cells, GM-CSFWT
CART19, or GM-CSFKO CART19. Serial bleeding was performed and CD3 was quantified
using flow cytometry. Briefly, mouse peripheral blood was lysed using BD FACS Lyse
buffer (BD Biosciences, San Jose, CA, USA) and stained with anti-human CD3 APC-
Cy7 (344818, BioLegend, San Diego, CA, USA) and anti-mouse CD45 (clone 30-F11)
PE (103106, BioLegend, San Diego, CA, USA). Absolute quantification was performed
using CountBright absolute counting beads (Invitrogen, Carlsbad, CA, USA). Mice were
euthanized for necropsy when moribund, and spleens were harvested. Splenic cells were
rinsed with RPMI 1640 (Invitrogen, Carlsbad, CA, USA), broken up with a 20 mL syringe
plunger (Coviden, Mansfield, MA, USA), and strained with a 70 uM filter (Falcon, Corning,
NY, USA). Then, they were frozen into 3 cryovials with 1 mL of freezing medium
containing 10% DMSO (Millipore Sigma, St. Louis, MO, USA) and 90% FBS (Corning,
Corning, NY, USA). To analyze subsets, the vials were thawed into RPMI and analyzed
using flow cytometry. See memory T cell phenotype assay.

Statistical Analyses.

RESULTS

All statistics were performed using GraphPad Prism version 9.02 for Windows (GraphPad
Software, La Jolla California USA, www.graphpad.com) or DeSeq2.29 Statistical tests are
described in the figure legends. Briefly, one-way ANOVA was used to test the hypotheses
for CAR expression, activation, apoptosis, cytokines, phenotype, and proliferation. Two-way
ANOVA was used to test the hypotheses for apoptosis and GM-CSFR expression across
different timepoints, /7 vivo tumor burden, and log-rank test was used to test the hypotheses
for /n vivo survival. Data was not excluded from statistical analysis.

GM-CSF directly contributes to CART cell activation and apoptosis

To study CART cell activation, we first assessed CART cell apoptosis as measured by the
flow cytometric expression of Annexin V at early activation timepoints following either
antigen-specific stimulation through the CAR (with CD19* Nalmé cells), non-specific
stimulation through the TCR (with CD3/CD28 beads), or non-specific stimulation through
Ca?* influx (with PMA/ionomycin). There were significantly more apoptotic CART19 cells
(Annexin V* 7-AAD~) when CART cells were stimulated via the CAR or PMA/ionomycin
compared to non-specific stimulation through the TCR (Fig. LA-B). Significantly, GM-
CSF* CART19 cells exhibited higher levels of activation through the expression of
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significantly higher levels of CD69 compared to the GM-CSF~ cells with either stimulation
method (Fig. 1C-D). Based on these results, we decided to assess whether GM-CSF directly
affects apoptosis on CART cells. To do this, we co-cultured CART19 with CD19* irradiated
Nalmeé for 4 hours to activate them through their CAR and then added increasing doses of
exogenous GM-CSF (Fig. 1E). In this experiment, we observed that GM-CSF significantly
increased CART cell apoptosis in a dose-dependent manner. This suggests that GM-CSF
contributes to CART cell activation and apoptosis.

Knockout of GM-CSF in CART19 cells enhances their antigen-specific proliferation

To investigate how GM-CSF affects CART cells, we generated GM-CSFKO CART cells
using CRISPR/Cas9 to disrupt GM-CSF (CSF2) in CART19 cells, resulting in CART cells
that produced little to no GM-CSF upon antigen-specific activation through their CAR
(Fig. 2A-B, see method section, CART cells, supplementary Fig. S1). GM-CSF disruption
in CART cells did not affect the transduction efficiency or CAR expression (Fig. 2C),
change the composition of CART cell product (CD4:CD8 ratio) at rest or upon activation
(Fig. 2D), or alter CART cell antigen-specific killing (supplementary Fig. S2). However,
GM-CSFKO CART19 cells exhibited superior antigen-specific proliferation compared to
GM-CSFWT CART19 when stimulated through the CAR19 via a co-culture with irradiated
CD19" Nalmé cells (Fig. 2E). Importantly, while antigen-specific proliferation of GM-
CSFKO CART19 and GM-CSFWT CART19 was initially similar, proliferation significantly
increased in GM-CSFXO CART19 after 5 days following the initial stimulation.

GM-CSF editing of CART19 cells is precise and specific

Having shown that GM-CSFXO CART19 cells exhibit enhanced antigen-specific
proliferation, we aimed to rule out an off-target effect of the CSF2-directed gRNA. We
performed whole exome sequencing (WES) of GM-CSFWT CART19 and GM-CSFKO
CART19 cells. Using CRISPR/Cas9 to disrupt CSF2 resulted in a knockout efficiency

of 60-70% (supplementary Fig. S3A). WES of the modified cells showed no significant
difference in single nucleotide variants (SNV) or indels between GM-CSFXO and control
(GM-CSFWT) CART19 cells (supplementary Fig. S3B). WES was only significant for
alterations in the intended gene target (supplementary Fig. S3C-D). The high precision and
specificity of targeting GM-CSF exon 3 indicated that improved CART function is unlikely
due to an off-target effect of the guide RNA, suggesting a direct effect of GM-CSF inhibition
on CART cells.

GM-CSFKO CART19 cells exhibit a distinct transcriptomic and immunophenotypic profile

Since our WES data suggest that the improved efficacy of GM-CSFKO CART19 cells is

not due to an off-target effect caused by CRISPR/Cas9 genome editing, we decided to
examine the different activation pathways in resting GM-CSFKO and GM-CSFWT CART19
cells compared to Ctrl gRNA CART19 at the end of the CART cell manufacturing

process (see methods). Transcriptome interrogation revealed 46 genes that were significantly
downregulated in resting GM-CSFKO CART19 but upregulated in both resting GM-CSFWT
CART19 and Ctrl gRNA CART19 (Fig. 3A). Gene set enrichment analysis demonstrated
that the creatine kinase pathway was most significantly altered after GM-CSF disruption

in CART19 cells (Fig. 3B), which is associated with the regulation of T cell activation.30
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Also of interest is the alteration of CCN1, which regulates Fas-mediated apoptosis.3! These
results suggest that GM-CSFXO CART cells have altered susceptibility to activation and
potentially apoptosis at their baseline.

To validate the transcriptome findings from our RNA-seq, we interrogated the surface
expression of various surface activation proteins on GM-CSFXO CART19. Lower activation
levels in the edited CART19 were first indicated by a significant difference in CD3 and
CD45 expression (Fig. 3C). Twenty-four hours following antigen-specific stimulation, GM-
CSFXO CART19 also expressed lower levels of CD69, HLA-DR, and CD25 compared

to GM-CSFWT CART19 (Fig. 3D), indicating reduced initial levels of T cell activation.
Collectively, our data indicate that GM-CSF disruption in CART cells reduces their initial
activation and enhances their antigen-specific proliferation.

GM-CSF disruption in CART19 cells dampens early activation and improves anti-tumor

activity

Having demonstrated that GM-CSFXO CART19 cells have altered activation levels based

on their transcriptomic and immunophenotypical profiles, we next aimed to study their
expansion kinetics and functional profile /n vivo. We used a xenograft model for relapsed
lymphoma to study the impact of GM-CSF knockout of CART19 /n vivo (Fig. 3E).

Here, NSG mice were engrafted with the CD19" mantle cell lymphoma cell line JeKo-1

and then randomized to receive control T cells, GM-CSFXO CART19, or GM-CSFWT
CART19. GM-CSFKO CART19 cells exhibited significantly enhanced proliferation (~4-
fold difference) after 20 days of treatment and significantly improved anti-tumor activity
(Fig. 3F=G). Importantly, GM-CSFKO CART19 cells were also able to prevent late
lymphoma relapse compared to GM-CSFWT CART19 during days 30-50 post-treatment.

To investigate whether this effect is due to enhanced persistence or a shift into a memory
phenotype, we measured the expression of CCR7 and CD45RA on CART19 cells using flow
cytometry. There was no difference in CCR7-CD45RA™ effector memory T cells (Tgm),
CCR7*CD45RA"™ central memory T cells (Tcp), CCR7-CD45RA™ effector memory T cells
re-expressing CD45RA (TgmRA), or CCR7TCD45RA* Naive T cell phenotype in vitro after
CART cell manufacturing or /n vivo by examining T cell subsets in spleens harvested from
our /in vivo experiment (see supplementary Fig. S4A-B). This suggests that the enhanced
CART efficacy is not related to a shift in memory phenotype.

GM-CSFKO CART19 are intrinsically more resistant to apoptosis

We then investigated the mechanisms by which GM-CSF alters CART cell activation levels.
First, we studied whether CART cells express GM-CSF receptors. While resting CART19
cells do not express any GM-CSF receptors (GM-CSFR), our experiments indicate that
activated CART cells significantly upregulate both GM-CSFR a and p subunits. This
finding was significant when T cells or CART19 cells were non-specifically activated
through their T cell receptors (Fig. 4A-B). Additionally, both GM-CSFK® and GM-CSFWT
CART19 cells upregulated GM-CSFRa and GM-CSFRp when activated through the CAR
with irradiated CD19" Nalmé cells (Fig. 4C-D).
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Collectively, our data indicate that 1) GM-CSF-producing T cells are significantly more
activated than GM-CSF-negative CART cells, 2) GM-CSFXO CART cells have a distinct
transcriptional, immunophenotypical, and functional profile associated with altered levels of
activation, and 3) activated CART cells express high levels of GM-CSF receptors. Thus, we
aimed to study whether these effects are predominantly through the interaction of GM-CSF
with its upregulated receptors. To test this interaction, we generated CART19 cells in the
presence of the GM-CSF-neutralizing antibody lenzilumab (see methods, and supplementary
Fig. S5). Following generation of CART19 cells in the presence of lenzilumab, we measured
their apoptosis after antigen-specific stimulation. There was no difference in apoptotic

cells (Annexin® 7ZAAD™) between 1) GM-CSFWT CART19 cells generated in the presence
of lenzilumab, 2) GM-CSFWT CART19, or 3) GM-CSFWT CART19 co-cultured with
lenzilumab either at early timepoints of activation (Fig. 5A) or at extended timepoints (Fig
5B). Furthermore, while a co-culture of exogenous GM-CSF with GM-CSFWT CART19
was associated with increased apoptosis (see Fig. 1E), there was no change in apoptosis of
GM-CSFKO CART19 cells when co-cultured with exogenous GM-CSF. This suggested to us
that the interaction between GM-CSF and its upregulated receptors is not the predominant
mechanism for GM-CSF modulation of CART cell activation (Fig. 5C).

Since our transcriptomic data showed that downregulation of the Fas-regulating gene CCN1
was unique to GM-CSFKO CART19, we wanted to study regulators of activation and
apoptosis in GM-CSFXO CART19 cells. Following GM-CSF disruption in CART19 cells,
there was a consistent reduction in the pro-apoptotic protein BH3 interacting-domain death
agonist (Bid) (Fig. 5D-E). Knockout of Bid in GM-CSFWT CART19 cells resulted in a
similar phenotype with reduced apoptosis (supplementary Fig. S6). GM-CSFKO CART19
cells exhibited a consistent reduction of the death receptor Fas (Fig. 5F-G). To study

the impact of Fas:FasL interactions on CART19 apoptosis, we added exogenous FasL to
both GM-CSFWT and GM-CSFXO CART19. FasL significantly increased the apoptosis of
GM-CSFWT CART19 but not GM-CSFKO CART19 (Fig. 5H).

DISCUSSION

In this report, we established the efficacy of GM-CSFXO CART19 cells as a potential
independent therapeutic option in B cell malignancies with enhanced anti-tumor activity and
reduced GM-CSF levels. We describe a novel mechanism by which GM-CSF affects CART
cell function through increased susceptibility to early activation. We identified that activated
CART cells upregulate GM-CSF receptors, and that GM-CSF disruption in CART cells
ameliorates their early activation and enhances their /n7 vivo proliferation and anti-tumor
activity.

Many efforts are ongoing to enhance CART cell /n vivo expansion and anti-tumor activity
by using strategies to non-specifically stimulate CART cell proliferation or re-stimulate
CART cells after infusion, utilizing synthetic biology or combination therapy to edit their
exhaustion pathways or prevent their apoptosis.32: 33 However, this often improves CART
efficacy at the cost of the CART safety profile: most of these approaches are associated
with increased production of inflammatory cytokines and higher risk for the development
of CART-associated toxicities such as CRS and NT (efficacy/toxicity linkage). In contrast,
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our data indicate that GM-CSF knockout in CART cells results in enhanced CART cell
proliferation and anti-tumor activity, while being associated with a marked reduction in
GM-CSF levels.

Preclinical studies and correlative science from CART19 clinical trials have shown that
inhibitory myeloid cells and their cytokines (such as IL-1, IL-6, and GM-CSF) are major
players in both inducing CART cell toxicities and limiting anti-tumor effects.® Depleting
IL-6 with monoclonal antibodies is the mainstay for management of CART cell toxicities

in the clinic. While we and others have demonstrated that GM-CSF induces monocyte
activation and results in both propagation of CRS and inhibition of CART cells,® 1517 3
direct impact of GM-CSF on CART cell function independent of myeloid cells has not been
reported.

The finding of altered CART activation following GM-CSF disruption in CART cells has
significant therapeutic implications. It has become increasingly evident that CART cells
are susceptible to apoptosis and AICD,34 3% and that CART cell apoptosis limits their anti-
tumor activity.3®> CART cells upregulate Fas, FasL, TRAIL, and TRAIL-R and are prone to
Fas- and TRAIL-mediated death when a threshold of cell activation is reached.3# 36.37 The
interaction between Fas-FasL within the CART cells and tumor microenvironment limits
both CART persistence and anti-tumor efficacy,32 and genetic engineering of the CAR to
include a Fas dominant negative receptor has been shown to enhance anti-tumor activity
and persistence in solid tumor models.32 In a different approach, modification of CART
cell activation has been accomplished through modulation of CART cell antigen binding by
using a lower affinity single chain variable fragment in the CAR design.33 However, these
strategies — aimed at ameliorating CART cell apoptosis and nonspecifically enhancing their
proliferation — are associated with increased inflammatory cytokine secretion and CART
cell-associated toxicities.

Our study builds on two independent observations: correlative science of clinical trials
which indicates that GM-CSF is significantly associated with CART cell toxicities, and our
prior report which has demonstrated that GM-CSF neutralization results in prevention of
CART cell toxicities in preclinical xenograft models while enhancing CART efficacy.’ In
the near term, a major limitation to novel strategies aimed at improving CART cell efficacy
is maintaining a balance between enhancing efficacy and minimizing toxicity. In contrast,
the use of GM-CSFXO CART cells has the potential to break the efficacy/toxicity linkage
associated with CART19 therapy in the clinic and can be applied to other CAR constructs.

Our experiments strongly indicate that GM-CSFXO CART19 cells have a distinct
transcriptomic and immunophenotypical profile characterized by altered activation upon
antigen-specific stimulation. Corroborating this phenotype, GM-CSFKO CART19 cells
exhibited an enhanced proliferation and anti-tumor effect in our xenograft models /n vivo.
These findings are consistent with the knowledge that GM-CSF-producing T cells are
exquisitely susceptible to AICD?2 and our initial findings that GM-CSF-producing CART19
cells are more activated compared with GM-CSF-negative CART19. While exogenous GM-
CSF increased CART19 apoptosis, our study demonstrates that the interaction between
GM-CSF and its upregulated receptors in not the predominant mechanism for altered
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activation of GM-CSFXO CART19. It is possible that different GM-CSF levels result in
different activation profile, and we plan to investigate further in a follow-up study. Our
investigation also demonstrates that GM-CSFKO CART19 cells are more resistant to Fas-
mediated apoptosis. Experiments to elucidate the exact mechanisms of this interaction are
ongoing will be reported in a subsequent manuscript.

With respect to limitations, CRISPR/Cas9 editing of CART cells has been reported to
induce chromosomal breakage and genomic instability following gene disruption.38 Cas9-
directed double strand breaks leads to the initiation of two common repair mechanisms:
homology-directed repair and non-homologous end joining (NHEJ). In future applications,
if needed, efforts to minimize chromosomal breakage can be employed. Such efforts include
using novel Cas proteins such as Cas12a or suppressing NHEJ using gene depletion or
microinjection of ssSRNAs. Unlike Cas9, Cas12a generates staggered DNA cuts instead

of blunt ends, leading to more predictable repair. Our work has indicated that Cas12a
results in superior gene knockout to Cas9 in CART cells.3® NHEJ introduces random
insertions and deletions and has been shown to be critical in inducing chromosomal
translocations in human cells;%0 leveraging alternative DNA repair pathways may lead to
reduced chromosomal breakage.

As reports continue to demonstrate clinical safety and feasibility of CRISPR-modified
CART cells in the clinic,*! CRISPR/Cas9 GM-CSFXO CART19 could represents a potential
independent therapeutic strategy in B cell malignancies. These data presented in this report
suggest a significant advantage for using GM-CSF knockout CART cells, which results in a
direct effect on CART cell efficacy in addition to a reduction of GM-CSF levels, monocyte
activation, and CART19-related toxicities. In fact, three patients were recently treated with
GM-CSFKO CART cells in a pilot clinical trial. Patients achieved a complete response of the
disease without developing CRS or NT.42

In conclusion, our study reveals that GM-CSF disruption in CART19 cells reduces their
early activation and thus enhances their proliferation and anti-tumor effects. These findings
uncover a new mechanism of resistance to CART cell therapy and importantly illuminate

a new avenue to favorably alter CART cell activation through the genetic disruption of
GM-CSF.
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Fig. 1. GM-CSF directly contributesto CART cell activation and apoptosis. (A) GM -CSFWT
CART19 cells are more apoptotic when stimulated through the CAR (CD19* Nalm6) than TCR
(CD3/CD28 beads).

CART19 cells were co-cultured with CD19* cell line Nalm6 (CAR stimulation), CD38/
CD28 beads (TCR stimulation), and PMA/ionomycin (Ca?* influx stimulation). Flow
cytometric staining for Annexin V, 7-AAD, and CD3 was performed at Ohr and 2hr (two-
way ANOVA; ** p-value <0.01, *** p< 0.001, **** p<0.0001; 4 biological replicates,

2 technical replicates; error bars, SEM). (B) Representative flow plot of showing the
expression of GM-CSFWT CART 19 showing apoptotic cells. (C-D) GM-CSF* CART19
cells express higher levels of the activation marker CD69. CART19 cells were co-
cultured either in the presence of the CD19* cell line Nalmé (C) or PMA/lonomycin (D) for
a 4hr degranulation assay. Flow cytometric analysis of CD3, CD69, and intracellular GM-
CSF was performed (one-way ANOVA,; *** p-value < 0.001, **** p< 0.0001, 1 biological
replicate, 3 technical replicates; error bars, SEM). (E) Exogenous hr GM-CSF increases
CART19 cell apoptosisin a dose-dependent manner. CART19 cells were co-cultured
with CD19* cell line Nalm6 and increasing doses of human recombinant GM-CSF (0,

100, and 1000 ng/mL). Flow cytometric staining for Annexin V, 7-AAD, and CD3 was
performed after 4 hours (one-way ANOVA; ** p <0.01, *** p <0.001; 1 biological replicate,
2 technical replicates; error bars, SEM).
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Fig. 2. GM-CSF knockout via CRI SPR/Cas9 does not impair CART 19 production and effector
functions. (A-B) CRISPR/Cas9 depletion of GM-CSF in CART19 cells produced littleto no
GM-CSF upon CAR19 stimulation.

Representative flow plot (A) or bar graph (B) showing the levels of GM-CSF detected

on live CD3+ cells by intracellular flow cytometric staining upon stimulation with CD19*
cell line Nalm6 for 4 hours (one-way ANOVA, **** n<0.0001; 4 biological replicates,

2 technical replicates; error bars, SEM). (C) CAR19 expression ishot impaired by
depletion of GM-CSF via CRISPR/Cas9. Representative flow plot showing no differences
in CAR19 expression between GM-CSFWT vs GM-CSFXO CART19 cells after CAR19
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stimulation via flow cytometric staining (one-way ANOVA, ns = not significant; 4 biological
replicates; error bars, SEM). (D) GM-CSF disruption does not affect the composition of
CART19 (CD4:CD8ratio) at rest or upon activation. UTD, GM-CSFWT or GM-CSFKO
CART19 cells were co-cultured with either CD19™ cell line Nalmé6 (CAR stimulation), CD3/
CD28 beads (TCR stimulation) or PMA/ionomycin (Ca2* influx stimulation) for 5 days,
followed by flow cytometric staining of CD4 and CD8 staining (one-way ANOVA, ns = not
significant; 2 biological replicates, 2 technical replicates; error bars, SEM). (E) GM-CSFKO
CART 19 show enhanced delayed proliferation. GM-CSFKO and GM-CSFWT CART19
cells were co-cultured with irradiated CD19+ cell line Nalm6, and cell counts were obtained
daily for 6 days (one-way ANOVA, * p < 0.05; 2 biological replicates, 1 technical replicate;
error bars, SEM).
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Fig. 3. GM-CSF disruption on CART 19 modulates early activation and anti-tumor activity.
(A) Comparison of gene expression between GM-CSFKO CART19 cellsand control.

Differential expression by heatmap on RNA isolated from GM-CSFWT CART19 cells,
GM-CSFKO CART19, and non-targeting gRNA control CART19 on day 8 of CART
expansion (p-value < 0.01, 3 biological replicates). (B) Activation pathways are enriched
in GM-CSFKXO CART19. Gene set enrichment analysis of genes that are significantly
downregulated in GM-CSFXO CART19 (p-value < 0.01) but upregulated in GM-CSFWT
CART19 and control gRNA CART19 using Enrichr (p-value < 0.05). (C-D) GM-CSFKO
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CART19 cells showed altered expression levels of T cell activation markers. GM-CSFKO
or GM-CSFWT CART19 cells were co-cultured with CD19" Nalmé at an E:T ratio of 1:5
for 24hrs and flow cytometric staining was performed in order to measure CD3 (A), CD45
(B), CD69 (C- D), HLA-DR (E-F) and CD25 (G-H) (one-way ANOVA; ** p < 0.01, *** p
<0.001, **** p < 0.0001; 2 biological replicates, 2 technical replicates; error bars, SEM).
(E-H) GM-CSF disruption reduces early CART cell activation and shows prolonged
expansion in an in vivo JeKo-1 relapse xenogr aft model. Experimental schema showing
NSG mice engrafted with the CD19* luciferase™ cell line JeKo-1 (1 x 106 cells intravenous
[i.v.] and randomized to treatment with UTD T cells, GM-CSFWT CART19 cells, and
GM-CSFKO CART19 cells (1 x 108 cells i.v.) (E). Tumor burden by bioluminescent imaging
over 20 days after CART cell therapy (two-way ANOVA; *** p<0.001; n = 5 mice per
group; error bars, SEM) (F). (G) GM-CSFKO CART 19 cells exhibit enhanced delayed
proliferation in vivo. Peripheral blood analysis of UTD, GM-CSFWT CART19 and GM-
CSFKO CART19 cells in which CD3* cells were quantified (one-way ANOVA, *** p <
0.001; n =5 mice per group; error bars, SEM).
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Fig. 4. Activated T cellsand CART 19 cells express high levels of GM-CSF receptors.
(A-B) GM-CSF receptors (a and B subunits) are activated upon of TCR activation

on UTD cellsor CART 19 cells. Untransduced (UTD) T cells (A) or CART19 cells (B)
were stimulated over a 6-day expansion period with CD3/CD28 beads. Flow cytometric
analysis was performed on GM-CSF2R a and B subunit expression on days 0, 1, 3 and

6 (representative figures). (C) Representative flow plot of the GM-CSF2R a and B
expression on stimulated T cellsat 2 hoursand 3 days. (D) GM-CSFWT CART19 and
GM-CSFKXO CART19 express GM-CSF2R a and g when activated through their CAR.
UTD, GM-CSFKO and GM-CSFWT CART19 cells were co-cultured with CD19* cell line
Nalm6 and assessed with flow cytometry at 24 hours (two-way ANOVA; ** p-value <0.01,
*** n< 0.001, **** p<0.0001; 3 biological replicates, 2 technical replicates; error bars,
SEM).
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Fig. 5. GM-CSFKO CART19 areintrinsically moreresistant to apoptosis. (A-B) Apoptosisis not
impaired in CART 19 cellsthat were produced in the presence of anti-GM-CSF antibody.

CART19 or CART19 cells generated in the presence of anti-GM-CSF antibody were co-
cultured in the presence of CD197 cell line Nalm6. CART19 was co-cultured with and
without GM-CSF Ab. Flow cytometric staining for Annexin V, 7-AAD, and CD3 was
performed at early timepoints (Ohr, 1hr, 2hr, and 4hr; A) or later timepoints (1, 2, 3, 4,

and 5 days; B) (two-way ANOVA; ns = not significant; 3 biological replicates, 3 technical
replicates; error bars, SEM). (C) Exogenous hr GM-CSF increases GM-CSFWT CART19
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cell apoptosis but not GM-CSFKO CART 19 apoptosis. CART19 cells were co-cultured
with the CD19* cell line Nalm6 and increasing doses of human recombinant GM-CSF (0,
100, and 1000 ng/mL). Flow cytometric staining for Annexin V, 7-AAD, and CD3 was
performed after 4 hours (one-way ANOVA; ** p <0.01, *** p <0.001; 1 biological replicate,
2 technical replicates; error bars, SEM). (D-G) GM-CSFKO CART19 cells exhibit reduced
Bid and Fas expression. GM-CSFWT CART19 and GM-CSFKO CART19 cells were co-
cultured with CD19* Nalm6. Western blot for Bid was performed at Ohr, 2hr, 4hr, and 6hr
(D-E) and western blot for Fas was performed at Ohr, 1hr, 2hr, and 4hr (F-G) (representative
figure of 3 biological replicates, 1 technical replicate per biological replicate). (H) Addition
of exogenous human Fasligand (FasL) resultsin increased apoptosison GM-CSFWT
CART19 cellsbut not on GM-CSFKO CART19 cells. GM-CSFWT CART19 and GM-
CSFKO CART19 cells were co-cultured with CD19* Nalmé in the presence or absence of
50 ng/mL of exogenous FasL for 2 hours. Apoptosis was measured via flow cytometric
staining of Annexin V, 7-AAD, and CD3 (one-way ANOVA,; ns = not significant, * p<0.05;
1 biological replicate, 2 technical replicates; error bars, SEM).
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