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1. Abstracts (Zusammenfassung)

1.1.  Zusammenfassung

Eine gezielte Modifikation des menschlichen Genoms ermdglicht die Entwicklung von
neuartigen Therapien fur vererbte und erworbene Erkrankungen. Seit der Entdeckung
des programmierbaren Nukleasesystems in Bakterien avanciert die CRISPR-Cas9
Technologie zum meist angewendeten System fur die gezielte Genmodifikation. Fur
therapeutische Ansatze mussen Protokolle entwickelt werden, die eine effiziente und
prazise Veranderung der Zellen ermoglichen. Zusatzlich sollte eine sorgfaltige
Evaluation maoglicher Sicherheitsrisiken der Technologie durchgefuhrt werden, um
eine Risiko-Nutzen-Analyse zur klinischen Anwendung anzufertigen.

Die vorgelegten Arbeiten beschreiben eine neue virus-freie Methode zur
Geneditierung mit  CRISPR-Cas9.  Elektroporation von  CRISPR-Cas9
Ribonukleoproteinen ermdglicht eine hoch-effiziente Mutagenese von Genen in
unterschiedlichen primaren humanen hamatopoetischen Zellen bei geringer Toxizitat.
Das entwickelte Protokoll kann fur unterschiedliche Zellarten adaptiert werden, die als
schwer transfektierbar galten. Beispielsweise konnten primare Leukamiezellen
genetisch verandert werden, um Antigenverlust nach antigen-spezifischer
Immuntherapie in vitro und mehreren Xenograft-Modellen zu simulieren.

Die hohe Effizienz und geringe Toxizitat erlauben die Adaption des Protokolls fur
klinische Anwendungen. Im Hinblick auf den Einsatz der Technologie im Menschen
wurde die Immunogenitat des am haufigsten genutzten Cas9 Proteins aus dem
Bakterium Streptococcus pyogenes (SpCas9) untersucht. SpCas9-reaktive T-Zellen
wurden in 95% der Erwachsenen detektiert. Angereicherte SpCas9-reaktive Effektor
T-Zellen eliminierten SpCas9-uberexprimierende Zielzellen in vitro.
Zusammenfassend konnte eine Methode etabliert werden, um Gene in primaren
humanen Zellen — inklusive T-Zellen — hoch-effizient und spezifisch zu verandern. Die
transiente Anwendung mittels Ribonukleoproteinkomplexen wurde als zusatzlicher
Sicherheitsvorteil identifiziert, da die meisten Menschen Uber ein T-Zell-Gedachtnis mit
Spezifitat fur Cas9 von Streptococcus pyogenes verfugen. Immunitat konnte durch
Kolonisierung und Infektionen durch fakultativ-pathogene Bakterien ausgelOost werden,
aus denen das jeweilige CRISPR-Cas System hervorgeht. Die hohe Pravalenz von
Cas9-spezifischen T-Zellen stellt ein vorher unerkanntes Sicherheitsheitsrisiko fur die

Anwendung von CRISPR-Cas9 in Menschen dar.
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1.2. Abstract

Targeted editing of the human genome enables the development of novel treatment
options for inherited and acquired diseases. Since the discovery of the programmable
nuclease system in bacteria, the CRISPR-Cas9 technology has become the most
commonly used tool for gene editing. Therapeutic application of the technology in
human patients requires the development of protocols for its effective delivery into the
cells of interest with minimal toxicity as well as a careful safety evaluation.

The works underlying this thesis describe a novel vector-free method for gene editing
with CRISPR-Cas9. Electroporation of CRISPR-Cas9 ribonucleoproteins was used to
achieve targeted mutagenesis in primary hemopoietic cells with high efficiency and
little toxicity. The established protocol can be adapted for many cell types that were
previously thought to be hard to transfect. Exemplary, CRISPR-Cas was used to
modify primary human leukemia cells in order to then simulate antigen-escape after
antigen-directed immunotherapies in vitro and in various xenograft models.

While high efficiency and minimal toxicity allow the adaption of the method for clinical
applications, immunogenicity of Cas9 protein represents an unaddressed safety
concern for its use in human patients. Therefore, T cell responses toward the most
commonly used Cas9 nuclease protein from the bacterium Streptococcus pyogenes
(SpCas9) were evaluated in healthy human adults. SpCas9-reactive T cells were
detected in 95% of the healthy donors. Enriched SpCas9-reactive T cells lysed
SpCas9-overexpressing target cells.

In summary, a method was established to specifically mutagenize genes in primary
hematopoietic cells at unprecedented efficacy. Furthermore, transient delivery of
CRISPR-Cas9 components was identified as an additional safety advantage, because
most healthy human adults exhibit preexisting T cell memory against SpCas9.
Immunity to Cas9 proteins could occur by colonization or infections with the
commensal or facultative-pathogenic bacterial species from which they originated. The
high prevalence of pre-existing Cas9-specific T cells highlights a previously
unrecognized risk for CRISPR-Cas9 applications in humans.
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1.3.  Graphical abstract
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Graphical abstract was created with BioRender (www.biorender.com)
and flow cytometry data of Gundry et al. 2016
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2. Introduction and current state of research

2.1.  Prospects and challenges of gene therapy

Gene therapy is becoming a cornerstone of regenerative medicine.(Anguela & High,
2019) Contrary to many regular pharmaceutical interventions, both in vivo and ex vivo
gene therapies aim to introduce therapeutic genes into human cells for long-term
expression and clinical benefit after a single application (Anguela & High, 2019). To
this end, the gene of interest is usually transferred by a vector, most commonly an
engineered non-replicative virus (Anguela & High, 2019). While under development
since the 1990s, the field has been stalled because of genotoxicity and immunogenicity
issues of the viral vectors. Infusions of ex vivo modified hematopoietic stem cells with
randomly integrating lentiviral vectors led to the development of leukemia in some
patients (Hacein-Bey-Abina et al., 2003). Furthermore, systemic high dose application
of an adenovirus-based gene therapy induced an overwhelming immune response
against the vector, killing 18 year old patient Jesse Gelsinger (Raper et al., 2002).

In the last two decades, the discovery of safer viral vectors has led to the slow
reemergence of gene therapy with several successful clinical trials (Anguela & High,
2019). A few commercial products have been approved for inherited rare diseases
including retinal dystrophy (Luxturna, Spark Therapeutics), severe combined
immunodeficiency disorder (Strimvelis, GlaxoSmithKline) and spinal muscular atrophy
(Zolgensma, Novartis). The vast majority of the ongoing and completed clinical trials
until 2017 were performed in the cancer field (Anguela & High, 2019). A very prominent
example of the gene therapy developments in oncology is the employment of ex vivo
modified T cells that are redirected to recognize and kill leukemia cells by the
introduction of so-called Chimeric Antigen Receptors (CAR) specific for the common B
cell antigen CD19 (Maude et al., 2014).

Interestingly, the pioneers of gene therapy tested these approaches without full
knowledge of the human genome. After the successful sequencing of >94% of the
human genome in 2001, it was expected that this information could be used to identify
errors that cause disease and ultimately rewrite the code of life for the eradication of
inherited disease (International Human Genome Sequencing Consortium, 2001).
However, precise and efficient modification of a specific disease-causing mutation in
human cells was not achieved until 2005 (Urnov et al., 2005). In their seminal study,

Urnov et al. demonstrated that the induction of DNA double strand breaks at a specific
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location in the human genome and co-delivery of a homologous DNA donor template
could be used to introduce a targeted change by exploiting the endogenous
homologous recombination DNA repair pathway.

In the last decade, the new excitement about gene therapy was drastically amplified
by the discovery that the bacterial defense system CRISPR-Cas could be harnessed
to specifically cut DNA in 2012 (Jinek et al., 2012). While other site-specific nuclease
systems such as zinc-finger nucleases had already been in development since 1996,
the ease of target customization and generally high efficiency as well as moderate

specificity make CRISPR-Cas the most popular gene editing tool today.
2.2.  CRISPR-Cas9 technology for gene editing in T cells

The most frequently used CRISPR-Cas system was originally derived from
Streptococcus pyogenes (SpCas9) (Jinek et al., 2012). In its essential format for
genome editing, it consists of the Cas (CRISPR-associated) protein and the single
guide RNA (sgRNA), which is typically 100 nucleotides long (Mali et al., 2013). A
specific scaffold sequence, that was derived from the bacterial trans-activating RNA,
enables binding of the sgRNA to the SpCas9 nuclease (Mali et al., 2013). Cas9-sgRNA
complexes scan the DNA by three dimensional diffusion.(Sternberg et al., 2014) Once
the SpCas9 protein binds to its protospacer-adjacent-motif (PAM, SpCas9: 5-NGG-
3’), its motion is halted (Sternberg et al., 2014). The protein’s nuclease function
becomes activated after successful Watson-Crick base-pairing of the 20 nucleotides
“spacer” sequence of the sgRNA’ to the target strand of the DNA (Mali et al., 2013).
Altering the spacer sequence allows for targeting any 20 base pairs sequence in the
genome with the only constraint being the presence of the PAM motif NGG (Jinek et
al., 2012; Sternberg et al., 2014). PAM sequence, guide RNA format and spacer
lengths vary between Cas nucleases from different species (Makarova et al., 2020).

Once introduced into the nucleus of human cells, the CRISPR-Cas technology results
in fast and irreversible modification of the human genome (Cong et al., 2013). Through
the efficient and repetitive induction of DNA double strand breaks at the target site in
the genome, the cell’s error prone non-homologous end joining leads to insertions and
deletions during DNA repair (Porteus, 2019). This may create a frameshift in the coding
sequence and premature stop codons, which abrogate the translation of functional or
full-length proteins (Cong et al., 2013). Similar to other nuclease systems, co-delivery

of DNA templates allows homology-directed repair to correct mutations or introduce
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new sequences (Porteus, 2019).

For clinical application, the components need to be efficiently delivered into the cells
(Porteus, 2019). Through artificially attached nuclear-localization sequences, the Cas
proteins can be shuttled into the cell’'s nucleus (Cong et al., 2013). Most initial studies
focused on the delivery via DNA plasmids (Cong et al., 2013; Mali et al., 2013; Mandal
et al., 2014). Low efficiency and considerable toxicity prevented their widespread use
for human T cell modification (Mandal et al.,, 2014). The delivery of Cas9-sgRNA
ribonucleoprotein complex yielded increased efficiency with gene editing in up to 50%
of the transfected T cells (Hendel et al., 2015; Schumann et al.,, 2015). The
aforementioned studies lead to the hypothesis that application of preformed complexes
of protein and sgRNA will achieve highly efficient gene disruption at the gene of interest
without major reduction in the cells’ viability. Additionally, “hit-and-run” approaches that
deliver the active nuclease components for editing do not harbor the risk for insertional
mutagenesis because they cannot be integrated and are quickly degraded in the cells
(Porteus, 2019).

2.3.  Safety risks of CRISPR-Cas gene editing

The safety of CRISPR-Cas gene editing must be carefully evaluated to create an
informative and complete risk and benefit analysis. The major concern of CRISPR-Cas
for clinical practice are unintended off-target effects of the nuclease activity (Porteus,
2019). Mutagenesis of tumor suppressors or protooncogenes could induce cancerous
properties within the modified cells. For T cell therapeutics, the risk of such an event is
considered to be low, because in over two decades of clinical experience with randomly
inserting retroviral vectors no case of leukemic transformation has been reported
(Scholler et al., 2012). Recently, one case has been described where the expression
cassette of a CD19-specific chimeric antigen receptor integrated into the locus of the
known protooncogene Tet2 (Fraietta et al., 2018). Surprisingly, the patient’s leukemia
was completely eradicated by CAR T cells derived from a single clone with the
described Tet2 integration site, but the frequencies of Tet2-disrupted CAR T cells
declined after successful tumor clearance and appeared not to pose a safety risk
(Fraietta et al., 2018). Nevertheless, the lack of experience with the CRISPR-Cas
technology warrants a stringent evaluation of unwanted gene editing events before
clinical practice despite a relatively low risk of malignant transformation of terminally

differentiated cell type like T cells.
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While immunity was one of the major obstacles in early gene therapeutic trials,
immunogenicity of the CRISPR-Cas system has only been addressed by few studies
in humans (Charlesworth et al., 2019; Simhadri et al., 2018; Wagner et al., 2019). In
2015 and 2016, first studies in immunocompetent mice showed that the SpCas9
protein has the inherent capacity to induce an adaptive immune response via the
production of antibodies as well as SpCas9-specific T cell responses (Chew et al.,
2016; Wang et al., 2015). Long-lasting overexpression of the SpCas9 protein may
therefore lead to the destruction of cells expressing the SpCas9 protein through Cas9-
specific CD8+ T cells (Chew, 2018). However, preexisting T cell immunity could
eliminate gene edited cell products that display Cas9 fragments on their cell surface.
Preexisting neutralizing antibodies reportedly reduce the efficacy of viral gene
therapies and patients with neutralizing antibodies are consistently excluded from
clinical trials (Anguela & High, 2019). While only few applications aim to deliver SpCas9
systemically, antibodies could deplete free active nuclease prior to entering its target
cells, thereby reducing its efficacy (Chew, 2018).

The bacteria from which the most popular Cas systems were adapted are well known
human pathogens (Makarova et al., 2020). Streptococcus pyogenes as well as
Staphylococcus aureus frequently colonize children and adults and are facultative
pathogenic bacteria with a high incidence of infections, especially during childhood
(Carapetis et al., 2005; Lowy, 1998). Therefore, the hypothesis was formulated that
sensitization to Cas variants occurs in most human adults through exposure to the
bacterial species from which they originate. To this end, a study was designed to
evaluate and characterize memory T cell responses toward the most popular SpCas9

nuclease.
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3. Methods

This section summarizes the key methodologies of the author’s contributions to the
works underlying this thesis. For a detailed account of all materials and methods,

please refer to the corresponding sections of the enclosed publications.
3.1.  Peripheral blood mononuclear cell (PBMC) isolation by density-gradient
centrifugation

One milliliter peripheral venous blood of a healthy human adult contains between
0,25x10% — 3x10% T cells. To eliminate granulocytes, erythrocytes and most
thrombocytes, density gradient centrifugation allows the separation of the so-called
peripheral blood mononuclear cell (PBMC) fraction from whole blood. PBMCs consist
mostly of T cells but also contain antigen-presenting cells like B cells and monocytes.
Thus, this fraction is an optimal starting population for T cell stimulations and antigen-
specific T cell expansion strategies. To isolate PBMC, heparinized venous blood is
mixed 1:1 with phosphate buffered saline (PBS). The diluted blood is carefully layered
on a high-molecular mass Ficoll polymer solution with high density. Centrifugation at
400 x g for twenty minutes at room temperature allows passing of granulocytes and
erythrocytes through the polymer solution to the tubes bottom. Importantly,
centrifugation is performed without break function to prevent disruption of the solution’s
layers. The white ring above the clear Ficoll solution layer are the cells of interest.
Subsequent harvesting is carefully performed with a sterile Pasteur pipette without
mixing the serum-PBS and the Ficoll phases. The harvested cells are transferred to a
fresh 50-ml falcon tube and washed twice with PBS to remove residual Ficoll and some
of the thrombocytes. Finally, the PBMCs are resuspended in T cell culture medium
(Baylor College of Medicine: 45% CLICK’s medium, 45% RPMI 1640 medium, 10%
fetal calf serum; Charité: 90% RPMI 1640 medium, 10% fetal calf serum,
supplemented with 1% Penicillin / Streptomycin antibiotics in all experiments without

electroporation).
3.2.  Tcellculture

For optimal activation and expansion, T cells require all three signals: activation
through ligation of their T cell receptor/CD3 complex, co-stimulation through co-
receptors like CD28 and proliferation supporting cytokines. Therefore, polyclonal
effector T cell culture is initiated by stimulation of PBMC with anti-CD3/anti-CD28-

antibodies and cytokine-supplemented cell culture medium (effector T cells: 10 ng/ml
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IL-7; 5 ng/ml IL-15 [both CellGenix]; regulatory T cells 500 IU/ml IL-2 [Proleukin,
Novartis]).
To this end, antibodies can be immobilized on non-tissue-culture 24-well plates
through overnight coating with 500 pl sterile water supplemented with 1 ng/ml anti-CD3
(clone OKT3) and 1 ng/ml anti-CD28 (clone CD28.2) at 4°C. Next day, the plates were
washed once with PBS and a second time with complete cell culture medium (RPMI
1640, 10% fetal calf serum) before 1x108 freshly isolated PBMCs are plated per well.
Alternatively, anti-CD3/CD28 stimulus can be provided by antibody coated beads
according to the manufacturer’'s recommendations (e.g. Dynabeads T cell Activator Kit
[ThermoFisher] or T cell activation/expansion beads [Miltenyi Biotec]). Generally,
activated T cells were counted and re-seeded at 0.5x108 cells per ml every 2-3 days
with cytokine-supplemented T cell culture medium.
3.3.  sgRNA selection and synthesis

Design
SgRNAs were selected using the CRISPRscan web application.(Moreno-Mateos et al.,
2015) The integration of CRISPRscan with the UCSC genome browser allowed the
visual identification of sgRNAs high predicted efficiency (high score >70), minimal off-
targets (green color) or both (light-green bars). SQRNAs within annotated exons were
picked for gene disruption. The CRISPRscan algorithm provides a summary of several
important pieces of information regarding every sgRNA, including a primer sequence
for subsequent PCR-amplification.

Extension polymerase chain reaction (PCR)
Templates for in vitro transcription of single guide RNA (sgRNA) for Cas9 can be

constructed by exchanging a given target-specific 5 “spacer” sequence through
extension PCR with a synthetic DNA oligo primer. The 56 nucleotide-long DNA primers
include a) the transcription start site for the T7-RNA-polymerase (prokaryotic TATA-
box), b) the specific 20 nucleotide “spacer’” sequence and c) a short overlapping
sequence that anneals to the stem of the sgRNA scaffold sequence. To enhance
binding of the primer to the sgRNA scaffold sequence on the px458 plasmid (Addgene
Catalog#: 48138, gift from Dr. Feng Zhang, MIT), an additional 5-ATAGC-3’ sequence
is added on the 3’-end of the primer sequence derived from CRISPRscan. For all
sgRNA template PCRs a universal reverse primer can be used (5-

AGCACCGACTCGGTGCCACT-3’). The primer pair is designed to have an effective
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annealing temperature of 60°C. The PCR is performed with a high-fidelity polymerase
enzyme kit to reduce errors (KAPA HiFi Hot start Polymerase 2x Ready-mix, Roche).
20 pl reactions are set up with 1 uM of each the individual forward primer and the
universal reverse primer and 2 ng of px458 plasmid DNA.

PCR purification
The PCR product is subsequently purified using MinElute DNA purification kit (Qiagen)
and dissolved in 12 ul nuclease-free water. The amplification specificity is validated by
1% agarose gel electrophoresis and the concentration is measured by
spectrophotometry on a NanoDrop2000 device (ThermoFisher). Typical
concentrations are 50-80 ng/ul. PCR templates for in vitro RNA transcription can be
used immediately or stored at -20°C.

in vitro transcription (IVT)
Purified DNA templates are kept or thawed on ice. For in vitro transcription, the
HiScribe T7 High Yield RNA Synthesis Kit (NEB) was used. Briefly, 4 ul of DNA PCR
template was mixed with ATP, CTP, GTP, UTP, 10x reaction buffer and T7 polymerase
mix according to 50% of the manufacturers recommended volumes for a 10 pl reaction.
in vitro transcription was subsequently performed in a PCR cell cycler at 37°C for 4-16
hours.

RNA purification
To isolate highly purified sgRNA, IVT reactions are diluted in a total volume of 50 pl
nuclease free water and purified according to the manufacturer’'s manual (Zymo RNA
Clean and concentrator 25 Kit; Zymo Research). Purified RNA is eluted from the
columns with 25 ul nuclease-free water. RNA concentrations are determined by
spectrophotometry and RNA volume is adjusted to a final concentration of 1 ng/ul. To
prevent multiple freeze-and-thaw cycles, sgRNA is aliquoted at small volume (e.g. 4 pl)
prior to storage at -80°C. Importantly, workplace and pipettes should be treated with
decontaminating agents to remove RNAse (e.g. RNAseZAP; ThermoFisher). Only

sterile and nuclease-free filter tips and tubes are used to reduce the risk of RNA decay.
3.4. Cell electroporation

Cell electroporation requires careful preparation of all needed reagents. Cells of
interest are seeded one or two days prior to transfection in an antibiotic-free medium
and at optimal seeding ratio. Depending on the cell type of interest, 100.000 — 250.000

cells are used in a 10 ul transfection using the Neon Transfection System
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(ThermoFisher). For T cells, as well as immortalized or cancerous lymphatic cell lines,
250.000 cells are used per 10 pl transfection volume. At the day of transfection, the
cells are harvested and washed twice in sterile PBS to remove all residual medium
components that could contain DNA/RNA nucleases. A second wash step is performed
in a 1.5 ml tube to allow the complete removal of residual liquid. Then, the cells are
resuspended in electroporation buffer (“T”: T cells, “R”: cell lines; both part of Neon
Transfection Kit; ThermoFisher). Just prior to electroporation, the cell suspension is
mixed with the CRISPR-Cas RNPs or the DNA plasmid. Transfection of lymphatic cells
(T cells, Lymphoblastoid Cell Lines, B-ALL lines) is performed at 1600 Volt for 10
milliseconds and 3 pulses. Immediately after electroporation, the cells are added into
pre-warmed medium (supplemented with cytokines in case of T cells) and rested for at
least 24 hours.

Formulation of CRISPR-Cas9 ribonucleoprotein (RNP) complexes
RNPs are formulated by mixing 1 ug of sgRNA with 1 ug of recombinant Cas9 Protein
(PNADbio or Integrated DNA Technologies) per 10 pl transfection. The high sgRNA to
Cas9 molar ratio (5:1) ensures saturation of Cas9 with sgRNA after 10-15 minutes of
incubation at room temperature in a nuclease free tube.

Plasmids (LCLSs)
Ultra-pure plasmids were isolated with the ZymoPURE Midi Prep Kit (Zymo Research).
To model a gene therapeutic scenario, B-LCLs were transfected with 500 ng of plasmid
DNA. The px458 plasmid leads to the expression of a green fluorescent protein
reporter gene, a Cas9 protein and a sgRNA targeting the human AAVS1 safe harbor
locus.(Mali et al., 2013)

3.5. Flow cytometry

Labeling of both intracellular and extracellular proteins on cells with fluorochrome-
linked antibodies allows high-dimensional profiling of cell populations. Here it was used
to characterize the outcome of gene disruption, characterize antigen-specific T cells
after specific stimulation as well as analyze cell proliferation survival after cell culture.
For gene editing experiments, analysis is performed at least 3 days after transfection
to allow for sufficient protein turnover.(Fousek et al., 2020; Gomes-Silva et al., 2017;
Gundry et al., 2016) At the time of the respective readout, cells were harvested and
aliquoted into 5 ml polystyrene round bottom tubes (Falcon). After centrifugation at

4009 for 5 minutes, supernatants are discarded, and cells are resuspended in 100 pl

Seite 14 von 103



PBS. Antibodies for surface staining and live/dead discrimination dyes are added first.
Intracellular staining requires fixation and permeabilization of cells. Unless otherwise
stated, Foxp3 Transcription Factor Staining Kit (eBioscience, now ThermoFisher) is
used according to the manufacturer's recommendations. In case of intracellular
staining, only fixation resistant fluorochromes like APC and live-dead staining are used
during surface staining. Further, after fixation and permeabilization, all washing and
staining steps are performed in saponin containing permeabilization buffers to allow
antibodies to penetrate the cell membrane. After a final wash, cells are analysed on
flow cytometer (e.g. Navios; Beckman Coulter(Gomes-Silva et al., 2017) or LSRII
Fortessa, BD(Wagner et al., 2019)). Data analysis is performed with FlowJo Version
10 (BD Bioscience).

3.6. Antigen-specific T cell stimulation

To detect antigen-specific T cell responses, PBMCs were incubated overnight in the
presence of recombinant Cas proteins (SpCas9 [PNAbio], Staphylococcus aureus
SaCas9 [Applied Biological Materials Inc], Acidaminococcus species Cas12a/Cpf1
[Integrated DNA Technologies]). As a control for a common recall antigen, stimulations
with a peptide mix derived of cytomegalovirus antigen pp65 (CMV PepMix pp65, JPT)
are included in seropositive healthy human adults. Additionally, staphylococcal
enterotoxin B (Sigma) is included as a separate positive control. To evaluate whether
T cell activation is MHC dependent, blocking antibodies for major histocompatibility
complexes (MHC class 1 or 2) are added during the incubations in some experiments.
For whole protein stimulations, 1.5 (SaCas9) / 2.5 ug recombinant Cas protein
(SpCas9, Cpf1) is added to at least 5x10° PBMCs in complete medium in a small
volume (100 pl) for 15 minutes at 37°C to allow for efficient uptake of the protein into
the antigen presenting cells. Then, the volume is adjusted to 500 ul with complete
medium and the cells are rested for 6 hours to ensure sufficient protein processing and
loading on major histocompatibility complexes of antigen presenting cells.
Subsequently, brefeldin A is added to the samples to block the Golgi apparatus in cells
and thereby prevent cytokine secretion. For all other stimulants, brefeldin A is
supplemented one hour after the beginning of stimulation.

After a total of 16 hours, intracellular staining (as described above) allows the
identification of activated T cells through activation markers as well as unreleased

cytokines. Unstimulated PBMCs served as negative control to measure background
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activation. For cell sorting experiments, the PBMCs are dosed with Cas9 proteins as
described above, but no Brefeldin A is added to retain long-term viability. CD40-
blocking antibody is added to the medium to prevent downregulation of CD154 (also
known as CD40 Ligand) on the T cells’ surfaces after ligation to its receptor. For a full
list of antibodies used, please refer to the method sections of the enclosed

manuscripts.
3.7.  Fluorescence-activated cell sorting

Cell sorting allows the enrichment of target populations. To this end, cells are stained
with fluorochrome linked antibodies as described earlier. Prior to sorting, the stained
cells are resuspended in cold PBS and filtered with a 0.45 mm cell strainer to create a
single cell suspension. Within the cell sorter, a continuous stream of droplets
containing mostly single cells is created in a buffered saline solution and analysed by
flow cytometry. The cells of interest are selected based on fluorescence intensity of
multiple markers using logic gating strategies. This enables to identification of target
populations that are negative for marker A (e.g. CD19), but positive for marker B (e.g.
green fluorescent protein). If a cell of interest is detected by the flow cytometer, the
droplet containing the cell is diverted via a charge created by two metal plates adjacent
to the flow stream. The droplets containing single cells with the defined fluorescence
characteristics are collected in sterile collection tubes containing a small volume of
complete medium. After completion of the sort, the cell purity is confirmed by flow
cytometry. The sorted cells are washed and counted. Depending on the downstream
application, the cells can either be used directly or resuspended in the respective
culture medium (e.g. cytokine containing T cell medium) for cell expansion. As the cell
sorting requires intensive cell handling, the medium is supplemented with antibiotics to
prevent an outgrowth of bacterial contaminations in subsequent cultures.
3.8. Flow cytometry-based cytotoxicity assay

A fundamental function of T cells is the elimination of cells that express their target
antigens on MHC molecules. In Wagner et al., a flow cytometry-based cytotoxicity
assay was used to evaluate whether enriched SpCas9-reactive effector T cells lyse
autologous cells that endogenously expressed SpCas9 in a dose dependent manner.
As target cells, established B lymphoblastoid cells (B-LCL) are transfected with DNA
plasmids to force the expression of SpCas9 and a green fluorescent protein (px458,

details above) or green florescent protein only (PMAX-GFP, Lonza Ltd, Cologne). To
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exclude unspecific killing of target cells, unmodified autologous B-LCL stained with the
red fluorescent dye (DDAO phosphate, Molecular Probes, ThermoFisher) are included
as internal controls in each co-culture. For the setup of the assay, control B-LCLs (red
dye) were mixed with GFP-transfected target LCLs, and co-cultures were set up with
different T cells to target LCL ratios (1:10, 1:1, 10:1). After 16 hours of incubation in
96-Well-U-Bottom-Plates (Corning), the remaining cells are harvested, washed with
PBS and stained with Life/Dead Fixable Blue Dead Cell Stain Kit (ThermoFisher) to
demark apoptotic cells during the flow cytometric readout. The ratio between alive
control B-LCLs and alive GFP positive target LCLs is used to normalize for unspecific
lysis. In order to calculate the mean survival, the relative amount of alive GFP positive

LCLs is compared to the condition without T cells.
3.9. Effector T cell suppression assays

Regulatory T (Treg) cells modulate immune responses with suppressive signals. A key
function of Treg cells is the inhibition and reduction of effector T cell activation and
proliferation. In co-culture experiments, SpCas9-reactive or polyclonal Treg cells are
mixed with SpCas9-activated effector cells and their expansion and cytokine secretion
is monitored. To evaluate proliferation, SpCas9-reactive or polyclonal CD4*/CD8"*
effector cells are enriched with and stained with CellTrace CFSE dye (ThermoFisher)
according to the manufacturer's recommendations. For antigen-specific effector T
cells, the initial activation was enough to promote cell expansion. In contrast, polyclonal
effector T cells are stimulated by adding anti-CD3/CD28-coated microbeads (Treg
suppression inspector; Miltenyi Biotec) at 1:1 ratio. Subsequently, effector T cells are
plated in 96-Well-U-Bottom-Plates (Corning) alone or with different amounts of Treg
cells. The incorporation of CFSE dye in protein-containing organelles leads to a high
green-fluorescent signal after stimulation with a 488 nm blue laser during flow
cytometry. As T cells proliferate, the CFSE signal is diluted in each cell division.
Therefore, proliferation can be monitored by quantifying T cells with low CFSE signal
in flow cytometry multiple days later. Unlabeled Treg cells are excluded from the
analysis based on CFSE negativity and percentage of proliferating effector T cells is
guantified and compared. The supernatants from the same experiments are harvested
for measurements of TNF-a, IFN-y, IL-2 and IL-10 using a multiplex ELISA
(Proinflammatory cytokine kit, Mesoscale Discovery platform, Mesoscale Diagnostics).

In these experiments, no recombinant cytokine is added to the culture medium to
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specifically determine the cytokine concentrations secreted by T cells. For the accurate
quantification of the respective cytokines, the run included a standard curve for

calibration and internal blank controls for background subtraction.
3.10. T cell receptor beta chain sequencing

Every conventional T cell expresses a T cell receptor (TCR) heterodimer consisting of
an alpha chain and a beta chain. Due to genetic recombination, variable portions of
the alpha and beta chains are highly diverse between naive T cell clones. Sequencing
the TCR repertoire allows to distinguish between highly diverse T cell populations
(naive polyclonal) and oligoclonal (antigen-specific memory) T cell populations.
Additionally, T cell populations that share high percentages TCR sequences likely arise
from the same T cell clones. An accurate determination of the TCR repertoire can be
performed by targeted sequencing of the respective variable complementary-
determining regions of their TCR alpha or beta chain. In Wagner et al., the commercial
TCR beta chain repertoire “immunoSEQ platform” by Adaptive Biotechnologies is
used. To this end, genomic DNA is isolated from freshly sorted T cells with the Quick-
DNA Miniprep Plus Kit (Zymo Research). The different activated T cell subsets are
sorted based on expression of activation markers CD137 and CD154 as well as the
respective T cell phenotype: Treg (CD25MI"CD127'°%) or Teff (CD25'°“CD127Mdh)
respectively. To determine whether SpCas9-reactive regulatory and effector T cells
originate from same original clones, only CD4 positive T cells are sorted for this
analysis. Subsequently, clonal diversity and TCR repertoire overlaps between different
T cell subsets are analyzed with immunoSEQ Analyzer 3.0 (Adaptive Biotechnologies).
3.11. Serological analysis of Streptococcus pyogenes exposure
The formulated hypothesis on sensitization to SpCas9 is based on the assumption,
that most human adults are exposed to the bacterium. To confirm prior exposure,
antibody titers against two intracellular proteins of Strepfococcus pyogenes
(Streptolysin O; streptococcal DNAse B) are measured in the qualified clinical
laboratory of Labor Berlin GmbH. For these analyses, venous blood is collected from
20 healthy human donors from our cohort in a tube without anticoagulants, centrifuged
at 1.000 g for 10 minutes and aliquoted in sterile containers, transferred at room

temperature or stored at -20°C until analysis.
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4. Essential Results

4.1. Highly efficient gene disruption in activated human T cells

The electroporation of ribonucleoproteins achieves a high frequency of gene disruption
while retaining a high viability of hematopoietic cell types like primary human T cells
(Gundry et al., 2016). Cell culture conditions before manipulation were the key for high
efficiency of the genetic modification (Gundry et al., 2016). Polyclonally activated T
cells that strongly proliferated after four days of culture in the presence of T-cell
promoting cytokines (IL-7 and IL-15) could be efficiently edited, but unstimulated and
non-dividing cells could not be genetically modified through electroporation (Figure 3A,
(Gundry et al., 2016) and data not shown in manuscript). Similarly, activation of CD34
enriched hematopoietic progenitor cells with a cytokine cocktail over up to three days
increased the efficiency of gene disruption, while preserving their progenitor potential
as indicated through the generation of multiple hematopoietic lineages in
immunocompromised mice (Figure 3B, (Gundry et al., 2016)) Importantly, our protocol
yielded significantly higher editing compared to reports of a plasmid-based editing
approach in hematopoietic stem and progenitor cells (Mandal et al., 2014; Xu et al.,
2019) and even compared to prior studies that employed RNPs in T cells (Schumann
et al., 2015).

We characterized off-target events in primary human T cells edited with the RNPs
containing the hCD45 sgRNA and discovered up to 1.7% small insertions or deletions
at one of three top predicted off-target sites (Figure 4B, (Gundry et al., 2016)). During
initial sgRNA design, the sgRNA were selected for the highest on-target efficiency
score with the CRISPRscan algorithm (Moreno-Mateos et al., 2015). Off-target events
present a serious concern for the clinical translation of the CRISPR-Cas technology.
Therefore, for all subsequent studies our sgRNA design protocols were adjusted to put
more emphasis on lowering the probability for off-target events through an additional
screening of designed sgRNA with the COSMID algorithm (Cradick et al., 2014; Lee et
al., 2016).

4.2. Modeling antigen-escape in primary leukemia cells with CRISPR-Cas9

A common problem that limits the success of immunotherapy is antigen escape that
has been observed after treatment with checkpoint blockade and CAR-T cell therapy
(Majzner & Mackall, 2018; Zaretsky et al., 2016). Downregulation of CD19 on leukemic

cells is observed in 7-25% of acute lymphoblastic leukemia patients and disease
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relapse after CD19-specific CAR T cell therapy (Majzner & Mackall, 2018). In an effort
to model antigen escape, the established technique from Gundry et al. was used to
disrupt the CD19 gene. To this end, RNPs with three sgRNA targeting the CD19 gene
were electroporated into a B-cell cancer cell line (Raji) as well as primary tumor cells
of patients with acute B-cell leukemia (Fousek et al., 2020). Loss of the CD19 protein
was confirmed by flow cytometry and CD19 negative cells were sorted through
fluorescence-activated cell sorting. Interestingly, CD19-edited cancer cells partially
downregulated CD20, another common B-cell antigen. Subsequently, different CAR T-
cells were challenged with the CD19 negative cell lines. In contrast to single CD19-
specific CAR T cells, T cells transduced with a tri-cistronic retroviral vector expressing
a CD19-specific, a CD20-specific as well as a CD22-specific CAR were able to
efficiently eradicate both the CD19 positive as well as the CD19 negative cancer cell

lines in vitro and in multiple xenograft mouse models (Fousek et al., 2020).
4.3. T cellimmunity towards Streptococcus pyogenes Cas9 protein in healthy

human adults

In preparation to moving CRISPR-Cas9 edited T cell products into clinical studies, the
immunogenicity of Cas9 proteins in humans must be evaluated.(Chew, 2018) Cellular
immune responses toward CAR-equipped T cells that target the solid tumor antigen
TAG72 lead to CAR T cell elimination, reduced CAR T cell persistence and poor
outcome (Hege et al., 2017). Similarly, preexisting Cas9-directed T cell responses
could reduce the persistence of Cas9 gene-edited cells in vivo.

Cas9-specific memory T cells in peripheral blood were evaluated through short-term
stimulation experiments. Isolated peripheral blood mononuclear cells (PBMC) contain
both T cells as well as professional antigen-presenting cells like monocytes and B cells.
Incubation of PBMC with recombinant Cas9 protein allows uptake, protein processing
and presentation of Cas9-fragments on major histocompatibility complexes (MHC).
Subsequently, T cell responses were recorded with multi-parameter flow cytometry.
Low frequencies of SpCas9-reactive T cells were detected in 46 of 48 of our healthy
human donors. As expected with a bacterial-specific T cell response, more cytokine-
producing cells were found in CD4+ than in the CD8+ compartment. Nevertheless, an
upregulation of the activation marker CD137 in CD8 T cells was noted in 80% of the
donors. In accordance with the observed T cell responses, 85% of the analyzed donors

displayed serological evidence of exposure, measured by detectable titers of
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antibodies with specificity for the two intracellular proteins from Streptococcus
pyogenes, DNAse B or Streptolysin O. Therefore, sensitization to the SpCas9 protein
and potentially other commonly used variants could occur either by colonization or
repeated infections with the facultative pathogenic bacteria in which the gene editing
tools were discovered. Notably, other Cas9 homologs from Staphylococcus aureus
and the Cas12a nuclease, a CRISPR-Cas type 2 nuclease system from
Acidaminococcus sp. BV3L6, elicited a comparable T cell immune response in six of
six tested healthy human donors of the cohort.

More importantly, enriched SpCas9-reactive effector T cells lysed autologous
lymphoblastoid cells that endogenously express SpCas9 after plasmid transfection in
a dose dependent manner. GFP-expressing lymphoblastoid cells were not killed by our
SpCas9-specific effector T cells suggesting an antigen-specific effect. These results
clearly indicate that preexisting SpCas9-specific T cells could eliminate gene-edited
cells which constitutively overexpress the SpCas9 protein.

Repeated exposure and colonization with commensal microbiota at the body’s
surfaces can induce regulatory T cells (Lathrop et al., 2011). This immunosuppressive
T cell subset is essential forimmunological tolerance at mucosal barriers and it enables
a symbiosis with the microbiome. As human adults experience repeated infections or
are colonized with Streptococcus pyogenes, the hypothesis was formulated that
regulatory T cells (Treg) contribute to the CD4+ T cell response against SpCas9 and
potentially other homologs. To this end, markers for the identification of Treg cells were
integrated in the flow cytometry readout panel. Strikingly, varying percentages of CD4+
T cells expressed a canonical regulatory phenotype CD25+ Foxp3+ within the
activated CD137+ T cell fraction after Cas9-exposure. The Treg identity was confirmed
through different classical markers for Treg (low expression of CD127, high expression
of CTLA-4), their lack of inflammatory cytokine production as well as epigenetic
analysis of the Treg-specific demethylation region (TSDR). Functionally, flow
cytometrically enriched SpCas9-specific Treg were able to suppress the proliferation
and cytokine production by SpCas9-reactive effector T cells in vitro. Killing of SpCas9-
expressing targets could not be significantly reduced by addition of SpCas9-reactive
Treg cells. Interestingly, only a minimal overlap (< 5%) existed between the T cell
receptor repertoire of Cas9-activated CD4+ T cells with and without Treg phenotype.
Therefore, conventional and immunosuppressive T cells may recognize different parts

of Cas9, offering the possibility for engineered Cas9 variants which are recognized by

Seite 21 von 103



Treg but invisible to pro-inflammatory T cells.
‘[The presented] results shed light on T cell-mediated immunity toward CRISPR-
associated nucleases and offer a possible solution to overcome the problem of

preexisting immunity.” (Wagner et al., 2019)

5. Clinical applications and outlook

5.1. Facilitating progress in basic and translational research

CRISPR-Cas9 gene editing with ribonucleoproteins allows the highly efficient and
moderately specific modification of the DNA of hematopoietic cells including T-
lymphocytes. We established a stable protocol for rapid gene knockout experiments
for enabling preclinical research that is currently adapted for a clinical trial with a
genetically modified T cell product.

In the gene editing experiments described in this thesis, sgRNAs were transcribed in
vitro and purified as described above. While we achieved remarkably efficient gene
editing with only low toxicity, the electroporated RNA could induce innate immune
responses in some cell types (Chew, 2018). Certain chemical modifications at the ends
of the sgRNAs, e.g. the incorporation of 2'-O-methyl 3'phosphorothioate linkages, can
reduce toxicity and increase nuclease-resistance (Hendel et al., 2015). Modified
synthetic sgRNAs increase efficacy of gene editing across multiple primary cell types
(Hendel et al., 2015). Additionally, synthetic sgRNAs are preferable for clinical trials
due to their enhanced stability and the lack of commercially available GMP-compatible
in vitro transcription enzyme kits.

The results detailed herein demonstrate that electroporation of CRISPR-Cas
ribonucleoprotein complexes can be used to perform previously difficult experiments
such as modeling antigen escape in primary human leukemia lines as exemplified in
the study from Fousek and colleagues (Fousek et al., 2020). Previously, this could only
have been achieved by the transfection of small inhibitory RNAs to knock down gene
expression. However, transient transfection of siRNAs is not suitable for in vivo
experiments where continuous suppression of the antigen is needed. Using the RNP-
enabled “hit-and-run” approach obviates the need for time-consuming production of
plasmids and retro- or lentiviral vectors that would be required for long-term knockdown

with siRNA technology.
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5.2. Minimizing off-target activity of CRISPR-Cas9 for clinical applications

The high efficiency and mild toxicity of this approach warranted its application for other
clinically relevant genetic interventions. The off-target activity of the CRISPR-Cas9
system is an important safety concern for its clinical translation. Comparisons indicate
that transient delivery of RNP induces less off-targets than plasmid overexpression or
even mMRNA delivery (Vakulskas et al., 2018). Nevertheless, we detected up to 1.7%
edited alleles in genetic sequences with two mismatches to the sgRNA sequence after
electroporation of CD45 specific RNPs into human T cells. To my knowledge, this was
the first time significant off-target cutting has been observed in human T cells after
electroporation of CRISPR-Cas9 ribonucleoprotein complexes. Therefore, off-target
editing can occur with RNP delivery and must be carefully investigated in preparation
of clinical trials.

In a subsequent study, a novel T cell immunotherapeutic agent was established that
could selectively recognize and kill cancer cells expressing the CD7 antigen (Gomes-
Silva et al.,, 2017). The sgRNAs were selected for higher specificity and fewer
unintended off-target events. The specificity of the approach was subsequently tested
by both an unbiased cell-based approach for off-target identification (GUIDE-seq (Tsai
et al., 2015)) and amplification of in silico predicted off-target sites in CD7-edited T
cells. GUIDE-seq for the CD7 sgRNA did not identify any off-target sites that were not
predicted in silico (Gomes-Silva et al., 2017). Deep sequencing of the potential off-
target sites showed no small insertions or deletions above the limit of detection (0.1%).
In summary, careful sgRNA selection in this study allowed a genetic intervention with
no detectable off-targets in the predicted sites (Lee et al., 2016).

Nevertheless, this analysis does not rule out that off-target editing occurs at a level
below the detection limit of the next-generation sequencing approach or at other sites
unidentified by in silico mechanisms. Lessard et al. reported that interindividual genetic
variability could lead to off-target events unpredicted by in silico algorithms dependent
on the reference genome (Lessard et al., 2017). To further reduce the risk for off-target
editing in clinical cell products, Cas enzymes with improved fidelity could be applied
(Vakulskas et al., 2018). Currently, the clinical efficacy of edited CD7-specific CAR T
cells in patients with aggressive T-cell leukemia or lymphoma awaits clinical
investigation in a phase 1/2a trial at Baylor College of Medicine, USA.
(ClinicalTrials.gov Identifier NCT03690011)
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5.3.  Preexisting immunity to Cas9 proteins creates challenges for in vivo
applications

The detection of pre-existing T cell memory against commonly used Cas9 nucleases
highlights a previously unrecognized risk of applying the CRISPR-Cas9 system in
humans. Importantly, our finding of pre-existing T cell immunity toward SpCas9 and
Staphylococcus aureus Cas9 (SaCas9) were independently reproduced by different
groups (Charlesworth et al., 2019; Ferdosi et al., 2019; Stadtmauer et al., 2020).
Charlesworth et al. evaluated the Cas-directed T cell responses concluding 67% of
adults showed a response to SpCas9 and a slightly higher percentage of adults
showed a response to SaCas9 (Charlesworth et al., 2019). Their assays focused on
IFN-gamma producing lymphocytes, thereby potentially underestimating the rate of
sensitization in their cohort. Ferdosi et al. evaluated the reactivity of HLA-A2 positive
donors regarding their reactivity to 35-different in silico predicted peptides with the
highest probability of binding to HLA-A*02:01 (Ferdosi et al., 2019). In line with the
presented results of this thesis, they found CD8+ T cell responses in 83% of the tested
donors (Ferdosi et al., 2019; Wagner et al., 2019). Nevertheless, most clinical trials
deliver Cas9-RNP directly into rapidly dividing cell cultures ex vivo. In these
circumstances, Cas9 is rapidly degraded and diluted, which reduces the likelihood of
Cas9-directed cellular immune responses upon infusion (Stadtmauer et al., 2020). In
fact, first results of a clinical trial with CRISPR-Cas9 edited and TCR-redirected T cell
products reported the persistence of modified cells despite confirmed preexisting
immunity in the patients (Stadtmauer et al., 2020).

Preexisting immunity in humans could compromise the safety and efficacy of the
therapeutic intervention in human adults through Cas9-specific effector T cell
responses (Charlesworth et al., 2019; Ferdosi et al., 2019; Wagner et al., 2019).
Classical animal models to evaluate gene therapies do not reflect the human situation
as mice are held under sterile environments or the species are not colonized with
Streptococcus pyogenes or Staphylococcus aureus. This creates the need for models
that take into account diverse Cas9-directed immunization. In a first attempt for a better
model, Li et al. evaluated a SaCas9-based in vivo gene therapy approach, comparing
regular mice and mice that were immunized with small amounts of SaCas9 one week
prior to the application of low immunogenic adenovirus-associated virus with liver

tropism (Li et al., 2020). Sensitization of mice to SaCas9 lead to a substantial reduction
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in transgene expression and marked liver damage that coincided with an increased
detection of activated CD8+ T cells in the liver and complete loss of gene edited cells
12 weeks post treatment (Li et al., 2020). They could also detect elevated frequencies
of CD4+ regulatory T cells in the blood of mice after immunization, although their
specificity was not determined (Li et al., 2020).

This highlights that Cas9 based in vivo gene therapies could be at a higher risk of
immune complications. The first clinical trial with an AAV-based CRISPR-Cas9 in vivo
strategy for RPEG65-mutated retinal dystrophy which causes blindness started
enroliment in 2020 (ClinicalTrials.gov Identifier: NCT03872479). The trial is a unique
opportunity to understand the extent and clinical relevance of Cas9-directed immune
responses in humans. In depth monitoring of Cas9-directed T cell responses may
enable to guide treatment decision making regarding immunosuppressive co-
treatments and reveal whether endogenous Cas9-specific CD4+ Treg can blunt

hazardous immune responses in vivo.

5.4.  Summary and outlook

CRISPR-Cas genome engineering applications build on the previous experiences in
the gene therapy field (Porteus, 2019). Prior shortcomings of viral gene therapies in
respect to genotoxicity and immunogenicity informed the early safety investigations for
this new technology (Anguela & High, 2019; Hacein-Bey-Abina et al., 2003; Porteus,
2019; Raper et al., 2002). The remarkable efficacy of RNP-mediated gene editing as
well as the problems associated with Cas9-directed immunity imply that gene editing
components should be used transiently (Charlesworth et al., 2019; Ferdosi et al., 2019;
Gundry et al., 2016; Hendel et al., 2015; Wagner et al., 2019). For ex vivo modified cell
products this can be performed through electroporation as exemplified in some of the
works underlying this thesis. (Gundry et al., 2016) The technique outlined in Gomes-
Silva et al. represents a novel treatment option for patients with T cell malignancies
refractory to standard treatments that was enabled by gene editing. (Gomes-Silva et
al., 2017) This emphasizes that the CRISPR-Cas gene editing technology is becoming
a powerful asset in the toolbox for gene-modified cell therapies in regenerative
medicine (Anguela & High, 2019; Porteus, 2019).

Some genetic diseases are caused by mutations in genes that are expressed in tissues
and cell types that either cannot be cultured or do not engraft to form functional organs

after infusion. Restricting expression time after delivery should reduce the time of Cas9
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fragment presentation on major histocompatibility complexes and limit the priming of
immunity. Changes introduced by CRISPR-Cas gene editing persist long-term and
therefore do not require the constitutive presence of the nuclease. Ultimately, the next
frontier within the CRISPR-Cas gene editing field will focus on establishing safe and
effective technologies for time-restricted and cell-type specific in vivo delivery of the
gene editing machinery. Alternatively, methods to induce tolerance to gene therapeutic
vectors and cargo could be envisioned. This may be achieved by exploiting and
promoting Cas9-specific Treg. Future studies should elucidate whether Cas9-specific
Treg can induce long-lasting tolerance in a vector-independent fashion without

compromising anti-bacterial immunity globally.
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SUMMARY

Our understanding of the mechanisms that regulate
hematopoietic stem/progenitor cells (HSPCs) has
been advanced by the ability to genetically manipu-
late mice; however, germline modification is time
consuming and expensive. Here, we describe fast,
efficient, and cost-effective methods to directly
modify the genomes of mouse and human HSPCs
using the CRISPR/Cas9 system. Using plasmid and
virus-free delivery of guide RNAs alone into Cas9-
expressing HSPCs or Cas9-guide RNA ribonucleo-
protein (RNP) complexes into wild-type cells, we
have achieved extremely efficient gene disruption
in primary HSPCs from mouse (>60%) and human
(~75%). These techniques enabled rapid evaluation
of the functional effects of gene loss of Eed, Suz12,
and DNMT3A. We also achieved homology-directed
repair in primary human HSPCs (>20%). These
methods will significantly expand applications for
CRISPR/Cas9 technologies for studying normal and
malignant hematopoiesis.

INTRODUCTION

The ability to genetically manipulate the genomes of animal
models or isolated cells has driven hematopoietic stem cell
(HSC) research, revealing key mechanisms that control HSC
self-renewal and differentiation. Numerous genetically engi-
neered mouse models have contributed to our understanding
of the pathways that control HSC maintenance and regeneration

G)mm

Cell Reports 77, 1453-1461, October 25, 2016 © 2016 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

in physiological settings (Rossi et al., 2012). Although this
approach produces invaluable insights and still remains a gold
standard in studying HSC biology, large time and cost commit-
ments are required to generate new mouse models, and the
approach is generally not amenable to high-throughput studies.
On the other hand, somatic engineering of hematopoietic stem/
progenitor cell (HSPC) genomes has been achieved, in large,
using retroviral vectors to either overexpress or knock down
the expression of genes of interest (Riviere et al., 2012). This
approach has been used to screen for both positive and negative
regulators of HSC function from up to 100 candidate genes (De

neault et al., 2009; Hope et al., 2010). Although this approach al-
lows investigators to quickly assess the function of multiple
genes, retroviral transduction negatively impacts HSC function
during in vitro culture, and retroviral genome integration is a
serious concern when these engineered cells are used clinically
(Hacein-Bey-Abina et al., 2003). A new method to edit the ge-
nomes of HSPCs should not only accelerate gene discovery
research but also open up new clinical opportunities in using en-
gineered HSPCs for gene therapy.

Among the several engineered nucleases enabling site-spe-
cific genome editing, the CRISPR-Cas9 system (Jinek et al.,
2012) stands out since it does not require cumbersome engi-
neering of nucleases for each target and only requires a 20-nt
RNA sequence contained within a chimeric single-guide RNA
(sgRNA) to drive the endonuclease Cas9 to its target sequence.
Thus, CRISPR/Cas9 provides a versatile, modular, and cost-
effective means to edit the genomes of multiple model systems
(Hsu et al., 2014; Sternberg and Doudna, 2015). Several delivery
methods have been used to perform CRISPR/Cas9-mediated
gene editing of HSPCs, including lentiviral transduction (Heckl
et al., 2014), plasmid DNA transfection (Mandal et al., 2014), or
chemically modified RNA (Hendel et al., 2015), achieving up to
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48% gene disruption in human HSPCs. While these studies have
shown the enormous potential of HSPC gene editing by CRISPR/
Cas9, a method that is highly efficient and simple, without the
need for any cloning and nucleotide modifications, and that
addresses clinical concerns of retroviral genome insertion is still
lacking. We sought to develop simple strategies to perform
CRISPR/Cas9-mediated gene editing in HSPCs with minimal
manipulations and while avoiding viral integration into the
HSPC genome. Here we describe fast, efficient, and cost-effec-
tive methods of CRISPR/Cas9-mediated gene editing in primary
murine and human HSPCs, and we demonstrate that this
method can be used to directly examine gene function.

RESULTS

Efficient Gene Disruption in Mouse HSPCs

We reasoned that transfecting HSPCs isolated from Cas9-ex-
pressing mice (Platt et al., 2014) with sgRNA would be an effi-
cient method to edit the genome of HSPCs, since only the small
RNA molecules would need to be introduced. To test this idea,
we designed small guide RNAs to target the GFP gene (GFP-
sg1) co-expressed in the Cas9-expressing mice. When we elec-
troporated c-kit* HSPCs with in vitro-transcribed GFP-sg1, we
observed highly efficient loss of GFP expression by flow cytom-
etry, compared to cells electroporated with sgRNA against
Rosa26 (R26-sg) (Figure 1A). Although electroporation reduced
the survival of HSPCs ~20% immediately after electroporation,
cells maintained at least 80% viability throughout the experiment
for up to 96 hr post-electroporation (Figure 1B). In this condition
maintaining high viability, we found that 67% + 4% of HSPCs
lost GFP expression upon electroporation of GFP-sg1 (Figures
S1A and S1B), demonstrating efficient gene editing with high
cell viability. The frequency of GFP ablation exhibited a sgRNA
dose-dependent increase, plateauing at 1 ug GFP-sg1 for 10°
HSPCs per transfection (Figure 1C).

Because retroviral transduction is enhanced by culturing with
cytokines to stimulate the cell cycle of quiescent HSPCs, we also
tested whether brief in vitro exposure to cytokines in culture
before sgRNA electroporation increased GFP gene editing. We
electroporated Cas9-expressing HSPCs after varying the dura-
tion of culture. We found that a brief culture (1-3 hr) increased
the frequency of GFP-negative cells from around 60% in fresh
progenitors to a maximum of 85% + 1% after 3 hr, without further
increase after 12 hr (Figure 1D). In the context of this gene-edit-
ing strategy, incorporation of an optimized scaffold sequence
previously shown to improve Cas9-mediated imaging (Chen
et al., 2013) did not significantly increase the frequencies of
gene disruption further (Figure S1C).

Because the c-kit* population contains various progenitors
besides HSCs, we tested whether HSCs themselves undergo
successful gene disruption upon transfection of sgRNAs. After
electroporation of Cas9-expressing c-kit* cells with GFP-sg1,
we sorted CD150*CD48 lineage Sca-17 cells (c-kit expression
was attenuated within 1 hr of pre-culture before electroporation,
Figure S1D) into semi-solid media, and we monitored colonies
arising from these single HSCs for GFP ablation. Flow cytometry
of individual colonies revealed that most HSC-derived colonies
(40 of 48: 83%) lost GFP expression (representative three col-
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onies shown in Figure 1E), whereas electroporation with or
without sgRNA did not affect the clonality of HSCs compared
to cultured, un-electroporated cells (Figure S1E). Thus, our
method efficiently ablates genes in HSCs with minimum impact
on HSC survival.

With the optimized sgRNA delivery method in hand, we next
considered whether Cas9 protein pre-complexed with sgRNA
to generate a ribonucleoprotein (RNP) particle (Kim et al.,
2014; Lin et al., 2014; Schumann et al., 2015) also could be
used to edit genes in murine HSPCs. Different amounts of
GFP-sg1 were mixed with Cas9 protein, and the RNP complex
was electroporated into HSPCs isolated from a mouse strain
that ubiquitously expresses GFP (Schaefer et al.,, 2001). As
shown in Figures 1F and 1G, ~70% of HSPCs lost GFP expres-
sion upon co-delivery of Cas9 protein and GFP-sg1. Two other
sgRNAs against GFP also attenuated GFP expression in signifi-
cant fractions of HSPCs (Figure S1G). Under this condition,
HSPCs electroporated with Cas9 RNP maintained viability
of >80% for up to 96 hr after electroporation (Figure S1F). Since
loss of GFP expression is an indirect measure of genome editing,
we directly examined insertion or deletion (indel) frequencies
at the genomic level. First, we performed T7 endonuclease |
(T7E1) assays and found that a significant fraction of HSPCs
accrued indels (Figure 1H). We note that the T7E1 assay often
underestimates the rate of indel formation, potentially due to
self-hybridization of the alleles that carry the indel, incomplete
duplex melting, and inefficient cleavage of single nucleotide in-
dels (Schumann et al., 2015). To accurately determine the nature
of the indels, we next performed high-throughput sequencing,
which revealed that ~60% of HSPCs accrued small indels
(Figure S1H; Table S2). These genomic analyses corroborated
the flow cytometry data demonstrating that GFP alleles were
mutated by the Cas9 RNP approach. Thus, this strategy allows
us to study gene function directly in HSPCs in any genetic
background.

Functional Assessment of Gene Disruption in Mouse
HSPCs

We then tested whether targeted gene editing in HSPCs by
CRISPR/Cas9 could be used to alter HSPC function. We chose
to disrupt two polycomb-repressive complex 2 (PRC2) compo-
nents Eed and Suz12, which are both found mutated in human
leukemias (Shih et al., 2012). It has been shown that monoalleleic
loss, but not biallelic loss, of Eed or Suz12 confers proliferative
advantages to HSPCs (Lee et al., 2015; Xie et al., 2014). We
transfected wild-type HSPCs with Cas9-RNP complexes against
Rosa26, Eed, or Suzi2; plated them on semi-solid media;
and serially replated the cells. Whereas most Rosa26-targeted
HSPCs lost proliferative capacity upon the fourth replating,
Eed- and Suz12-targeted HSPCs exhibited extensive prolifera-
tive capacity at the fourth passage (Figure 2A). T7E1 assays per-
formed on HSPC cultures shortly (48 hr) after electroporation
revealed that a substantial fraction of cells accrued indels in
Eed and Suzi2 (Figure 2B). Sanger sequencing and tracking
of indels by decomposition (TIDE) analysis (Brinkman et al.,
2014) revealed that ~50% of the sequence reads accrued small
indels between 4-bp deletion and 2-bp insertion (Figures S2A
and S2B).
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Figure 1. Gene Editing in Murine HSPCs

(A) A representative flow cytometry histogram showing efficient ablation of GFP by electroporating GFP-sg1 into Cas9-expressing HSPCs. Black histogram
represents GFP~ HSPCs, and green and red histograms represent Rosa26 (R26)- and GFP-disrupted HSPCs, respectively (n = 3).

(B) Survival of HSPCs was determined by trypan blue staining of cells cultured without electroporation, cells mock electroporated without sgRNA, and cells
electroporated with R26 or GFP sgRNA. 1 g of sgRNA was used to electroporate 10° cells (n = 3).

(C) Deletion efficiencies of GFP exhibiting sgRNA dose-dependent response. A plateau in gene-editing efficiency was reached by 1 1g sgRNA/10° cells (n = 3).
(D) A brief culture of murine HSPCs for 1-3 hr increased gene-editing frequency, while overnight (O/N) culture did not further increase gene editing (n = 3).

(E) After electroporating c-kit* HSPCs with GFP-sg1, HSCs were sorted clonally into methylcellulose media. Most (40 of 48) HSC colonies exhibited loss of GFP
expression, as shown by the representative flow cytometry histograms for three HSC-derived colonies from one donor mouse {n = 3 independent experiments).
(F) A representative histogram demonstrates efficient ablation of GFP expression by electroporating Cas9/GFP-sg1 RNP into GFP-expressing HSPCs (n = 3).
(G) Quantification of results in (F). Even as little as 200 ng GFP-sg1 efficiently ablated GFP upon delivery with Cas9 protein (1 pg).

(H) T7E1 assays performed with GFP amplicon derived from R26- or GFP-disrupted HSPCs. PCR amplicons were either treated (+) or untreated (—) with T7E1.
Arrowheads indicate the bands with expected size assuming small indels, based on the Cas9 cleavage site. 1 ug of sgRNA was used to electroporate 10° Cas9-
expressing cells unless otherwise noted. All data represent mean =+ SD {*p < 0.05, **p < 0.01, and ***p < 0.001 by Student’s t test). See also Figure S1.

We also cloned individual colonies at later passages and function of Eed and Suzi2 (Lee et al., 2015; Xie et al.,
examined the editing status. T7E1 assay revealed that Fed- 2014). These results establish that Cas9 RNPs can be used
and Suz72-edited colonies acquired indels, and sequencing to perform gene editing in primary murine HSPCs regardiess
verified that they all acquired monoallelic loss of Eed or of genetic background, resulting in clear loss-of-function
Suz12 (Figures 2C-2F), consistent with the haploinsufficient phenotypes.
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* (E and F) Sequencing results of representative four
“ M clones each (of 12) after electroporating with Eed (E)
or Suz12 (F) sgRNA. All colonies analyzed (Eed, 12/
E PLM F Fﬂn 12; Suz12, 12/12) acquired indels. Red line repre-
Eed: TGCTTGCATTGCGCAATCAGGTTGGCAAACTG  Suzl2:AGCTCTGCCACCACAGCAGGTTCATCTTCAAT sents the position of the protospacer adjacent motif
Mutl: TGC ARACTG  Mutl: AGCTCTGCCACCACAG——-GTTCATCTTCAAT (PAM) sequence. All data represent mean + SD
Mut2: AAATC. ARACTG Mut2: AGCTCTGCCACCACAG-AGGITCATCTTCAAT (. 0001 by Student's ttest). See also Figure S2.
Mut3d: -—A ARACTG  Mut3: AGCTCTGCCACCA---CAGGTTCATCTTCAAT
Mutd: TGCTTGCATTGG--~-ATCAGGTTGGCAAACTG  Mut4: AGCTCTGCCACCACAGC—-—-- -CATCTTCAAT

Efficient Gene Disruption in Human HSPCs

Encouraged by the results obtained in mice, we assessed the
feasibility and efficiency of our protocol in human hematopoietic
cells. We first sought to target human CD45 (hCD45) in HL-60
cells, a human acute myeloid leukemia (AML) cell line. We elec-
troporated HL-60 cells with Cas9/hCD45-sg RNPs testing three
different CD45 guides. Strikingly, all three guides displayed very
high efficiencies of disrupting CD45 expression (sg1, 98%; sg2,
91%,; and sg3, 74%), as assessed by flow cytometry (Fig-
ure S3A). Two additional AML cell lines, OCI-AML2 and Kasumi,
exhibited similar editing efficiencies (Figure 3A).

We also tested whether our protocol was capable of editing
peripheral blood mononuclear cell (PBMC)-derived primary T
lymphocytes. While resting T cells were resistant to CD45 edit-
ing (data not shown), activated T cells targeted with hCD45-sg1
exhibited efficient (86% + 2%; n = 3) loss of CD45 (Figure 3A),
with some residual CD45P"9" and CD45™“ cells (Figure S3B).
We performed high-throughput sequencing of unfractionated
T cells as well as cells sorted based on CD45 expression
(CD4s™9M cD45™9, CD45Y™, and CD45™9 cells), and we
discovered that, while the unfractionated cells had an indel
frequency of 83%, more than 95% of alleles in CD45™* and
CD45%™ cells and 40% of alleles in CD45™“ cells had acquired
indels (Figure S3B). Interestingly, CD45%™ cells harbored 51%
in-frame and 49% out-of-frame indels (Figure S3C), which
may explain the residual CD45 expression (Figure S3C). Impor-
tantly, low indel frequencies (0.2%, 1.7%, and 0.4%; read
depth: 924, 301, and 527) were observed at the top three
predicted off-target (OT) sites (Figure 4B; Supplemental Exper-
imental Procedures).

We then tested whether primary human CD34* HSPCs could
be gene edited. To search for the optimal conditions, we first
electroporated primary CD34" cells derived from umbilical

1456 Cell Reports 77, 1453-1461, October 25, 2016

cord blood with Cas9/hCD45-sg1 RNP using nine different elec-
troporation parameters, and we performed flow cytometry 96 hr
later to measure CD45 expression levels together with cell
viability (Figure S3D). The optimized electroporation parameter
(condition 9) was used for all further experiments. Since short-
term ex vivo expansion is routinely exploited to increase trans-
fection and transduction efficiency, we explored the impact of
short cytokine exposure on transfection and gene disruption
efficiency. We electroporated CD34" cells from single donors
(n = 5) with mRNA encoding for GFP-fused Nucleophosmin 1
(GFP-NPM1) immediately after isolation, or after 24 or 48 hr of
cytokine exposure, and we analyzed GFP expression 24 hr later.
While fresh cells showed only 28% + 13% GFP positivity, cells
cultured for either 24 or 48 hr displayed transfection efficiencies
higher than 75% (24 hr, 81% + 12%,; 48 hr, 78% + 10%)
(Figure S3E).

To assess whether CRISPR-mediated gene disruption effi-
ciency was influenced by exposure to cytokines, we performed
a similar experiment electroporating CD34" from single donors
(n = 8) with Cas9/hCD45-sg1 RNP again at 0, 24, and 48 hr of cul-
ture, and we analyzed CD45 expression 4 days later. As ex-
pected, freshly isolated CD34" cells not exposed to cytokines
exhibited limited loss of CD45 cell surface expression (8% +
4%). However, gene disruption efficiency was significantly
higher in cells cultured for 48 hr compared to 24 hr (73% +
16% versus 41% + 12%, p = 0.003) (Figure 3B), implying that
the efficiency of gene disruption is dependent upon more
than transfection efficiency. Importantly, CD34 expression re-
mained unchanged even following efficient CD45 knockout
(Figure 3C).

We also determined the impact of CRISPR-Cas9 delivery on
human HSPC viability. CD34* cells from single donors were
electroporated with Cas9 only or Cas9/hCD45-sg1 RNP or left
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Figure 3. Efficient CD45 Knockout in Human Hematopoietic Cells
(A) Flow cytometry analysis of hCD45 expression in three AML cell lines and activated primary T cells 96 hr following electroporation with Cas9 only {blue) or Cas9/
hCD45-sg1 RNP {red) is shown.

(B) Effects of pre-culture before electroporation on gene disruption efficiency. hCD45 loss was examined in CD34" cells cultured for 0, 24, and 48 hr in the
presence of cytokines before electroporation with Cas9/hCD45-sg1 RNP. hCD45 expression was evaluated 4 days after electroporation. Each experiment (n = 8)
was performed on CD34~ cells isolated from single donors.

(C) Flow cytometry analysis of CD45 and CD34 expression in CD34" cells 96 hr following electroporation with Cas9 only {left) or Cas9/hCD45-sg1 RNP {right) is
shown.

(D and E) Cell viability examined by trypan blue staining (D, n = 8) or flow cytometry (E, n = 6) of CD34" cells electroporated either with Cas9 only {black) or with
Cas9/hCD45-sg1 RNP (gray) relative to non-electroporated cells at the indicated time points. The cell counts (D) or viability (E) of Cas9 only- and Cas9/hCD45-
sg1-transfected cells was compared to the viable cell counts of non-electroporated cells.

All data represent mean + SD; *p < 0.05, **p < 0.01, and ***p < 0.001 by non-parametric tests.

untreated in culture, and viable cell counts were recorded by try-
pan blue staining at 24, 60, and 96 hr after electroporation. Non-
electroporated cells expanded in vitro, reaching 2.1 x 10° cells,
5 x 10° cells, and 1.1 x 10° cells at 24, 60, and 96 hr of culture,
respectively, starting with 10° cells. Electroporated cells ex-
hibited significant but acceptable cell loss in Cas9/hCD45-

sg1 RNP-treated cells compared to non-electroporated cells
(24 hr, 69% + 31%; 60 hr, 40% = 13%; 96 hr, 34% + 17%;
n = 8) (Figure 3D). Cell viability assessed by flow cytometry at
48 and 96 hr corroborated these results (48 hr, 48% + 18%;
96 hr, 45% + 11%; n = 6) (Figure 3E). These results are consis-
tent with those reported by others using electroporation of
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Figure 4. CRISPR-Cas9-Mediated Gene Disruption and HDR in Human HSPCs

(A) Indel frequencies at targeted loci. When multiple sgRNAs were used in the same experiment, sg1 indicates alleles with disruption of sg1 only, sg2 indicates
alleles with disruption of sg2 only, and a triangle indicates alleles with a deletion between sg1 and sg2. Raw allele counts for each indel/deletion are found in

Table S2.

(B) Indel frequencies at three predicted hCD45-sg1 OT sites. OT sites (OT1-3) were predicted using CRISPRscan (Moreno-Mateos et al., 2015).

(C) Plots showing percentages of human cells {left) in the bone marrow and the spleen of 16 NSG recipient mice {eight Cas9 only and eight Cas9/hCD45-sg1 RNP)
and the fraction of engrafted human cells that have lost hCD45 (right) in Cas9 only (black) and Cas9/hCD45-sg1 RNP (red). Human CD34* cells from individual
cord blood donors were electroporated with Cas9 only and Cas9/hCD45-sg1 RNP, and they were transplanted into sublethally irradiated NSG mice. Engraftment

was analyzed 8 weeks post-transplant.
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site-directed nucleases (De Ravin et al., 2016; Genovese et al.,
2014).

CD45 knockout efficiency measured by flow cytometry
(73% + 16%) was confirmed by high-throughput sequencing
of the hCD45 locus (75% + 10%) (Figure 4A; Table S2). As
in T cells, CD34" cells electroporated with Cas9/hCD45-sg1
(n = 3) displayed minimal OT cleavage (1.0%, 7.0%, and
0.1%; average read depth: 5,319, 5,164, and 5,089 at OT1,
OT2, and OTS3, respectively) (Figure 4B). To verify that the edi-
ted CD34* HSPCs maintained engraftment and multilineage
differentiation capacity, we transplanted Cas9-only (n = 8)
and Cas9/hCD45-sg1 RNP-edited cells (n = 8) into sub-lethally
irradiated NOD scid gamma (NSG) mice. To avoid possible
donor-dependent bias, each experimental pair (i.e., one
Cas9-only replicate and one Cas9/hCD45-sg1 RNP-treated
replicate) was performed on cells derived from a single cord
blood. Bone marrow of 16/16 recipients and spleens of 13/16
recipients were successfully engrafted with human cells (Fig-
ure 4C). Importantly, we observed significant levels of engraft-
ment by hCD45™9 cells in the bone marrow of 7/8 mice and in
the spleen of 5/8 mice transplanted with Cas9/hCD45-sg1
RNP-edited cells (Figures 4C, 4D, and S4A). Sequencing of
the amplified human CD45 locus from bone marrow cells
confirmed the presence of indels with frequencies consistent
with flow cytometry data (Figure S4B). As expected for this
time point (Goyama et al., 2015; McDermott et al., 2010), en-
grafted human HSPCs gave rise mainly to B and myeloid cells
in the bone marrow in both Cas9 only- and Cas9/hCD45-sg1
RNP-engrafted mice, with no differences between these two
groups (Figure S4C). The Cas9/hCD45-sg1 RNP-edited sam-
ples displayed no significant difference in CD45 gene disruption
between B and myeloid cells (Figure S4D).

We also analyzed human CD34* HSPCs in one bone mamrow
sample inwhich 37% of engrafted human cells were CD45 nega-
tive. CD45 loss was evident in 40% of CD34" cells (Figure S4E)
and 36% of the CD34"CD38 population, which contained
the most immature progenitor cells. These results establish
that our method allows for efficient gene disruption of human
CD34* HSPCs while retaining multilineage reconstitution capac-
ity and the ability of these cells to engraft and expand in recipient
mice. Given the known limitations of NSG mice to support robust
generation of cells from all human hematopoietic lineages, such
as T cells and erythroid cells, further assessment in additional
models and longer time points will reveal whether the most
long-term HSCs are successfully modified and viable after these
treatments.

Multiple Guide Approach Allows for Rapid Deletion of
Genes of Interest

To ensure functional ablation of a target gene and to facilitate
rapid assessment of gene editing by PCR, larger deletions are
often desirable. Thus, we synthesized guide RNA pairs targeting
exons 7-14 of DNMT3A. We tested combinations of up to four
guides per electroporation in HL-60 cells, assessing the fre-
quency and spectra of deletions after 12 hr and the level of
DNMT3A protein after 96 hr. All tested combinations of guides
demonstrated efficient deletions and significantly diminished
DNMTB3A protein (Figure S4G).

We then targeted DNMT3A in primary CD34* cord blood cells.
Guides targeting exons 7 and 8 were tested and the expected
deletions were observed by PCR (Figure S4F). Importantly, the
DNMT3A protein was nearly absent 96 hr after disruption of
exon 7 or exons 7+8 (Figure 4E). To verify this result, DNMT3A
exon 7 was targeted in CD34" cells enriched from an additional
five cord blood samples, and high-throughput sequencing
confirmed a gene disruption frequency of 69% + 4% (Figure 4A;
Table S2), suggesting that most cells likely experience loss of at
least one allele, whereas many cells lose both alleles. To further
validate the flexibility and efficiency of our approach, we targeted
exon 10 of DNMT3A (n = 10) and exon 3 of NR3CT (n = 5) in
CD34* cells, and high-throughput sequencing showed allelic
disruption frequencies of 86% + 14% and 75% + 6%, respec-
tively (Figures 4A and S4H; Table S2).

Efficient HDR-Mediated Gene Editing in Human HSPCs

Finally, we considered whether these editing strategies could be
used to introduce specific point mutations into primary human
HSPCs using Cas9-mediated homology-directed repair (HDR).
HDR would enable specific lesions to be introduced in HSPCs,
potentially correcting deleterious mutations or mimicking
cancer-associated mutations. Single-stranded oligonucleotide
HDR templates (ssODNs) were designed with symmetric or
asymmetric homology arms (Richardson et al., 2016) to intro-
duce three base pair changes, two of which resulted in the gen-
eration of a BsiWl| site near the hCD45-sg1 spacer sequence
(Figure 4F). After 48 hr of culture with cytokines, CD34* HSPCs
were electroporated with the Cas9/hCD45-sg1 RNP along with
either 10 or 30 pmol ssODNs. The addition of 10 or 30 pmol
ssODNs did not significantly affect the viability (Figures S3F
and S3G), although a trend toward lower viability after electropo-
ration with a higher dose of ssODN was observed. Following
BsiWI digestion of genomic DNA 24 hr after transfection, all sam-
ples with a donor template displayed a digested band, indicating

(D) Flow cytometry analysis of two engrafted NSG mice. Top panels show the engraftment of normal human cells (CD45P°*HLA-ABCP®). Bottom panels show the
presence of hCD45 knockout cells (highlighted in red) both in the bone marrow and the spleen.

(E) Western blot analysis of DNMT3A expression in CD34* cord blood cells 96 hr after electroporation with Cas9 only, Cas9/hCD45-sg1 RNP, Cas9/DNMT3A
exon 7/8-sg (four sgRNAs) RNP, or Cas9/DNMT3A exon 7-sg {two sgRNAs) RNP is shown.

(F) Schematic representation of the CRISPR-mediated knockin (top). Three single-nuclectide changes, two of which (red) resulted in the formation of a BsilW/
restriction site (italics), were introduced into hCD45 exon 25. The most commonly observed alleles from a representative sample {(bottom), which included both
precise (HDR; all three single-nucleotide changes) and imprecise (HDR®; two of three nucleotide changes) knockin events, were assessed by high-throughput
seqguencing, and their allele frequencies are displayed. The numbers in red represent frequencies of reads containing the BsiWi restriction site.

(G) A gel image of BsiWi-digested PCR amplicon prepared from CD34* cord blood cells targeted with Cas9/hCD45-sg1 (1 pg each) RNP and different single-
stranded DNA oligonuclectides (ssODN) containing BsiW/ sites. Both symmetric (S) and asymmetric (A) homology arms were tested. BsilW/ digests the 282-bp
amplicon with HDR editing into 172-bp and 110-bp fragments. The numbers below the gel represent efficiency of restriction site knockin (HDR+HDR®) as

determined by high-throughput sequencing.
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successful HDR (Figure 4G). High-throughput sequencing per-
formed on these samples revealed efficient precise knockin
(22%; range: 19%-25%) of the mutant allele (Figure 4F; Table
S2). Additionally, many reads (1%-2%) displayed imprecise or
partial knockin of the mutant allele (one of three or two of three
bases) (Figure 4F; Table S2). Samples electroporated with only
the donor template displayed no detectable mutant allele by
high-throughput sequencing (data not shown). Thus, our method
allows homology-directed gene editing at a substantial fre-
quency in human HSPCs. Additional testing in multiple mouse
and other animal models will be required to establish whether
the most long-term HSCs are successfully edited.

DISCUSSION

The strategies we describe herein enable efficient gene editing,
particularly loss-of-function studies, in both murine and human
HSPCs directly. With the RNP-based methods, it is possible
to generate gene-edited HSPCs within a week starting with
conception of the study, including downtime for oligonucleotide
synthesis. This is substantially shorter than editing HSPCs using
lentiviral transduction, which requires cloning sgRNAs into lenti-
viral vectors, generation and quality control of lentiviral particles,
and results in variable HSPC transduction efficiencies and risks
of lentiviral integration in undesirable sites. Furthermore, electro-
poration of RNPs is a transient hit-and-run approach that obvi-
ates the need for a special mouse strain expressing Cas9, and
it reduces concerns of constitutive Cas9 expression and OT
cleavage. The costs of generating gene-edited HSPCs with
these methods are substantially lower than those with lentiviral
methods. Although commercially available Cas9 protein makes
gene ablation with RNPs feasible, we also envision this strategy
could be used for other Cas9 derivatives where transient effects
may be desirable, such as CRISPR interference (Konermann
etal, 2015; Qi et al., 2013).

One limitation of our protocol is that it lacks the ability to mark
the cells that were successfully electroporated, unlike lentiviral
transduction methods in which transduced cells can be marked
by fluorescent proteins or by antibiotic resistance. However, with
agene-editing efficiency approaching 90% as we show for some
targets, our method makes it possible to examine the molecular
or phenotypic changes without selection for transfected cells.
We have shown that deletion of DNMT3A from primary human
CD34* cells leads to a precipitous reduction in DNMT3A protein
levels in the population within 96 hr after electroporation.

We have observed that gene-editing efficiency is slightly more
efficient in human than murine HSPCs. It is possible that this dif-
ference reflects developmental states, since the human cells are
derived from cord blood rather than bone marrow. Additional
optimization using murine HSPCs from the fetal liver or after
mobilization may further increase the gene-editing efficiency.

Perhaps the most significant finding we observed was efficient
HDR in human HSPCs. The ability to introduce specific muta-
tions in HSPCs will enable the expanded study of cancer-driver
mutations in AML and other hematologic diseases. More impor-
tantly, the repair of inherited mutations in both common and rare
blood disorders using CRISPR may now be feasible without
integration of viral vectors or delivery of plasmid DNA, represent-
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ing a major stepping-stone toward therapeutic gene editing. We
have not yet achieved detectable HDR frequencies in mouse
HSPCs, and it is possible that a longer culture time prior to elec-
troporation is necessary to activate this repair process in murine
cells.

These remarkable knockout and HDR efficiencies in human
HSPCs may suggest the possibility of broad and immediate util-
ity. However, most ex vivo manipulations ultimately have been
shown to impact function of the most long-term HSCs (Geno-
vese et al., 2014; Hoban et al., 2015), and all of the available as-
says have limitations in their ability to assess bona fide HSC
function. Therefore, caution in application of these strategies is
still warranted.

In conclusion, we describe a fast, efficient, and cost-effective
method to edit the genomes of both murine and human HSPCs
based on the CRISPR/Cas9 system. The ability to quickly and
efficiently edit primary HSPCs makes it possible to test the func-
tion of genetic variants identified in association with hematologic
diseases, such as leukemia or bone marrow failure. Moreover,
the high efficiency offers the possibility to perform large-scale
combinatorial gene editing in HSPCs to model complex muta-
tional landscapes.

EXPERIMENTAL PROCEDURES

Production of sgRNA and Electroporation

Protospacer sequences for each target gene were identified using the
CRISPRscan algorithm (http://www crisprscan.org) (Moreno-Mateos et al.,
2015). DNA templates for sgRNAs were made using the protocol described
by Li et al. (2013) using primers listed in Table S1. The sgRNA (1 pg) was
electroporated into 1 x 10° Cas9-expressing c-kit* murine HSPCs after 1—
3 hr of culture. The optimized electroporation condition for murine HSPCs
was 1,700V, 20 ms, and one pulse, using a Neon transfection system (Thermo
Fisher Scientific). To electroporate Cas9-sgRNA RNPs, 200 ng to 1 ng sgRNA
was incubated with 1 pg Cas9 protein (PNA Bio) for 10-15 min atroom temper-
ature and electroporated as above. Human CD34" cells were isolated by
AutoMACS (Miltenyi Biotec) using CD34 microbeads, and they were electro-
porated as described for murine cells except the optimized electroporation
condition was 1,600 V, 10 ms, and three pulses. See the Supplemental
Experimental Procedures for details.

Statistical Analysis
For comparisons involving two groups, unpaired Student's t tests (two-tailed)
or non-parametric tests were used. See the figure legends for details.
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The accession number for the data reported in this paper is NCBI Sequence
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Figure S1. Gene editing in murine HSPCs (related to Figure 1). (A-B) Optimization of electroporation conditions. 10° ¢-kit" cells
from Cas9-expressing mice were electroporated with 1 pg of GFP-sgl using the parameters as indicated. Cells were analyzed for GFP
expression at 24 hours after electroporation (A) and survival by trypan blue staining at 24 and 48 hours after electroporation (B). One
pulse at 1700 V, 20 ms had the highest GFP-ablation efficiency with minimum loss of viability (see also Figure 1B), and this
condition was used throughout for murine experiments. Comparisons in (B) were done with the control at each time points. (C) 10°
c-kit" cells from Cas9-expressing mice, either freshly isolated or after 1 hour pre-culture, were electroporated with 1 pg of GFP-sgl
with the standard scaffold (GFP-sg) or with the improved scaffold described previously (GFP-sg(i), (Chen et al., 2013)). We did not
observe significant increase in GFP ablation efficiency by incorporating the improved scaffold. (D) Bone marrow cells enriched for
c-kit" cells were either analyzed freshly, or after 1 hour of pre-culture without electroporation, or after 1 hour of pre-culture with
electroporation. 1 hour of pre-culture significantly attenuated c-kit expression. (E) We pre-cultured c-kit” HSPCs for 1 hour and then
performed either mock electroporation without sgRNA, electroporated with R26-sg or GFP-sg, or electroporated with Cas9-sgRNA
RNP as indicated. Cell were then stained for HSCs and clonally sorted into semi-solid media. HSC pre-cultured and sorted without
electroporation had somewhat lower cloning efficiency, but the clonality was not affected by electroporation of sgRNA with or
without Cas9 protein. (F) Cell survival determined by trypan blue staining at the indicated time points. GFP-expressing HSPCs were
either pre-cultured only or electroporated with the sgRNA, Cas9 protein, or Cas9-sgRNA RNP, as indicated in the legend in (E). (G)
Three different sgRNA targeting GFP were electroporated into c-kit™ cells with Cas9 protein. GFP expression was efficiently ablated
GFP expression by GFP-sgl, making 71.7+0.5% of cells GFP", while GFP-sg2 and GFP-sg3 had slightly lower efficiencies. (H)
High-throughput sequencing of GFP after editing with Cas9-sgRNA RNP. Shown are top 5 GFP-edited sequences discovered by
sequencing of 3 samples, and the overall indel frequencies. All data represent mean + standard deviation, *, p<0.05;, **, p<0.01,; and

**%* p<0.001 by Student’s t-test.
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Figure S2. Editing of murine Eed and Suz12 (related to Figure 2).

TIDE assay (Brinkman et al., 2014) was performed 48 hours after electroporation for Eed (A) and Suz12 (B) (n=3). PCR amplicons

spanning the Cas9 cleavage site were subjected to Sanger sequencing and the resulting trace files were analyzed by TIDE.

Approximately 50% of the cells at this early time point after electroporation exhibited small indels (n=3).
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Figure S3. Gene editing in human hematopoietic cells (related to Figure 3).

(A) Flow cytometry analysis of hCD45 expression in the HL-60 cell line 96hrs following electroporation with Cas9 only (blue) or
Cas9 and sgRNAs targeting different CD45 exons (red). (B) Dot-plot showing four distinct populations of T-lymphocytes based on
hCD45 expression levels (above). Sequencing of the targeted CD45 locus in the sorted CD45"™* population displayed in an IGV
diagram (below). Each horizontal grey bar represents a sequencing read (allele). Deletions are depicted by thin horizontal black lines
and insertions are depicted by vertical lines. (C) Indel spectra within CD45™% (top panel) and CD45%™ (bottom panel) sorted
T-lymphocyte populations. (D) Optimization of electroporation parameters in human HSPCs: CD34" cells were electroporated with
Cas9/hCD45-sgl RNP using different electroporation parameters. CD45 expression along with viability was measured 96 hours
following electroporation. 9 different conditions were tested: 1) 1700V, 20ms, 1pulse; 2) 1400V, 30ms, 1pulse; 3) 1200V, 40ms,
1pulse; 4) 1200V, 20ms, 2pulses; 5) 1400V, 20ms, 2pulses; 6) 1150V, 30ms, 2pulses; 7) 1400V, 10ms, 3pulses; 8) 1500V, 10ms,
3pulses; 9) 1600V, 10ms, 3pulses. Condition 9 (highlighted with 1) was used for all further experiments. (E) GFP positivity following
electroporation of GFP-NPM1 construct in CD34" cells. Cells were cultured for 0, 24 and 48 hours in presence of cytokines (SCF,
FLT3L and TPO) and electroporated with GFP-NPM1 mRNA. GFP positivity was measured 24 hours post-electroporation. (F) Total
viable cell counts examined by trypan blue staining (n=3) of CD34+ cells electroporated either with Cas9/hCD45-sgl RNP (black),
RNP + 10pmol ssODN (dark grey) or RNP + 30pmol ssODN (light grey), relative to non-electroporated cells (n=8). (G) Cell viability
measured by flow cytometry (n=3) 48 and 96 hours following electroporation with either Cas9/hCD45-sgl RNP (black), RNP +
10pmol ssODN (dark grey) or RNP + 30pmol ssODN (light grey). The percentages of viable cells (based on scatter plot and PI
staining) of Cas9/hCD45-sgl RNP and RNP + ssODN transfected cells were normalized to the percentage of viable cells of

non-electroporated cells. The differences were not statistically significant based on a non-parametric test.
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Figure S4. CRISPR-Cas9 toolbox applications in human primary CD34" cells (related to Figure 4).

(A) Flow cytometry analysis of bone marrows and spleens from NSG mice transplanted with either Cas9 only (left panels) or
Cas9/hCD45-sgl RNP (right panels) treated CD34" cells. hCD45 negative cells (gated in red) were detected only in mice transplanted
with Cas9/hCD45-sgl RNP electroporated human HSPCs. (B) Table showing the percentages of hCD45 negative cells paired with the
indel frequencies detected at the targeted locus in engrafted human cells in one Cas9 only control (corresponding to the top left plot of
Cas9 only controls on Fig S4A) and four Cas9/hCD45-sgl RNP electroporated (corresponding to the top four plots of hCD45-sgl
samples on Fig S4A) xenografts. As expected, indel frequencies calculated by high-throughput sequencing are slightly higher than
CD45™¢ cells detected by flow cytometry because populations with two-fold differences in cell surface expression (WT vs
heterozygous) are difficult to discriminate by flow cytometry and some of the indels may produce undetectable outcomes at protein
level. (C) B-cell and myeloid percentages of human cells in Cas9 only (n=8) and in Cas9/hCD45-sgl RNP (n=8) engrafted mice
analyzed two months after transplantation. (D) B-cell and myeloid percentages of engrafted human CD45 positive and CD45 negative
cells in five mice transplanted with Cas9/hCD45-sgl CD34+ cells and analyzed two months after transplantation. No differences were
detected in terms of lineage differentiation, comparing CD45 positive and CD45 negative human cells. (E) Flow cytometry analysis
showing engrafted human CD34" cells in one representative NSG mouse bone marrow two months after transplantation (left panel).
40% of CD34" cells were hCD45 negative (right panel). hCD45 negative cells were detectable in both CD34'CD38" and CD34"CD38"
populations. (F) Agarose gel electrophoresis images of amplified DNA from DNMT3A exons 7-14 in HL-60 cells treated with
multiple guides targeting each exon. The multiple bands in each lane represent deletions between two guides. (G) Western blot
analysis of DNMT3A expression in HL-60 cells 96hrs after electroporation with Cas9 only, Cas9/DNMT34 exon 7/8-sg (4 sgRNAs)
RNP, Cas9/DNMT34 exon 9/10-sg (4 sgRNAs) RNP, Cas9/DNMT34 exon 11/12-sg (2 sgRNAs) RNP or Cas9/DNMT34 exon
13/14-sg (4 sgRNAs) RNP. (H) Agarose gel electrophoresis of amplified DNA from NRC31 exon 3 in human CD34" cells in Cas9
only controls, Cas9/hCD45-sg] controls and Cas9/NR3C1 sgl + sg2 replicates (Tx). CB1, CB2 and CB3 indicate cord blood cells

from three different donors (biological replicates). Tx1, Tx2 and Tx3 indicate three technical replicates.
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Table S1. Primer and oligo sequences (Related to Figures 1,2, 3 and 4)

Oligo name Sequence Description
sgRNA common reverse | AAAAGCACCGACTCGGTGCCACTTTITTCAAGTTGATAACGGACTAGCCTTA | sgRNA
primer (overlap PCR) TTTTAACTTGCTATTTCTAGCTCTAAAAC production
sgRNA common reverse | AGCACCGACTCGGTGCCACT sgRNA
primer (regular PCR) production
R26 sg gaaattaatacgactcactataGGGGTCGGCCTCTGGCGGG Ggttttagagctagaaatage sgRNA
GFP sgl gaaattaatacgactcactataGGGCGAGGAGCTGTTCACCGgttttagagctagaaatage sgRNA
GFP sgl(i) ttaatacgactcactataGGGCGAGGAGCTGTTCACCGgtttaagagctatgctggaaacage sgRNA
GFP sg2(i) ttaatacgactcactataGGAGGAGCTGTTCACCGGG Ggtttaagagcetatgctggaaacage sgRNA
GFP sg3(i) ttaatacgactcactataGGCGAGGGCGATGCCACCT Agtttaagagctatgctggaaacage sgRNA
mCD45 sgl ttaatacgactcactataGGAGAGGGCGTCTGCGAGT Cgtttaagagctatgetggaaacage sgRNA
mCD45 sg2 ttaatacgactcactataGGGAGTCAGGCTGTGGGGA Cgtttaagagctatgetggaaacage sgRNA
mCD45 sg3 ttaatacgactcactataGGTGCTGGTGTTGGGCGTACgtttaagagetatgetggaaacage sgRNA
Eed sg gaaattaatacgactcactataGATGCTTGCATTGGGCAAT Cgttttagagctagaaatage sgRNA
Suzl2 sg gaaattaatacgactcactataGATTGAAGATGAACCTGCTGgttttagagctagaaatage sgRNA
hCD45 sgl ttaatacgactcactataGGTGCTGGTGTTGGGCGCA Cgttttagagctagaaatage sgRNA
hCD45 sg2 ttaatacgactcactataGGGAGCAAGTGAGGATCCT Cgttttagagetagaaatage sgRNA
hCD45 sg3 ttaatacgactcactataGGGATGCTTGTTCCCTTCAGgttttagagctagaaatage sgRNA
DNMT3A ex7 sgl ttaatacgactcactataGGGGCCCGGGGAGTCTCAGAgttttagagctagaaatage sgRNA
DNMT3A ex7 sg2 ttaatacgactcactataGGCCGTGGGGTCCGATGCTGgttttagagctagaaatage sgRNA
DNMT3A ex8 sgl ttaatacgactcactataGGGCCGGGGCTTTGGCAT T Ggttttagagctagaaatage sgRNA
DNMT3A ex8 sg2 ttaatacgactcactataGGGGTCATGTGGTTCGGAGAgttttagagctagaaatage sgRNA
DNMT3A ex9 sgl ttaatacgactcactataGGACTGCAAAACGAGCTCAGgttttagagctagaaatage sgRNA
DNMT3A ex9 sg2 ttaatacgactcactataGGTTGTTGTACGTGGCCTGGgttttagagcetagaaatage sgRNA
DNMT3A ex10 sgl ttaatacgactcactataGGACACTGCCAAGGCCGTGGgttttagagetagaaatage sgRNA
DNMT3A ex10 sg2 ttaatacgactcactataGGGTGGCCAGCAGCCGCGCGgttttagagctagaaatage sgRNA
DNMT3A ex11 sg ttaatacgactcactataGGTGCGTAGGCAGCTGCCT Cgttttagagctagaaatage sgRNA
DNMT3A ex12 sg ttaatacgactcactataGGCAGAGCGGCTGGTGTACGgttttagagetagaaatage sgRNA
DNMT3A ex13 sgl ttaatacgactcactataGGGCTCCTACCTTGCAGTTTgttttagagctagaaatage sgRNA
DNMT3A ex13 sg2 ttaatacgactcactataGGTAACATTGAGGCTCCCACgttttagagctagaaatage sgRNA
DNMT3A ex14 sgl ttaatacgactcactataGGGTACCAGTACGACGACGAgttttagagctagaaatage sgRNA
DNMT3A ex14 sg2 ttaatacgactcactataGGCCGTGAGGTGCTCATGTGgttttagagctagaaatage sgRNA
NR3C1 ex3 sgl ttaatacgactcactataGGTGCTGTTGAGGAGCTGGAgttttagagctagaaatage sgRNA
NR3C1 ex3 sg2 ttaatacgactcactataGGAGCACACCAGGCAGAGTTgttttagagctagaaatage sgRNA
Cas9-GFP F GGGGATGTCGAAGAGAATCC T7E1/Seq
Ubc-GFP F GGGTTGGCGAGTGTGTTTT T7E1/Seq
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GFPR GAACTTCAGGGTCAGCTTGC T7E1/Seq
Eed ¥ CCTTAGAGCCTGGTGCTCTGT T7El/Seq
EedR GGATGGCATAAGAAAGCTACAA T7E1/Seq
Suzl2 F GTGCACTCTGAACTGCCGTA T7E1/Seq
Suzl2 R CCACTGTAACCTGGGCAGA T7El/Seq
mCD45 1F CTGTGGCACCTTTGTGTCAT primer
mCD45 1R TTGGCTGCTGAATGTCTGAG primer
mCD45 2F GGTTCCTTCACCCACTGAGA primer
mCD45 2R GACACCTCTGTCGCCTTAGC primer
EGFPF TTGAAACAAGCAGGGGATGT primer
EGFP R GAACTTCAGGGTCAGCTTGC primer
hCD45 ex24-25 F AGTACATGCAAGTCCTGCACAATATC primer
hCD45 ex24-25R TTTGTGGTCATCTTTCTTCCACAGT primer
hCD45 ex25 F CACACCTGACAGCTTTTCCATGA primer
hCD45 ex25 R CATCCACTTTGTTCTCGGCTTCC primer
DNMT3A ex7 F TTTCACGGCAAGGCAGCTGGTTG primer
DNMT3A ex7 R AGAGGAGAGCAGGACGGGAGGAG primer
DNMT3A ex8 F GATCAGGGTGGCAGGGCCTCGT primer
DNMT3A ex8 R CACCACAGGCAGAGTAGGGGTGA primer
DNMT3A ex9 F GCCAGTTGCAAGGCATGGGGTG primer
DNMT3A ex]10O R TTGCCTGTGCCACCCTCACTACTC primer
DNMT3A exI11 F TACTCTGCCCCATGCCACACTA primer
DNMT3A exI2R ACCCCACTGTAAGGAGGGTGGG primer
DNMT3A ex13F GGAGAGGCCCTTCGGTGGTACT primer
DNMT3A ex14 R GAGGCCAAGGTGTGCTACCTGGA primer
NR3C1 ex3 F GCCCCAGCATGAGACCAGAT primer
NR3C1 ex3 R CACACACTACCTTCCACTGCTCT primer
hCD45 symmetric HDR | TCGCCTTAGCTTGACAACATAACCATAAACATCCACTTTGTTCTCGGCTTCC | ssODN
template AGGCCTTCTAGCATGGCATCAATTCCGATATAGGTTGCCGTACGACCAACA
CCAGCACTGGCAAACCAAGCAAAAAAAAGCAGAGGCATGATCATGGAAAA
GCTGTCAGGTGTGAAGCCAATATAAGAATCTAAG
hCD45 asymmetric HDR | TCGCCTTAGCTTGACAACATAACCATAAACATCCACTTTGTTCTCGGCTTCC | ssODN

template

AGGCCTTCTAGCATGGCATCAATTCCGATATAGGTTGCCGTACGACCAACA
CCAGCACTGGCAAACCAAGCAAAAAAAAGCAG
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Table S2. Most commonly observed indels and large deletions in mouse and human HSPCs (Related to Figures 1, 3 and 4)

Supplementary Experimental Procedures

Mice

The mice used in this study were C57BL/6, Cas9 knock-in (Platt et al,, 2014) and Vav-iCre (de Boer et al, 2003) mice.
NOD/SCID/IL2Ry-/- (NSG) mice (The Jackson Laboratory) were fed autoclaved food and water. Mice were housed in
AAALAC-accredited, specific-pathogen-free animal care facilities at Baylor College of Medicine (BCM). All procedures were

approved by BCM Institutional Animal Care and Use Committees.

Production of CRISPR sgRNA

Protospacer sequences for each target gene were identified using the CRISPRscan algorithm (www.crisprscan.org) (Moreno-Mateos et
al., 2015). DNA templates for sgRNAs were made using the protocol described by Li et al (Li et al., 2013). In brief, primers
containing a T7 promoter, the protospacer sequence, and a 21-nt sequence corresponding to the 5’ end of the sgRNA scaffold sequence
were obtained from Integrated DNA Technologies (IDT). Full-length DNA templates were then produced by amplifying the sgRNA
scaffold off of the PX458 plasmid (Addgene #48138) using each custom forward primer and a universal reverse primer (see primers
List) specific for the 3” end of the sgRNA scaffold. The PCR products were purified and in vitro transcribed with the HiScribe T7 High
Yield RNA Synthesis Kit (NEB) following manufacturer instructions. In vitro transcription products were purified using RNA Clean
& Concentrator-25 (Zymo Research) and eluted in nuclease-free water. To generate sgRNA containing the improved scaffold
sequences, a forward primer containing a T7 promoter, a reverse primer specific for the 3” end of the improved scaffold, and

pKLV-U6gRNA-EF(BbsI)-PGKpuro2 ABFP plasmid (Addgene # 62348) were used in a PCR reaction.

Murine cell isolation, culture and transfection
Murine bone marrow cells were isolated by flushing tibias and femurs in HBSS supplemented with 2% heat-inactivated bovine
serum (Gibco, Grand Island, NY). To isolate c-kit" cells, bone marrow cells were stained with biotin conjugated c-kit antibodies

followed by anti-biotin microbeads (Miltenyl Biotec) and separated using autoMACS (Miltenyl Biotec). Cells were cultured in either
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X-Vivo 15 media (Lonza) supplemented with 2% FBS, 50 ng/ml SCF, 50 ng/ml TPO, 10 ng/ml IL-3, and 10 ng/ml IL-6, or
StemPro-34 Serum Free media (Thermo Fisher Scientific) supplemented with L-Glutamine (2 mM), SCF (10 ng/mL), and TPO (100
ng/mL) with similar results. Cytokines were purchased from Peprotech or Miltenyi Biotec.

For experiments using Cas9-expressing mice, cells were either electroporated directly or after culturing for the indicated time. 1
x 10° cells were resuspended into 10 pl of Buffer T (Invitrogen), mixed with sgRNA and electroporated using the Neon transfection
system (Thermo Fisher Scientific). For experiments using sgRNAs pre-complexed with Cas9 protein, 200 ng to 1 pg of sgRNA was
incubated with 1 pg Cas9 protein (PNA Bio, 1 pg/uL in Buffer T or PBS) for 10-15 minutes at room temperature in a final volume of
2 pl. 1 x 10’ cells cultured for 1-3 hours were resuspended in 10 pl of Buffer T and added to the Cas9-sgRNA RNP for a total volume
of 12 pl. After optimizing the electroporation conditions as shown in Figure S1A, we used the optimal condition, which is 1700V,
20ms, 1 pulse for all other murine experiments. Electroporated cells were either directly used to sort HSCs, plated on Methocult
M3434 (Stem Cell Technologies), or incubated in StemPro-34 with cytokines for 16-20 hours before plating in Methocult M3434

media.

Murine HSPC culture

To examine the serial replating capacity of HSPCs after gene editing, 5,000 cells were plated into Methocult M3434 (StemCell
Technologies) after electroporation. Colony counting and replating were performed every 7 days. Media with colonies were
resuspended in PBS and cells were counted to replate 5,000 cells into fresh media. Single colonies were picked and sequenced by
Sanger sequencing.

To examine the clonality of murine HSPCs after electroporation, HSPCs were precultured for 1 hour and then either left without
manipulation or electroporated with the components shown in Figure 2D. Cells were then stained with antibodies to identify HSCs
(see “Flow cytometry” below) and sorted. Clonality was calculated based on the numbers of colonies formed 10-12 days after plating
and the numbers of HSCs sorted. To examine GFP disruption in HSCs, cells were electroporated and stained as above, and single
HSCs were sorted individually into a well of a 96-well plate. Colonies were individually resuspended in PBS 10-12 days later and

analyzed by flow cytometry to examine GFP expression.

T7E1 and TIDE assays
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PCR amplicon spanning the Cas9-sgRNA cleavage site was diluted 1:4 in 1x Buffer 2 (NEB) and hybridized slowly in a thermal
cycler. Hybridized fragments were then digested with 1.25 U of T7 endonuclease I (NEB) for 10 minutes at 37°C. Digested fragments
were separated by polyacrylamide gel electrophoresis. Band intensities were analyzed using imagel] software by plotting band
intensities of each lane. % cleavage was calculated by the ratio of the intensities of the cleaved bands to uncleaved bands. TIDE assays

were performed as described previously (Brinkman et al., 2014).

Human cell culture, and transfection

Human acute myeloid leukemia (AML) cell lines (HL60, Kasumi and OCI-AML?2) were obtained from ATCC and cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum and 2% L-glutamine (cRPMI) (Thermo Fisher Scientific). Human
cord blood and peripheral blood mononuclear cells (PBMCs) were processed by Ficoll gradient (Lymphoprep, StemCell
Technologies). Human primary T- cells were selected and activated by culturing PBMCs from individual donors on anti-CD3/CD28
coated plates in RPMI/Click's 1:1 Medium supplemented with 10 ng/m1IL-7 and 5 ng/ml1 IL-15 for four days prior to electroporation.
CD34" cord blood cells from individual donors were enriched from mononuclear cells using CD34 microbeads and Auto-MACS Pro
(Miltenyi Biotec) following manufacturer’s instructions. Purity of sorted human cord blood CD34" cells was assessed in each sample
immediately after sorting. Sorted CD34" cells were cultured in StemSpan SFEM II (Stem Cell Technologies) supplemented with
100ng/ml FLT3L, 100ng/ml thrombopoietin and 100ng/ml stem cell factor (Peprotech) for a maximum of 48 hours prior to

electroporation.

Incubation of Cas9 with sgRNAs was performed as described for mouse cells, except AML cell lines were electroporated in
Buffer R (Invitrogen). In each replicate 150,000-250,000 cells were electroporated. Experiments with multiple guides in the same
reaction had a total of 1 pg sgRNA (e.g. 500 ng of each sgRNAs when 2 guides were tested). Electroporation was performed using the
Neon Transfection System (Thermo Fisher Scientific). Electroporation conditions used for AML cell lines were based on
manufacturer instructions (1350V, 35ms, 1pulse). T cells were electroporated as previously described by Schumann et al (Schumann
et al., 2015) (i.e. 1600V, 10ms, 3 pulses). For the human HSPCs electroporation optimization, cord blood derived CD34+ cells were

expanded for 96 hours prior to electroporation. Following conditions were tested: 1) 1700V, 20ms, 1pulse; 2) 1400V, 30ms, 1pulse; 3)
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1200V, 40ms, 1pulse; 4) 1200V, 20ms, 2pulses; 5) 1400V, 20ms, 2pulses; 6) 1150V, 30ms, 2pulses; 7) 1400V, 10ms, 3pulses, 8)

1500V, 10ms, 3pulses; 9) 1600V, 10ms, 3pulses. Condition 9 was used for all further experiments.

GFP-NPMI construct was kindly provided by B. Falini (University of Perugia, Italy). GFP-NPMI1 coding sequence was cloned
adjacent to the T7 promoter contained in the pcDNA 3.1 plasmid (Invitrogen). GFP-NPM1 mRNA was in vitro transcribed using the
T7 ARCA mRNA kit (NEB) and 1.2 ug mRNA were transfected in CD34" cells at different culture times (0, 24, and 48 hours of

culture) using the previously described optimized conditions.

For knock-in experiments, ssODN templates oriented in an anti-sense direction relative to the target locus were ordered from
IDT. The symmetric ssODN template (S) contained 90bp homology arms distal and proximal to the PAM sequence. The asymmetric
ssODN template (A) contained a 36bp homology arm on the PAM distal side and a 90bp homology arm on the PAM proximal side
(Richardson et al., 2016). Either 10 pmol or 30 pmol of ssODN templates (1 pl volume) were added to the Cas9-sgRNA RNP mixture

(11.5 pl volume) immediately prior to electroporation.

In vivo transplantation of CD34" cord blood cells

Adult (6-8 weeks of age) NSG mice were conditioned with sub-lethal (2.5 Gy) total-body irradiation. The conditioned recipients were
transplanted with 150,000-250,000 CD34" cord blood cells. Cells were isolated from individual cord blood donors, expanded for 48
hours and split into one Cas9 only and one Cas9/hCD45 sgRNA1 RNP electroporated aliquot. Each aliquot was injected into
recipients 6 hours post electroporation for a total time of culture of 54 hours. At 2 months post-transplantation, the mice were
euthanized and bone marrow and spleen were collected for identification of hematopoietic cell chimerism by flow cytometry. To
confirm the engraftment of knock-out cells at genomic level, human CD45 exon 25 was amplified by PCR from harvested bone

marrow cells and sequenced for analysis of indels at the targeted CD45 locus.

Flow cytometry

Murine GFP expression levels were measured 24 to 48 hours after electroporation. To sort murine HSCs after electroporation of c-kit™
HSPCs, we stained electroporated cells with CD150-PE-Cy5 (Biolegend), CD48-PE-Cy7, Sca-1-APC, Streptavidin-APC-Cy7 (to
label Biotin-conjugated c-kit antibody used to enrich HSPCs), and PE-conjugated lineage antibodies (B220, CD2, CD3, CDS8, Gr-1,
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Ter119). All murine antibodies were from eBioscience unless otherwise noted. To measure human CD45 expression in AML cell lines
and primary cells, transfected cells were cultured for 4 days and stained with FITC-conjugated anti-human CD45 antibody (BD
Biosciences). Sorting of CD45¢, CD45%" CD45™¢ D45 activated T-cells was performed four days after electroporation. Purity
of sorted human cord blood CD34" cells was assessed in each sample using PE-conjugated anti-CD34 antibody (BD Biosciences).
Engraftment of human cells in NSG mice was evaluated in bone marrows and spleens using a specific PE-conjugated anti-human
HLA-ABC antibody (BD Biosciences). Bone marrow cells were also stained with FITC-conjugated anti-human CD45, PerCP-Cy5.5
conjugated anti-human CD19 and APC conjugated anti-human CD3 antibodies (BD Biosciences).

For human xenograft lineage assessment B cells were gated as hHLA-ABC hCD19", T cells as hHLA-ABC hCD3" and myeloid cells
as hHLA-ABC'hCD19hCD3" viable events. Staining of engrafted HSPCs was performed using a combination of anti human
CD45-FITC, anti human CD34-PE and anti human CD38-PE (BD Biosciences). In all experiments viable cells were selected applying
a first gate on scatter parameters and a second gate on DAPI or propidium iodide negative cells. Flow cytometry was performed with

FACSArma I, LSRII, or LSRFortessa flow-cytometers (BD Biosciences).

‘Western Blotting

5 % 10° cells were dissolved directly in 50 pl of 1x Laemmli sample buffer and boiled at 95°C for 5 minutes. 15 ul of lysates were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 4-20% gradient gels (BioRad) and transferred onto PVDF
membranes (GE Healthcare). Membranes were incubated with primary rabbit anti-DNMT3A (H-295, Santa Cruz) followed by

horseradish peroxidase-conjugated secondary antibody (Santa Cruz).

High throughput sequencing

Sequencing libraries were prepared using Illumina Nextera XT Kit (Illumina) and sequenced with the Illumina MiSeq or NextSeq

instruments (Illumina). Indel frequencies were computed by using a custom aligner/script.

Identification of off-target sites
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CRISPRscan (Moreno-Mateos et al., 2015) was used to predict possible off-target sites for hCD45-sgl. Three candidate loci were
indentified:

*OT1: chr7:98949525 (TRAPP gene, exon 34)

* OT2: chr8:144448491 (intergenic)

* OT3: chr2:28427248 (intergenic)
Indel frequencies at predicted loci were calculated through high-throughput sequencing of amplicons spanning the off-target sites in

T-cells and CD34+ cells targeted with Cas9/hCD45-sg1 RNP.
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High prevalence of Streptococcus pyogenes Cas9-
reactive T cells within the adult human population

Dimitrios L. Wagner ©®"?3, Leila Amini®'?, Desiree J. Wendering'?, Lisa-Marie Burkhardt®",
Levent Akyiiz', Petra Reinke?*, Hans-Dieter Volk ®'245 and Michael Schmueck-Henneresse'?45*

The discovery of the highly efficient site-specific nuclease
system CRISPR-Cas9 from Streptococcus pyogenes has gal-
vanized the field of gene therapy'’. The immunogenicity of
Cas9 nuclease has been demonstrated in mice*“. Preexisting
immunity against therapeutic gene vectors or their cargo can
decrease the efficacy of a potentially curative treatment and
may pose significant safety issues®=. S. pyogenes is a common
cause for infectious diseases in humans, but it remains unclear
whetheritinducesa T cell memory against the Cas9 nuclease’®.
Here, we show the presence of a preexisting ubiquitous effec-
tor T cell response directed toward the most widely used Cas9
h log from S. pyog (SpCas9) within healthy humans.
We characterize SpCas9-reactive T cells within the CD4/CD8
compartments for multi-effector potency, cytotoxicity, and
lineage determination. In-depth analysis of SpCas9-reactive
T cells v Is a high freq y of SpCas9-reactive regula-
tory T cells that can mitigate SpCas9-reactive effector T cell
proliferation and function in vitro. Our results shed lighton T
cell-mediated immunity toward CRISPR-associated nucleases
and offer a possible solution to overcome the problem of pre-
existing immunity.

'Institute for Medical Immunology, Charité - Universitatsmedizin Berlin, Berlin, Germany. ?Berlin-Brandenburg Center for Regenerative Therapies (BCRT),
Charité - Universitatsmedizin Berlin, Berlin, Germany. *Berlin Institute of Health (BIH), Berlin, Germany. “Berlin Center for Advanced Therapies (BeCAT),
Charité - Universitdtsmedizin Berlin, Berlin, Germany. *These authors jointly directed this study: Hans-Dieter Volk, Michael Schmueck-Henneresse.
*e-mail: michael.schmueck-henneresse@charite.de
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High prevalence of Streptococcus pyogenes Cas9-
reactive T cells within the adult human population

Dimitrios L. Wagner©®'23, Leila Amini®"?, Desiree J. Wendering'?, Lisa-Marie Burkhardt®",
Levent Akyiiz', Petra Reinke?**, Hans-Dieter Volk®"245 and Michael Schmueck-Henneresse'245*

Institute for Medical Immunology, Charité - Universitatsmedizin Berlin, Berlin, Germany. 2Berlin-Brandenburg Center for Regenerative Therapies (BCRT),
Charité - Universitatsmedizin Berlin, Berlin, Germany. *Berlin Institute of Health (BIH), Berlin, Germany. *Berlin Center for Advanced Therapies (BeCAT),
Charité - Universitatsmedizin Berlin, Berlin, Germany. SThese authors jointly directed this study: Hans-Dieter Volk, Michael Schmueck-Henneresse.
charite.de

*e-mail: michael.schmueck-hennere:
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Abstract

Chimeric antigen receptor (CAR) T-cells targeting CD19 demonstrate remarkable efficacy in treating B-lineage acute
lymphoblastic leukemia (BL-ALL), yet up to 39% of treated patients relapse with CD19(—) disease. We report that
CD19(—) escape is associated with downregulation, but preservation, of targetable expression of CD20 and CD22.
Accordingly, we reasoned that broadening the spectrum of CD19CAR T-cells to include both CD20 and CD22 would enable
them to target CD19(—) escape BL-ALL while preserving their upfront efficacy. We created a CD19/20/22-targeting CAR
T-cell by coexpressing individual CAR molecules on a single T-cell using one tricistronic transgene. CD19/20/22CAR
T-cells killed CD19(—) blasts from patients who relapsed after CD19CAR T-cell therapy and CRISPR/Cas9 CD19 knockout
primary BL-ALL both in vitro and in an animal model, while CD19CAR T-cells were ineffective. At the subcellular level,
CD19/20/22CAR T-cells formed dense immune synapses with target cells that mediated effective cytolytic complex
formation, were efficient serial killers in single-cell tracking studies, and were as efficacious as CDI9CAR T-cells against
primary CD19(+) disease. In conclusion, independent of CD19 expression, CD19/20/22CAR T-cells could be used as
salvage or front-line CAR therapy for patients with recalcitrant disease.

These authors contributed equally: Hisham Abdel-Azim, Nabil Ahmed Introduction

Supplementary information The online version of this article (https://
doi.org/10.1038/s41375-020-0792-2) contains supplementary
material, which is available to authorized users.
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cell marker CD19 remains the most impactful application of
CAR therapy [1-5]. A substantial number of patients who
have failed standard-of-care and salvage therapies, includ-
ing hematopoietic stem cell transplantation, have achieved
durable complete remission using this approach [1-5].
However, as more patients receive CD19CAR T-cells or
CD19/CD3 bi-specific T-cell engagers and as long-term
follow-up data become available, a high incidence of
relapse with CD19(—) disease has been observed [2, 6-8].
It is estimated that this immune evasion mechanism occurs
in up to 39% of patients after CD19-directed therapy
[3, 7, 9-111.

In order to overcome this limitation, we revisited the
exclusivity of CD19 as the sole optimal target antigen for B-
lineage acute lymphoblastic leukemia (BL-ALL). We rea-
soned that other B-lineage markers, such as CD20 or CD22,
should be considered as candidate targets. Whereas CD19 is
generally ubiquitously expressed, CD20 is expressed in
~50% of cases, and CD22 is expressed in 80-90% [12].
Combinatorial CAR T-cell therapies have shown a clear
advantage in preclinical studies of both solid and liquid
tumors [13-15]. For example, the bivalent targeting of
CD19/CD20 or CD19/CD22 in lymphoma and BL-ALL
mitigated antigen escape in murine models [16-19]. Inter-
estingly, we and others have observed that both monovalent
and bivalent CD19-specific therapies result in off-target on-
tumor antigen modulation, namely partial downregulation
of CD20 and CD22 [20]. In addition, a recent clinical trial
reported that while 73% of patients with relapsed BL-ALL
achieve complete remission after higher dose levels of
CD22CAR T-cells, those who relapse do so with CD22(—)
or -dim disease [16]. Moreover, paralleling this observation,
patients treated with the anti-CD22 antibody drug conjugate
inotuzumab ozogamicin have relapsed with CD22-negative
disease [21].

In two recent single-patient reports, “sequential loss” of
tumor antigen expression has been observed. In diffuse
large B-cell lymphoma, one case demonstrated differential
loss of CD20, CD30, and CD19 [22] while another showed
loss of CD19 and CD22 [23] following immune-based
therapies [22, 23]. Furthermore, whereas CD20 expression
is often low in BL-ALL, it is expressed by 40-50% of
patients with more mature B-lymphoid neoplasms and is
associated with poorer prognosis [24, 25]. Specifically,
CD20 expression at diagnosis predicts relapse in adult
patients, such that CD20-directed antibody therapy is now
being incorporated into front-line therapy for adult BL-ALL
[25, 26].

Based on these observations, we hypothesized that
simultaneous targeting of CD20 and CD22 could confer a
therapeutic advantage either as salvage or as upfront CAR
therapy [16, 19, 27]. Accordingly, we created a CD19/20/
22-targeting CAR T-cell, and we report on its antitumor

SPRINGER NATURE

activity against primary relapsed CD19(+) and CD19(—)
escape BL-ALL.

Materials and methods
Leukemia samples, blood donors, and cell lines

Primary human samples collection was approved by Insti-
tutional Review Boards (IRBs) in accordance with the
Declaration of Helsinki. Informed consent was obtained as
required by IRBs regulations. UPNO1-3 are patient-derived
BL-ALL cells, passaged through NOD/SCIDyc—/— (NSG)
mice (approved by Institutional Animal Care and Use
Committees) and cultured on OP9 cells, as described [28].
Other lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA). T-cells were main-
tained in T-cell media with IL-7/[L.-15 as described [29].
BL-ALL were cultured in Alpha MEM, Raji in RPMI, and
Daoy and HEK293T in DMEM all supplemented with 1%
Glutamax and 10-20% FBS.

Computational modeling

Individual CAR and antigen models were first generated
from amino acid sequences via Swiss-Model Webserver.
Initial dockings were done by Patchdock/Firedock (CD19
and CD22CAR/antigen pairs) or based on GA101/
CD20 structure (CD20CAR/antigen pair), then refined with
Rosetta Dock as described [30].

Construction of DNA transgenes

Sequences encoding CDI19, CD20, and CD22 were
obtained from the Research Collaboratory of Structural
Bioinformatics Protein Data Base. The CD19-specific sin-
gle-chain variable fragment (scFv) FMC63 [31] and CD22-
specific scFv m971 [32] were previously described. The
CD20-scFv was derived from C2B8 and retained part of the
constant region, Cp and Cy [33]. CAR exodomain
sequences were assembled in-frame with a CD8a-hinge and
transmembrane domain and 4-1BB and CD3( endodomains
in Clone-Manager (Sci-Ed, Denver, CO). The CARs were
separated by retroviral 2A sequences. DNA sequences were
codon-optimized, synthesized by GeneArt (ThermoFisher,
Regensburg, Germany), cloned into SFG [34], and verified
by pyrosequencing (Epoch, Missouri City, TX).

Retroviral transduction of cells
T-cells, Daoy, Raji, or UPNO3 were transduced with CAR,

target, or eGFP.FFLuciferase-encoding transgenes as
described [29, 35, 36].
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Flow cytometry and sorting

Accuri-C6, FACSCanto-II, Aria (BD, San Jose, CA), or
Gallios (Beckman-Coulter [BC], Brea, CA), were used. Sur-
face staining was performed as described [29]. Data were
analyzed using FlowJo software (FlowJo, Ashland, OR). CAR
expression was evaluated with CD19CAR FMC63-antibody
as described [37]. We used anti-Rituximab (Bio-Rad, Her-
cules, CA) to detect the CD20CAR, and Fc-conjugated
recombinant huCD22 protein (R&D, Minneapolis, MN)
(primary) followed by goat anti-human-Fc (Thermo-Fisher,
Waltham, MA) (secondary) to assess the surface expression of
the CD22CAR. Proliferation was assessed using eFluor670
(eBiosciences, San Diego, CA). Antigens were assessed with
CD19, CD20, and CD22 antibodies (BD).

CRISPR-edited knock-out

CD19 was disrupted in UPNO2 and Raji cells by the
CRISPR-Cas9 endonuclease system, as described [38].
The primers to generate CD19-specific single-guide RNA
were kindly provided by Dr. Lorenzo Brunmetti. Three
huCD19-specific sgRNAs were produced and electropora-
tion of primary BL-ALL was done as described [38].

Impedance-based tumor cell killing assay
(xCELLigence)

The xCELLigence (ACEA, San Diego, CA) long-term
tumor cell killing was used over 100-160h. Tumor cells
were expanded for 18-24 h before T-cells were added. The
cell index was monitored every 15-min. A decreasing cell
index indicated tumor lysis.

Cytotoxicity assay

SlCrrelease assays were previously described [39]. The
average lysis of triplicate wells = (test release—spontaneous
release)/(max release—spontaneous release) x100. CAR
T-cells were normalized for percentage of transduction.

Intracellular cytokine staining

BL-ALL and CAR T-cells were cocultured in the presence
of Brefeldin A (eBioscience) at 37 °C for 4 h. Cells were
fixed (BD Cytofix), permeabilized (BD Perm II), and
immunostained for CD45, CD3, CD4, CDg, CD19, IFNy,
and TNFa (BD).

Imaging flow cytometry

BL-ALL and CAR T-cells were cocultured at 37 °C for 1 h,
fixed, permeabilized, then immunostained with CD3,

phalloidin, and 7-AAD (Thermo). 1 x 10° events were col-
lected, and samples were analyzed using ImageStream
MKII (Luminex, Austin, TX). Acquisition and data analysis
were performed using ISX and IDEAS, respectively
(Luminex).

Time-lapse imaging microscopy in nanowell grids
(TIMING)

The nanowell manufacture and testing were described pre-
viously [40—42]. CAR T-cells and targets were labeled with
fluorescent dyes, loaded onto arrays, incubated in media +
Annexin V (Invitrogen, Carlsbad, CA), and monitored
using a Carl Zeiss Axio Observer (Dublin, CA) fitted with a
Hamamatsu (Bridgewater, NJ) Orca-Flash sCMOS camera
using a 20x 0.8 NA objective for 6h at 5-min intervals.
Images were collected and processed for 2500 wells using
an in-house algorithm for cell tracking and segmentation
[43].

CAR-T-cell polyfunctionality evaluation in response
to BL-ALL associated antigens by single-cell
cytokine profiling

Viable CD8+T-cell subsets were isolated from CAR T-cell
products with anti-CD8 microbeads (Miltenyi) and cocul-
tured with Raji cells, Raji-CD19-KO, K562 cells transduced
to express CD19 (K562-CD19), or Daoy cells transduced to
express either single or combinations of CD19, CD20, and
CD?22 antigens. The nontransduced CD8+T-cells subjected
to the same stimulation were used as a negative control.
Subsequent processing, culture conditions, 32-plex anti-
body barcoded chip analysis, and polyfunctional profiling
with determination of polyfunctionality strength index (PSI)
and polyfunctional activated topology principal component
analysis (PAT PCA) were performed as described [44, 45].

Animal studies and bioluminescence imaging (BLI)

NSG mice were purchased from The Jackson Laboratory
(Bar Harbor, Maine). Sample size not estimated a priori,
and experimental arms were unblinded. Mice were ranked
based on leukemia engraftment by BLI into high and
intermediate, then mice were evenly randomized among all
tested groups before T-cell injections. Raji. CD19K0.eGFP.
FFLuc Xenograft: Raji cells were modified to lose CD19
expression and express eGFP. Firefly luciferase as descri-
bed above. Cells were sorted on CD19—)GFP(+) and
expanded; 2.5 x 10° tumor cells were tail-vein administered.
Engrafted animals were randomly assigned a T-cell group
(n==6 each). On day 3, 10 x 10° T-cells were tail-vein
injected and tumor burden was tracked by BLI [35].
rUPN21-R Patient-Derived-Xenografi: 2 x 10° rUPN21-R
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A
o Antigen Expression (% Cells)
o .
8 - UPNO1 UPNO2 UPNO3
b CD19+CD20+CD22+ 2.18 2.83 98.7
- CD19+CD20+CD22- 0 0.89 0
8 CD19+CD20-CD22+ 97.7 67.2 1.29
o
o CD19+CD20-CD22- 0.07 29 0
o
q -
o
o
B Antigen Expression (% Positive Cells)
UPN UPN UPN UPN UPN UPN UPN UPN UPN UPN UPN UPN
04-R 05-R 06-R 07-R 08R O09-R 10-R 11-R 12-R 13-R 14R 15R
CD19+ 99.8 100 99.2 959 996 997 100 100 99.9 947 999 993
CD19+CD20+ 21 95.9 1.1 24.3 51 253 16 93.5 22 26.6 6 25.4
CD19+CD22+ 987 100 99.6 95.7 68.8 834 43 95.5 78.3 76.4 111 244
MFI of Antigen Expression
CD19+ 18381 19503 17815 22986 18737 16879 14524 16760 15983 13725 12850 12189
CD20+ 6471 16375 734 11347 5321 8567 4561 13567 3456 8456 2456 6567
CD22+ 12567 14756 14543 13692 9724 13678 9743 14567 7654 10842 75432 8742
UPN21-R rUPN21-R UPN22-R rUPN22-R
C Antigen Expression (% Positive Cells) D Pre-Tx Post-Tx Pre-Tx Post-Tx
UPN UPN UPN UPN UPN “h ; B ﬂ
16-R 17-R 18R 19-R 20-R 2] X H . “
CD19+ 0.1 12 21 0 99.2 8 1 F o i
CD20+ 69 819 117 327 586 '} - A
CD22+ 97.7 100 97.1 917 9638
MFI of Antigen Expression <3
CD19+ 2241 6202 815 0 17339 5
CD20+ 11471 16375 7635 10361 11317 ) el
CD22+ 14261 17751 13513 14672 12245 .
Il
E CD19 CD20 CD22 § . j‘
o b | o i
o 2 | |
P o
a . BUBCINE I
o
8@
Z2
o
> (&)

primary relapse BL-ALL cells were injected into mice.  groups; on days 3 and 7 each mouse received 3x 10°
Animals were randomized into Non-transduced (NT) (n = T-cells. Mice were monitored for overall health, and weight
6), CD19CAR (n=10), and CD19/20/22CAR (n=10) was assessed twice/week. Signs of overall decline in health,
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<« Fig. 1 B-lineage ALL expresses variable yet targetable levels of

alternative antigens, CD20 and CD22. Flow cytometry was done on
230,000 B-lineage BL-ALL cells to assess the expression of CD19
(FITC), CD20 (PE), and CD22 (APC) in each BL-ALL sample. His-
tograms displayed are representative data. (n=3). a Samples from
three patients (UPNO1, UPN02, and UPNO3) were cultured in vitro
and assessed for their antigen expression profile. Dotted histogram,
isotype; solid line, target antibody. Table displays quantification of
antigen expression. b Antigen expression in BL-ALL blasts from 12
patients (UPNO4-R to UPN15-R) who relapsed after chemotherapy.
Quantification of the percentage of antigen-positive cells and the
density using mean fluorescence intensity (MFI) are shown in the
table. ¢ Quantification of CD19, CD20, and CD22 on BL-ALL sam-
ples from five patients who relapsed after CD19-directed immune
therapy (UPN16-R to UPN20-R). (d) B-lineage BL-ALL phenotype
before (UPN21-R and UPN22-R) and after CD19CAR T-cell therapy
(UPN21-R and fUPN22-R). (e) CD19, CD20, and CD22 expression
in UPNO2 BL-ALL cells, after CD19 was knocked out using CRISPR/
Cas9 technology.

hind-limb paralysis, and 20% weight loss were used as
criteria for euthanasia. UPNO3 Xenograft: UPNO3 primary
cells (5x10°) expressing eGFP. Firefly luciferase were
administered intravenously, and all engrafted mice were
randomized into treatment groups (r =4-5 per group). On
day 9, 5 x 10° T-cells were injected via the tail-vein, and the
tumor was quantified over time by BLIL

Statistical analysis

BL-ALL data were analyzed in Prism v7 software
(GraphPad, La Jolla, CA). Data are presented as mean +
standard deviation unless annotated otherwise in figure
legends. Variances observed were similar across experi-
mental groups in the results reported. P value of <0.05 was
considered significant, and the threshold of significance is
denoted by *p <0.05, *¥*p<0.01, *¥¥p<0.001, ****p<
0.0001.

Results

CD20 and CD22 are heterogeneously expressed in
primary BL-ALL and are downregulated in CD19(—)
escape

CD19 is near-uniformly expressed on BL-ALL [12]. We
examined the antigen expression of three primary BL-ALL
cell lines: two Philadelphia (Ph) negative, UPNOl and
UPNO2, and one Ph+4 UPNO3 (Fig. la). All three lines
uniformly expressed CD19 but expressed variable levels of
CD20 and CD22. In addition, we observed remarkable
heterogeneity within each sample with single-, double-, and
triple- antigen-positive populations. Similarly, in contrast to
uniform CD19 expression, we observed heterogeneity in
both percentage and density of CD20 and CD22 in a cohort

of 12 patients with BL-ALL who relapsed after che-
motherapy (Fig. 1b). Subsequently, we studied samples
from five patients who relapsed after CD19-directed
immunotherapy and observed loss of CD19 in 4/5, with
two (UPN16-R and UPN19-R) exhibiting complete absence
of this target antigen while retaining CD20 and CD22
expression (Fig. 1c). In two additional patient samples, we
evaluated antigen expression before CDI9CAR T-cell
therapy (UPN21-R and UPN22-R) and after the emer-
gence of relapse with CD19(—) escape (tUPN21-R and
rUPN22-R; Fig. 1d). UPN21-R and UPN22-R expressed
high levels of CD19, CD20, and CD22 with varying den-
sities. Upon relapse, rUPN21-R and rUPN22-R lost CD19
expression but preserved CD22 albeit at considerably lower
levels. To confirm this observation experimentally, we
knocked out CD19 using CRISPR/Cas9 in UPNO2 BL-ALL
(UPN0O2 CD19-KO) and confirmed the absence of CD19
from the cell surface using flow cytometry (Fig. le).
Interestingly, we similarly saw concomitant down-
regulation but not complete loss of CD20 and CD22.
Based on these findings, we reasoned that CD19(—) recal-
citrant disease could be controlled by extending the speci-
ficity of therapeutic T-cells to target both CD20 and
CD22 simultaneously.

Generation of a CAR T-cell to cotarget CD19, CD20,
and CD22

We engineered a T-cell capable of targeting CD19, CD20,
and CD22, using three individual CAR molecules specific
for these proteins. As prior literature has demonstrated that
the choice of scFv influences CAR functionality [32], we
individually modeled the docking of each scFv with its
target antigen in silico. CD19/FMC63, CD20/C2BS8, and
CD22/m971 exhibited favorable electrostatic interaction
energies, with minimal adverse cross-reactivity (Table S1;
Fig. S1A). To achieve proportionate expression of each
CAR on T-cells, we created a single tricistronic transgene
encoding the three CAR molecules joined in tandem by 2A-
sequences (Fig. 2a). Each CAR exodomain was fused to a
hinge and CDS8o transmembrane domain followed by a
4-1BB and the T-cell receptor {-chain 2nd generation sig-
naling endo-domain (Fig. 2b). To avoid homologous
recombination of recurring DNA sequences and secondary
RNA structure formation which can lead to poor gene
expression [46], we wobbled all similar sequences 220
bases (Fig. 2c¢). The transgene was delivered to donor T-
cells using a MoMuLv-based retroviral system, and the
surface expression of each CAR exodomain was confirmed
by flow cytometry utilizing three distinct scFv-specific
methods (Figs. 2d; S1B, C). NT and CD19CAR T-cells
served as controls. The CAR T-cell products consisted of a
majority (78-86%) of CD8 (4) T-cells (Fig. S1D). To test
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the ability of CD19/20/22CAR T-cells to distinctly target
CD19, CD20, and CD22, we force-expressed these mole-
cules individually on Daoy medulloblastoma cells, which
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are null for all three antigens (Fig. S2A). Both Daoy and
its derivative lines expressed similar levels of immune
stimulatory and inhibitory molecules after interferon-y
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« Fig. 2 Design of CD19/20/22CAR T-cells. a A tricistronic vector was

designed with self-cleaving 2A peptides, enabling trivalent protein
expression of CD19/20/22-directed CARs on T-cells. b Design of
CAR transgenes. Each CAR endo-domain contains a CD8a hinge and
transmembrane region followed by downstream 4-1BB and CD3(
intracellular signaling domains. ¢ Diagram of DNA wobbling of CAR
endo-domain transgenes. Common segments of DNA were wobbled
so that no more than 20 consecutive base pairs are the same in any of
the three transgenes. Using the CD19CAR sequence as a reference, red
bars on the CD20 and CD22 CARs indicate the positions of DNA
wobbling. d Flow cytometry was performed on T-cells ~1 week after
retroviral CAR transduction. Results demonstrate specific binding to
each individual scFv region with detection methods unique to each
CAR (Fig. S1B). Histograms shown are representative data. Long-
term impedance-based XCELLigence killing assay targeting Daoy
tumor cells (Fig. S2A, B) expressing each target antigen singly (n = 2)
(e) or all three antigens simultaneously (n=2) (f). Tumor cells
adhered and expanded for 24 h before CAR T-cells were addedin a1:3
E:T ratio. NT T-cells serve as a negative control. A decreasing cell
index indicates tumor lysis. g Four hours >'Cr release assay targeting
B-lineage BL-ALL cells, UPNO1, UPNO2, and UPNO3, at an E:T ratio
of 3:1 (n =3). NT T-cells serve as a negative control. Data represent
the mean of triplicate samples +-8D; *p < 0.05, *¥*p <0.001, ****p <
0.0001, one-way ANOVA with Tukey’s multiple comparison post-
test. h NT, CD19CAR, and CD19/20/22CAR T-cells were stained
with eFluor 670 proliferation dye, and proliferation capacity of CAR-
expressing T-cells was assessed over 72h of exposure to BL-ALL
cells (n=2).

conditioning (to simulate T-cell activation) and exhibited
similar growth dynamics and doubling times (Fig. S3). A
long-term killing assay (xCELLIGENCE) demonstrated
that while CD19CAR T-cells could kill CD19(+)Daoy but
not CD20(+)Daoy or CD22(+)Daoy, CD19/20/22CAR T-
cells killed all three lines, confirming their distinct triva-
lency (Fig. 2e).

We then force-expressed CD19, CD20, and CD22
together on Daoy cells and tested the efficacy of CD19/20/
22CAR T-cells, CD19CAR T-cells, and NT in a long-term
killing assay. CD19/20/22CAR T-cells eliminated target
cells more promptly and sustained this effect over 5 days of
testing (Fig. 2f). Next, we tested the cytolytic activity of
CD19/20/22CAR, CDI19CAR, and NT T-cells against
patient-derived BL-ALL: UPNO1, UPN02, and UPNO3,
which have variable expression of the target antigens (see
Fig. la). CD19/20/22CAR T-cells killed BL-ALL targets
better than CD19CAR and NT T-cells (Fig. 2g), yet this
enhanced killing capacity was not associated with a more
proliferative T-cell phenotype (Fig. 2h).

CD19/20/22CAR T-cells form a highly functional
immune synapse and are more avid serial killers

CD19/20/22CAR T-cells exhibited superior in vitro cyto-
lysis, though not due to a higher proliferative capacity. We
therefore investigated whether this advantage could be
attributed to more favorable tumor engagement dynamics at
the individual T-cell level.

First, we examined the T-cell/tumor cell interface using
high-throughput imaging flow cytometry (ImageStream) to
study indices of the CAR Immunological Synapses
(CARIS; Fig. 3a) [47]. We probed for actin using phalloidin
to quantify the effective CARIS area (CARIS™*) and
intensity (CARIS™®™%} and the effector/target internuclear
distance to assess the tensile properties of the CARIS
(CARIS"™™; Fig. 3a). Our analysis gated on cell doublets
of T-cells (CD19/20/22CAR, CD19CAR, or NT) and BL-
ALL cells (Fig. 3b). We found that CD19/20/22CAR
T-cells engaged BL-ALL cells in CARIS of similar areas
(CARIS™?; Fig. 3c) but of significantly more actin micro-
cluster density (CARIS®™¥; Fig_ 3d), when compared with
CD19CAR or NT T-cells. The distance between the CD19/
20/22CAR T-cell nucleus and that of its target were sig-
nificantly shorter, indicating higher CARIS®™® (Fig. 3e).
The observed differences in CARIS properties suggest that
CD19/20/22CAR T-cells exhibit favorable CARIS cytos-
keletal properties, which could enhance their immu-
noactivity upon engaging BL-ALL cells.

Next, we investigated whether this favorable initial cell
interaction leads to superior killing dynamics of indivi-
dual T-cells. We used high-throughput time-lapse imaging
microscopy in nanowell grids (TIMING) assays, which
evaluate CAR T-cell engagement and killing dynamics at
a single-cell level at various effector to target (E:T) ratios,
as previously described [40]. We measured the time
T-cells seek BL-ALL cells (T**%%), the duration in contact
(Te™2¢ty and the time to target death once effector-target
conjugation is initiated (T%*®) (Fig. 3f, g and Video S1).
CD19/20/22CAR T-cells took significantly longer time to
seek target cells and kill their first target compared with
CD19CAR T-cells. Thereafter, T®"® and T%** were
significantly shorter with subsequent targets, as CD19/20/
22CAR T-cells were able to initiate apoptosis of the BL-
ALL cells more efficiently (Fig. 3h—j). Collectively, we
observed a higher frequency of second and third (Fig. 3k)
serial target killing by a single CD19/20/22CAR T-cell, a
higher overall total number of targets killed, and a sig-
nificantly lower failure rate compared with CD19CAR T-
cells. The superiority of CD19/20/22CAR T-cells
observed in population-based killing assays could thus
be attributable to more efficient anti-leukemic activity of
individual CAR T-cells.

Polyfunctional CD19/20/22CAR T-cells effectively
target CD19(—) escape BL-ALL

First, we confirmed that that CD19/20/22CAR T-cells could
readily mediate a CARIS formation with both CD19(+) and
CD19(—) BL-ALL cells (Fig. 4a). As expected, CDI9CAR
T-cells failed to mediate such a synapse with CD19(—)
BL-ALL cells.
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To model the scenario of CD20 and CD22 expression
in the absence of CD19, we force-expressed CD20, CD22,
and/or CD19 on Daoy and sorted distinct populations based
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on antigen expression (Fig. S2B). We then tested the cyto-
lytic activity of CD19/20/22CAR, CD19CAR, and NT T-
cells against CD19+CD20+CD22+ and CD19-CD20+
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« Fig. 3 CD19/20/22CAR T cells have increased immunoactivity and

serial killing activity at the single-cell level. a Schematic illustrating
the parameters assessed in the chimeric antigen receptor immune
synapse (CARIS). b UPNO3 cells were cocultured with NT,
CD19CAR, or CD15/20/22CAR T-cells at a ratio of 1:1 for 1h. After
incubation, cells were analyzed for expression of CD3 (BV450),
phalloidin (FITC), and 7-AAD using ImageStream. (n=3) Duplex
cells were separated from single cells by DNA contents and aspect
ratio of 7-AAD. Intact T and B (BL-ALL) cells were identified by CD3
intensity and area of CD3(—), respectively. Duplex cells containing
both T and B cells were selected for further analysis. Formation of
immune synapses between T and B cells were defined by length and
area of two DNA clusters between duplex cells. The final image
exemplifies the characterization of a CARIS. The DNA is shown as red
and F-actin (phalloidin staining) as green. The area boxed in white is
the immune synapse (IS) area that is quantified in the analysis.
Quantification of (c) the area encompassed by the IS (CARIS™), (d)
the intensity of F-actin (phalloidin) at the CARIS (CARIS®™*%) and
(e) the ratio of intensity of phalloidin between T-cells to B-cells (BL-
ALL) (CARIS™$°% The frequency of each parameter for NT (gray),
CD19CAR (black), and CD19/20/22CAR (red) T-cells is shown in a
histogram. 1 x 10° events were assessed; two-way ANOVA was per-
formed for statistical analysis, and p < 0.05 was considered significant.
(f-k) CD19CAR or CD19/20/22CAR T-cells were incubated with
UPNO2 cells at an E:T ratio of 1:3 to assess their cytolysis activity at
the single-cell level using a TIMING nanowell assay. (f) Schematic
depicting measurements quantified by TIMING assay. (g) Microscopy
images representing T, TeMt and T parameters. Scale bars
represent 10 pm. (h—j): Quantification of the time spent (h) searching
for target by T-cells (’[‘mkx (i) the duration of contact maintained
between an individual CAR T-cell and their first, second, and third
target (T and (j) the time to apoptosis of individual target cells
since the start of conjugation (T%*®) at an E:T ratio of 1:3. Bach data
point represents a single effector cell. ****p <0.0001, **p<0.01,
*p<0.05, ns=>0.05; Kruskall-Wallis test with Dunn’s multiple
correction. Data are presented as mean + 95% confidence interval. (k)
Pie chart comparing proportion of CD19CAR and CD19/20/22CAR
T-cells able to kill multiple targets when plated at an E:T ratio of
1:3.> 165 individual wells were analyzed for each effector cell type.

CD22+targets. CD19/20/22CAR T-cells were significantly
better killers of CD19- targets, both in short- (Fig. 4b) and
long-termy (Fig. 4c) assays compared with CDI9CAR
T-cells. We then used primary patient leukemia, UPNQ2,
UPN02 CD19-KO, and two post-CD19CAR T-cell escape
relapsed BM samples, rUPN21-R and rUPN22-R, as targets
and observed that CD19/20/22CAR T-cells induced sig-
nificantly higher lysis (Fig. 4d) and produced significantly
higher levels of the Tyl cytokines TNF-a (Fig. 4e) and
IFN-y (Fig. 4f).

Next, we performed single-cell cytokine profiling on the
CAR and NT T-cells in the presence and absence of CD19
expression on the target cell, using polyfunctionality in
response to BL-ALL associated antigens as a readout. Poly-
functionality is defined as the ability of such T cells to secrete
>2 cytokines. Individual CD19/20/22CAR T-cells showed
greater antigen-specific polyfunctionality upon stimulation
with CD19+ (Raji) and CD19— (Raji.CD19KO) targets
(Fig. S2C), compared with CD19CAR and NT T-cells
(Fig. 4g [left panel] and S4). PAT PCA was used to group

polyfunctional cell subsets based on common protein com-
binations. The common expression of Granzyme B, IFN-y,
MIP-1a, MIP-18, sCD137 components defined a deeply
effector-skewed polyfunctional subset, which drove poly-
functional heterogeneity and was predominately upregulated
in CD19/20/22CAR (Fig. S5) compared with CD19CAR and
NT T-cells. The PSI, a measure for potency, was significantly
higher in CD19/20/22CAR T-cells compared with CDI9CAR
and NT T-cells (Fig. 4g [Right panel]). The enhanced PSI of
the CD19/20/22CAR T-cells was primarily composed of
secreted effector proteins. We then tested the single-cell
polyfunctional activity of CD19/20/22CAR, CD19CAR, and
NT T-cells against single or various combinations of CD19,
CD20, and CD22 targets. As shown in Fig. 4h, single-cell
functionality profiling showed that CD19/20/22CAR T-cells
had increased polyfunctionality compared with CD19CAR or
NT T-cells.

These results demonstrate that CD19/20/22CAR T-cells
can mediate an effective CARIS with CD19(—) BL-ALL
targets and can exhibit robust antitumor immune reactivity
and retain considerable polyfunctionality in the face of
CD19 loss.

CD19/20/22 CAR T-cells demonstrate anti-leukemic
activity in vivo against CD19(—) and CD19(+) BL-
ALL

We next evaluated the antitumor efficacy of CD19/20/
22CAR T-cells against CD19(—) escape in two models of
CD19(—) BL-ALL. First, we modified Raji cells using
CRISPR/Cas9 to knockout CD19 and subsequently
expressed an eGFP-firefly luciferase (eGFP.FFLuc) reporter
gene by retroviral transduction. Cells were sorted based on
CD19(—)GFP(+) status (Raji CD19-KO) (Fig. S2C) then
engrafted into NSG mice. Mice were treated with CD19/20/
22CAR, CDI9CAR, or NT T-cells, and bioluminescence
imaging (BLI) was used to monitor the tumor burden over
time. Only CD19/20/22CAR T-cells mediated an antitumor
response, inducing a rapid initial decrease in tumor burden
followed by delayed progression (Fig. 5a). All mice treated
with CD19CAR and NT T-cells progressed steadily. CD19/
20/22CAR T-cells induced a significant delay in tumor
progression (Fig. 5b). In addition, we tested CD19/20/
22CAR T-cells in mice transplanted with rUPN21-R, a
primary B-lineage BL-ALL exhibiting CD19-escape after
CD19CAR T-cell therapy. Significant weight loss and hind-
limb paralysis were used as signs of progression and as
indications for euthanasia. At 45 days, all CD19/20/22CAR
mice were alive, whereas 50% of CD19CAR and NT T-cell
treated mice had succumbed to disease (Fig. 5c).

Finally, we assess the in vivo efficacy of CD19/20/22CAR
T-cells against CD19+ disease compared with CD19CAR T-
cells. NSG mice were engrafted with CD19+CD204-CD22+
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<« Fig. 4 Trivalent CAR T-cells overcome CD19(—) antigen escape in

primary BL-ALL. a Image stream analysis was performed as
described in Fig. 3. The area X intensity of phalloidin in the CARIS is
quantified for NT, CD19CAR, and CD19/20/22CAR T-cells in their
interaction with CD19-expressing and CD19 KO target cells. b Eight
hours *!Cr release assay targeting cells over-expressing CD19, CD20,
and CD22 (triple positive) or CD20 and CD22 (double positive) cells
at an E:T ratio of 5:1 (n =2). ¢ Long-term impedance-based XCEL-
Ligence killing assay targeting double positive (CD20+CD22+) but
CD19- cells that are described in Fig. $2B. Target cells were cultured
for ~24 h before NT, CDI9CAR, or CD19/20/22CAR T-cells were
added in a 1:3 E:T ratio. Tumor cell lysis, represented by a decrease in
cell index, was measured over time (n=2). d Target BL-ALL cells
(UPNO02, UPN02 CD19KO, fUPN21-R, fUPN22-R) were cocultured
with NT or CAR T-cells at an E:T ratio of 3:1 for 4 h and cell lysis was
determined by >'Cr assay (data shown are representative data, n=3).
**p <0.01, ¥*#¥p < 0.0001, one-way ANOVA with Tukey’s multiple
comparison post-test. BL-ALL target cells (UPNO2, UPN02 CD19KO,
1UPN21-R, rUPN22-R) were cocultured with T-cells in the presence
of brefeldin A at an E:T ratio of 10:1 for 4 h. Cells were stained to
determine levels of intracellular (e} TNF-o+ CD8 + T-cells or (f)
IFN-y 4+ CD8+T-cells. NT T-cells serve as a negative control in all
experiments (n =3). *¥*p <0.01, **¥p <0.001, ***¥p<0.0001, one-
way ANOVA with Tukey’s multiple comparison post-test. (g-h)
CD19+ and CD19- target cells were cocultured with CD8+ isolated
CD19/20/22CAR, CD19CAR, and NT T-cells, and single-cell poly-
functionality assessed via a 32-plex antibody barcoded chip analysis.
(g) Polyfunctionality evaluation of the number and subset classifica-
tion of cytokines produced by single cells in response to antigen-
specific stimulation (h) Single-cell functional heatmap demonstrates
proportions of polyfunctional subsets of T-cells in response to Daoy
cells transduced with various combinations of tumor antigens. Each
column corresponds to a specific cytokine or combination of cyto-
kines, and the orange squares represent the frequency at which the
cytokine set was secreted by the corresponding sample. The cytokine
groups are ordered by overall frequency across all samples.

efficacy (Fig. 5d). CD19/20/22CAR and CD19CAR T-cells
also comparably improved the time to progression probability
of the treated mice (Fig. Se). Altogether, these results
demonstrate that CD19/20/22CAR T-cells are as effective
against CD19-expressing BL-ALL as CD19CAR T-cells but
only CD19/20/22CAR T-cells are able to provide tumor
control against CD19(—) escape disease.

Discussion

In general, CD19 is ubiquitously expressed on primary pre-
B ALL, and approximately half of cases express CD20,
with CD22 high expression on about 80-90% of cases [12].
However, the emerging problem of CD19(—) escape after
CD19-directed immunotherapies [2, 3, 6—-11] compromises
the success of these breakthrough approaches. Similarly,
even CD22(—) escape was reported in a phase 1 clinical
trial of CD22CAR T-cells [16]. Here, we found that fol-
lowing CD19CAR T-cell therapy, expression of CDI19
varied from ubiquitous (e.g., UPN20-R) to, more com-
monly, less than 10% of cells. On the other hand, CD22 and

CD20 were expressed at varying percentages in samples
from both diagnosis and relapse, as reported by others [20].
Thus, CD19(—) escape variants downregulate but not
altogether eliminate CD20 and CD22 cell surface expres-
sion. We conclude that CD19, CD22, or CD20 target den-
sities are unpredictable and likely to vary in relapsed
patients. This raises the question if a minimum antigen
threshold exists to provoke a productive CAR T-cell
response. Although a signal threshold does appear to exist
for T-cell receptor-mediated signaling, much less is known
regarding T-cells expressing a CAR. One study reported
that the combination of CAR density and tumor antigen
density regulated T-cell potency in mouse models [48] but
overall little is known. Hamieh et al. [49]. more recently
addressed this important point in depth by comparing CAR
T-cell activities against NALMG6 cells with mono- or bial-
lelic knockout of CD19, finding that the configuration of the
intracellular CAR domain [-BB{ vs —28(] together with the
target density of CD19 determined the threshold efficacy for
CAR T-cell activation and target cell lysis. Interestingly, the
authors also showed that a combination of CD19CAR-28(
with CD22CAR-BB{ CARs expressed in the same T cell
provided a significant benefit in mouse models with low
Nalmé CDI19 and CD22 target densities. These results
concur with our studies and suggest that the addition of
CD20 in our product is likely to further mitigate the dele-
terious effects of low target densities on the target cell.
Taking these findings into account we used a variety of
primary BL-ALL samples and models with differential
CD19, CD20, and CD22 expression profiles as observed in
patients and generated a trivalent CAR T-cell targeting all
three antigens.

Our CAR T-cell design incorporated a number of fea-
tures to support high CAR expression. First, we used in
silico modeling that relies on analysis of the stereo-electric
coaptation of the three CAR recognition exodomains to
avoid detrimental conformations in this complex biologic as
used here. One potential confounding factor was that we
needed to include three CAR endodomains in a single DNA
construct. As previously described, homologous recombi-
nation between the repeated sequences and increased RNA
secondary structure formation may be problematic with this
approach [46]. Thus, to optimize the production of the three
identical CAR endodomains we “wobbled” —namely, used
alternative DNA coding sequences that transcribe into the
same amino acid sequence [46]. This strategy optimizes
protein production and increases the effective surface
expression of each distinct CAR. Indeed, the three CARs
were expressed at similarly high levels (63-67%) on the
surface and were comparable to the expression of the single
CD19CAR. Finally, to facilitate clinical translation, we
used a single transgene to express the three CAR molecules,
which theoretically decreases the risk of insertional
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Fig. 5 CD19/20/22CAR T-cell efficacy in xenograft models of
CD19(—) disease. a, b Mice were administered Raji.CD19KO.GFP.
FFLuc cells (Fig. S2C) on day 0 followed by NT, CD19CAR, or
CD19/20/22CAR T-cells on day 3 (n=6 mice per group). Biolumi-
nescent signal was tracked and quantified over the course of 40 days.
a The average BLI+SD for each group is displayed. (*denotes
comparisons between NT and CD19/20/22CAR, # denotes CD19CAR
vs CD19/20/22CAR; *p <0.05, **p < 0.01, ***p <0.001; ## p <0.01,
### p<0.001, one-way ANOVA with Tukey’s post-test). b Time to
progression (TTP) represented as Kaplan—Meier estimate (fumor bur-
den of 1x 10% photons/cm®sec/sr considered as disease progression);
*#p =0.0013 NT vs CD19/20/22CAR, p = 0.0017 CD19 vs CD19/20/
22CAR, Gehan-Breslow-Wilcoxon test. ¢ Overall survival in mice
transplanted with TUPN21-R, a primary BL-ALL exhibiting CD19-
escape after CD19CAR T-cell therapy. Injection with rtUPN21-R cells

mutagenesis compared with repeated, separate integrations
of multiple genes and associated promoters into the T-cell

genome.
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on day O followed by T-cells on days 3 and 7: NT (n=6 mice),
CD19CAR (n =10 mice), or CD19/20/22CAR (n=10 mice). Mice
were monitored for signs of disease, weight loss, and general well-
being, and overall survival was quantified after 45 days. (*p =0.0015
NT vs CD19/20/22CAR, p=0.0126 CD19 vs CDI19/20/22CAR,
Gehan-Breslow-Wilcoxon test). d, e Mice were administered UPNO3.
GFP FFLuc cells on day 0 followed by NT (n =4 mice), CD19CAR
(n=5 mice), or CD19/20/22CAR (n=4 mice) T-cells on day 9.
d Bioluminescent signal (BLI) was recorded and average BLI +SD
quantified over 30 days (*p <0.05, ¥¥%p < 0.01, ¥**¥*¥p <0.0001; NT vs
CD19 or CD19/20/22CAR; one-way ANOVA with Tukey’s post-test)
(E) Time to tumor progression (tumor burden of 1 x 10% photons/cm?/
sec/sr considered as disease progression) represented as Kaplan-Meier
estimate; **p =0.0047 NT vs CDI9CAR and NT vs CD19/20/
22CAR, Gehan-Breslow-Wilcoxon Test.

When we compared the CDI19/20/22CAR to the
CD19 single CAR using in vitro functional testing against
target cells, CD19/20/22CAR T-cells exhibited superior
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cytolytic activity compared with CD19CAR T-cells, both
against modified Daoy cells and against three primary BL-
ALLs with differential expression of CD20 and CD22. We
observed differences in the kinetics of CAR T-cell inter-
actions with BL-ALL cells that could explain the superior
killing activity of CD19/20/22CAR T-cells, and indeed they
were significantly better serial killers. Specifically, as
the CARIS and its important structural component F-actin
are critical for target killing [47], we quantitated F-actin in
the IS and the intensity of cell polarization. The CD19/20/
22CAR CARIS contained more F-actin, and the nuclei of
target and T-cells reached closer proximity compared with
target and CD19CAR T-cell nuclei. We speculate that this
could be a reason why CD19/20/22CAR T-cells needed
more time to repolarize, engage and form a CARIS, and
also disassemble and reassemble the structures needed to
support target cell lysis and switch to the migratory pro-
gram, resulting in a longer Ty time than CD19CAR T-
cells. These combined properties of CD19/20/22CAR T-
cells, which form a synapse that is stronger but has a shorter
span of existence, suggest that some T-cells can integrate
the strength of the CARIS with the contact time to produce
a uniform cytotoxic response. The latter could explain the
performance of individual CAR T-cells upon polyfunctional
profiling. When evaluated on the single-cell level, CD19/
20/22CAR  T-cells had significantly higher poly-
functionality, as measured by PSI, against CD19+ and
CD19— targets than CD19CAR T-cells. In previous studies,
higher PSI values were associated with higher effector cell
potency in in vivo preclinical models [50], revealed dif-
ferences in CAR T-cell product optimization [51], and
predicted patient response to CAR T-cell therapy [44].
Together, the CARIS and PSI findings support a potential
advantage of CD19/20/22CAR in clinical applications.

On a functional level, the assessment of T-cell activation
upon target encounter collectively showed that CD19/20/
22CAR T-cells are adaptively more activated upon
encounter of their target(s). We evaluated their phenotypic
activation/exhaustion profile and observed that CD19/20/
22CAR T-cells are more activated upon encounter of either
CD19+ or CD194+CD22+CD22+ when compared with
CD19CAR T-cells (Fig. S6A, B). The expression levels of
PD-1 and LAG-3 on CDI19/20/22CAR T-cells upon
encounter of CDI19+4 targets were comparable to
CD19CAR T-cells, yet they exhibited more PD-1 and LAG-
3 only upon encounter of CD19+CD204-CD22-+targets
(Fig. S6C, D). Interestingly, we observed precipitous
CD19CAR downregulation in both CD19/20/22CAR T-
cells and CD19CAR T-cells upon encounter of CD19+
targets. Only CD19/20/22CAR T-cells maintained CD20
and CD22 CAR expression and consequently their activity
against these target molecules (Fig. S7). The expression of
activation/exhaustion molecules has traditionally been used

to describe a phenotype of immune cells, yet the functional
indices of activation (cytokine, killing, multiplex cytokine)
and sustenance of functionality in the face of exhaustion
(individual cell serial killing, xCelligence, and animal
experiments) should be considered for a more complete
functionality profile.

To confirm the advantages observed in our in vitro
findings, we tested the activity of the CD19/20/22CAR T-
cells in vivo. We found that in NSG xenograft models, the
CD19/20/22CAR T-cells were able to overcome the inability
of CDI9CAR T-cells to control growth of CDI19(—)
leukemia cells from patients who failed CD19CAR T-cell
therapy, as well as of the genetically-modeled CD19(—)
escape variants (Raji.CD19KO). Importantly, CD19/20/
22CAR T-cells were as efficacious as CDI9CAR T-cells
against primary relapse CD19(+) BL-ALL. Simultaneous
targeting of CD19 and CD22 reduced the risk of CD19-
relapse compared with “single targeting” in a human study
reported by Wang et al. [52]. In this work studying the
efficacy and safety of CAR19/22 T-cell cocktail therapy in
patients with refractory/relapsed B-cell malignancies, only
one of 89 patients (1.1%) relapsed with CD19 negative
disease with a median follow-up of 14.4 months (range,
0.4-27.4). This is in sharp contrast to the reports of CD19
negative relapse (18-25%) from various clinical trials
infusing CD19CAR T-cells [53]. To rigorously test whether
the CD19/20/22CAR T-cell would reduce the upfront
chance of CD19-/lo relapse, a similarly designed human trial
would be warranted.

CAR T-cells that target multiple tumor antigens were
shown in our previous work to overcome low levels of
tumor antigen expression [29]. For the specific treatment of
BL-ALL, we have increased the activity and broadened the
spectrum of CD19CAR T-cells by targeting two additional
antigens and extended the therapeutic reach of the T-cell
product to other CD20-expressing lympho-reticular malig-
nancies. Thus, a single CAR T-cell product targeting all
three antigens provides the advantage of applicability to a
broader population of patients with BL-ALL and to a more
comprehensive range of other B-lineage malignancies,
which routinely express higher levels of CD20 [54]. We
note that although the target density of CD19, CD20, and
CD22 antigens on individual diagnosis and relapsed patient
cells is unpredictable, and the degree to which CDI19,
CD20, or CD22 are targeted individually cannot be deduced
from our data, our results suggest these may not be key
factors relevant for effective cell killing by our trivalent
CAR T-cells. Thus, although the toxicity of our CAR T-cell
product will need to be assessed in carefully designed
human trials, the effectiveness of CD19/20/22CAR T-cells
against CD19(—) escape BL-ALL and CD19(+) BL-ALL
alike compares very favorably to that of the benchmark
CD19CAR T-cells.

SPRINGERNATURE

Seite 96 von 103



K. Fousek et al.

Acknowledgements This research was supported by the William
Lawrence and Blanche Hughes Foundation, Kure It Cancer Research
Foundation, and the Stand Up to Cancer-St Baldrick’s Pediatric
Dream Team Translational Research Grant (SU2C-AACR-DT1113).
Stand Up to Cancer is a program of the Entertainment Industry
Foundation administered by the American Association for Cancer
Research. NA was supported by NIH PHS grants U54-CA23256. HA-
A was supported by NIH CA225629, Kure It Cancer Research
Foundation, St Baldrick’s-PBMTF, and Gateway Foundation grants.
NH was supported by NIH PHS grants CA172040 and CA090321.
YMK was supported by NIH CA172896. In addition, KF and TTB
were supported by NIH T32 training grants T32GMO88129 and
5T32HL092332 from the National Institute of General Medical Sci-
ences and National Heart, Lung and Blood Institute, respectively, and
SAN was supported by a K12 award 5K12CA090433. NV and XA
were supported by NIH (RO1CA174385), CPRIT (RP180466), MRA
Award (509800), Owens foundation, CDMRP (CA160591), and NSF
(1705464). We would like to acknowledge the Cytometry and Cell
Sorting Core at Baylor College of Medicine and the FACS2 Lab of the
Saban Research Institute of Children Hospital Los Angeles for their
assistance and technical support with flow cytometry and cell sorting
experiments, Jing Zhou and Sean Mackay (IsoPlexis Corporation,
Branford, CT) for their assistance and technical support for the single-
cell polyfunctionality assays. We also would like to thank Dr. Laur-
ence Cooper for generously providing the FMC63-specific antibody
for flow cytometry detection of the CD19CAR on T-cells.

Compliance with ethical standards

Conflict of interest KF, TTB, MH, YK, NH, HA, and NA have patent
applications in the field of gene modified T-cell therapy for cancer. NV
is founder and CSO of CellChorus.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et al.
Efficacy and toxicity management of 19-28z CAR T cell therapy
in B cell acute lymphoblastic leukemia. Sci Transl Med.
2014;6:224ra25.

2. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold
SR, et al. Chimeric antigen receptor-modified T cells for acute
lymphoid leukemia. N Engl J Med 2013;368:1509-18.

3. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Del-
brook C, Feldman SA, et al. T cells expressing CD19 chimeric
antigen receptors for acute lymphoblastic leukaemia in children
and young adults: a phase 1 dose-escalation trial. Lancet.
2015;385:517-28.

SPRINGER NATURE

w

(=2

=)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ,

et al. Chimeric antigen receptor T cells for sustained remissions in
leukemia. N Engl J Med. 2014;371:1507-17.

. Turtle CJ, Hanafi LA, Berger C, Gooley TA, Cherian S, Hudecek

M, et al. CD19 CAR-T cells of defined CD4+:CD8+ composition
in adult B cell ALL patients. J Clin Invest. 2016;126:2123-38.

. Braig F, Brandt A, Goebeler M, Tony HP, Kurze AK, Nollau P,

et al. Resistance to anti-CD19/CD3 BiTE in acute lymphoblastic
leukemia may be mediated by disrupted CD19 membrane traf-
ficking. Blood. 2017;129:100-4.

. Grupp SA, Maude SL, Shaw PA, Aplenc R, Barrett DM, Callahan

C, et al. Durable remissions in children with relapsed/refractory
ALL treated with T cells engineered with a CD19-targeted chi-
meric antigen receptor (CTLO19). Blood. 2015;126:681.

. Topp MS, Gokbuget N, Zugmaier G, Degenhard E, Goebeler ME,

Klinger M, et al. Long-term follow-up of hematologic relapse-free
survival in a phase 2 study of blinatumomab in patients with MRD
in B-lineage ALL. Blood. 2012;120:5185-7.

. Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu G,

et al. Convergence of acquired mutations and alternative splicing
of CD19 enables resistance to CART-19 immunotherapy. Cancer
Discov. 2015:5:1282-95.

Gardner R, Wu D, Cherian §, Fang M, Hanafi LA, Finney O, et al.
Acquisition of a CD19-negative myeloid phenotype allows
immune escape of MLL-rearranged B-ALL from CD19 CAR-T-
cell therapy. Blood. 2016;127:2406-10.

Nagel 1, Bartels M, Duell J, Oberg HH, Ussat S, Bruckmueller H,
et al. Hematopoietic stem cell involvement in BCR-ABLI-
positive ALL as a potential mechanism of resistance to blinatu-
momab therapy. Blood. 2017;130:2027-31.

Zhou Y, You MJ, Young KH, Lin P, Lu G, Medeiros LJ, et al.
Advances in the molecular pathobiology of B-lymphoblastic
leukemia. Hum Pathol. 2012:43:1347-62.

Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M,
Aware N, et al. Trivalent CAR T cells overcome interpatient
antigenic variability in glioblastoma. Neuro-Oncol. 2018;20:
506-18.

Hegde M, Corder A, Chow KK, Mukherjee M, Ashoori A, Kew
Y, et al. Combinational targeting offsets antigen escape
and enhances effector functions of adoptively transferred T cells
in glioblastoma. Mol Ther J Am Soc Gene Ther. 2013;21:
2087-101.

Ruella M, Maus MV. Catch me if you can: leukemia escape after
CD19-directed T cell immunotherapies. Comput Struct Biotechnol
1. 2016;14:357-62.

Fry TJ, Shah NN, Orentas RJ, Stetler-Stevenson M, Yuan CM,
Ramakrishna S, et al. CD22-targeted CAR T cells induce remis-
sion in B-ALL that is naive or resistant to CD19-targeted CAR
immunotherapy. Nat Med. 2018;24:20-8.

Martyniszyn A, Krahl AC, Andre MC, Hombach AA, Abken H.
CD20-CD19 bispecific CAR T cells for the treatment of B-cell
malignancies. Hum Gene Ther. 2017;28:1147-57.

Qin H, Ramakrishna S, Nguyen S, Fountaine TJ, Ponduri A,
Stetler-Stevenson M, et al. Preclinical development of bivalent
chimeric antigen receptors targeting both CD19 and CD22. Mol
Ther Oncolytics. 2018;11:127-37.

Zah E, Lin MY, Silva-Benedict A, Jensen MC, Chen YY. T cells
expressing CD19/CD20 bispecific chimeric antigen receptors
prevent antigen escape by malignant B cells. Cancer Immunol
Res. 2016;4:498-508.

Schneider D, Xiong Y, Wu D, Nlle V, Schmitz S, Haso W, et al.
A tandem CD19/CD20 CAR lentiviral vector drives on-target and
off-target antigen modulation in leukemia cell lines. J Immunother
Cancer. 2017;5:42.

Bhojwani D, Sposto R, Shah NN, Rodriguez V, Yuan C, Stetler-
Stevenson M, et al. Inotuzumab ozogamicin in pediatric patients

Seite 97 von 103



CAR T-cells that target acute B-lineage leukemia irrespective of CD19 expression

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

with relapsed/refractory acute lymphoblastic leukemia. Leukemia.
2019;33:884-92.

Shalabi H, Kraft IL, Wang HW, Yuan CM, Yates B, Delbrook C,
et al. Sequential loss of tumor surface antigens following chimeric
antigen receptor T-cell therapies in diffuse large B-cell lymphoma.
Haematologica. 2018;103:e215-8.

Yu H, Sotillo E, Harrington C, Wertheim G, Paessler M, Maude
SL, et al. Repeated loss of target surface antigen after immu-
notherapy in primary mediastinal large B cell lymphoma. Am J
Hematol. 2017;92:E11-E13.

Maury S, Huguet F, Leguay T, Lacombe F, Maynadie M, Girard
S, et al. Adverse prognostic significance of CD20 expression in
adults with Philadelphia chromosome-negative B-cell precursor
acute lymphoblastic leukemia. Haematologica 2010;95:324-8.
Thomas DA, O’Brien S, Jorgensen JL, Cortes J, Faderl S, Garcia-
Manero G, et al. Prognostic significance of CD20 expression in
adults with de novo precursor B-lineage acute lymphoblastic
leukemia. Blood. 2009;113:6330-7.

Maury S, Chevret S, Thomas X, Heim D, Leguay T, Huguet F,
et al. Rituximab in B-lineage adult acute lymphoblastic leukemia.
N Engl J Med. 2016;375:1044-53.

Ruella M, Barrett DM, Kenderian SS, Shestova O, Hofmann TJ,
Perazzelli J, et al. Dual CD19 and CD123 targeting prevents
antigen-loss relapses after CD19-directed immunotherapies. J Clin
Invest. 2016;126:3814-26.

George AA, Paz H, Fei F, Kirzner J, Kim YM, Heisterkamp N,
et al. Phosphoflow-based evaluation of Mek inhibitors as small-
molecule therapeutics for B-cell precursor acute lymphoblastic
leukemia. PLoS ONE. 2015;10:¢0137917.

Hegde M, Mukherjee M, Grada Z, Pignata A, Landi D, Navai SA,
et al. Tandem CAR T cells targeting HER2 and IL13Ralpha2
mitigate tumor antigen escape. J Clin Invest. 2016;126:3036-52.
DiMaio F, Tyka MD, Baker ML, Chiu W, Baker D. Refinement of
protein structures into low-resolution density maps using rosetta. J
Mol Biol. 2009;392:181-90.

Nicholson IC, Lenton KA, Little DJ, Decorso T, Lee FT, Scott AM,
etal. Construction and characterisation of a functional CD19 specific
single chain Fv fragment for immunotherapy of B lineage leukaemia
and lymphoma. Mol Immunol. 1997;34:1157-65.

Haso W, Lee DW, Shah NN, Stetler-Stevenson M, Yuan CM,
Pastan TH, et al. Anti-CD22-chimeric antigen receptors targeting
B-cell precursor acute lymphoblastic leukemia. Blood.
2013;121:1165-74.

Weiner GJ. Rituximab: mechanism of action. Semin Hematol.
2010:47:115-23.

Riviere I, Brose K, Mulligan RC. Effects of retroviral vector
design on expression of human adenosine deaminase in murine
bone marrow transplant recipients engrafted with genetically
modified cells. Proc Natl Acad Sci USA. 1995;92:6733-7.
Ahmed N, Salsman VS, Kew Y, Shaffer D, Powell S, Zhang YJ,
et al. HER2-specific T cells target primary glioblastoma stem cells
and induce regression of autologous experimental tumors. Clin
Cancer Res. 2010:;16:474-85.

Cornetta K, Pollok KE, Miller AD. Transduction of cell lines by
retroviral vectors. CSH Protoc. 2008;2008:pdb prot4883.

Jena B, Maiti S, Huls H, Singh H, Lee DA, Champlin RE, et al.
Chimeric antigen receptor (CAR)-specific monoclonal antibody to
detect CD19-specific T cells in clinical trials. PLoS ONE. 2013:8:
e57838.

Gundry MC, Brunetti L, Lin A, Mayle AE, Kitano A, Wagner D,
et al. Highly efficient genome editing of murine and human

39.

40.

41.

42.

43.

45.

46.

47.

43.

49.

50.

51

52.

53.

54.

hematopoietic progenitor cells by CRISPR/Cas9. Cell Rep.
2016;17:1453-61.

Gottschalk S, Edwards OL, Sili U, Huls MH, Goltsova T, Davis
AR, et al. Generating CTLs against the subdominant Epstein-Barr
virus LMP1 antigen for the adoptive immunotherapy of EBV-
associated malignancies. Blood. 2003;101:1905-12.

Liadi I, Singh H, Romain G, Rey-Villamizar N, Merouane A,
Adolacion JR, et al. Individual motile CD4(+) T cells can parti-
cipate in efficient multikilling through conjugation to multiple
tumor cells. Cancer Immunol Res. 2015;3:473-82.

Romain G, Senyukov V, Rey-Villamizar N, Merouane A, Kelton
W, Liadi I, et al. Antibody Fc engineering improves frequency and
promotes kinetic boosting of serial killing mediated by NK cells.
Blood. 2014;124:3241-9.

An X, Sendra VG, Liadi I, Ramesh B, Romain G, Haymaker C,
et al. Single-cell profiling of dynamic cytokine secretion and the
phenotype of immune cells. PLoS ONE. 2017;12:e0181504.
Merouane A, Rey-Villamizar N, Lu Y, Liadi I, Romain G, Lu J,
et al. Automated profiling of individual cell-cell interactions from
high-throughput time-lapse imaging microscopy in nanowell grids
(TIMING). Bioinformatics. 2015;31:3189-97.

. Rossi J, Paczkowski P, Shen YW, Morse K, Flynn B, Kaiser A,

et al. Preinfusion polyfunctional anti-CD19 chimeric antigen
receptor T cells are associated with clinical outcomes in NHL.
Blood. 2018;132:804-14.

Xue Q, Bettini E, Paczkowski P, Ng C, Kaiser A, McConnell T,
et al. Single-cell multiplexed cytokine profiling of CD19 CAR-T
cells reveals a diverse landscape of polyfunctional antigen-specific
response. J Immunother Cancer. 2017;5:85.

Demidenko AA, Blattman JN, Blattman NN, Greenberg PD,
Nibert ML. Engineering recombinant reoviruses with tandem
repeats and a tetravirus 2A-like element for exogenous polypep-
tide expression. Proc Natl Acad Sci USA. 2013;110:E1867-76.
Mukherjee M, Mace EM, Carisey AF, Ahmed N, Orange JS.
Quantitative imaging approaches to study the CAR immunologi-
cal synapse. Mol Ther: J Am Soc Gene Ther. 2017;25:1757-68.
Walker AJ, Majzner RG, Zhang L, Wanhainen K, Long AH,
Nguyen SM, et al. Tumor antigen and receptor densities regulate
efficacy of a chimeric antigen receptor targeting anaplastic lym-
phoma kinase. Mol Ther. 2017;25:2189-201.

Hamieh M, Dobrin A, Cabriolu A, van der Stegen SJC, Giavridis
T, Mansilla-Soto J, et al. CAR T cell trogocytosis and cooperative
killing regulate tumour antigen escape. Nature. 2019;568:112-6.
Klapper JA, Downey SG, Smith FO, Yang JC, Hughes MS,
Kammula US, et al. High-dose interleukin-2 for the treatment of
metastatic renal cell carcinoma: a retrospective analysis of
response and survival in patients treated in the surgery branch at
the National Cancer Institute between 1986 and 2006. Cancer.
2008;113:293-301.

Srivastava SK, Panch SR, Jin J, Shalabi H, Shah NN, Highfill SL,
et al. Abbreviated T-cell activation on the automated clinimacs
prodigy device enhances bispecific CD19/22 chimeric antigen
receptor T-cell viability and fold expansion, reducing total culture
duration. Blood. 2018;132(Suppl 1):4551. (abstract 711).

Wang Z, Wu Z, Liu Y, Han W. New development in CAR-T cell
therapy. J Hematol Oncol. 2017;10:53.

Majzner RG, Mackall CL. Tumor antigen escape from CAR T-cell
therapy. Cancer Discov. 2018;8:1219-26.

Ginaldi L, De Martinis M, Matutes E, Farahat N, Morilla R,
Catovsky D. Levels of expression of CD19 and CD20 in chronic
B cell leukaemias. J Clin Pathol. 1998;51:364-9.

SPRINGERNATURE

Seite 98 von 103



10. Curriculum Vitae

Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischer Version
meiner Arbeit nicht veroffentlicht.

Seite 99 von 103



Dimitrios Laurin Wagner
Thesis: CRISPR-Cas9 and T cells

Seite 100 von 103



Dimitrios Laurin Wagner
Thesis: CRISPR-Cas9 and T cells

Seite 101 von 103



11. Publikationsliste (peer-reviewed)

Central memory phenotype drives success of checkpoint inhibition in combination
with CAR T cells

Toews K, Grunewald L, Schwiebert S, Klaus A, Winkler A, Ali S, Zirngibl F, Astrahantseff K,
Wagner DL, Henssen AG, Deubzer HE, Schulte JH, Ochsenreither S, Eggert A, Kiinkele A.
Molecular Carcinogenesis 2020

CAR T-cells that target acute B-lineage leukemia irrespective of CD19 expression
Fousek K, Watanabe J, Joseph SK, George A, An X, Byrd TT, Morris JS, Luong A, Martinez-
Paniagua MA, Sanber K, Navai SA, Gad AZ, Salsman VS, Mathew PR, Kim HN, Wagner DL,
Brunetti L, Jang A, Baker ML, Varadarajan N, Hegde M, Kim Y-M, Heisterkamp N, Abdel-
Azim, Ahmed N.

Leukemia 2020

Homozygous PAX5 sequence mutations define a novel subtype of B cell precursor
acute lymphoblastic leukemia

Bastian L, Schroeder MP, Eckert E, Schlee C, Ortiz Tanchez J, Kdmpf S, Wagner DL,
Schulze V, Isaakidis K, James AR, Burmeister T, Schwartz S, Vosberg S, Krebs S, Blum H,
Hecht J, Greif PA, Rieger MA, Briggemann M, Gokbuget N, Muller-Tidow C, Serve H,
Neumann M, Baldus CD.

Leukemia 2019

High prevalence of Streptococcus pyogenes Cas9-reactive T cells within the adult
human population

Wagner DL, Amini L, Wendering DJ, Burkhardt L-M, Akyuz L, Reinke P, Volk HD,
Schmueck-Henneresse M.

Nature Medicine 2019 (prelim. Version available on biorxiv.org: https://doi.org/10.1101/295139)

Constitutive signaling from an engineered IL-7 receptor promotes durable tumor
elimination by tumor redirected T-cells.

Shum T, Omer B, Tashiro H, Kruse RK, Wagner DL, Parikh K, Yi Z, Sauer T, Liu D, Parihar
R, Castillo P, Liu H, Brenner MK, Metelitsa LS, Gottschalk S, Rooney CM.

Cancer Discovery 2017

CD7-edited T cells expressing a CD7-specific CAR for the therapy of T-cell
malignancies

Gomes-Silva D, Srinivasan M, Sharma S, Lee CM, Wagner DL, Davis TH, Rouce RH, Bao G,
Brenner MK, Mamonkin M.

Blood 2017

Highly Efficient Genome Editing of Murine and Human Hematopoietic Progenitor Cells
by CRISPR/Cas9.

Gundry MC, Brunetti L, Lin A, Mayle AE, Kitano A, Wagner D, Hsu JI, Hoegenauer KA,
Rooney CM, Goodell MA, Nakada D.

Cell Reports 2016

Seite 102 von 103



12. Danksagung

Here, I would like to mention some of the most important human beings

that guided, helped and carried me along the way to this thesis.
Thank you / Vielen Dank

Berlin
Hans-Dieter Volk: fiir dein Vertrauen, deine stetige Unterstlitzung sowie deine Begeisterung

und Visionen, die eine Inspiration fiir mich sind.

Petra Reinke: fir deinen kontinuierlichen Beistand, deine Zuversicht und den mutigen,
gemeinsamen Blick nach vorn.

Uwe Kornak, Claire Schlack, Bjorn Fischer-Zirnsak, Leila Amini, Denise Jahn: Bei und von
euch lernte ich, was es heiflit im Labor zu arbeiten. Angefangen von Pipettieren, liber
Klonieren, dem Versorgen von T-Zellkulturen bis hin zur eigenverantwortlichen Arbeit.
Michael Schmiick-Henneresse: Fiir deine starke Unterstiitzung, die zahlreichen Stunden
gemeinsamer harter Arbeit, inklusive der Lacher zwischendurch, und die Hoffnung

gemeinsam etwas Besonderes zu erreichen.

Houston
Cliona M Rooney: for your trust, support and time. You gave me a unique opportunity to

experience, learn and live science with you and your (extended) family which starts from
great morning seminars to lovely Christmas dinners.

Michael Gundry and Lorenzo Brunetti: for your friendship and teaching me CRISPR.

Max Mamonkin, Thomas Shum, Haruko Tashiro: 1 learned from you and I laughed with you.
Luiz Miguel De Oliveira Martins: my handyman, my nurse and my brother in a foreign place.

Siobhan Norton and Ciaran Lee: for music, for science and a second home.

Uberall
Meine Eltern Yvonne und Johannes: Fir das ,,Jmmer-Da-Sein® und das Vertrauen, dass ich

mit euch im Riicken meinen Traumen folgen kann.

Frieda: Fiir deine ansteckende Freude, deine Unterstiitzung und Geduld mit mir.
Cornelius, Carl, Lennard: Thr seid dabei gewesen und ihr werdet immer da sein.
Stefan Mundlos: Fiir deinen Rat und Tat, die mich in die Wissenschaft fiihrten
und hoffentlich weiter begleiten werden.

Seite 103 von 103





