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1. Abstract

Administration of autologous chimeric antigen receptor engineered T cells to target
CD19 on the surface of cancer cells have resulted in remarkable response rates in
patients with relapsed B cell acute lymphoblastic leukemia. Responses in solid tumors
have been less impressive, partially because of a lack of suitable target antigens.
Engineering with an exogenous T cell receptor (TCR) can retarget T cells to any

antigen, including intracellular ones, for which therapeutic TCRs are available.

However, T cells recognizing tumor associated self-antigens in patients have TCRs
with low affinity, because tolerance mechanisms select against high-affinity TCRs.
Existing technologies to generate therapeutic TCRs have limitations. Murine TCRs
derived from human leukocyte antigen (HLA) transgenic animals often have also low
affinity and require further in vitro mutagenesis to mediate therapeutic effects.
Importantly, affinity enhancement by in vitro mutagenesis of human or mouse TCRs
carries the risk of losing TCR specificity and the optimal TCR affinity range is not

known.

To overcome current limitations, this work uses antigen-negative humanized
(ABabDIl) mice to generate therapeutic TCRs against an HLA-A2 presented epitope
derived from the cancer/testis antigen MAGE-A1. ABabDIl mice provide a diverse
human TCR repertoire but are not tolerant to most human tumor associated self-
antigens, including MAGE-A1. Cancer/testis antigens are expressed in developing
germ cells and during embryonic development but are silenced in normal adult human
tissues. They become reactivated during cancer progression in several malignancies
as a consequence of promoter hypomethylation, making them preferential targets

among tumor associated self-antigens for cancer immunotherapy.

Three MAGE-A1 specific TCRs are generated in ABabDII mice and compared to two
TCRs isolated from healthy human donors. By comparison, ABabDI| derived TCRs
outperform human derived TCRs in terms of target cell lysis, IFNy production and
antigen sensitivity in vitro. In addition, in a syngeneic MAGE-A1 expressing
fibrosarcoma model, T cells engineered with ABabDII derived TCRs induced tumor
regression while a human derived TCR did not delay tumor growth coinciding with
superior antigen-specific in vivo T cell proliferation mediated by ABabDIl derived
TCRs.



Anticipating clinical application, one of the ABabDIl derived TCRs was further
characterized with respect to off-target toxicity. The ABabDI| derived TCR was found
to be highly specific without evidence of relevant cross-reactivity to other peptides or
other HLAs. These results are compatible with functionally relevant tolerance towards
MAGE-A1 in humans and establish ABabDIl mice as a source for therapeutic TCRs

with optimal affinity against human tumor antigens.



2. Zusammenfassung

Die Applikation autologer T Zellen, die mit chimaren Antigenrezeptoren zur Erkennung
von CD19 auf Tumorzellen modifiziert wurden, fuhrte zu erstaunlichen Ansprechraten
bei Patienten mit rezidivierter akuter B-lymphoblastischer Leukamie. Die mit
modifizierten T Zellen in soliden Tumoren erzielten Ansprechraten sind deutlich
geringer, teilweise aufgrund des Fehlens geeigneter Zielantigene. Durch Modifikation
mit einem neuen T-Zell-Rezeptor (TCR) ist es moglich, T-Zellen mit Reaktivitat gegen
beliebige, auch intrazellulare, Antigene zu generieren, sofern geeignete TCRs zur

Verfligung stehen.

Gegen tumorassoziierte Selbstantigene gerichtete TCRs haben jedoch meist
suboptimale Affinitat fur ihr Zielantigen, da T Zellen mit hoch-affinen TCRs gegen
Selbstantigene im Thymus eliminiert werden. Aktuell verwendete Technologien zur
Generierung von therapeutischen TCRs haben Nachteile. Murine TCRs aus humanen
Leukozytenantigen (HLA) transgenen Mausen haben haufig auch eine niedrige
Affinitat fir das Zielantigen und erfordern weitere in vitro Mutagenese fur
therapeutische Effektivitat. /n vitro Mutagenese birgt jedoch generell das Risiko des
Verlustes der TCR-Spezifitat. Zusatzlich ist die optimale TCR-Affinitat nicht bekannt.

In dieser Arbeit wurden TCRs gegen ein HLA-A2-prasentiertes Epitop des
Cancer/Testis-Antigens MAGE-A1 in Antigen-negativen humanisierten (ABabDII)
Mausen generiert. ABabDIl Mause besitzen T Zellen mit einem diversen, humanen
TCR Repertoire, sind jedoch nicht tolerant gegenuber den meisten humanen
Tumorantigenen. Cancer/Testis-Antigene werden in der Gametogenese sowie
wahrend der Embryonalentwicklung exprimiert, jedoch nicht in gesundem adulten
Gewebe. Durch Promotorhypomethylierung kommt es in verschiedenen
Tumorentitdten zur Reaktivierung von Cancer/Testis-Antigenen, weshalb sie

bevorzugte Zielstrukturen fur die Tumorimmuntherapie darstellen.

Drei MAGE-A1 spezifische TCRs wurden in ABabDII-Mausen generiert und mit zwei
TCRs verglichen, die aus T-Zellen von gesunden humanen Spendern isoliert wurden.
Die TCRs aus ABabDIl Mausen zeigten eine hdhere Zytotoxizitat und IFNy-Sekretion
nach Stimulation mit MAGE-A1 positiven Tumorzellen sowie eine hohere
Antigensensitivitat. Zusatzlich induzierten T-Zellen mit TCRs aus ABabDIl Mausen

Tumorregression in einem syngenen MAGE-A1 positiven Fibrosarkommodell,
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wahrend T-Zellen mit TCRs aus dem humanen System keinen Einfluss auf das
Tumorwachstum hatten. Die Antitumoraktivitat der ABabDIl TCRs ging mit einer
deutlich besseren antigenspezifischen in vivo Proliferation der modifizierten T Zellen

einher.

In Vorbereitung auf eine klinische Anwendung wurde einer der aus ABabDIl Mausen
isolierten TCRs weitergehend hinsichtlich des Risikos flr ,off-target* Toxizitat
charakterisiert. FUr den untersuchten TCR zeigten sich keine Hinweise auf
Kreuzreaktivitdt gegenuber anderen Peptidantigenen oder anderen HLAs. Diese
Ergebnisse sprechen fur funktionell relevante Toleranz gegeniber MAGE-A1 und
etablieren ABabDIl Mause als System zur Generierung therapeutischer TCRs mit

optimaler Affinitat gegentuber humanen Tumorantigenen.



3. Manteltext

3.1 Introduction

The adaptive vertebrate immune system is capable of efficiently discriminating
between molecules, primarily proteins, belonging to its own host (self) and those of
foreign origin (non-self). Foreign antigens initiate a vigorous host response, resulting
in efficient elimination, or at least suppression, of bacteria, fungi, and virus infected
cells as well as rejection of transplanted tissues. The effector mechanisms of the
immune system are effective against cancer, because inoculation of small amounts of
cancer cells can induce acquired resistance to tumor transplantation®. Passive transfer
of anti-tumor immunity in animal models was achieved with the injection of

lymphocytes, but not antibodies?.

In addition to experimental models, clinical experience supports a role for the immune
system as an effective treatment modality against cancer. The therapeutic principle of
allogeneic hematopoietic stem cell transplantation, initially conceived as a rescue
treatment after irradiation or cytotoxic chemotherapy, was later shown to involve
immune mediated destruction of leukemic cells. The development of Graft-versus-
Host disease was associated with lower relapse rates of acute leukemia after
allogeneic stem cell transplantation?. T cell depletion or use of a syngeneic stem cell
donor (i.e. an identical twin) led to much higher relapse rates, especially in myeloid
leukemias, after allogeneic stem cell transplantation*. Donor lymphocyte infusions are
effective in treating chronic myelogenous leukemia relapse after allogeneic
hematopoietic stem cell transplantation, further highlighting the importance of

lymphocytes as effectors of the anti-tumor response®.

3.1.1 a/B Tcells

T cells are at the center of the adaptive immune response. 90 to 95% of T cells in
humans and mice carry an a/B T cell receptor (TCR)®. a/B T cells can be subdivided
into CD8 and CD4 T cells depending on the expression of their co-receptor CD8 and
CD4. Cytotoxic T lymphocytes (CTLs), which are primarily CD8*, can directly destroy
virus-infected and cancer cells. CD4" “helper” T cells orchestrate the immune
response, providing help to CTLs and B cells through secretion of cytokines and direct
cell-cell contacts.



3.1.2 The a/B T cell receptor

T cells recognize their target antigens via their membrane bound TCR in the form of
small peptide fragments presented by major histocompatibility complex (MHC)-
molecules on the surface of antigen-presenting cells (APCs). CD8" T cells recognize
antigens presented by MHC class |, which is expressed by almost all nucleated cells.

CD4* T cells recognize antigens presented by MHC class Il on professional APCs.

The TCR a and B polypeptides can be divided into a variable region responsible for
antigen binding and a constant region that contains the transmembrane domain and
interacts with the CD3 polypeptides to form the complete T cell receptor complex. The
variable regions contain three polymorphic complementary determining regions
(CDRs) separated by the more conserved framework regions. CDR1 and CDR2 are
germline encoded and interact primarily with the MHC. The highly diverse CDR3

interacts primarily with the antigen peptide.

The TCRis a special cell surface receptor. As opposed to most other receptors it does
not have a small number of genetically encoded ligands, but a highly diverse
ligandome. It is extremely sensitive, capable of identifying between one and three
cognate pMHC molecules within thousands of structurally very similar, but non-
stimulating, ligands on a single APC’. Despite this incredible sensitivity, the interaction
of the TCR with its cognate pMHC ligand is specific enough, that single amino acid

substitutions within the peptide completely abolish T cell activation.

TCR binding to its ligand does not simply activate the T cell in an all-or-nothing fashion,
but can relay different signals depending on the quality of the pMHC ligand and the
ligand density. For example, in vivo, T cells regularly interact with self-pMHC, which is
required for survival and homeostatic proliferation, but this interaction does not result
in full T cell activation®. Some TCR ligands can only induce a subset of T cell effector
functions and are termed partial agonists®. Depending on the strength of the TCR
signal, T cell effector functions occur in a hierarchical order. Low antigen density is
often sufficient to induce cytotoxicity when recognized by antigen experienced
cytotoxic T cells, while a stronger TCR signal is required for cytokine production,
followed by proliferation'. Exactly how the TCR translates information about the

quality of its ligand is incompletely understood, but TCR signaling strength seems to



be encoded by sequential phosphorylation of the 10 available immunoreceptor
tyrosine-based activation motifs (ITAM) of the TCR-CD3 complex!'.

In order to accommodate the vast potential ligandome, T cell precursors rearrange
their TCR loci by combining one variable (V) segment, one diversity (D) segment (3
chain only), one joining (J) segment and the respective constant region into a
functional polypeptide. Random nucleotide additions and deletions at the junctional
region further increase TCR diversity. Through recombination of the V, D and J
segments, nucleotide deletions and nucleotide additions, the a/B TCR can theoretically

generate up to 10"® junctional combinations™?.

3.1.3 Central tolerance

Due to the stochastic nature of TCR rearrangement, generation of non-functional or
autoreactive TCRs is likely. To prevent autoimmunity, tolerance mechanisms have
evolved to eliminate autoreactive T cells. Developing T cell precursors (thymocytes)
enter the thymus at the cortex'3. At this stage they lack both CD4 and CD8 expression
(“double negative”, DN). The thymocytes first rearrange the TCR 3 chain followed by
rearrangement of the a chain (Thymocytes that rearrange y and & TCR chains before
the B chain are committed to the y/® lineage and are not further discussed). T cell
precursors that successfully rearrange both loci eventually express both CD4 and CD8
coreceptors. These “double positive” (DP) thymocytes become subject to positive
selection in the cortex to ensure sufficient binding to self-MHC. 75 — 80 % of
thymocytes are eliminated at this stage, because their affinities for self-peptide-MHCs
are too low so they do not receive the appropriate survival signals by the thymic
epithelial cells'3. After successful positive selection, thymocytes become either CD4
or CD8 single positive and migrate into the medulla. Medullary thymic epithelial cells
(mTECSs) present the full panel of self-antigens, including tissue restricted antigens, to
the developing thymocytes. T cells that bind too strongly to any of these self-antigens
are eliminated or differentiate into regulatory T cells, allowing only the T cells without
self-reactivity to exit the thymus and enter the periphery. 50 to 80 % of single positive
thymocytes are eliminated by this mechanism of negative selection, because their
affinity to self-peptide MHC is too high'3.

While each individual mTEC only expresses around 1 to 5 percent of tissue restricted
antigens at any given time, developing thymocytes scan through several hundred
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mTECs during their 4 to 5 day stay in the medulla, enough to contact the full repertoire

of tissue restricted antigens'.

3.1.4 T cell effector mechanisms

CD8* cytotoxic T cells have been the focus of tumor immunology, because they can
directly kill cancer cells in vitro. The formation of an immunological synapse between
the T cell and target cell allows directed delivery of cytotoxic molecules to the target

cell without affecting healthy cells in the vicinity.

Cytotoxicity

Cytotoxic T cells (CTL) possess multiple effector mechanisms to destroy tumors. Upon
TCR activation, CTLs release the contents of cytotoxic granules. Perforin
permeabilizes the target cell membrane allowing specialized serine proteases,
granzymes, to enter the target cell where they induce cell death'. Perforin deficiency
impairs CTL target cell killing, while CTLs from Granzyme A/B double knock-out mice
can still induce target cell death, either by direct perforin mediated necrosis or

mediated by other granzymes'®.

Perforin deficient CTLs can still kill target cells expressing the death receptor Fas. Fas-
mediated cell death seems to be primarily involved in immune regulation, eliminating
activated T cells'8. Deficiencies in death receptor signaling were implicated in antigen
independent resistance of acute lymphocytic leukemia (ALL) to CAR-T-cell therapy'”.
Moreover, Fas-mediated cell death seems to be important for stroma targeting in

tumors, which is required for complete rejection®.

Cytokine secretion

Activated T cells produce cytokines. T cell derived IFNy and TNFa are required for
complete rejection of tumors™. These cytokines seem to act primarily on the tumor
stroma and prevent the outgrowth of antigen loss variants. IFNy is known to aid in

tumor rejection by destroying the tumor vasculature?.

Proliferation

Proliferation is the initial response of naive T cells to antigenic stimuli under
inflammatory conditions. However, proliferation of antigen experienced T cells is
critical during the effector phase of adoptive T cell transfer. Multiple clinical studies

found that the anti-tumor effect of T cells correlates with their in vivo proliferation?'-22,
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Interestingly, proliferation seems to be more tightly regulated, requiring on average

stronger TCR signaling compared to cytotoxicity and cytokine secretion%11,

3.1.5 Cancer immunotherapy
The goal of cancer immunotherapy is to either boost the patient's own immune
response against cancer or to use effector arms of the immune system, such as T

cells and antibodies, as a therapeutic modality.

Therapeutic vaccination

Therapeutic vaccination to boost an individual’s anti-tumor immune response was
attempted with different cancer antigens in combination with various adjuvants. While
therapeutic vaccination often successfully leads to measurable surrogates of an
immune response, e.g. appearance of antigen-specific antibodies, objective clinical
responses have been rare?®. The randomized controlled MAGRIT-Trial failed to
demonstrate an effect on tumor-specific survival when a MAGE-A3 vaccine was used
in an adjuvant setting after surgically resected non-small-cell lung cancer, despite

induction of MAGE-A3 specific antibody responses in all patients?4.

Checkpoint inhibition

The immune checkpoint receptors CTLA-4 and PD1 limit T cell activation during the
priming and effector phase, respectively?>. CTLA-4 becomes upregulated on T cells
after activation and competes with CD28 for the binding of CD80/CD86 during the
priming phase in the lymph node. PD1 is upregulated on antigen experienced T cells
after activation and high PD1 expression is considered a marker of T cell exhaustion.
Interaction of PD1 with PD-L1 and PD-L2 on cancer and stroma cells inhibits T cell

activation in the tumor microenvironment.

Therapeutic blockade of the PD1/PD-L1 pathway alone or in combination with CTLA-
4 blockade induced, sometimes long-lasting, responses in melanoma?®. Responses to
PD1 blockade in several other cancers were observed and correlate with the tumor
mutational burden, indicating that recognition of neo-antigens by T cells is responsible

for the antitumor effect?’.

T cell Therapy
T cells can be engineered with a chimeric antigen receptor (CAR) or exogenous TCR
to retarget the T cell to cancer antigens. Autologous patient T cells are harvested by

leukapheresis, stimulated in vitro and the new receptor is introduced with a y-retroviral
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or lentiviral vector. The transduced T cells are then further expanded and reinfused to

the patient following lymphodepleting chemotherapy.

Determinants of T cell mediated cancer rejection

Whether adoptive T cell transfer results in tumor regression or even eradication is
determined by several parameters. Transferred T cells must recognize cancer
antigens with optimal affinity to induce regression. While there is no linear correlation
between TCR affinity for pMHC, as measured by surface plasmon resonance, and
therapeutic activity, the affinity of tumor reactive T cell receptors for their cognate
pMHC antigen is generally lower compared to virus specific TCRs?8. Importantly, in
addition to the TCR’s affinity for pMHC, T cell epitopes with higher affinity for their
presenting MHC molecules were more capable to induce tumor regression or rejection
in vivo®®. The phenotype of the transferred T cells seems to be also important for the
in vivo anti-tumor effect. So-called stem cell memory T cells (Tsecm) can be generated
in the presence of IL-7 and IL-15 in vitro and show enhanced in vivo proliferation and

anti-tumor activity compared to effector T cells after T cell transfer0.

CAR engineered T cells

Antibody based chimeric antigen receptors (CARs) can be transferred into T cells to
target antigens on the surface of cancer cells. To generate 2" generation CARs, the
antigen binding domain of an antibody in the form of a single chain variable fragment
is fused to the transmembrane and intracellular domains of the CD3-{-chain and a
second intracellular signaling domain — either derived from CD28 or 4-1BB. CAR T-
cells targeting CD19 induced high rates of complete remission in heavily pretreated B
cell malignancies. The highest remission rates are achieved in pediatric B cell acute
lymphoblastic leukemia (ALL) with up to 92% complete responses at 4 weeks after

CAR T-cell transfer3':32,

Besides ALL, CAR T-cells targeting the B cell maturation antigen (BCMA) are effective
in multiple myeloma. Interestingly, the cell dose required for clinical efficacy as well as
the occurrence of certain toxicities seems to be higher than with anti-CD19 CAR T-
cells. This can be explained by the lower surface expression of BCMA compared to
CD1933,

Despite the remarkable success of CAR T-cell therapy in hematologic malignancies,

results in solid tumors have been less encouraging®*. Conversely, toxicity was more
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severe, e.g. a case of fatal lung injury after anti-HER2 CAR T-cell therapy due to

expression of HER2 on lung epithelial cells®®.

TCR engineered T cells
CAR T-cells are restricted to target surface antigens on cancer cells. On the contrary,
TCR engineered T cells can target any cellular antigen, including intracellular tumor

associated antigens and neoantigens resulting from oncogenic point mutations.

Initially, TCR engineered T cells showed little clinical effect with sometimes severe
side effects, probably owing to poor antigen choice and use of suboptimal TCRs. The
first trial of TCR engineered T cells targeted a melanoma antigen recognized by T
cells 1 (MART-1) derived peptide presented on HLA-A*02:01 (HLA-A2) using the
patient derived TCR DMF4, only showed 2 partial responses in 17 treated patients3®.
Treatment with the higher-affinity human derived MART-1-specific TCR DMF5 or a
murine TCR against human gp100 induced, mostly transient, clinical responses in 6
out of 20 and 3 out 16 melanoma patients, respectively. At the same time, almost all
patients experienced toxicity related to recognition of normal melanocytes (skin rash,

anterior uveitis, transient hearing loss)?’.

Targeting carcinoembryonic antigen (CEA) with a murine TCR in three patients with
colorectal cancer induced strong transient decreases in serum CEA, but only 1 patient
showed an objective partial response with progression after six months38. All patients
developed severe transient colitis owing to the recognition of CEA on normal colonic

mucosa.

The affinity enhanced TCR 1G4%% (also known as NY-ESQ%%) targeting an epitope
derived from the cancer / testis antigen NY-ESO-1 presented on HLA-A2 induced

clinical responses in melanoma, synovial sarcoma and multiple myeloma (Table 1)3%-
42
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DMF4 Melanoma FC 0.5-34.4x10° Yes | 17 36

DMF5 1.5-107 x 10° 20
Melanoma FC Yes 37
gp100 1.8-110x 10° 16
Colorectal
CEA FC 2-4x108 Yes 3 38
cancer
Synovial cell 18
16— 120 x 10°
NY-ESO°%® | sarcoma FC Yes 39,40
Melanoma 9-130x 10° 20
Multiple HD-Melphalan +
NY-ESQ¢259 0.45-3.9x 109 No | 20 41
Myeloma ASCT

Fludarabine 30

/m?/d d-4 to -1
Synovial cell maim °
NY-ESQ¢25° Cyclophosphamide | 0.45-14.4 x 10° No | 12 42
sarcoma
1800 mg / m?d-2
to -1

Table 1 — Select clinical trials with TCR engineered T cells IL-2: 720 000 U / kg every 8 h to tolerance; FC:
Cyclophosphamide 60 mg/kg/d d1-2, Fludarabine 25 mg/m?/d d3-7

3.1.6 Cancer antigens

To be recognized by T cells, cellular proteins have to be degraded into peptide
fragments by the proteasome. The peptides are then transported into the endoplasmic
reticulum by the transporter associated with antigen processing (TAP) where they are
loaded onto MHC molecules. Frequently, the peptides are further trimmed at their N-
terminus by endoplasmic reticulum (ER) aminopeptidase associated with antigen
processing (ERAAP) in mice and ER aminopeptidase 1 (ERAP1) or ERAP2 in humans
before they are loaded onto the MHC by the peptide loading complex (PLC)*3.

The perfect tumor antigen is 1) highly specific, 2) efficiently processed and presented,
3) contributes to the malignant phenotype, e.g. a “driver mutation”, 4) has a high affinity
for its presenting MHC molecule, 5) be expressed by multiple tumor entities in multiple
individuals. Tumor antigens can be broadly classified into tumor specific and tumor

associated antigens.

Toxicity in clinical trials has shifted the focus away from lineage-specific and
overexpressed self-antigens towards more cancer-specific antigens*. Examples of
tumor specific antigens are oncogenic viral proteins, tumor specific somatic mutations

that lead to an altered protein sequence, including missense and frameshift mutations
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and fusion proteins. Tumor associated antigens include overexpressed self-antigens,

lineage-specific antigens and cancer/testis (C/T) antigens.

Viral antigens

Seven viruses are known to cause cancer in humans (Table 2)*: Epstein-Barr virus
(EBV), Kaposi sarcoma herpes virus (KSHV), high-risk human papillomaviruses
(HPV), hepatitis B virus (HBV), hepatitis C virus (HCV), human T-lymphotropic virus
(HTLV) and merkel cell polyomavirus MCPyV (Table 2). Viral cancer antigens are
attractive targets, because they are entirely cancer specific, possess multiple potential

epitopes and are often oncogenic.

In cases where virus-induced cancers develop in an immunosuppressed host,
restoration of immunity, either general or virus specific, can lead to tumor control.
However, many oncogenic viruses evolved to establish persistent infection in the
presence of a functioning immune system. Therefore, mechanisms of viral immune
evasion are likely to be used by virus induced cancers as well. This is exemplified by
the different EBV-associated cancers and their development in a specific host

environment.

Burkitt lymphoma

(L:;T\lr}a')l DLBCL, NOS
T cell rich DLBCL
Classical Hodgkin’s lymphoma
Latency 2 Angioimmunoblastic T cell ymphoma
EBV (Latency | + LMP1, NK/T cell lymphoma
LMP2) Nasopharyngeal cancer
Gastric carcinoma
Latency 3 Post-transplant lymphoproliferative disease
(Latency Il + EBNA2, AIDS related lymphomas (plasmablastic DLBCL, primary effusion
EBNA3A, EBNA3B, Ilymphoma)
EBNA3C) EBV* DLBCL of the elderly
HTLV-1 Adult T cell leukemia / lymphoma
HPV HNS.CC
cervical cancer
HHVS8 Kaposi sarcoma
MCPyV Merkel cell carcinoma
HBV Hepatocellular carcinoma
HCV Hepatocellular carcinoma

Table 2 — Overview of human oncogenic Viruses and related malignancies*546
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Primary EBV infection can be silent or symptomatic in the case of infectious
mononucleosis with a strong antiviral immune response. However, the virus is not
cleared from the host, instead persisting in a latent state within B lymphocytes with
minimal viral gene expression, avoiding detection by the host immune system.
Depending on the type of latency, viral gene expression is either completely shut down
(latency 0) or restricted to few viral proteins (latency 1 to 3)#6. During latency 2/3, LMP1

drives expression of PD-L1 to protect infected cells from destruction by T cells*’.

EBV is oncogenic and can transform human B lymphocytes in vitro. Depending on the
state of the host immune system, different types of EBV-associated malignancies with
distinct latency states develop (Table 2). Posttransplant lymphoproliferative disease
(PTLD) is a clonal proliferation of B cells that may develop in patients with immune
suppression after solid organ or bone marrow transplantation. PTLD usually express
the full range of latent EBV antigens including the immunodominant antigens EBNA3A,
EBNA3B and EBNA3C (latency 3). Restoration of T cell immunity, either by reduction
of immunosuppression or treatment with EBV specific T cells can be an effective
treatment*8. Immunotherapy of tumors associated with latency 2 and especially
latency 1 is more challenging, because of reduced antigen expression and an immune
suppressive tumor microenvironment*”#9, Similar to PTLD, restoration of immunity by
antiretroviral therapy can induce regression in early stage HIV associated Kaposi

Sarcoma®°.

Merkel cell carcinoma (MCC) is a rare neuroendocrine skin cancer. Similar to
melanoma, UV-irradiation contributes to carcinogenesis. However, a subset of Merkel
cell carcinomas harbor a truncated integrated polyomavirus in their genome®'. This
integration prevents productive virus replication but transforms the host cell.
Interestingly, T cells specific for an epitope shared by MCPyV-large-T- and small-T-
antigen recognized only one out of three HLA-A2* MCPyV-infected MCC cell lines,
while T cells specific for a small-T-antigen derived epitope recognized none of the
MCPyV infected and HLA-A2* cell lines. This was explained by low expression of HLA-
A2, Large-T-Antigen or both52.

Similarly, antigen presentation of an HPV EG6 derived epitope (HPV E629-38) was shown

to be compromised in cervical carcinoma cell lines due to low expression of several
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components of the antigen processing pathway®3. This explains the modest activity of

a TCR targeting the same epitope in a clinical trial of HPV associated cancers®*.

In conclusion, the utility of viral antigens as targets of cancer immunotherapy in
immune competent hosts has to be evaluated on an individual basis and might be

limited by viral immune evasion strategies.

Neoantigens

Cancer-specific neoantigens are derived from non-synonymous point-mutations in
protein coding regions. The first mouse and human neoantigens were identified in a
cell line derived from a UV-induced murine skin cancer and a human melanoma
patient, respectively®>%. Targeting cancer specific neoantigens remains challenging,
because most are unique to an individual’s cancer. Moreover, only a small subset of
non-synonymous mutations results in naturally processed and presented
immunogenic neo-epitopes®’. Epitopes derived from cancer-specific splice variants
might broaden the repertoire of tumor specific antigens®®. In addition, antibodies have
been generated against tumor specific altered glycosylation patterns and used as the
basis of CARs®.

Lineage specific antigens

Tumor associated antigens are unaltered self-proteins, usually with limited expression
in normal tissues, which can, depending on their expression pattern, be used as a
target for immunotherapy with a predictable toxicity profile. CD19 and CD20 on the
surface of lymphomas and B cell lymphoid leukemias are particularly successful

examples®'.

Cancer/testis antigens
Cancer / testis (C/T) antigens are expressed at various stages during gametogenesis
and embryonic development but silenced in adult human tissues®. Reactivation of C/T

antigens occurs in a variety of human cancers.

MAGE-A1, the first described cancer/testis antigen, was discovered as the target
antigen of an autologous T cell clone recognizing cancer cells derived from a
melanoma patient®'. Expression of MAGE-A1 is normally prevented in healthy tissues
by promoter methylation, except in developing germ cells. Hypomethylation of the

promoter leads to aberrant expression of MAGE-A1 in various cancers®.
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MAGE-A1 has a known nonamer epitope (MAGE-A127s8) with a high predicted affinity
for the presenting HLA-A2 molecule®?. However, it is unclear, whether MAGE-A1
reactivation contributes to the malignant phenotype. Despite being widely studied as
a target of cancer immunotherapy, little is known about the function of most
cancer/testis antigens, including MAGE-A1. Mice with germline defects in the Mage-a
gene cluster appear phenotypically normal, but have reduced resistance to genotoxic
stress®364. MAGE-A1 negatively regulates Notch signaling either by stimulation of
ubiquitination and degradation of the Notch intracellular domain (NICD) or by

interfering with binding of NICD to its target genes®°-°.

In summary, the high degree of tumor specificity, high affinity for its presenting HLA
and expression on multiple different tumor entities make MAGE-A1 a highly attractive
target for immunotherapy. On the other hand, intratumoral heterogeneity of MAGE-A1
expression might lead to the selection of antigen-loss-variants following MAGE-A1

directed immunotherapy®’.

3.1.7 Generating therapeutic TCRs
TCRs derived from humans against tumor-associated self-antigens usually have little
therapeutic effect, because central (thymic) tolerance mechanisms select against T

cells with high affinity for these antigens.

To overcome the lack of anti-tumor activity due to central tolerance, low affinity TCRs
isolated from humans can be subjected to in vitro mutagenesis to increase TCR affinity
and anti-tumor activity. Phage, yeast or T cell display as well as rational design have
been used to enhance TCR affinity in vitro®"1. Two major downsides of TCR in vitro
mutagenesis exist. First, affinity-enhancing TCRs carries the risk of losing antigen
specificity, resulting in acquired cross-reactivity for other antigens with the potential for
severe off-target toxicity’®. Second, the relationship between anti-tumor activity and
TCR affinity is not linear. In vitro mutagenesis is able to produce TCRs with antibody-
like nanomolar affinities. However, further increasing the TCR affinity after reaching
optimal affinity can actually reduce the in vivo anti-tumor activity. CD8" T cells
expressing a TCR with nanomolar affinity rapidly disappeared after transfer into mice
due to acquired cross-recognition of a ubiquitous self-antigen and subsequent deletion

in the periphery’.
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HLA-transgenic mice with a murine TCR repertoire can be used to isolate murine
TCRs against human tumor associated self-antigens. The use of mice with a murine
TCR repertoire has two important drawbacks. First, murine TCR sequences might be
immunogenic when transferred into humans, potentially leading to rejection of the
transferred T-cells”3. Second, murine TCRs identified from HLA transgenic mice often
have suboptimal affinity, requiring additional mutagenesis to effectively target cancer

cells”.

3.2 Materials and Methods
Detailed experimental procedures are described in the Materials and Methods section
of Ref. 75-77. This chapter gives a brief overview, but focuses on a more in-depth

rationale for the chosen methods.

3.2.1 Generation and isolation of MAGE-A1 specific TCRs

To generate MAGE-A1 specific T cells 12- to 20-week-old female ABabDII mice were
injected subcutaneously with 150 pyg of a MAGE-A1 derived 30mer peptide
(YEFLWGPRALAETSYVKVLEYVIKVSARVR) in incomplete Freund’'s adjuvant
supplemented with the TLR9 agonist CpG. Mice were further boosted multiple times
over the course of up to a year with 100 uyg MAGE-A127s (KVLEYVIKV) with the same
adjuvants. A time of at least two weeks was always kept between boosts. MAGE-A1
specific T cells from spleen and draining lymph nodes were sorted 10 days after the
final immunization and the TCRs were isolated using 5’ rapid amplification of cDNA
ends (RACE) PCR.

3.2.2 T cell transduction

5 LTR W TCRB TCRa WPRE 3'LTR

P2A
Figure 1: Schematic representation of the MP71 proviral sequence. LTR: long terminal repeat of

the myeloproliferative sarcoma virus; W: packaging signal of murine embryonic stem cell virus; P2A: 2A
peptide linker element of porcine teschovirus; WPRE: woodchuck hepatitis virus posttranscriptional

regulatory element.

The isolated TCRs were cloned into the y-retroviral vector MP71 (Figure 1)8. To
ensure equimolar expression of both TCR chains, they were linked with a porcine
teschovirus-1 2A peptide (P2A) that gets cut during translation by a cellular protease.
The transgene cassettes were organized in the way 5’LTR-TCRB-P2A-TCRa-wPRE-
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J'LTR, because this configuration was shown to be optimal for transgenic TCR
expression’®. The woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) stabilizes the mRNA and increases retroviral titer and transgene expression®.
To enhance binding to CD3 and further increase expression of the transgenic TCR,
modified versions of the TCR constant regions were generated using either the full
murine TCR constant region or a “minimal murinzed” TCR constant region®!. All

transgene cassettes were codon optimized for mammalian expression.

3.2.3 Transposon mediated T cell engineering

The transgene cassette of TCR T1367 was cloned into a pT2 Sleeping Beauty
transposon plasmid modified to carry the MPSV promoter of MP71 (pSB-T1367). For
miRNA-silencing of endogenous TCRalpha and beta chains, the antisense
nucleotides 5-TGAAAGTTTAGGTTCGTATCTG-3’ (TCRalpha, in the context of miR-
155) and 5-TCTGATGGCTCAAACACAGCGA-3’ (TCRbeta, artificial miRNA context)
were inserted into the intron of the TCR transposon plasmid to generate pSB-miR-
T1367 (human constant region) and pSB-miR-T13670opt (minimally murinized
constant region with an additional cysteine bridge). To minimize the amount DNA
delivered to each cell, plasmid minicircles (mSB-T1367, mSB-miR-T1367, mSB-
T13670pt, mSB-miR-T13670pt) were prepared and the Sleeping Beauty transposase
SB100X was delivered as in vitro transcribed RNA. 6 — 10 x 10° freshly isolated human
T cells were electroporated using the Amaxa human T-cell Nucleofector Kit (Lonza,
Program U-14). After eighteen hours T cells were activated by plate-bound anti-CD3

and anti-CD28-antiboides in medium containing 400 IU/ ml recombinant human IL-2.

3.2.4 Animal experiments

Due to species specific incompatibilities between effector molecules and their
receptors, the anti-tumor activity of human T cells cannot be adequately tested in mice.
For example, human IFNy, which is important for tumor rejection, does not act on
murine cells®2. Therefore, for in vivo testing, a syngeneic transplantable tumor model
was used®. The murine fibrosarcoma line MC703 was previously generated in an
HLA-A2 transgenic mouse strain (HHD, chimeric HLA-A2/H-2DP) and transduced to
express either full length MAGE-A1 or tyrosinase (negative control) linked with an
internal ribosomal entry site (IRES) to green fluorescent protein. Cloned antigen
expressing MC703 cells were injected into HHDxRag”- mice and grown for at least 30

days until tumors reached a size of ~ 500 mm?3. Thus, in this model, all components of
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the antigen recognition (TCR, peptide, MHC) are of human origin, while the effector
molecules and their receptors are of murine origin. This allows for T cell targeting of

both cancer and stroma cells.

3.2.5 Whole-exome sequencing of patients with myelofibrosis

Peripheral blood from 15 patients with primary or secondary myelofibrosis was
obtained at the initiation of ruxolitinib treatment and at 1 to 3 time-points during follow-
up (mean follow-up: 3.9 years / patient). Genomic DNA was extracted from peripheral
blood mononuclear cells (PBMCs). To obtain purified T cells as a source for germline
control DNA, 1 x 106 PBMCs were seeded onto plates coated with anti-human-CD3
and anti-human-CD28 antibodies in RPMI supplemented with 10% fetal calf serum,
50 nM B-mercaptoethanol and 200 U/ml recombinant human IL-2. T cells were
cultivated for a total of 10 to 12 days followed by fluorescence activated cell sorting.
Exome libraries were prepared from 200 ng of genomic DNA with a SureSelect Human
All Exon V5 kit (XT protocol; Agilent). Sequencing was performed in paired-end mode
(2 x 124 bp) on an lllumina Hiseq 2500 instrument.

3.3 Results and Discussion

3.3.1 Generation of TCRs with optimal affinity against MAGE-A1

To overcome current limitations in the generation of therapeutic TCRs, humanized
ABabDIl mice, which are transgenic for the human TCR a and (8 loci as well as a
chimeric HLA-A2 (HHD), where the a3 domain is replaced by that of murine H2-D" to
allow murine CD8 binding®. These mice provide a humanized antigen-recognition
system on the background of a murine derived peptidome. Therefore, ABabDII provide
a diverse non-tolerant T cell repertoire as a source for the generation of therapeutic
TCRs against human tumor associated self-antigens. Comparison of TCRs from the
tolerant (human) and non-tolerant (ABabDIl) repertoire provides insights into the

nature of central tolerance.

ABabDII mice were immunized with the human MAGE-A127s peptide, which differs in
6 out of 9 amino acids from its murine homologue (Ref. 75, Figure 1a). After repeated
immunizations, a large fraction of peripheral blood T cells was composed of MAGE-
A1 specific CD8* T cells as measured by pMHC multimer staining (Ref. 75, Fig. 1b,
Supplementary Fig. 1). TCR serotyping suggested outgrowth of a dominant T cell
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clone in each individual animal. TCRs were isolated from sorted antigen specific CD8*
T cells from three different animals (T1367, T1405, T1705).

For comparison, two MAGE-A1 reactive TCRs (hT27, hT89) were isolated from T cell
clones from healthy human donors. The TCRs were cloned into the y-retroviral vector
MP71 and re-expressed in human T cells (Ref. 75, Fig 1e, Supplementary Fig. 3).
ABabDII derived TCRs induced stronger target cell lysis and IFNy-secretion compared
to human derived TCRs in cocultures with MAGE-A1 expressing HLA-A2 positive
tumor cell lines (Ref. 75, Fig. 3a, Supplementray Fig. 3). Antigen titration experiments
showed that ABabDII derived TCRs have a higher antigen sensitivity than the human
derived TCRs (Ref. 75, Fig 3b and ¢, Supplementary Fig. 7c).

To compare the TCRs in vivo, HHD expressing fibrosarcomas transduced with the full-
length MAGE-A1 cDNA were grown to approximately 500 mm? and treated with TCR
engineered murine T cells carrying either ABabDII derived or human derived TCRs. T
cells engineered with the ABabDII derived TCR T1367 from the non-tolerant repertoire
induced tumor regression, while treatment with the human derived TCR hT27 had no
effect on tumor growth (Ref. 75, Fig 3d and e). Anti-tumor activity correlated with

superior T cell proliferation in vivo (Ref. 75, Fig. 3f).

Central tolerance towards C/T antigens has been debated, because T cells against
them can be found in both cancer patients and healthy donors, and immune responses
could be readily induced in mice against the murine C/T antigen P1A858_Their limited
expression in HLA-negative developing germ-cells could explain the lack of
autoimmune toxicity even in the absence of complete central tolerance. Conversely,
expression of C/T antigens in mTECs should result in central tolerance®’. Therefore,
the question arises, whether C/T-reactive T cells in the peripheral blood of humans
represent a small fraction of cells that have escaped negative selection, or whether
thymic expression of C/T antigens is so low that central tolerance to these antigens

remains incomplete.

The superior antigen specific effector functions conferred by ABabDII derived TCRs in
comparison with human derived TCRs, which do not exert anti-tumor activity in vivo,
demonstrate that central tolerance towards MAGE-A1 is indeed functionally relevant.

These results are comparable to the ones obtained in P1A knock out mice, which are
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able to reject P1A expressing cancers, as opposed to wild type mice, despite the

presence of P1A-specific T cells in both mice8®.

Functionally relevant tolerance despite the presence of T cells reactive to a specific
antigen, as shown here for MAGE-A1, also has implications for the interpretation of
data about tumor infiltrating tumor reactive T cells or those detected in the blood of
patients. Without knowledge about the quality of these T cells and their TCRs their

functional relevance remains unknown.

One limitation of the present study rests with the generation of the MAGE-A1 reactive
T cell clones from which the TCRs hT27 and hT89 were isolated. These T cell clones
were expanded from healthy donors in the presence of high concentrations (5 pg/ml)
of MAGE-A1278 peptide®. It cannot be excluded that the use of high peptide
concentrations during culture might have selected for T cells with lower affinity TCRs.
However, other CTL clones isolated from humans against the same epitope were only
capable of recognizing peptide-loaded T2 cells and not MAGE-A1 expressing cancer

cells, again, suggestive of low affinity TCRs®2.

This study chose MAGE-A1 as a model antigen demonstrating the advantages of
ABabDII mice when raising TCRs against human tumor associated self-antigens. In a
previous report, MART-1, an antigen expressed by melanomas and normal human
melanocytes, was used as a target antigen®. MART-1 specific immune responses
were readily identified in ABabDII mice after immunization. Interestingly, TCR usage
overlapped with TCRs identified from patients with vitiligo or melanoma and they had
similar functional activities®*8. T cells against MART-126.35 have a higher precursor
frequency in HLA-A*02:01 positive individuals than against other tumor associated
self-antigens. In addition, clinical responses with unaltered, i.e. not affinity enhanced,
human derived TCRs targeting self-antigens were obtained using a MART-1 specific
TCR?®". The lack of a superior immune response against the self-antigen MART-1 in
ABabDIl mice might contradict their usefulness in identifying effective TCRs against
self-antigens. However, the HLA-A*02:01 derived epitope MART-126-35 is selectively
removed by alternative splicing in thymic medullary epithelial cells, providing an

explanation for the lack of central self-tolerance against this epitope in humans®®.
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3.3.2 Safety testing

Introduction of a new TCR into a differentiated T cell can result in the formation of
mixed TCR dimers, if mispairing of the endogenous a or B chain with one of the
transduced TCR chains occurs. Mixed TCR dimers can generate unpredictable TCR
specificities potentially leading to autoreactivity. In animal models, fatal toxicities were
observed as a result of TCR mispairing®. In order to minimize the risk of mixed TCR
dimers, multiple strategies are combined. Codon optimization of the TCR transgene
cassette enhances expression levels of both transgenic TCR chains. Linking of a and
B chains by a P2A element ensures equimolar expression of both chains. Further, the
murine constant region of the TCR has a higher affinity to CD3{ compared to the
human constant region and replacement of select amino acids in the human TCR
constant region by their murine counterparts improves surface expression of
transgenic TCRs®'. Because the availability of CD3( is the limiting factor for the
formation of TCR complexes, these measures (enhanced protein expression by codon
optimization and higher TCR-CD3 affinity by (minimal) murinization) result in a
preferential formation of transgenic TCR complexes over endogenous TCR
complexes, increase transgenic TCR surface expression and reduce the likelihood of
mixed TCR dimer formation. Three different constant region modifications (full murine
constant region, human constant regions substituted with a few mouse amino acids
and an additional cysteine bridge and the codon optimized human constant region
were compared for the ABabDII derived TCRs. As expected, full murinization of the
TCR constant region resulted in the highest expression levels for all TCRs, followed
by minimal murinization with an additional cysteine bridge (Ref. 75, Supplementary
Fig. 4a). Both constant region modifications showed similar IFNy-secretion during
coculture with MAGE-A1 expressing HLA-A2 positive cell lines (Ref. 75,
Supplementary Fig. 4b).

To improve the expression of TCR T1367 and further reduce mispairing, vectors were
constructed to include miRNAs for silencing the endogenous TCR chains in the intron
between the promoter and the TCR transgene’®. miRNA silencing of the endogenous
TCR chains improved TCR-expression by 2.1-fold, measured by MAGE-A1/HLA-A2-
multimer mean fluorescence intensity, comparable to minimal murinization in
combination with an additional cysteine bridge (2.0-fold, Ref. 76, Fig. 5d). Combining

both strategies resulted in further enhancement of TCR surface expression (2.6-fold).
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The frequency of T cells expressing both the transgenic TCR as well as the a or 8
chain of the endogenous TCR was extrapolated by staining with a cocktail of
monoclonal antibodies against multiple TCR a and B variable regions. Both miRNA-
silencing and TCR constant region optimization reduced endogenous TCR expression
(Ref. 76, Fig. 5e, Supplementary Fig. 6). Importantly, unequal expression frequencies
of endogenous V alpha and V beta chains, an indicator for mispairing of the transgenic
TCR with the more abundant endogenous TCR chain, was reduced by both miRNA
and TCR constant region optimization and further reduced by combining both

strategies.

y-retroviral vectors have the advantages of high transduction efficiency, strong
transgene expression and the availability of stable producer cell lines, which is
desirable for clinical application. Safety concerns were raised against the use of y-
retroviral vectors since the development of T cell acute lymphoblastic leukemia in
several patients after retroviral transduction of the interleukin-2 receptor common y
chain into hematopoietic stem cells of patients with x-linked severe combined
immunodeficiency (X-SCID) and Wiskott—Aldrich syndrome (WAS)®'. While the
oncogenic potential of gamma retroviral vectors in hematopoietic stem cells is
concerning, no cases of malignancy following insertional mutagenesis have been
observed in hundreds of patient-years when mature T cells are transduced with y-
retroviral vectors®. Interestingly, leukemia development after gene therapy with y-
retroviral vectors was seen in WAS and X-SCID, while no cases of leukemia were
seen after gene correction in SCID caused by adenosine deaminase deficiency (ADA-
SCID)*".

As an alternative to retroviral transduction, experiments with miRNA containing vectors
were carried out using the sleeping beauty transposase to integrate a transposon
vector following electroporation. However, DNA electroporation lead to loss of cell
viability proportional to the transfected DNA amount (Ref. 76, Fig. 1c). DNA toxicity
was associated with the induction of a type | IFN response in transfected T cells (Ref.
76, Fig. 2). To minimize the DNA amount required for efficient stable gene
modification, plasmid mini-circles were generated and used for electroporation. Mini-
circle DNA resulted in improved numbers of gene modified T cells compared to

conventional plasmid DNA at equal DNA amounts (Ref. 76, Fig. 4b).
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Unexpected expression of the intended target-antigen on healthy tissues can cause
on-target, off-tumor toxicity®3. Therefore, absence of MAGE-A1 expression on healthy
tissues was confirmed by screening a cDNA derived from various healthy human
tissues (Ref. 75, Fig. 2a).

In addition, TCRs that are considered for clinical application must undergo rigorous
testing to ensure specificity, as cross-reactivity to other (self-) antigens or allo-
reactivity to certain HLAs can lead to severe, sometimes fatal, off-target toxicity in
humans®%. Formally excluding TCR cross-reactivity to all possible self-antigens
present in a patient is difficult. TCR T1367 was further characterized with respect to
cross-reactivity. No cross-reactivity was observed against a library of 114 self-peptides
or against the two most closely related epitopes MAGE-B5 and MAGE-B15 at high
peptide-concentrations (10 M) (Ref. 75, Fig. 2b, c). In addition, alanine substitution
scanning of MAGE-A127s was used to define the amino acids within the peptide that
are crucial for T cell activation upon TCR binding (Ref. 75, Fig. 2e, Supplementary
Table 2). Amino acids were considered important for TCR binding if replacement with
alanine reduced INFy secretion of stimulated T1367 transduced T cells by more than
50 % at artificially high peptide concentrations (10-°> M) and abrogated IFNy secretion
at low peptide concentrations (10° M) compared to the wild type MAGE-A1 peptide.
Using the resulting motif (xxxEYxIKx), a potential cross-reacting peptide derived from
SAMD9 was identified (Ref. 75, Fig 2f). SAMDS9 is ubiquitously expressed in human
cells, including in T cells. Therefore, cultured human T cells from HLA-A*02:01 positive
donors were used as target cells for T1367 transduced T cells after SAMD9 expression
was confirmed by RT-PCR. As T1367 engineered T cells only recognize target cells
loaded with the SAMDS9 peptide, but fail to recognize endogenous SAMDS9, it can be
assumed that SAMD9 is either not naturally processed or presented only at levels

insufficient for T cell activation.

Defining a TCR’s recognition motif by alanine substitution scanning, as applied in this
study, has the advantage of using a biologically relevant readout system (IFNy
secretion by T cells). Conversely, sequence unrelated peptides might be missed as
targets of cross-reactivity. Unbiased approaches to characterize a TCR’s cross-
reactivity could potentially also identify sequence-unrelated peptides. Yeast display
libraries presenting 4 x 108 unique pMHC complexes have been proposed for this

purpose®. Yeast expressing diverse pMHC complexes are selected by binding to
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TCRs immobilized on the surface of magnetic beads. While this approach allows for
simultaneous testing of a high number of pMHCs, they are not selected based on a
functionally relevant readout system but based on their affinity alone. TCRs have much
lower affinities than antibodies (which normally bind their target in solution), raising
concerns that potent intermediate affinity interactions between TCR and pMHC might

be missed.

As an alternative, the peptidome of various human cell types can be screened by using
primary human cells from different tissues carrying the TCR’s restriction element as
target cells. This can minimize the risk of toxicity to all vital organs for which suitable
primary cells can be obtained. The limitations of this approach are: 1) not all human
cell types can be cultured in vitro, 2) complex tissues with multiple cell types might be
misrepresented by using a single indicator cell type from this specific tissue, 3) in vitro
culture of primary human cells can alter their gene expression patterns changing the

peptidome that is presented to the T cell.

Allo-reactivity against HLA-molecules other than HLA-A*02:01 was tested with a
library of 18 EBV transformed B lymphoblastoid cell lines (B-LCLs, Ref. 75, Fig. 2d,

Supplementary Table 1). However, reactivity to rare HLA variants cannot be excluded.

3.3.3 Comparison to other methods for generating therapeutic TCRs

HLA transgenic mice carrying the murine T cell receptor loci have been used to
generate therapeutic TCRs against human tumor associated self-antigens before’.
TCRs isolated from these mice carry the murine TCR sequence making them a
potential target of the host immune system after infusion into patients. Indeed, loss of
transferred CAR-T cells due to a developing T cell response against murine
sequences in the CAR has been observed®. Second, TCRs generated in HLA
transgenic mice with a murine TCR repertoire often require further mutagenesis to
improve TCR activity’. The apparent paucity of high-affinity TCRs in HLA transgenic
mice with a murine TCR repertoire can be explained by interspecies TCR-MHC-
coevolution. TCRs and MHCs might have evolved together to ensure optimal binding
between the molecules®. When immunized with antigens presented by a human MHC
molecule, mice with a human TCR repertoire usually have a stronger immune

response compared to those with a murine TCR repertoire®*. This “germline bias” of
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human TCRs for human MHC molecules can only partially be overcome by

mechanisms of positive selection.

ABabDIl mice on the other hand provide a human TCR repertoire that has been
positively selected on HLA-A2, but recognizes many human peptide-antigens as

foreign, similar to the recognition of viral antigens.

In vitro mutagenesis carries the risk of losing TCR specificity. Two patients receiving
an affinity enhanced TCR targeting MAGE-A3 developed lethal myocarditis following
T cell therapy, which was the result of acquired titin-cross-reactivity of the affinity-
enhanced TCR®%. In a different clinical trial, also targeting MAGE-A3, the loss of TCR
specificity following affinity enhancement was known in advance but was deemed
beneficial because the TCR acquired additional recognition of a MAGE-A12 derived
peptide. After fatal neurotoxicity developed in 3 patients, low level expression of
MAGE-A12 was detected in the brain®,

To generate the MAGE-A1 specific TCRs, ABabDIlI mice were repeatedly immunized
with MAGE-A127s, resulting in the strong expansion of a single clone of MAGE-A1
specific T cells in each individual mouse. It can be speculated that this might reflect
clonal selection of T cell clones with optimal affinity TCRs over time, as was shown for

Listeria monocytogenes infection in mice?”.

3.3.4 Whole-exome sequencing of myelofibrosis during ruxolitinib treatment
To define genetic events in serial samples of patients with myelofibrosis (MF) under
treatment with the Janus kinase 2 (JAK2) inhibitor ruxolitinib, whole-exome
sequencing (WES) was performed (Ref. 77, Fig. 1). Appropriate germline controls are
critical to define somatic mutations arising in cancer, especially in hematologic
malignancies where contamination of control tissue with cancer cells is common.
Because of their favorable profile regarding identification of somatic variants and ease
of access®, purified cultured T cells were used as germline controls for WES. 15 MF
patients were subjected to WES at the initiation of treatment with ruxolitinib and at 1
to 3 time points afterwards. Clinically, 2/15 patients achieved a molecular remission
during ruxolitinib treatment, and 3/15 patients progressed to acute myeloid leukemia
or an accelerated phase. The majority of patients with a clinically stable disease
(10/15) showed little dynamics with respect to allelic burden (Ref. 77, Supplementary
Fig. 2).
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In the three patients who progressed to acute myeloid leukemia or an accelerated
phase, a higher number of mutations was detected, and all three patients developed
mutations in KRAS or NRAS.

In summary, herein the generation of TCRs with optimal affinity against the human
tumor associated antigen MAGE-A1 is presented. It is shown that, in contrast to
humans and HLA transgenic mice with a murine TCR repertoire, the human TCR
repertoire of ABabDIl mice reproducibly generates highly effective TCRs against
human tumor antigens without the need for further mutagenesis and selection in vitro.
As a result, the generated TCRs are highly specific for their target-antigen, reducing
the chance for off-target toxicity. These results are the basis for further clinical
development of the isolated TCRs in patients with homogenously MAGE-A1

expressing cancers.
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Efficient Non-Viral T-Cell Engineering by Sleeping Beauty
Minicircles Diminishing DNA Toxicity and miRNAs Silencing
the Endogenous T-Cell Receptors
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Transposon-based vectors have entered clinical trials as an alternative to viral vectors for genetic engi-
neering of T cells. However, transposon vectors require DNA transfection into T cells, which were found to
cause adverse effects. T-cell viability was decreased in a dose-dependent manner, and DNA-transfected
T cells showed a delayed response upon T-cell receptor (TCR) stimulation with regard to blast formation,
proliferation, and surface expression of CD25 and CD28. Gene expression analysis demonstrated a DNA-
dependent induction of a type I interferon response and interferon-f upregulation. By combining Sleeping
Beauty transposon minicircle vectors with SB100X transposase-encoding RNA, it was possible to reduce
the amount of total DNA required, and stable expression of therapeutic TCRs was achieved in >50% of
human T cells without enrichment. The TCR-engineered T cells mediated effective tumor cell killing and
cytokine secretion upon antigen-specific stimulation. Additionally, the Sleeping Beauty transposon system
was further improved by miRNAs silencing the endogenous TCR chains. These miRNAs increased the
surface expression of the transgenic TCR, diminished mispairing with endogenous TCR chains, and
enhanced antigen-specific T-cell functionality. This approach facilitates the rapid non-viral generation of
highly functional, engineered T cells for immunotherapy.

Keywords: immunotherapy, TCR gene therapy, T-cell engineering, transposon, Sleeping Beauty, mini-
circle vector

INTRODUCTION

NON-VIRAL TRANSPOSON-BASED gene delivery vectors
are an emerging alternative to viral vectors for the
generation of genetically engineered T cells for
adoptive T-cell therapy (ATT) where the specificity
of T cells is redirected by stable expression of a
tumor-reactive T-cell receptor (TCR) or a chimeric
antigen receptor (CAR). Such redirected T cells
have shown impressive results for the treatment of
patients with advanced cancer.”” While ATT is
rapidly moving from experimental studies to clin-
ical application, widespread application would be
facilitated by the availability of a simple and effi-
cient gene transfer system. Most commonly, lenti-
and y-retroviral vectors are used in clinical trials.?

Recently, CAR-engineered T cells for clinical ap-
plication were also generated with non-viral
Sleeping Beauty (SB) transposon vectors.* How-
ever, at present, transposon-based gene transfer
does not reach the efficiencies achieved by viral
transduction.

Different transposases, including SB, PiggyBac,
and Tol2, can mediate stable integration into the
genome of various types of mammalian cells, in-
cluding human T cells.>'° Notably, the hyperac-
tive variant of the SB transposase SB100X has
been shown to work at efficiencies comparable to
viral gene transfer in some types of primary cells.!!
In these studies, the transposase and the transpo-
son vectors are provided on two separate plasmids
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and are electroporated into T cells.'®' This allows
the rapid generation of therapeutic T cells in a cost-
efficient and flexible way in comparison to lenti-
and y-retroviral vectors, which require laborious
production and extensive testing prior to clinical
application.’* These advantages of transposon
vectors are especially relevant envisaging person-
alized ATT. Here, tumor cell-specific mutations
that are unique for each patient are targeted,
and time is limited to generate TCR-engineered
T cells.'®

Delivery of two plasmids requires the transfec-
tion of large amounts of DNA, which in turn neg-
atively affects the viability of T cells. Therefore,
efficient transfection of human T cells results in
high T-cell mortality after electroporation.'® This
has also been described for the generation of CAR-
engineered T cells.!” Transfection-related cell
mortality can be reduced but results in lowered
efficiencies (10.5%).® To cope with low cell viability
and poor gene transfer efficiency, cell lines pre-
senting the antigen recognized by the transferred
receptor and additional co-stimulatory signals were
used to expand T cells transfected with a transposon
vector encoding a CD19-specific CAR.® This strat-
egy resulted in rapid outgrowth of gene-engineered
T cells, but still only a small fraction of the cells
was transfected and subsequently expanded. So far,
the underlying molecular mechanisms of the ad-
verse effects of DNA transfection into T cells remain
unclear.

In TCR-engineered T cells—unlike in CAR-
modified T cells—transgenic TCR chains compete
with endogenous TCR chains for cell surface ex-
pression and dimerization. Mixed TCR dimers
composed of endogenous and transgenic TCR
chains reduce the functionality of TCR-engineered
T cells and may cause off-target toxicity.?*?! Pre-
viously, it was reported that such off-target toxicity
in mice was prevented by using a y-retroviral vec-
tor encoding optimized TCR genes and miRNAs
targeting the endogenous TCR sequence by RNA
interference.?2 Notably, endogenous TCR silencing
changed the surface expression of both therapeutic
TCR chains toward equal levels, reflecting the re-
duced formation of mixed TCR dimers. In other
studies, miRNAs specific for human TCR inte-
grated into retroviral vectors resulted in an im-
proved surface expression of the transgenic TCR by
silencing of the endogenous TCR.?*?* However,
data showing the reduced formation of mixed TCR
dimers on human TCR-engineered T cells are still
missing, and the knockdown strategy has not been
employed on TCR-engineered T cells generated
with transposon-based vectors.

Here, it is reported that transfection of trans-
poson-based vectors elicits a type I interferon (IFN)
response in primary human T cells. This effect was
not associated with transposition or electropora-
tion itself, but was induced by the transfection of
DNA. T-cell survival negatively correlated with the
amount of transfected DNA. In contrast to DNA,
the transfection of RNA was well tolerated and did
not provoke this cellular IFN response. Thus, the
aim was to develop a Sleeping Beauty transpo-
son system (SBTS), requiring minimal amounts of
DNA. For this, transposon minicircle vectors were
used to reduce the size of the DNA vector. These
eliminate gene sequences encoding for antibiotic
resistance and the origin of bacterial replication.?
Moreover, minicircle vectors were combined with
SB100X-encoding RNA and miRNAs to silence the
expression of endogenous TCR. With this approach,
reproducibly stable expression of therapeutic TCRs
was achieved in >50% of human T cells. The en-
gineered T cells demonstrated superior TCR surface
expression and were highly functional. This opti-
mized SBTS allows for fast and efficient generation
of TCR-engineered T cells for immunotherapy.

MATERIALS AND METHODS
Cloning of TCR, transposon plasmids,
and minicircle vectors

The Sleeping Beauty pT2/HB transposon plas-
mid?® was modified to carry the MPSV promoter of
the MP71 retrovirus vector?” and a chimeric intron
and the poly(A) signal of psiCHECKZ2 (Promega,
Mannheim, Germany). The MAGE-A1l-specific
TCR T1367%® (IMGT: TRAV5, TRBV28) and the
tyrosinase-specific TCR T58%° (IMGT: TRAVI-2,
TRBV13) were codon-optimized (Geneart, Darm-
stadt, Germany), and the TCRa- and TCRp-chain
were linked via the 2A element of porcine tescho-
virus (P2A) by polymerase chain reaction (PCR).
The TCRs, green fluorescent protein (GFP), or
neural growth factor receptor (NGFR) transgenes
were then cloned into the modified pT2 vector to
obtain pSB-T1367, pSB-T58, pSB-GFP, or pSB-
NGFR. The TCR genes were further optimized by
introducing two non-native cysteines®>?! and nine
amino acids of the mouse TCR C regions®?3? into
the human TCR C regions to generate T1367opt
and T58opt. The human TCR-specific miRNA
cassettes were designed as described for mouse
TCR.?2 Briefly, the TCRa-specific antisense se-
quence 5-TGAAAGTTTAGGTTCGTATCTG-3" and
the TCRp-specific antisense sequence 5-TCTGAT
GGCTCAAACACAGCGA-3’ were integrated into the
miRNA environments of miR-155%* and an artificial
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miRNA,* respectively. The miRNAs were then in-
serted into the intron of the TCR transposon plas-
mids to obtain pSB-miR-T1367, pSB-miR-T13670pt,
and pSB-miR-T580pt. The miRNA target sites in the
C regions of the transgenic TCR carried silent mu-
tations, which were introduced during codon opti-
mization, thereby protecting this TCR from the RNAi
effect. For the generation of parental minicircle vec-
tors, the transposon cassette comprising promoter,
intron, transgene, polyA signal, and inverted repeats
was inserted into the plasmid pMC.BESPX-MCS2
(System Biosciences, Mountain View, CA) via the
BamHI restriction site, and a 210 bp spacer was in-
serted between the minicircle recombination site
attB and the left inverted repeat. pmax-GFP was
purchased from Lonza (Cologne, Germany), pCpG-
free from InvivoGen (Toulouse, France), and
pSL1190 from Amersham Pharmacia Biotech (Little
Chalfont, United Kingdom).

Generation of plasmid DNA, minicircle DNA,
and transposase RNA

Plasmids (pSB-GFP, pSB-T1367, pSB-NGFR,
and pSL1190) were produced using EndoFree
Plasmid Maxi Kit (Qiagen, Hilden, Germany).
Minicircle vectors were produced using the MC-
Easy Minicircle DNA Production Kit (System Bios-
ciences) and EndoFree Plasmid Mega Kit (Qiagen)
according to the manufacturers’ instructions to ob-
tain mSB-GFP, mSB-T1367, mSB-miR-T1367,
mSB-T13670pt, mSB-miR-T13670pt, mSB-T58, and
mSB-miR-T58opt. Transposase and GFP RNA was
prepared from pcDNAS3.1 (Thermo Fisher Scientific,
Dreieich, Germany) encoding the Sleeping Beauty
transposase SB100X!! or GFP using a mMESSAGE
mMACHINE T7 Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. A
poly(A)-tail was added using a Poly(A)-tailing Kit
(Thermo Fisher Scientific), and RNA was purified
on columns with an RNeasy Kit (Qiagen).

Cell lines and media

T2 cells (ATCC CRL-1992), the human mela-
noma cell lines SK-MEL-37 (MAGE-A1'/HLA-
A29)3¢ and SK-MEL-29 (tyrosinase’/HLA-A2"),36
as well as primary human T cells were cultured in
T-cell medium (TCM) composed of RPMI 1640, 10%
fetal calf serum (FCS), 1 mM of sodium pyruvate,
and 1xnonessential amino acids. All media were
supplemented with 1% penicillin/streptomycin (all
Thermo Fisher Scientific).

Isolation and electroporation of T cells
Human T cells were prepared from freshly iso-
lated peripheral blood mononuclear cells (PBMCs;

after informed consent from all donors) by centri-
fugation on Biocoll (Biochrom, Berlin, Germany)
and subsequent enrichment using either the
EasySep Human T Cell Isolation Kit, EasySep
Human CD4" T Cell Isolation Kit, EasySep Human
CD8"* T Cell Isolation Kit, EasySep Human Naive
Pan T Cell Isolation Kit, or the EasySep T Cell
Enrichment Kit combined with a CD45RA-
depleting antibody for enrichment of memory
T cells (all STEMCELL Technologies, Cologne,
Germany). In case of TCR transfer, TCR V3" cells
were depleted from the cell fraction by incubation
with a PE-labeled anti-TCR V3 antibody (clone
Jovi-3; Ancell, Bayport, MN) and subsequent se-
lection with anti-PE beads (STEMCELL Technol-
ogies). Depletion reduced the frequency of TCR
V3" CD8 T cells to 0.8% on average. Electropora-
tion was performed with the Amaxa human T-cell
Nucleofector Kit (Lonza) according to the manu-
facturer’s instruction. Briefly, 610 x 10° cells were
suspended in 100 uL of nucleofection buffer con-
taining the indicated amounts of transposon vector
DNA and RNA. Program U-14 was applied, and
cells were immediately supplied with 2 mL of TCM
and cultured overnight. Eighteen hours after
electroporation, cells were re-suspended in 2 mL of
fresh TCM supplemented with 400 IU/mL recom-
binant human interleukin (IL)-2 (Proleukin; No-
vartis, Nuremberg, Germany) and activated by
seeding them in 24-well plates coated with anti-CD3
(clone OKTS3, 5 ug/mL) and anti-CD28 (clone CD28.2,
1 ug/mL) monoclonal antibodies (mAbs). Cells were
then expanded for up to 18 days. The concentration
of IL-2 was reduced to 40 IU/mL 3—4 days prior to
functional analysis.

Flow cytometry and peptides

T-cell surface stainings were performed in 50 uL
of phosphate-buffered saline (PBS) for 30 min at
4°C, with mAbs directed against TCR V33 (Jovi-3),
CD3 (HIT3a), CD8 (HIT8x), CD25 (BC96), CD28
(28.2), CD197 (G043H7), CD45R0O (UCHL1), CD95
(DX2), and CD271/NGFR (ME20.4). The following
mAbs were used to stain the TCR chains of the
endogenous repertoire: TCR Vo2 (3A8), Vu7.2
(3C10), V12.1 (6D6.6) and TCR V1 (BL37.2), V2
(MPB2D5), V5.1 IMMU157), V13.6 (JU74.3),
V14 (CAS1.1.3), and V22 (IM2051). mAbs were
purchased from Biolegend (London, United King-
dom), Thermo Fisher Scientific, Beckman Coulter
(Krefeld, Germany), or Ancell. MAGE-A1/HLA-A2
multimer (MBL International, Woburn, MA) stain-
ing was performed for 30 min at 4°C. T-cell viability
was determined by dead cell staining with SYTOX
Blue (Thermo Fisher Scientific) and a FSC/SSC
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lymphocyte gate. Data were acquired on a FACS
Cantoll (BD Biosciences, Heidelberg, Germany) or
MACS Quant (Miltenyi Biotec, Bergisch Gladbach,
Germany) and analyzed with FlowdJo software (Tree
Star, Ashland, OR). The MAGE-A1ly5 peptide (KVL
EYVIKV) and the tyrosinasesgy peptide (YMDG
TMSQV) were generated by Biosyntan (Berlin,
Germany). For analysis of proliferation by flow cy-
tometry, 6x10° isolated T cells were stained for
20 min at 37°C with 6 uM of CellTrace Violet (Ther-
mo Fisher Scientific) before electroporation.

Quantification of transfected pDNA

CD3-sorted human T cells were transfected and
incubated overnight. To remove any DNA attached
to the cell surface, transfected T cells and control
samples were thoroughly washed and incubated
with DNAse I (200 KU/sample; Sigma—Aldrich
Chemie, Munich, Germany) in PBS with 5 mM of
MgCl; for 30 min at 37°C. Afterwards, pSB-NGFR-
transfected T cells were magnetically sorted before
DNA isolation using PE-labeled anti-human NGFR
mAb (Biolegend) and anti-PE beads (STEMCELL
Technologies). DNA was isolated using the In-
visorb Spin Tissue Mini Kit (Stratec Biomedical,
Birkenfeld, Germany) with RNAse incubation. For
absolute quantification, standards were generated
by diluting the pSB-NGFR plasmid in genomic
(g)DNA ranging from 300 to 3x 107 plasmids. The
following pSB-NGFR-specific primers were used
for a real-time PCR assay (PowerUp SYBR Green
Master Mix; Thermo Fisher Scientific): 5-GGG
TCTTTCATTTGTCCGGAG-3’ and 5-AATTACGC
GTTCTGTCTCGA-3’. PCR was performed using
20ng of DNA as template on a Quant Studio 3 in-
strument (Thermo Fisher Scientific).

Detection of gene expression by PCR
and real-time PCR

Total RNA was isolated from transfected and
non-transfected T cells using the RNeasy Mini Kit
including a DNase digestion step (Qiagen). pSB-
NGFR-transfected T cells were magnetically sorted
before RNA isolation using PE-labeled anti-
human NGFR mAb (Biolegend) and anti-PE beads
(STEMCELL Technologies). Complementary DNA
(cDNA) was synthesized using 100—400ng of total
RNA as template and a SuperScript II reverse
transcriptase kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol. PCR reactions
were performed with gene-specific primers for
MB21D1 (5-CGGGAGCTACTATGAGCACG-3" and
5-TAGCCGCCATGTTTCTTCTTG-3"), ZBP1 (5'-
AGAATCCTGCAGGTGCTGAC-3" and 5-GAATC
TTCTGGGCGGTAAATCG-3'), IFI16 (5-CGGTTC

CGTTTCTGGGAACT-3" and 5-CCACTGTTTTCG
GGTTCTGAG-3"), IFIT1 (5-TGCCTAATTTACAG
CAACCATGAG-3’ and 5-CATCCAGGCGATAGG
CAGAG-3'), EIF2AK2 (5-AAGCAAAACAATTGG
CCGCT-3" and 5'-CGCTCCGCCTTCTCGTTATT-
3) and B2M (5"-TTTCTGGCCTGGAGGCTATC-3’
and 5-CTGCTTACATGTCTCGATCCCA-3’) using
a cDNA equivalent of 20 ng of total RNA and run
for 25 cycles. Images were black/white inverted
and adjusted for brightness and contrast for each
individual gene using Photoshop software (Adobe,
San Jose, CA). Quantitative PCR was performed
in triplicate with a cDNA equivalent of 5-10ng of
RNA/well using TagMan Universal Mastermix II
on a 7300 real-time PCR System from Applied
Biosystems (Thermo Fisher Scientific) for 40 cy-
cles. The following TagMan gene expression as-
says (Thermo Fisher Scientific) were used: IFNA1
(Hs00855471_g1), IFNB1 (Hs01077958_s1), OAS1
(Hs00973637_m1), IFIT1 (Hs03027069_s1), EI-
F2AK?2 (Hs00169345_m1), MB21D1 (Hs004035
53_m1), ZBP1 (Hs00229199_m1), IFI16 (Hs00194
261_m1), TRAC (04421400_mH), TRBC1 (Hs01588
269_g1), B2M (Hs99999907_m1), IPO8 (Hs00183
533_m1), and ACTB (Hs01060665_g1). Ct values
were determined using Sequence Detection Soft-
ware and normalized to B2M (non-activated sam-
ples) or IPO8 (activated samples) and ACTB
(endogenous TCR chains). Relative gene expres-
sion was calculated using comparative Ct method.

Determination of transgene copy number
by droplet digital PCR

g DNA (200 ng) isolated from 3 x 10° cells 14 days
after electroporation was digested overnight with
20 IU of Dpnl (New England Biolabs, Frankfurt am
Main, Germany) in a final reaction volume of 30 uL
at 37°C. As only dam methyltransferase-modified
DNA can serve as a substrate for Dpnl, this step
aimed at eliminating unintegrated transposon
plasmid DNA, which could have served as template
for the subsequent PCR step. Next, gDNA samples
were fragmented for 4h at 25°C using CviQI
(New England Biolabs). To obtain transposon copy
numbers per genome, the digested gDNA was
subjected to PCR amplifications using TagMan
probes, specific for either the right inverted repeat
of the transposon or the backbone region of the
corresponding plasmid or minicircle donor DNA.
Both PCRs were performed in the presence of
a TagMan probe set specific for the single-copy
RPP30 gene to measure genome copy number. All
of the amplicon templates contained at least one
Dpnl recognition site and lacked CviQI restriction
sites. The PCR reactions were performed in 20 uL,
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final volume with 10 ng of gDNA using the ddPCR
Supermix for Probes (No dUTP) master mix (Bio-
Rad Laboratories, Munich, Germany) with 11 pmol
primers and 5 pmol of TagMan probes. PCR reac-
tions were performed with the following primers:
right inverted repeat (5-GAATGTGATGAAAGAA
ATAAA-3" and 5-AGTTTACATACACCTTAGCC-
3, FAM-TGGTGATCCTAACTGACCTAAGACAGG-
BH1), minicircle backbone (5-ACTTCGTGCCAG
AGTCTT-3" and 5-TTAATGACTCCAACTTAAG
TG-3, FAM-GCT TCGAATTTAAATCGGATCCC
TATA-BH1), plasmid backbone (5-AAGAGTTGG
TAGCTCTTGAT-3" and 5-GATCTAGGTGAAGAT
CCTTT-3, FAM-TGATCTTTTCTACGGGGTCTGA
CG-BH1) RPP30 (5-CTGTCTCCACAAGTCCGC-3’
and 5-GGTTAACTACAGCTCCCAGC-3’, HEX-TG
GACCTGC GAGCGGGTTCTGACC-BH1). The
PCR droplets were generated using a QX100 device
(Bio-Rad). The program for the subsequent PCR
was: 95°C for 10 min; 40 cycles of 94°C for 30 s, 50°C
for 30's, and 60°C for 1 min; and 98°C 10 min. After
thermal cycling, the fluorescent droplets were
counted in the QX100 Droplet Reader and genomic
copy numbers were calculated with the Quanta
Soft program (both Bio-Rad).

Cytokine and chromium release assays

For detection of secreted cytokines, TCR-
engineered T cells were seeded in 96-well round-
bottom plates (10*well) together with either
peptide-loaded T2 cells or tumor cell lines in an E:T
ratio of 1:1. Supernatants were harvested after
24 h and either analyzed by enzyme-linked immu-
nosorbent assay or cytometric bead array (both BD
Biosciences). Specific lysis assays were performed
by labeling target cells with 100 xCi ®'Cr (1Ci=37
GBq; Amersham) in FCS for 1h. Labeled target
cells were then incubated for 4 h with effector cells
in E:T ratios from 32:1 to 1:1 using 10® target cells
per well in 96-well round-bottom plates.

Analysis of supernatants of transfected T cells
CD3-sorted human T cells were prepared and
transfected as described above. After 24 h, the su-
pernatants were harvested, filtrated (0.45 ym pore
size), and used directly on freshly isolated T cells.
CD3-sorted T cells (1x10°) were incubated with
1mL of supernatant for 24 h. Then, the T cells were
re-suspended in 1 mL of fresh TCM supplemented
with IL-2 (400 IU/mL; Novartis) and transferred
into 24-well plates coated with anti-CD3 (5 ug/mL)
and anti-CD28 (1 ug/mL) mAbs. After 24h, the
T cells were analyzed for the expression of activa-
tion markers by flow cytometry. To detect secreted
IFN-§ protein, supernatants of DNA-transfected

T cells were harvested at multiple time points after
electroporation, filtrated (0.45 ym pore size), and
stored at —-80°C. A bead-based immunoassay was used
to analyze the supernatants according to the manu-
facturer’s instructions (LEGENDplex; Biolegend).

Statistical analyses

Data were analyzed using GraphPad Prism
(GraphPad, La Jolla, CA). Statistical tests were used
as specified in the figure legends, with *p <0.05,
*#p<0.01, and ***p <0.001.

RESULTS
Transfection of DNA into human T cells results
in decreased cell viability and a delayed
response to CD3/CD28 stimulation

The most critical events in the generation of SB-
engineered T cells unfold within the first days after
transfection of DNA by electroporation. To analyze
the effect of DNA electroporation on primary hu-
man T cells, a GFP-encoding SB transposon plas-
mid (pSB-GFP) was generated, and peripheral
blood-derived, CD3-enriched T cells were trans-
fected with different amounts of pSB-GFP DNA or
GFP-encoding RNA. To determine the toxic effect
of transfected DNA, IL-2 was added 18h after
electroporation, and T-cell viability was analyzed
1h after transfection and then every 24 h for 7 days
by dead cell staining and flow cytometry (Fig. 1A).
The first measurement 1h after electroporation
revealed an immediate decrease of T-cell viability
by 25% in all DNA-transfected samples. This initial
cell death was caused by the electroporation and
did not correlate with the amount of transfected
nucleic acids. Over the following days, a second
form of cell death with a slower kinetic was ob-
served. T-cell viability was significantly decreased
in a DNA dose-dependent manner by transfection
of pSB-GFP. RNA-transfected T cells and T cells
electroporated without DNA or RNA (TF w/o)
showed the best survival (Fig. 1A). On the other
hand, the amount of transfected DNA correlated
with the level of GFP expression. Transfection of
10 g and 20 pug of pSB-GFP produced >50% GFP-
expressing T cells (Fig. 1B), but these cells died
within 1 week. The highest transfection rate was
achieved with 20 ug of pSB-GFP, but GFP expres-
sion decreased over time, indicating that the high
DNA load induced T-cell mortality. An analysis of
T-cell viability and GFP expression 4 days after
transfection showed a negative correlation of T-cell
viability to the amount of DNA used for electro-
poration, whereas the transfection rate correlated
positively to the amount of DNA (Fig. 1C). A
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Figure 1. Transfection of DNA into human T cells results in decreased cell viability and delayed response to CD3/CD28 stimulation. T cells were transfected
with the indicated amounts of pSB-GFP or GFP RNA by electroporation and either cultured with interleukin (IL)-2 alone (A and B) or additionally stimulated with
anti-CD3/CD28 monoclonal antibodies (mAbs) 18 h after electroporation (C-G) and analyzed by flow cytometry. Non-transfected T cells (non-TF) or T cells
electroporated without DNA or RNA (TF w/o) served as controls. (A) Mean T-cell viability was determined 1h after electroporation and then every day by dead
cell staining with SYTOX Blue and a FSC/SSC lymphocyte gate. (B) The percentage of GFP-expressing T cells was determined 1h after electroporation and
then every day by flow cytometry. (C) T-cell viability and the percentage of GFP* T cells on day 4 after electroporation is plotted against the amount of DNA
used for transfection. (D) Blast formation after T-cell stimulation was assessed by calculating the population shift (Euclidean distance) on the FSC/SSC plot
over time. Data from non-TF T cells versus T cells transfected with 10 ug of pSB-GFP were compared by Student’s ttest. (E) T cells were stained with the
fluorescent CellTrace Violet dye prior to electroporation and CD3/CD28 stimulation and analyzed on day 5 after stimulation. Representative results of one of two
donors. (F and G) T cells were transfected with the indicated amounts of pSB-GFP or GFP RNA by electroporation and stimulated with anti-CD3/CD28
mAbs 18 h after electroporation and cultured with IL-2. Non-TF and TF w/o served as controls. The mean fluorescence intensity (MFI) of CD28 (F) and CD25
(G) is shown relative to the non-TF control on day 1. (A—-C) Graphs show means of four experiments with different donors + standard error of the mean (SEM).
(D) Graph shows means of three to four donors+ SEM. (F and G) The plot shows pooled data of two donors+ SEM.
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transfection control, in which T cells were exposed
to different amounts of DNA without electropora-
tion, showed no effect on viability (Supplementary
Fig. S1A; Supplementary Data are available at
www.liebertpub.com/hum).

For long-term culture and expansion of en-
gineered T cells, the cells were stimulated 18h
after electroporation with anti-CD3/CD28 mAbs
and IL-2. DNA-transfected T cells showed a sig-
nificant delay in blast formation by 1-2 days com-
pared to non-transfected and RNA-transfected
T cells (Fig. 1D). To analyze T-cell proliferation,
T cells were labeled with CellTrace Violet before
electroporation and analyzed by flow cytometry
after stimulation. DNA-transfected T cells showed
a delayed proliferation (Fig. 1E and Supplemen-
tary Fig. S1B). However, after this delay, the
DNA-transfected T cells proliferated well (Supple-
mentary Fig. S1C). Flow cytometric analysis of
DNA-transfected T cells after stimulation showed
that these cells upregulate CD25, a component of the
high-affinity IL-2 receptor, and the co-stimulatory
receptor CD28 with a delay of 1-1.5 days compared
to controls (Fig. 1F and G and Supplementary
Fig. S1D). Importantly, both phenotype and tran-
sient inhibition of T-cell activation were not confined
to the GFP-expressing T cells. Moreover, condi-
tioned medium of transfected T cells did not mediate
this suppressive effect (Supplementary Fig. S1E
and F), indicating a general effect on all DNA-
transfected T cells, irrespective of transgenic pro-
tein expression. These data demonstrate that the
transfection of DNA into human T cells by electro-
poration reduces cell viability in a DNA dose-
dependent manner and results in a delayed response
to CD3/CD28 stimulation.

Transfected DNA elicits a type | IFN
response in human T cells accompanied
by IFN-$ upregulation

To elucidate the molecular mechanisms under-
lying the immunosuppressed state and the low vi-
ability of DNA-transfected T cells, the expression of
genes involved in the innate intracellular antiviral
response and in DNA detection was studied. In a
time-course experiment, upregulation of the DNA
sensors Z-DNA binding protein 1 (ZBPI1), IFN-y
inducible protein 16 (IF116) and Mab-21 domain
containing protein 1 (MB21D1) was detected in the
electroporated T cells (Fig. 2A). Quantitative PCR
performed 12h after transfection confirmed the
above findings (Fig. 2B). Upon detection of the
transfected DNA, intracellular DNA sensors, in-
cluding ZBP1, IFI16, and MB21D1, are expected to
activate the type I IFN pathway.?"-3° Indeed, IFN-

induced protein with tetratricopeptide repeats 1
(IFIT1) and eukaryotic translation initiation factor
2-o kinase 2 (EIF2AK2)—a canonical executor of
the antiviral response—were both upregulated at 2
and 8 h after transfection of DNA (Fig. 2A). To test
whether Toll-like receptor (TLR) 4 or TLR 9, which
recognize unmethylated CpG motifs, were respon-
sible for the IFN response, a plasmid preparation
devoid of TLR 9 and TLR 4 ligands (pCpG-free)
was transfected. Notably, transfection of CpG-free
DNA still induced an IFN response accompanied by
IFN-f upregulation, arguing for direct recognition
of DNA, and not TLR ligands, as trigger (Fig. 2C).
However, IFN-f transcription did not result in
detectable amounts of IFN-f protein in the super-
natant of DNA-transfected T cells (Supplementary
Fig. S2A). Furthermore, CD3/CD28 stimulation
did not mitigate the antiviral response in T cells, as
IFN-p expression and an IFN gene signature con-
sisting of 2’-5’-oligoadenylate synthetase 1 (OAS1),
IFIT1, and EIF2AK?2 was still detected in DNA-
transfected T cells 24 h after stimulation (Fig. 2D).
Experiments using purified CD3/CD4, CD3/CDS8,
CD3/CD45RA, and CD3/CD45RO T cells demon-
strated that these genes are upregulated in each
subset after DNA transfection (Supplementary
Fig. S2B-E). Analysis of transgenic protein-
positive and -negative T cells 18 h after transfec-
tion demonstrated that the IFN response occurred
in both populations, irrespective of transgenic
protein expression (Fig. 2E). Concurrent with this,
transfected DNA was detected in both cell popula-
tions by real-time PCR (Supplementary Fig. S1G).
Most importantly, the expression levels of the
IFN signature genes correlated to the amount of
transfected DNA and were significantly higher
when 5 ug was applied compared to 2.5 ug (Fig. 2F).
These data reveal that the transfection of DNA
induces a dose-dependent IFN response in human
T cells.

Transposon minicircles provide superior
gene transfer to CD3, CD4, CD8, memory,
and naive T cells

To achieve engineering of human T cells with
sufficient viability and transfection efficiency for
ATT, both components of the SBTS were modified.
First, the transposase was delivered as in vitro
transcribed RNA (SB100X RNA) instead of DNA.
Second, a GFP-encoding SB transposon minicircle
vector (mSB-GFP) was employed, which is half the
size of the plasmid pSB-GFP (2.5 vs. 5kb). Both
vectors encode the same transposon cassette, but
the minicircle vector mSB-GFP lacks bacterial
sequences such as the antibiotic resistance genes
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Figure 2. Transfected DNA elicits a type | interferon (IFN) response in human T cells and results in IFN-$ upregulation. (A) T cells were transfected with 5 ug
of pSB-GFP, and total RNA was isolated at the indicated time points. Reverse transcribed cDNA was used for polymerase chain reaction (PCR) analysis of Z-
DNA binding protein 1 (ZBP1), IFN-y-inducible protein 16 (/F/16), Mab-21 domain containing protein 1 (MB21D1), IFN-induced protein with tetratricopeptide
repeats 1 (/FIT1), and eukaryotic translation initiation factor 2-« kinase 2 (E/F2AK). Housekeeping gene beta-2 microglobulin (B2M) and PCR samples without
cDNA (PCR H,0) served as PCR controls. Non-TF T cells and TF w/o served as transfection controls. (B) T cells were transfected with 5 ug of pSB-GFP (DNA)
or without DNA (TF w/o) and total RNA was isolated 12 h after electroporation. ZBP1, IFI16, MB21D1, IFIT1, and EIF2AK expression was determined by real-time
PCR. Depicted is the fold expression normalized to non-transfected T cells. (C) T cells were transfected with 5 ug of a plasmid devoid of Toll-like receptor (TLR)
9 and 4 ligands (CpG-free DNA) or 5 ug of pSB-GFP (DNA). RNA was isolated 12h after electroporation. IFN-$-1 (/IFNB1), IFIT1, and EIF2AK expression was
determined by real-time PCR. Depicted is the fold expression normalized to non-transfected T cells. (D) T cells were transfected without DNA (TF w/o), with
10 ug of GFP RNA or 10 ug of pSB-GFP (DNA), and stimulated with CD3/CD28-specific mAbs and IL-2 18 h after electroporation. Twenty-four hours after
stimulation, total RNA was isolated, and IFNa-1 (IFNAT), IFNB1, 2’-5’-oligoadenylate synthetase 1 (0AST), IFIT1, and EIF2AK expression was determined by real-
time PCR. Depicted is the fold expression normalized to non-transfected T cells. Plots show representative results of one of two donors. Graphs show means
with SD of triplicates. (E) T cells were transfected with 10 ug of pSB-NGFR, 18 h later magnetically separated using a NGFR-specific mAb (NGFR*: >80%;
NGFR™ >95%) and used for analysis of gene expression. Non-transfected T cells incubated with 10 ug of pSB-NGFR and electroporation buffer served as
control (DNA w/o TF). One out of two experiments is shown. (F) T cells were transfected with SB100X RNA and two different amounts of pSB-GFP (DNA). Gene
expression was analyzed 18 h after transfection. Pooled data of six donors is shown. Data were analyzed using a paired Student's t-test.

and the origin of replication. These undesired se-
quences embody a large fraction of the plasmid and
are known to silence the expression of the trans-
gene.*® The smaller size of mSB-GFP allows the
usage of a higher molarity at the same mass com-
pared to pSB-GFP. CD3, CD4, CD8, memory
(CD45RO0), and naive T cells (CD45RA) were iso-
lated, and they were electroporated with SB100X
RNA and 2.5 ug of either pSB-GFP or mSB-GFP
and stimulated 18h after electroporation. Non-

transfected T cells (non-TF) and T cells electro-
porated with a non-transposon GFP expression
vector (pmax-GFP) served as controls. One day
after electroporation, T-cell viability was reduced
to 60% and further declined to about 40% on day 4.
However, by day 8, it was able to recover to 75%
(Fig. 3A). T cells transfected with pmax-GFP
showed a transient expression in approximately
30% of the cells that disappeared within 1 week,
while transfection with the SBTS resulted in stable
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Figure 3. Transposon minicircles provide significantly higher transfection rates than transposon plasmids at similar T cell viability in all analyzed T-cell
subsets. (A-C) CD3-sorted T cells and (D-F) CD4-, (G-l) CD8-, (J-L) CD45R0-, and (IM-0) CD45RA-sorted T-cell subsets were electroporated with 2.5 ug of
either conventional SB transposon plasmids (pSB-GFP) or SB minicircle vectors (mSB-GFP) encoding for GFP, together with 15 g SB transposase RNA,
stimulated with anti-CD3/CD28 mAbs and IL-2 18 h after transfection and expanded for 11 days. Non-TF served as a negative control, and T cells electroporated
with 2.5 ug pmax-GFP as a control for transient GFP expression. The transfected T cells were analyzed for cell viability determined by dead cell staining with
Sytox Blue and FSC/SSC morphology (A, D, G, J, and M), percentage of GFP-expressing cells (B, E, H, K, and N), and GFP MFI (C, F, I, L, and O) by flow
cytometry for 11 days. Graphs show means of three donors (+SEM) for CD3 T cells (A—=C) and two donors for all T-cell subsets (D-0). Statistical analysis was

performed by Student's t-test.

GFP expression (Fig. 3B). The transfection rate
using transposon minicircles was threefold higher
compared to conventional transposon plasmids
(45% vs. 15%) in CD3 T cells. In addition, the level
of GFP expression was twofold higher in mSB-
GFP-transfected compared to pSB-GFP-transfected

T cells (Fig. 3C). Naive T cells (CD45RA) demon-
strated the highest viability after electroporation
(87%), although T-cell recovery after day 4 was
slowed in all T-cell subsets (Fig. 3D, G, J, and M).
The improved transfection efficiency of transposon
minicircles was observed in all analyzed T cell
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subsets. However, transposon minicircle-transfected
CD8 and CD45RA T cells showed the highest trans-
fection rates of about 65% (Fig. 3E, H, K, and N). All
subsets demonstrated increased transgenic protein
expression for the transposon minicircles compared
to conventional transposon plasmids (Fig. 3F, I, L,
and O). These data demonstrate the superior trans-
fection efficiency of transposon minicircles compared
to conventional transposon plasmids.

Transposon minicircles significantly improve
TCR gene transfer at equal DNA amounts
and at equimolar vector amounts

GFP was replaced by a MAGE-Al-specific TCR
(TCR T1367),%® and the plasmid pSB-T1367 and
the minicircle mSB-T1367 were generated. T-cell
viability of TCR-engineered T cells followed the
same course as described in the GFP experiments
(Fig. 4A). While both vectors reproducibly ensured
the generation of TCR-engineered T cells (analysis
of eight different donors), only the transposon
minicircle vector mSB-T1367 mediated TCR gene
transfer in >50% of the cells, as determined by
staining with a TCR Vf3-specific antibody (mSB-
T1367 54% vs. pSB-T1367 19%; Fig. 4B). Major
histocompatibility complex (MHC) multimer
staining of transfected T cells revealed 30% posi-
tive cells for mSB-T1367 compared to 11% for pSB-
T1367 (Fig. 4C). Also, when equimolar amounts of
transposon minicircles and plasmids were used,
the minicircles showed superior transfection effi-
ciency measured by TCR Vf3-chain (51% vs. 11%)
and multimer staining (17% vs. 25%; Fig. 4D-F).
Moreover, the use of equimolar amounts of both
vectors resulted in a reduced IFN response for the
minicircle vector (Supplementary Fig. S3), con-
firming the previously seen correlation between
the total amount of DNA and the IFN response.
After electroporation, the transfected T cells were
stimulated with anti-CD3/CD28 mAbs and IL-2
and expanded to 7x107 T cells within 18 days
(Fig. 4G). Determination of the copy number of
transposon integrants revealed that T cells trans-
fected with transposon minicircles had more in-
tegrants per cell (7.0) than T cells transfected with
the same total amount of DNA (4.1) and T cells
transfected with transposon plasmids in equimolar
amounts (5.4; Supplementary Fig. S4). The TCR-
engineered T cells (CD8"/TCR Vf3") generated
with this protocol expressed a combination of sur-
face markers that is characteristic for central
memory T cells (Tcy: CD45RO/CD1971/CD95") as
shown by flow cytometric analysis on day 15 after
electroporation (Fig. 4H and I). The same result
was seen in T cells transfected with an irrelevant

plasmid devoid of promoter sequences and trans-
genes (Supplementary Fig. S5). These data demon-
strate that TCR-engineered human T cells can be
efficiently generated without enrichment of the
transfected cells in a robust and reproducible man-
ner by combining transposon minicircle vectors with
transposase SB100X RNA.

miRNAs silencing the expression
of endogenous TCR chains enhance the
expression level of the therapeutic TCR

The expression of the therapeutic TCR on TCR-
engineered T cells critically depends on the pairing
behavior of the TCR chains and their ability to
compete with endogenous TCR chains for the re-
cruitment of proteins of the CD3 complex.*™*3 To
enhance the expression of the therapeutic TCR,
miRNAs were developed, which silence the ex-
pression of the human TCRa- and TCRf-chains
analogously to the described miRNAs used for the
downregulation of endogenous mouse TCR.?% Four
different transposon minicircle vectors were gen-
erated, and the TCR surface expression was ana-
lyzed on engineered T cells: the basic vector carried
the human MAGE-A1-specific TCR T1367 and the
MPSV promoter?’ (mSB-T1367). In the second
vector, mSB-T1367 was modified to harbor addi-
tionally two miRNAs silencing the endogenous
TCRa- and TCRp-chain expression in an intron
located between the promoter and the TCR (mSB-
miR-T1367). In the third vector, the expression
cassette of TCR T1367 was optimized by the in-
troduction of two non-native cysteines®*3! and
nine amino acids of mouse TCR C regions®?3? to
support the preferential pairing of transgenic TCR
chains (mSB-T13670pt). In the fourth vector, the
miRNAs were combined with the optimized TCR
expression cassette (mSB-miR-T13670pt; Fig. 5A).
All four transposon minicircle variants enabled
efficient TCR gene transfer into human T cells
(approximately 51% of CD8" T cells), as measured
by staining of the V3 chain of TCR T1367
(Fig. 5B). Of note, T cells harboring endogenous
TCR V33 chains were depleted before transfection.
The incorporation of the miRNAs resulted in more
correctly paired therapeutic TCR on the cell sur-
face compared to the basic vector mSB-T1367, as
demonstrated by MHC multimer binding. This ef-
fect could also be seen for the vector harboring the
optimized TCR cassette (mSB-T13670pt) and the
vector combining both optimization and miRNAs
(mSB-miR-T13670pt). Only half of the TCR V33"
T cells were able to bind the MHC multimer if
the basic vector was used, whereas approximately
75% bound the MHC multimer if one of the three



Downloaded by Mary Ann Liebert, Inc., publishers from www.liebertpub.com at 02/22/21. For personal use only.

TCR ENGINEERING WITH RNAi TRANSPOSON MINICIRCLES 579

A B C
100 8- non-TF —_— 5 s
—_ _ e g
§ 75 l-,,‘u .... - pSB_T1367 é 80 ’. ‘=o 50
8 50 8 -
= + 40 =
B 28 2 E20
= > 20 ‘% S
x E
G T T T T T T 1 O oo 7
0 2 4 6 81012 F 0 % 0
Time after TF (d) pSB mSB
D = .
—_ 100 - @ non-TF S 75 .—; %45
g 75 ‘ @ -O- mSB-T1367 s @
£ = pSBTI7eqm. 5 8.
| 50 8 % :
= s % 5
5= 22510 £ 15
- 5 5
CI T T T T T 1 e 0 % 0
Vit &8 B IS pSBE mSB = pSB mSB
Time after TF (d) ot gSB.
G ) ‘0 TFwlo
X -9 mSB-T1367
@
o
=
2
8
-
0 3 6 9 12 15 18
Time after TF (d)
H TF SB-T1367 | O non-TF & mSB-T1367
non- mSB-
1004 B8 "
16% 68% < o
T i 8 50 .
= o
~ (2] 3 2
?-) e 8 25
; / o
8] 1% b 24% N

CD34RO—> CD95 CD197 CD45RO

Figure 4. Transposon minicircles provide superior T-cell receptor (TCR) gene transfection. (A-C) T cells were electroporated with 2.5 ug of either con-
ventional SB transposon plasmids (pSB-T1367) or SB minicircle vectors (mSB-T1367) encoding for TCR T1367, together with 15 ug of SB transposase RNA,
stimulated with anti-CD3/CD28 mAbs and IL-2 18 h after transfection and expanded for 11 days. Non-TF served as a negative control. The transfected T cells
were analyzed for cell viability determined by dead cell staining with Sytox Blue and FSC/SSC morphology (A) and percentage of TCR-expressing cells
measured by TCR beta chain staining (B) and major histocompatibility complex (MHC) multimer staining (C) by flow cytometry. Graphs show pooled data of
eight donors (£SEM). (D-F) T cells were electroporated with 15 ug of SB100X RNA and equimolar amounts of mSB-T1367 (mSB, 2.5 ug) and pSB-T1367 (pSB,
4.125 ug), stimulated with anti-CD3/CD28 mAbs and IL-2 (400 IU/mL) and analyzed for cell viability (D) and percentage of TCR-expressing cells measured by TCR
beta chain staining (E) and MHC multimer staining (F) by flow cytometry. Graphs show pooled data of eight donors (£SEM). (G) T cells (8 x 10°) electroporated
with mSB-T1367 and 6 x 10° TF w/o were expanded, and proliferation was monitored for 18 days. T cells were stimulated with anti-CD3/CD28 mAbs and IL-2 18 h
after transfection. On day 14, the IL-2 concentration was reduced from 400 to 40 IlU/mL. Graph shows the mean total cell numbers of two donors + SEM. (H and
1) mSB-T1367-transfected T cells were expanded for 11 days. Then, the IL-2 concentration was reduced from 400 to 401U/mL and on day 15, T cells were
analyzed for expression of the indicated surface markers. T cells were pre-gated on CD8*/TCR V3™ cells (transfected samples) or CD8* (non-TF). Plots show
representative data (H) or summarized data of six donors (l). Statistical analysis was performed by Student’s t-test.

modified vectors was applied (Fig. 5C). Impor-
tantly, silencing of the endogenous TCR expression
increased the surface expression of correctly paired
TCR T1367 chains on engineered T cells in both
vector variants that contained the miRNAs (mSB-
miR-T1367, mSB-miR-T'13670pt). Incorporation of

the miRNAs and employing additional TCR opti-
mizations resulted in a 2.1- and 2.0-fold increase
of the MHC multimer mean fluorescence inten-
sity (MFI), respectively. The combination of both
strategies resulted in a 2.6-fold increase (Fig. 5D).
To determine the knockdown efficiency of the
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Figure 5. Transposons minicircles encoding miRNAs silencing the en-
dogenous TCR enhance expression of the therapeutic TCR. (A) The SB
minicircle TCR vector was modified by integration of two miRNAs targeting
the endogenous TCR (miR) and/or mutations in the TCR C regions (opt)
fostering correct pairing of TCR chains (two non-native cysteines and nine
amino acids from the mouse TCR C regions). IR, inverted repeat; MPSV-LTR,
myeloproliferative sarcoma virus long terminal repeat; SD, splice donor; SA
splice acceptor; pA, poly(A) signal. (B-E) TCR V3-depleted T cells were
transfected with 2.5 ug of the different TCR minicircle vectors and 15 ug of
SB100X transposase RNA by electroporation and stimulated with anti-CD3/
CD28 mAbs and IL-2. Transfected T cells were expanded. On day 11, the IL-
2 concentration was reduced from 400 to 40 1U/mL, and on day 14, T cells
were analyzed for expression of the therapeutic as well as the endogenous
TCR by flow cytometry. (B) Percentage of TCR-engineered T cells was
determined by TCR V3 expression. (C) T cells were analyzed for surface
expression of correctly paired TCR by staining with a MAGE-A1/HLA-A2
multimer. Depicted is the ratio of MHC multimer* cells to TCR VA3* T cells.
(D) Shown is the fold change of MHC multimer MFI of all samples relative
to the sample generated with the basic vector mSB-T1367. (E) T cells
expressing the transferred TCR were analyzed by staining with a panel of
mAbs specific for TCR Va- and V-chains of the endogenous repertoire. The
total percentage of T cells expressing endogenous TCR chains was ex-
trapolated from the fraction of TCR chains that could be stained by avail-
able mAbs. Depicted are mean values (+SEM) of CD8" T cells (B and C),
CD8*/MHC multimer* T cells (D), or CD8"/TCR V83" T cells (E) obtained
from six to seven donors. Data were analyzed by Student’s t-test.

endogenous TCR by applying miRNAs, T cells
transfected with the vector mSB-miR-T1367 were
analyzed for the expression of endogenous TCR
chains, and they were compared to T cells trans-
fected with the basic vector mSB-T'1367 without

miRNAs. A residual expression was observed of the
endogenous TCRa-chain of 44% and of the endog-
enous TCRp-chain of 66% on RNA level (Supple-
mentary Fig. S6A). To assess further the ability of
the transferred TCR chains to replace the endoge-
nous TCR chains on protein level, the TCR-
engineered T cells were stained with a mixture of
mAbs specific for TCR V regions of the endogenous
repertoire (TCRa: three different mAbs; TCRp: six
different mAbs; Supplementary Fig. S6B and C).
Based on these data, the frequency of TCR-
engineered T cells expressing endogenous TCR
chains in addition to the therapeutic TCR was
extrapolated (Fig. 5E). On average, 88% of all TCR
VB3* T cells also expressed endogenous TCRo-
chains, whereas only 68% expressed endogenous
TCRp-chains. This difference—an indicator of mixed
TCR dimer formation—was markedly reduced by
silencing of the endogenous TCR chains and the
additional TCR optimizations. In both situations,
only approximately 50% of the TCR-engineered
T cells expressed endogenous TCRa- or f-chains.
The lowest level of endogenous TCR expression
(TCRa: 37%; TCRp: 42%) was achieved if the T cells
were generated using the mSB-miR-T13670pt vec-
tor that combined both strategies. These data dem-
onstrate the efficient generation of TCR-engineered
T cells with enhanced surface expression of the
therapeutic TCR using transposon minicircles that
also encode miRNAs to silence the endogenous TCR.

Enhanced TCR expression by transposon
minicircles encoding miRNAs and optimized
TCR genes improve T-cell functionality

Efficient transfection of T cells and high level of
TCR cell surface expression are crucial require-
ments for the generation of therapeutic T cells. For
the functional characterization of SBTS-based
TCR-engineered T cells, the study compared the
basic minicircle vector mSB-T1367 and the opti-
mized vector mSB-miR-T'13670pt that additionally
harbored the optimized TCR genes and the miRNAs
silencing the endogenous TCR.

First, the antigen-specific lysis of target cells
was analyzed in a cytotoxicity assay. TCR-
engineered T cells were adjusted with regard to the
number of TCR V3" cells and co-cultured in dif-
ferent ratios with °'Cr-labeled T2 cells loaded with
1071 M MAGE-Aly;5 peptide. T cells engineered
with either minicircle vector showed specific lysis
of target cells with a modestly improved efficiency
in the optimized vector (Fig. 6A and B). An analysis
of the integrated TCR transgene copies indicated a
similar number for the optimized vector mSB-miR-
T13670pt compared to the basic vector mSB-T1367
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Figure 6. T cells engineered with mSB-miR-T13670pt show improved func-
tionality. T cells were electroporated with the different TCR vectors and 15 ug of
SB100X transposase RNA, stimulated with anti-CD3/CD28 mAbs, and expanded
for 14-18 days. (A and B) The ability of the TCR-engineered T cells specifically
to lyse T2 cells loaded with 107'° M of peptide at various effector to target (ET)
ratios was determined by %'Cr release assay. (A) Data show means+ SD of
duplicates and representative results of one out of three donors. (B) Data
points and means of three donors at an ET ratio of 4:1. (C-F) T cells were
stimulated with T2 cells loaded with different amounts of MAGE-A1,;5 peptide
(C and D) or melanoma cell line SK-MEL-37 (E and F) for 24 h and the amount
of IFN-y (C and E) and IL-2 (F) in the supernatant was determined by enzyme-
linked immunosorbent assay. Non-TF, T2 cells loaded with an irrelevant peptide
(irr) or no peptide (w/o) served as negative controls. (C) Data show means+ SD
of duplicates. Representative results of one out of five donors. (D) Depicted is
the fold change of IFN-y secretion compared to the basic vector at a 10° M
peptide concentration of five different donors with means. (E and F) Data show
means+ SEM of three to four donors. Data were analyzed by Student's t-test.

(9.7 vs. 13 copies/cell; Supplementary Fig. S7).
Second, the secretion of different effector cytokines
(IFN-y, IL-2) by TCR-engineered T cells with
MAGE-Al,75 peptide-loaded T2 cells showed an
enhanced IFN-y secretion of mSB-miR-T13670pt-

engineered cells in comparison to mSB-T1367-
engineered cells in a peptide concentration-
dependent manner (Fig. 6C). T-cell stimulations of
five donors with 10°® M peptide MAGE-Aly;g re-
vealed a significant 1.5-fold increase of IFN-y secre-
tion (Fig. 6D). This result was confirmed by using
the antigen-presenting melanoma cell line SK-MEL-
37 as target cells (Fig. 6E and F). Again, T cells en-
gineered with the optimized transposon minicircle
vector demonstrated enhanced functionality, as in-
dicated by an increased secretion of IFN-y and IL-2.
To strengthen these findings, the cytokine secre-
tion experiments were verified using a different
TCR specific for the tyrosinase peptide YMD3sg9_377
presented by HLA-A2 (TCR T58).2° Trans-
poson minicircle vectors encoding TCR T58 (mSB-
T58) and the optimized vector, which additionally
harbored the optimized TCR genes and miRNAs
silencing the expression of endogenous TCR
(mSB-miR-T580pt), were generated, and T cells en-
gineered with the different vectors were analyzed.
Again, T cells engineered with the optimized trans-
poson minicircle vector secreted higher amounts of
IFN-y in a concentration-dependent manner when
stimulated with antigen-loaded T2 cells (Supple-
mentary Fig. S8A). This effect was even more
pronounced for TCR T58 in comparison to TCR
T1367. The strongest effect, however, was observed
upon stimulation of TCR T58-engineered T cells
with the melanoma cell line SK-MEL-29. Using the
optimized miRNA transposon minicircle vector
mSB-miR-T58opt, IFN-y secretion was increased
>10-fold (Supplementary Fig. S8B) and IL-2 secre-
tion almost eightfold (Supplementary Fig. S8C).
These data indicate that the usage of transposon
minicircle vectors encoding miRNA cassettes, which
silence the expression of endogenous TCR chains,
optimized TCR gene sequences, and transposase-
encoding RNA enable efficient generation of TCR-
engineered T cells with high functionality.

DISCUSSION

Non-viral Sleeping Beauty transposon-based
genetic modification of T cells for ATT is a prom-
ising alternative to the transduction of T cells using
lenti- or y-retroviral vectors. This study reports on
a non-viral T-cell engineering system that com-
bines Sleeping Beauty transposon minicircle vec-
tors with an RNAi-based TCR replacement
approach and SB100X transposase-encoding RNA.

The study further sheds light on a previously
unnoticed effect of transfected DNA upon genera-
tion of gene-engineered T cells using transposon
systems. It is demonstrated that transfected DNA
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causes dose-dependent cytotoxicity and induces a
type I IFN response in T cells that did not depend
on TLR 4 or TLR 9 stimulation and that was not
observed after RNA transfection. Therefore, it was
hypothesized that plasmid DNA is recognized by
intracellular DNA sensors of the innate immune
system such as ZBP1, IFI16, or MB21D1.33° The
finding is of particular interest, as the changes in
the cellular metabolism and regulation of transla-
tion that accompany an IFN response may affect
the transposition reaction and the phenotype of the
gene-engineered T cells.

It has been emphasized that transposon- in con-
trast to y-retrovirus-mediated gene transfer does
not require proliferating cells.’® Yet, all published
protocols so far included the activation of T cells in
order to propagate the transfected cells. This acti-
vation step, however, conceals the adverse effect
of DNA transfection on T-cell viability. The data
demonstrate a dose-dependent cytotoxic effect of
transfected DNA that precludes continuous cultur-
ing of the T cells without TCR stimulation. Evidence
that DNA-transfected T cells are transiently not
susceptible for CD3/CD28 stimulation for 1-2 days
is also provided. Blast formation and proliferation of
DNA-transfected T cells are delayed after CD3/
CD28 stimulation. In addition, the T cells fail to
upregulate CD25 and CD28 is downregulated.
These effects apply to all DNA-transfected T cells,
regardless of transgene expression, indicating a
general effect associated with DNA electroporation.
The transfected plasmid was found to be present in
transgenic protein-positive as well as in -negative
T cells, and an IFN response was detected in all cells
after DNA electroporation.

The phenotype of the DNA-transfected T cells
provides a rational for the use of additional com-
mon p-chain cytokines and co-stimulatory mole-
cules instead of or in addition to IL-2 and CD28.
Indeed, replacing IL-2 with IL-15 or combining it
with IL-15 and IL-21 and the use of CD137 for co-
stimulation has been shown to improve T-cell sur-
vival and activation after DNA transfection.'”1%44
A more targeted approach could aim to avoid the
induction of an IFN response by using pharmaco-
logical inhibitors or siRNAs.

This study further presents an optimized SBTS
requiring only limited amounts of DNA and
thereby blunting the IFN response, which is trig-
gered by the transfected DNA. Transposase-
encoding RNA has been used to limit the enzymatic
activity of the transposase temporally. Further-
more, the use of RNA prevents accidental integra-
tion of transposase-coding DNA into the genome,
thereby increasing the safety of transposon-based

gene transfer.*> Minicircle vectors have been devel-
oped to reduce the immunogenicity of plasmid DNA
by removing the prokaryotic backbone sequences for
gene therapy with non-integrating vectors.?” In ad-
dition, it has been shown that transposon minicircle
vectors are more effectively transfected by electro-
poration due to their small size and thereby improve
the transposition efficiency in cell lines.*® Gene
transfer efficiencies of approximately 50% in human
T cells have been reported after transfection of 20 ug
of a conventional transposon plasmid, together with
20 ug of transposase RNA. However, this was ac-
companied by severe mortality of approximately
70% of cells.'® In another study, the decrease of the
amount of plasmid DNA encoding the transposon
and transposase SB100X (each 5 ug), respectively,
resulted in low transfection efficiencies of human
T cells (on average 10.5%).'® Both studies used
5-10x10% PBMCs for electroporation. This study
used 6-10x10° enriched T cells, and the combina-
tion of 15 ug of transposase RNA with transposon
minicircles allowed the total amount of DNA to be
reduced to 2.5 ug. Thereby, T-cell mortality could be
substantially reduced without compromising trans-
fection efficiency, which permitted the efficient
generation and expansion of engineered T cells
without including additional enrichment steps.
These results support a recent study demonstrating
that Sleeping Beauty minicircles enhance CAR
T-cell engineering.*’

Functional differences were observed between
TCR-engineered T cells that were generated with
different variants of a minicircle vector encoding
the high-affinity MAGE-A1-specific TCR T1367. By
staining the endogenous TCR chains on TCR-
engineered T cells with a panel of TCR V-specific
mAbs, it was shown that the f-chain of TCR T1367
is more efficiently expressed at the surface than
the a-chain. Previously, it was demonstrated in
a mouse model that unequal surface levels of
the transferred TCRz- and f-chain indicate the
formation of potentially autoreactive mixed TCR
dimers.?? By measuring the endogenous TCR«- and
p-chain surface levels, it was demonstrated that
optimizing the TCR C regions by introducing two
non-native cysteines®>?! and nine amino acids of
the mouse TCR C regions®%33 or targeting the en-
dogenous TCR by miRNAs are both effective mea-
sures to reduce the formation of mixed TCR dimers
and are best combined together to achieve optimal
expression levels of the therapeutic TCR.

Genome editing using programmable nucleases
such as activator-like effector nucleases (TALENSs)
or clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated 9
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(Cas9) systems allow a complete shutdown of TCR
expression.*® In a seminal study, CRISPR/Cas9 was
used to introduce a CD19-specific CAR into the
TCR« locus under the control of the endogenous
promoter, which resulted in improved in vivo func-
tion of CAR-engineered T cells.*® However, in case
of TCR-engineered T cells, effective inhibition of
mixed TCR dimer formation requires not only the
knockdown of both endogenous TCR chains but also
alaborious strategy to identify and isolate cells with
the desired genotype.’®”! The advantage of the
RNAi-mediated TCR knockdown in this study is the
combined delivery of miRNAs and the therapeutic
TCR by the same vector. Half of the engineered T cells
that were generated with the miRNA vector exclu-
sively expressed the therapeutic TCR, representing a
complete knockout phenotype. Low levels of endoge-
nous TCR surface expression were observed for the
rest of the population. Hypothetically, the RNAi-
mediated TCR knockdown could induce sequence
specific off-target effects or result in the saturation of
the miRNA pathway. So far, such negative effects
were not observed in this study or in a previous study
employing a mouse model and viral miRNA vectors.??

In conclusion, a new approach is presented to
generate gene-engineered T cells using transposon
minicircle vectors tailored for TCR engineering.
The combination of transposon minicircles with
transposase-encoding RNA enables the efficient
generation of therapeutic T cells without selection
in a robust and reproducible manner. The reduced

amount of DNA for electroporation minimizes the
adverse effects of transfected DNA, which nega-
tively correlates to T-cell viability, elicits a type I
IFN response, and affects the T-cell phenotype.
Optimized TCR genes and miRNAs silencing the
endogenous TCR were combined in a transposon
minicircle vector and improved surface expression
of the therapeutic TCR, diminished mispairing
with endogenous TCR chains, and enhanced T-cell
functionality. This approach supports rapid gen-
eration of engineered T cells for ATT.
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Supplementary Figure S1. Transfection but not exposure of T cells with DNA influences T-cell viability, cell division, and expression of CD25 and CD28.
Transfected DNA is presentin transgenic protein-positive and -negative cells 18 h after electroporation. (A) Non-transfected T cells were incubated with different
amounts of pSB-GFP and electroporation buffer (mock-TF), cultured with IL-2 (400 [U/mL), and analyzed by flow cytometry. Depicted is the T-cell viability determined
by dead cell staining with Sytox Blue and FSC/SSC morphology. (B-D) T cells were electroporated with different amounts of pSB-GFP or GFP RNA and stimulated
with anti-CD3/CD28 mAbs and IL-2 (400 1U/mL) 18 h after electroporation and analyzed by flow cytometry. Non-transfected (non-TF) T cells or T cells electroporated
without DNA or RNA (TF w/o) served as controls. (B and C) T cells were stained with fluorescent CellTrace Violet dye prior to electroporation, stimulated as
indicated in (A), and analyzed by flow cytometry. (B) Division index determined on day 7. Data were analyzed by one-way analysis of variance and Tukey’s multiple
comparison test. (C) Representative results of one of two donors of T-cell division analyzed for 9 days after stimulation. (D) Twenty-four hours after stimulation,
DNA-transfected T cells were stained for CD25 and CD28 expression. Representative results of one of four donors are shown. CD25 (E) and CD28 (F) expression
after CD3/CD28 stimulation was analyzed on T cells that were first cultured in supernatants of transfected T cells for 18 h and then re-suspended in fresh medium
with IL-2 (400 IU/mL) and transferred to mAb-coated plates. T cells incubated with 10 ug pSB-GFP and electroporation buffer (mock-TF), non-transfected T cells
(non-TF), and T cells transfected without nucleic acids (TF w/o) served as controls. Samples of two donors were analyzed. (G) The amount of transfected plasmid
(pSB-NGFR) was quantified in sorted cell populations using a SYBR green real-time PCR assay. T cells were transfected with 10 g of pSB-NGFR, 18 h later treated
with DNAse |, and magnetically separated using a NGFR-specific mAb. Purity was >90% for NGFR* and NGFR™ cells. Non-transfected T cells incubated with 10 ug of
pSB-NGFR in electroporation buffer served as control (DNA w/o TF). Data of two donors are shown.
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Supplementary Figure S2. IFN-f protein is not detected in the supernatant of DNA-transfected T cells. Transfection of T cells with DNA elicits an IFN type |
response in all analyzed T-cell subsets. (A) T cells were transfected with 5 g of pSB-GFP and supernatants were assayed for the release of IFN- 3 in a time-course
experiment. Samples of two donors were analyzed. Medium was used as control. (B-E) Four T-cell subsets were magnetically sorted, transfected with DNA, and
analyzed for expression of IFN signature genes after 18 h. Sorting purities: >95% (CD3/CD8; CD3/CD4; CD3/CD45RA); >85% (CD3/CD45R0). T cells were transfected
with SB100X RNA and 2.5 ug of pSB-GFP. Gene expression was analyzed 18 h after transfection. Representative data of one out of two donors for each population

are shown.
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Supplementary Figure S3. Transposon minicircles cause a weaker IFN
response than transposon plasmids when transfected in equimolar amounts.
T cells were electroporated with SB100X RNA and equimolar amounts of
mSB-GFP (mSB, 2.5 ug) and pSB-GFP (pSB, 5 ug). Gene expression was an-
alyzed 18 h after transfection. Pooled data of six donors analyzed by Student’s
t-test. The pSB-GFP data were also used to generate Fig. 2F.
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Supplementary Figure S4. Copy number determination of Sleeping
Beauty integrants in cells transfected with transposon minicircles or plas-
mids. T cells were transfected with 15 ug of SB100X RNA and either trans-
poson minicircle mSB-miR-T1367opt (mSB, 2.5ug), plasmid pSB-miR-
T13670pt (pSB, 2.5 ug), or plasmid in equimolar amount (pSB, 4.125 ug) com-
pared to the minicircle vector, stimulated with anti-CD3/CD28 mAbs and IL-2
(400 1U/mL), cultured for 14 days, and analyzed for SB copy numbers by digital
droplet PCR. Genomic DNA was isolated from 3 x 10° cells, digested overnight
with Dpnl restriction enzyme, and fragmented using CviQl (both NEB). The
digested gDNA was subjected to PCR amplifications using TagMan probes,
specific for either the rightinverted repeat of the transposon or the backbone
regions of the corresponding plasmid or minicircle donor DNA. Copy numbers
were calculated with the Quanta Soft program (Bio-Rad).
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Supplementary Figure S5. Transfection of irrelevant DNA results in
central memory phenotype. T cells were transfected with irrelevant pDNA
(pSL1190, 2.5 ug) devoid of promoter sequences and transgenes. After-
wards, the cells were activated and expanded for 11 days. The IL-2 con-
centration was reduced from 400 to 40 IU/mL, and the T cells were analyzed
2 days later. Pooled data of three donors are shown.
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Supplementary Figure S6. miRNAs targeting the human TCR«- and f-
chain silence expression of the endogenous TCR. miRNAs specific for the C
regions of the human TCR«- and TCR3-chain were combined and integrated
into transposon minicircle vectors encoding TCR T1367 (mSB-miR-T1367 and
mSB-miR-T13670pt). (A) T cells were transfected with 15 ug of SB100X RNA
and mSB-T1367 or mSB-miR-T1367, stimulated with anti-CD3/CD28 mAbs and
IL-2 (400 IU/mL), and analyzed for expression of endogenous TCR chains by
real-time PCR. Reverse-transcribed cDNA from day 14 after transfection was
analyzed with TagMan probes specific for the C regions of the human TCRax-
and TCRpB-chain. Shown is the mRNA expression of the endogenous TCRa-
and TCRp-chain of T cells transfected with mSB-miR-T1367 relative to T cells
transfected with mSB-T1367. Means of two donors+ SD are presented. (B
and C) TCR Vf33-depleted T cells were electroporated with the different TCR
minicircle vectors and SB100X transposase RNA and stimulated as described
in (A). Non-transfected T cells (non-TF) served as control. On day 11, the IL-2
concentration was reduced from 400 to 40 IU/mL, and on day 14, T cells were
analyzed for expression of the transgenic and the endogenous TCR by flow
cytometry. TCR-engineered T cells were identified by TCR V3 expression.
Endogenous TCR expression was analyzed by staining with a panel of mAbs
specific for TCR Vo-chains (three different mAbs) (B) and Vp-chains (six
different mAbs) (C) of the endogenous repertoire. Representative results of
one of six to seven donors are shown.
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Supplementary Figure S7. Similar copy number of Sleeping Beauty
integrants among different minicircle vectors. T cells were transfected with
15 g of SB100X RNA and the different minicircle vector variants, stimulated
with anti-CD3/CD28 mAbs and IL-2 (400 IU/mL), cultured for 14 days, and
analyzed for SB copy numbers by digital droplet PCR. Genomic DNA was
isolated from 3x 10° cells, digested with Dpnl restriction enzyme overnight,
and fragmented using CviQl (both NEB). The digested gDNA was subjected
to PCR amplifications using TagMan probes, either specific for the right
inverted repeat of the transposon, or the backbone regions of the corre-
sponding plasmid or minicircle donor DNA. Copy numbers were calculated
with the Quanta Soft program (Bio-Rad).
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Supplementary Figure S8. T cells engineered with mSB-miR-T580pt
show improved functionality. T cells were electroporated with SB minicircle
TCRvectors and 15 ug of SB100X transposase RNA, stimulated with anti-CD3/
CD28 mAbs, and expanded for 14 days. T cells were then stimulated with T2
cells loaded with different amounts of tyrosinasesgg peptide (A) or melanoma
cellline SK-Mel-29 (B and C) for 24 h and the amount of IFN-y (B) and IL-2 (C)
in the supernatant was determined by ELISA. Non-transfected T cells (non-
TF), T2 cells loaded with no peptide (w/o0), or anirrelevant peptide (irr) served
as controls. Data show means of two donors + SEM.
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in myelofibrosis
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Cancer development is an evolutionary genomic process with parallels to Darwinian selec-
tion. It requires acquisition of multiple somatic mutations that collectively cause a malignant
phenotype and continuous clonal evolution is often linked to tumor progression. Here, we
show the clonal evolution structure in 15 myelofibrosis (MF) patients while receiving treat-
ment with JAK inhibitors (mean follow-up 3.9 years). Whole-exome sequencing at multiple
time points reveal acquisition of somatic mutations and copy number aberrations over time.
While JAK inhibition therapy does not seem to create a clear evolutionary bottleneck,
we observe a more complex clonal architecture over time, and appearance of unrelated
clones. Disease progression associates with increased genetic heterogeneity and gain of
RAS/RTK pathway mutations. Clonal diversity results in clone-specific expansion within
different myeloid cell lineages. Single-cell genotyping of circulating CD34 + progenitor cells
allows the reconstruction of MF phylogeny demonstrating loss of heterozygosity and parallel
evolution as recurrent events.
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ancer conforms a group of diseases that arise from a
single-cell, characterized by uncontrolled proliferation,
resistance to apoptosis, independence from environmental
control signals and nutritional restrictions, and genetic instabil-
ityl. Tumor cells that clonally expand acquire different mutations
resulting in the development of genetically heterogeneous sub-
clones, which will be subjected to selection?~*. During cell pro-
liferation, mutations can stochastically be acquired and lost but
their maintenance or fixation in the tumor population will
depend on cellular properties in the context of the environment
and the disease phase, such as proliferative advantage during the
onset of carcinogenesis or chemotherapy resistance during
treatment. Chemotherapy treatment can be seen as bottleneck,
having a direct impact on tumor architecture and clonal het-
erogeneity, since it can open space for the outgrowth of chemo-
resistant clones, thereby resulting in treatment failure and
relapse®8. In addition, chemotherapy can induce DNA damage
and thus foster the appearance of novel mutations®.
BCR-ABL-negative myeloproliferative neoplasms (MPN) are a
heterogeneous group of malignant diseases mainly consisting of
polycythemia vera (PV), essential thrombocythemia (ET) and
primary myelofibrosis (PMF). While patients with PV and ET
show often a relatively mild clinical course and only sometimes
require chemotherapeutic intervention, they can progress to
secondary myelofibrosis (post-ET/PV-MF). Myelofibrosis, pri-
mary or secondary, is a life-threatening condition characterized
by progressive deterioration of the bone marrow, enhanced cir-
culation of hematopoietic progenitor cells and development of
extramedullary hematopoiesis. Ten to 20% of MF patients pro-
gress to acute myeloid leukemia (AML)!%11. Constitutive acti-
vation of JAK2 signaling through somatic mutations affecting
JAK2, MPL, or CALR is a hallmark of MPN pathogenesis and
represents a therapeutic target12‘15. Large-scale sequencing stu-
dies have unraveled the mutational landscape of MPN, demon-
strating clonal heterogeneity and importance of genetically
defined subgroups in disease prognosis and progression!o-19,
Importantly, the order in which JAK2 and TET2 mutations were
acquired influenced the response to targeted therapy, and clonal
evolution in MPN patients!®. JAK inhibitors have been shown to
improve clinical symptoms and are nowadays standard of care for
intermediate/high-risk MF patients?®2!. However, JAK2/CALR

mutant allele burden is reduced only modestly during treatment
in most cases. In addition, while clonal evolution has been
reported in up to one third of MF patients during ruxolitinib
treatment?2, investigation was limited to a set of selected genes
and thus genome-wide changes remain poorly understood.

In order to investigate the genetics of MF progression and its
molecular drivers during JAK inhibition therapy, we perform in-
depth genetic studies on longitudinal blood samples from 15 MF
patients covering a disease span of 3 to 5 years after initiation of
ruxolitinib. Whole-exome sequencing (WES) is used at several
time points to study the mutational diversification and clonal
evolution during treatment. Single-cell genotyping of circulating
CD34 + progenitor cells allows us to reconstruct the phylogeny
and subclonal composition of MF. Collectively these data reca-
pitulate the mutational history of the disease, the initiating/pre-
disposing events and its evolution. Albeit the chronic nature of
MF and apparent stability of mutations over time, we detect
clonal composition changes, reversion and parallel evolution.

Results

Whole-exome sequencing of samples during ruxolitinib ther-
apy. Sequential samples from 15 MF patients (PMF n = 8; post-
ET/PV-MF n = 7; median age 66 years) accounting for a total of
42 time points representing 58.5 years of ruxolitinib treatment
(mean follow-up time: 3.9 years/patient) were investigated by
WES as depicted in the CONSORT diagram (Supplementary
Fig. 1). The first sample was collected at initiation of treatment
and the last time point was collected at last visit (n = 10), leu-
kemic transformation (n = 3), or before death without leukemic
transformation (n=2). Two patients achieved a molecular
remission and were clinically stable for the period of the
study. Clinical characteristics of each patient are summarized in
Table 1.

WES with a median depth of 171 x (range of 126-232x,
Supplementary Data 1) was performed on 2 to 4 time points per
patient. One follow-up exome was performed for four patients,
nine patients had two follow-up and a single-patient three follow-
up exomes. In vitro expanded T-cells were used as germline
control. Consistent with previous genetic characterizations of
MF!13, WES at initiation of ruxolitinib treatment (= baseline

Table 1 Baseline characteristics of the 15 investigated myelofibrosis patients.
Patient Age at Sex Diagnosis Disease Karyotype at Response to ruxolitinib alive/ Cause of death
baseline progression baseline WES dead
MPNO1 73 Male PMF No 46, XY Durable response Alive n.a.
MPNO2 64 Male PMF Yes 46,XY,del(11)(g13-  Progression to AML Dead AML
14g23)
MPNO3 65 Female Post-PV-MF No 46,XX Durable response Alive n.a.
MPNO4 70 Female Post-ET-MF  Yes 46, XX, del (5) Progression to AML Dead AML
(g23g32)
MPNO5 70 Male PMF No 46, XY Durable response Alive n.a.
MPNO6 75 Female PMF No 46,XX Durable response Alive n.a.
MPNO7 59 Female Post-ET-MF No 46,XX Durable response Alive n.a.
MPNO8 72 Male PMF No 46,XY Durable response Alive n.a.
MPNOQO9 48 Female Post-PV-MF No 46,XX Molecular remission Alive n.a.
MPN1O 76 Female PMF No 46,XX Durable response Dead Heart failure
MPN11 75 Female Post-PV-MF No 46,XX Durable response Dead Multi-organ failure
following complicated
colon cancer operation
MPN16 67 Male PMF No 46,XY Durable response Alive n.a.
MPN17 47 Female Post-PV-MF No 46,XX Durable response Alive n.a.
MPN18 64 Male PMF Yes 46,XY Disease acceleration Dead Sepsis in disease
progression
MPN19 54 Male Post-PV-MF  No 46,XY Molecular remission Alive n.a.
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Fig. 1 Mutational landscape in MF. a Type, number, and most frequent mutations in 15 MF patients. b Number of gained and lost mutations comparing
baseline and last time point WES. ¢ Mutations affecting genes of the RAS-RTK pathways. d Mutation signatures analysis identified two main signatures at
baseline and last time point WES and their respective cosine similarities with established COSMIC signatures. @ Number of CNA and CN-LOH per patient.

Source data are provided as a Source Data file.

WES) identified a median of 14 non-silent somatic mutations
(range 3 to 24). Across all patients, we detected 179 somatic
single-nucleotide variants (SNVs) and 22 somatic insertions and
deletions (indels) in a total of 174 mutated genes (Fig. la and
Supplementary Data 1).

In our cohort, ten patients had a JAK2 V617F and five patients
a CALR mutation (four Type-A, one Type-B) as disease-defining
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alterations. At baseline, the most frequently mutated genes
detected by WES were TET2 in 33% (5/15) and ASXLI in 27%
(4/15), followed by SF3B1 and BRCC3 in 13% (2/15) of patients
each. While mutations in BRCC3, a metalloprotease implicated in
DNA repair, have been recurrently reported in myelodysplastic
syndromes (MDS) and AML?324, they have not previously been
reported in MF.
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When comparing mutations between first and last investigated
time points, the majority of baseline mutations (162/201 = 81%)
could be detected also at a later disease stage (Fig. 1b). A total of
39 mutations were lost and 80 new mutations were detected at the
last time point, indicating an evolutionary process. All 15 patients
showed at least one gained and/or lost mutation in sequential
samples (Supplementary Fig. 2). To investigate dynamic clonal
evolution during ruxolitinib treatment, we performed clustering
of coding mutations (synonymous and non-synonymous SNVs)
from baseline and last time point WES using Sciclone?’.
Clustering of mutations by their respective copy number adjusted
VAFs allowed identification of outgrowing clones over time in
most patients (Supplementary Fig. 3). Looking for an enrichment
of functional pathways in the genes whose mutation were lost/
gained over time, we noted acquisition of mutations in genes of
the RAS/RTK pathways in one third of patients (Fig. lc).
Mutations were acquired in BRAF, CBL, KRAS, NRAS, and RIT1I.
Of note, using pmsignature, two mutation signatures could be
identified in our cohort?®. Signature 1 showed highest similarity
with COSMIC signatures 5, 19, and 30, for which the etiology
remains less well understood to date. Signature 2 with a
predominance of C>T transitions at CpG, a signature found in
most cancer samples that correlates with age and is probably
initiated by spontaneous deamination of 5-methylcytosine
(Cosine similarity score =1.0 with COSMIC signature 1 like;
Fig. 1d)27:28, No greater signature evolution was observed during
ruxolitinib treatment (Supplementary Fig. 4).

Next, we correlated genetic changes with the clinical course by
comparing patients with different clinical outcomes. Two patients
with the JAK2 V617 mutation (MPN09 and MPN19) achieved a
molecular remission with ruxolitinib therapy. MPN09 had a low
JAK2 V617 variant allele frequency (VAF) of 12% together with
two additional mutations at low-VAF before therapy, none of
which were detected at the second exome analysis (4 years later).
Using ultra-deep sequencing JAK2 V617F was detectable at very
low VAFs ranging from 0.15 to 0.3% in the entire follow-up
period, which was below the sensitivity threshold of exome
sequencing. In MPN19, a total of 13 mutations (including JAK2
mutation) were detected at baseline. However, strikingly in the
second sample, taken three years later, a completely different set
of mutations was identified and at the last time point, four years
after initiation of therapy, none of the mutations were detected in
the DNA sample (Supplementary Fig. 2c). To exclude the
possibility of sampling mixed-up, we assessed unique germline
polymorphisms at all time points, including the patients T-cells,
and confirmed correct sampling.

The three patients who progressed to leukemia (MPNO02 and
MPNO04) or to an accelerated phase (MPN18) showed a higher
number of mutations compared to the other patients (mean =
1934+ /— 72 vs. 11.84/— 4.6; p=0.17 two-sided
Mann-Whitney test), and all of these three cases developed
mutations in KRAS or NRAS over time. As one example, MPN18
harbored hematologic cancer-associated gene mutations in
ASXL1, ETV6, and SRSF2 at baseline. Thereafter, additional
mutations were gained in other driver genes (IDH2 and KRAS).
Of note, patient MPN18 acquired a second JAK2 mutation in the
kinase domain at codon R867Q (Supplementary Data 1),
associated with treatment resistance to JAK inhibitors2®.

The majority of the ten patients with a durable response
during JAK inhibition showed less evidence for major genetic
changes with respect to the total number of mutations gained/
lost or dynamic changes of allele burden (Supplementary
Fig. 2b). For example, allele burden of the disease-defining
JAK2 V617F mutation and two concomitant TET2 alterations
remained stable at similarly high VAFs close to 50% over a time
period of 3.5 years in MPNO7. Likewise, in MPN0O8 CALR and

subclonal TET2 mutations showed few to any changes during
four years of treatment. Interestingly, in MPN11 we noted
opposing dynamics of mutated SF3BI and JAK2 clones; the
allele burden of the SF3BI N626D mutation constantly
decreased, whereas the JAK2 V617F, which was initially
subclonal, raised over time to become the dominant clone
three years after the baseline WES, questioning a common
origin of both clones. Whole-genome sequencing (WGS)
provided further evidence for the independence of both clones
as no shared, recently acquired somatic mutation could be
identified (Supplementary Fig. 5).

Using WES data, a total of two somatic copy number
alterations (CNA) were identified at baseline and nine at the
last time point. The majority of patients did not show CNAs at
any time point, except for those that later on transformed to
leukemia (Fig. le). Copy-neutral loss-of-heterozygosity (CN-
LOH), or uniparental disomy (UPD), affecting the JAK2 locus at
chromosome (9p24) was detected in six out of ten JAK2-mutated
patients with apparently multiple UPDs in two of them (MPN1
and MPN10; Fig. 2b and Supplementary Figs. 6 and 7). In
MPNO1 these multiple UPD clones were reduced to a single-UPD
clone over time by clonal selection, while a UPD affecting the
TET?2 locus on chromosome (4q24) was acquired at the last time
point (Supplementary Fig. 7). In addition, the existence of
multiple 9pUPDs and their different clonal behavior over time,
impedes tracking of JAK2 V617F allele burden solely based on
VAFs using bulk DNA (Fig. 2).

Collectively, we noted that patients with progressive disease at
later time points presented with more genetic aberrations at
baseline and acquired more additional aberrations over time. It is
conceivable that this observation is reflecting increased genomic
instability but could also be a result of stronger selective
pressures. However, JAK2 LOH does not seem to drive disease
progression as all six affected patients showed long lasting
responses to ruxolitinib, including one patient who achieved
molecular remission.

Allelic burden of clonal mutations in sorted cell fractions.
Next, we investigated the hematopoietic lineage repartition of
gene mutations in seven ruxolitinib-treated MF patients with
samples available for flow-sorting of peripheral blood (PB) cell
fractions. To this aim, we first performed targeted ultra-deep
resequencing of all individual patient-specific mutations identi-
fied by WES at all time points to improve the accuracy of VAF-
based clone clustering methods with which we were able to
reconstruct the clonal structure, as well as the dynamic evolution
of predicted clusters over time?>30. Overall, 2 mean coverage of
15,250 reads/amplicon was achieved in a total of 1499 amplicons,
hence allowing reliable detection of low-burden mutations
(VAF 2 0.1% lower sensitivity limits). At least one mutation was
selected as a representative of each clone cluster in addition to the
disease-defining JAK2 or CALR mutations. Subsequently, allelic
burden was quantified in different cell fractions sorted
from mononuclear cells (CD3+, CD14+, CD19+, CD34+, and
CD66b+) by ultra-deep resequencing (Fig. 3 and Supplementary
Figs. 8 and 9).

In all seven investigated MF patients we noted a higher allelic
mutation load in the myeloid compared to the lymphoid
compartment, indicating a skewed differentiation of circulating
mutated CD34+ progenitors towards myeloid cell compartments
in MF with only few mutations being detected at low allele
frequency in B- or T-lymphocytes. In addition, three patients
(MPN18, MPNO1, and MPNI11) had a differential mutation
distribution among the different myeloid cell lineages (Fig. 3b and
Supplementary Fig. 9).
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Fig. 2 Multiple CN-LOH affecting the JAK2 V617 locus. a Tracking variant allele frequency by serial WES in two patients with JAK2 CN-LOH. Each patient
has multiple time points analyzed (MPNO1: n = 4; MPN10: n= 3) with at least 5-years of follow-up. Known driver genes with mutation are shown as
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genomic coordinates. Independent clones are indicated by butted lines. Source data are provided as a Source Data file.

MPN18, who acquired several hematologic cancer-associated
gene mutations over time, showed a differential segregation of
mutations between monocytes and granulocytes. While all
mutations were detected in the progenitor compartment, IDH2
R140Q and JAK2 R867Q mutations were present predominantly
in granulocytes and KRAS G12R was mainly found in monocytes.
This differential segregation of mutations between granulocytic
and monocytic compartments was not restricted to the
transformed MF case (MPN18), but was also present in two
clinically stable patients (MPNO1 and MPN11). In MPNO1, a
differential mutation repartition with preferential expansion of
the TET2-mutated clone towards the monocytic population was
observed (Fig. 3b), a known phenomenon described for TET2-
mutated HSCs in chronic myelomonocytic leukemia (CMML)
and clonal hematopoiesis3!1-32. Remarkably, JAK2 V617F allelic
burden was comparably low (9.1%) in monocytes compared to
CD34 + progenitors (45.9%) and granulocytes (79.9%), indicating
the presence of cells lacking disease-defining mutations. In the

remaining four investigated patients (MPN05, MPN10, MPNI16,
and MPN17), we did not observe this different segregation of
mutations among the hematopoietic differentiation tree (Fig. 3b
and Supplementary Fig. 9).

Collectively, these data suggest a complex clonal architecture in
MF, in which evolution of clones that lack disease-defining
mutations involving JAK2 or CALR might be more common than
expected. Thus, to better understand the clonal evolution of MF
progenitors, particularly from cells lacking JAK2 or CALR
mutations, we next performed single-cell analysis of lineage
negative (Lin-), CD34+ progenitors from 8 out of the 15 MF
patients.

Single-cell dissection of genetic architecture and phylogeny. To
genotype Lin-CD34+4 progenitor cells we used a single-cell mul-
tiplexed quantitative PCR (qPCR) approach on a micro-fluidic
platform (Fluidigm)33. Allele-specific TaqgMan probes were
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Fig. 3 VAF-based clonal evolution analysis and allele burden quantification in flow-sorted cell fractions. a Mutations clustered by VAF generated from
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designed for selected mutations representing VAF-predicted
clones (Fig. 3a and Supplementary Fig. 8). Based on a priori
power calculations for single-cell analysis, we determined that a
sample size of 400 single cells can identify the presence of sub-
clones at >2% frequency>4, this would equate to ~7 cells in our
system, given an expected loss of 10% of data points. A total of
192 to 480 cells per sample were flow-sorted resulting in a total of
5184 cells across 12 time points from 8 patients that were assayed.
Four patients were investigated at a second time point (MPNO1,
MPNO04, MPN10, and MPN11) as depicted in Supplementary
Fig. 1. Efficient single-cell sorting by flow cytometry was assessed
by parallel plate processing of two copy-number probes (SLC2A9
and PPIP5K1 located in diploid regions of the genome) by qPCR.
Sorting errors such as cell doublets or empty wells determined the
mean cell sorting failure rate to be 12.5% (3.5% cell doublets and
9% empty wells per 65 attempts; Supplementary Table 4). Only
cells with amplification signals within the upper and lower
quartiles of respective CT values for all probes were retained for
analysis. False-positive error rates (FPR) for each SNV assay were
determined in K562 single-cells in a patient-specific multiplex
experiment. Only 3 assays (TRPM5, SUZ12, LRCC3) generated
false-positive results of ~5% of investigated K562 cells (Supple-
mentary Table 3). These FPR were used to define a minor sub-
clone threshold. Cell data from suggested subclones that did not
exceed theses rates were removed. For reconstruction of the
clonal phylogeny of MF and mutational co-occurrence, we were
able to examine an average of six mutations (4-8 range) in 192 to
420 single-cells from patient samples. A breakdown of the single-
cell data with exclusion criteria can be found in Supplementary
Table 4 and on average 79% of single-cells (4113/5184 cells
assayed) generated high-quality data on all interrogated mutation
targets. A high correlation (r*=0.97) was found between
the allele burden detected by ultra-deep sequencing of bulk
and single-cell genotyping of flow-sorted CD34 + progenitors
(Supplementary Fig. 10).

Four-thousand eighty-three out of 4113 (99.3%) Lin-CD34+
progenitors were identified to harbor at least one somatic
mutation. Wild-type cells were detectable only in patients
MPNO1 (n=12) and MPNO5 (n = 18). By manually clustering
cells based on co-occurring mutations, different cell genotype
groups were defined and as expected from clonal VAF models
shown in Fig. 3a, JAK2 and CALR mutations were present as early
mutations in all patients studied by single-cell genotyping (Fig. 4
and Supplementary Fig. 11). In most cases as primary event
(MPNO04, MPN05, MPN10, MPN16, MPN17, MPN18), in other
cases as early secondary event (MPNO1 and MPN11) in which
preceding clones harboring SF3BI K666N and SF3B1 N626D
mutations were observed.

We employed a heuristic search algorithm to select a
phylogenetic tree with Maximum Likelihood under a finite site
model of evolution where different mutations and LOH (common
events at the JAK2 locus in our cases) can occur reiteratively35.

When looking at genetic abundances, we were able to
discriminate two groups of patients, those with one dominant
genotype (MPN17, MPN18, MPN04, MPNO05, MPN11) and those
with multiple (sub)clones of comparable clone size (MPNO1,
MPN10, MPN16; Fig. 4 and Supplementary Fig. 11). By detailed
examination of each patient we observed interesting evolutionary
events.

MPNO1 presented with two independent clones: one defined by
a SF3B1 K666N mutation from which the main JAK2 V617E-
mutated MF subclone originated, and a second independent clone
defined by a TET2 M11641 mutation. At the first time point, the
JAK2 V617 clone represented 96.2% of the circulating CD34+
progenitor compartment. After 2 years of treatment with
ruxolitinib, this clone decreased to 73% while in parallel the

TET2 MI1l164I-mutated clone expanded from 2.7% to 23.1%
(Fig. 4). In parallel with the expansion of the TET2-mutated clone
additional genetic events occurred within this clone, including
LOH encompassing the TET2 locus on chromosome (4q24),
which was also confirmed by CNA analysis using WES data. This
observation might reflect positive selection of the TET2 clone
and/or opportunistic expansion due to freed-clonal space by
ruxolitinib treatment.

MPNO04 showed a complete change in clonal architecture due
to an acquired LOH of FGFI V66M on chromosome (5q31)
between the two investigated time points, before and after
leukemic transformation. We noted a complete clonal sweeping
by the major subclone harboring the FGF1 V66M mutation by
newly emerging clone(s) that lost the mutation due to LOH and
acquired additional mutations, including a NRAS G61P mutation
that probably accounted for the leukemic transformation (Fig. 5).
In the same patient, by single-cell genotyping we also identified a
LOH at chr19p13, leading to homozygosity of CALR mutated
cells from MPNO04 accounting for 4% of all CD34+ progenitors at
first time point. Interestingly, 19p UPDs have been reported to be
more frequently found in CALR-mutated patients harboring a
CALR Type-B insertion, associated with del(5q) and were more
often found in accelerated disease phases3®. All of these findings
were observed in MPNO04. The patient MPN16 with three
subclones harboring the very same founding mutations and with
a similar proportion, was assumed as a unique clone, with low
diversity and with an apparent linear evolution (Supplementary
Fig. 11). In the case of MPN18, two major subclones derived from
an ancestral JAK2 V617F clone were observed: one at a low
frequency (7.7%) defined by KRAS G12R and a second one at a
high frequency (92.3%) defined by IDH2 R140Q. The second
subclone subsequently acquired functionally relevant mutations,
including a JAK2 R687Q mutation (“JAK2_2” in Fig. 4), which
confers a resistance to JAK inhibition?. A clear example of
convergence of an LOH of JAK2 V617F was observed in MPN17
with two major subclones derived from a JAK2-mutated founding
clone: one harbored a SERPINA1 M398I and the other subclone a
ARID2 R285Q mutation. Of note, 9p UPD affecting the mutated
JAK2 locus occurred in both subclones independently (Fig. 4).
Collectively, these data indicate that CN-LOH affecting somati-
cally mutated drivers is a common event in MF pathogenesis that
occurs not only in disease-defining mutations but also affects
other genomic regions harboring rare somatically acquired
mutations.

Discussion

The tyrosine kinase inhibitor (TKI) ruxolitinib is the only tar-
geted therapy approved for the treatment of MF. While sub-
stantial clinical benefits ameliorating MF-related symptoms and
improving overall survival can be achieved?0, this non-curative
therapy approach leads only to a modest decline in allele burden
of disease-defining mutations in JAK2 or CALR in most
patients3’. To better understand genetic mechanisms of disease
progression and resistance, we dissected clonal evolution with
single-cell resolution using a combination of WES and multi-
plexed qPCR single-cell genotyping. Two patients achieved a
molecular remission at a level of persisting residual disease of 1 x
1073. In one these cases (MPN19), we noted the appearance of a
completely novel set of gene mutations during remission three
years after initiation of ruxolitinib. A similar observation has been
reported in remission samples from patients with chronic mye-
loid leukemia (CML) after treatment with the TKI imatinib38.
This likely represents genetic drift during neutral evolution as a
consequence of a rapid expansion after TKI. All other 13 patients
showed only a modest—if any—decrease of 10-20% JAK2/CALR
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Fig. 4 Phylogeny of CD34 + progenitors in MF and proportion of subclones. MPNO1 shows two independently originated clones, marked by a JAK2
V617F and TET2 M11641 mutation, respectively. Both MPNOT and MPN10 represent samples with multiple clones (cell genotypes) present with similar
subclonal frequency. MPN17 and MPN18 represent samples with a dominant clone and few additional subclones. MPNO1, MPN10, and MPN17 show
parallel evolution of 9pUPDs (indicated by “JAK2 (LOH)" in red text). Top panel: bar chart displaying the proportion of each observed subclone. Middle
panel: genotype matrix for each subclone. Bottom panel: Evolutionary trees generated by analysis of the single-cell data. In each patient a single-
phylogenetic tree was constructed and displayed as a vertically oriented rectangular cladogram. The root of the tree harbors either a JAK mutation
(MPN10, MPN17, and MPN18) or a wild-type cell genotype (MPNO1). Branch lengths are indicated (proportional to the number of evolutionary changes
inferred) and the internal nodes (the points at which branches diverge) represent the ancestral clade from which arise all genotypes at the leaves/tips of
the tree (descendant subclones). Source data are provided as a Source Data file.
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Source data are provided as a Source Data file.

allele burden which was often accompanied with the expansion of
JAK2/CALR-wild-type clones due to positive selection and/or
freed-clonal space under TKI treatment. In some cases, these
clones showed preferential differentiation towards other myeloid
cell lineages than the JAK2 V617F-positive clones. This obser-
vation is of importance as leukemic blasts from transformed JAK2
V617F-positive MPNs are frequently negative for the JAK2 V617F
mutation3®. Emergence of second-site mutations in the targeted
(onco-)gene is a known resistance mechanism in many myeloid
malignancies and other cancers under TKI treatment®40, Here,
we report the acquisition of a second JAK2 mutation at R687Q,
which has been shown to confer resistance in vitro. In line with
reports for other myeloid diseases, we noted frequent acquisition
of mutations affecting the RAS-RTK pathways in the face of acute
transformation?43241, Of particular interest, NRAS and KRAS
mutations were acquired in those patients who progressed to
secondary acute leukemia or accelerated phase (MPN02, MPN04,
and MPN18). Of note, a recent study identified acquired muta-
tions in NRAS and KRAS to mediate resistance to the TKI gil-
teritinib in FLT3-mutated AML*2. This resistance could be

partially reverted by combinatorial signal inhibition using MEK
inhibitors#2. Our data show that monitoring of these mutations
could provide a window for early intervention as respective clones
were already present months prior to overt leukemic transfor-
mation in MF patients. Thus, a similar combinatorial approach
might reflect an avenue for further exploration.

Our single-cell analysis allowed us to refine the VAF analysis-
based clonal architecture, to determine the recurrence of chromo-
somal aberrations and to establish subclonal diversity in apparently
homogeneous clones. As described, same rules of Darwinian evo-
lution apply for tumor evolution. Therefore, phylogenetic analysis
can be performed using single-cell genotyping data34344, The
monoclonal nature of MF that derives from a single stem cell
harboring disease-defining JAK2, CALR, or MPL mutations has
been widely studied and reviewed*>4°. Owing to increased intrinsic
proliferative activity, different clones arise due to spontaneous
mutations (genetic drift) and increased genetic instability. However,
a close look into subpopulations inside the MF clones identified
different population dynamics. The most common clonal structure
is characterized by a dominant clone which by far exceeded the
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minor ones (five out of eight patients). In contrast, a relatively high
richness of subclones in a similar proportion, in which no clone
stands out, was observed in three out of eight patients. LOH events
were found in seven out of eight patients investigated by single-cell
analysis and were not restricted to the JAK2 mutation locus. In
some patients, LOH of JAK2 V617F occurred independently in two
subclones (homoplasy), a phenomenon of convergent evolution
reported in other malignancies and aplastic anemia*’~4%. We also
noted cases with multiple 9pUPDs, of which one got selected after
ruxolitinib therapy (e.g., MPNO1). LOH events gave rise to both, a
mutant homozygous but also reversion to a wild-type genotype
(e.g., FGFI in MPNO04). However, also limitations of our study
should be considered. Firstly, our technical approach based on
mutation-specific genotyping assays does not allow consideration of
false-negative genotypes as positive control samples for each
mutation would be required. However, prior work using this
technique showed highly reproducible data33°9, suggesting that this
weakness might have only minor effects on the conclusions drawn
from these analyses. Secondly, we cannot ascribe a causative role of
ruxolitinib treatment to the observed evolutionary processes due to
lack of a control cohort not receiving ruxolitinib over a comparable
disease time.

In summary, using the integration of serial WES, allele burden
quantification in different lineages and single-cell genotyping, we
created an in-depth outlook of the genetic evolution and com-
plexity for each patient, which provided unappreciated insights
into underlying genetics of MF. This approach could also be used
for early detection of leukemogenic events, which can be further
applied for early detection of treatment resistance or appearance
of secondary diseases.

Methods

Sample collection and inclusion criteria. Fifteen patients with diagnosis of pri-
mary or secondary MF were included if a PB sample at initiation of ruxolitinib
treatment was available (Table 1). Thereafter, PB was sampled serially in a pro-
spective manner (mean follow-up time: 3.9 years/patient). The study was con-
ducted in accordance with the Declaration of Helsinki and with ethical approval
obtained from the local ethics committee of the Charité—Universititsmedizin
Berlin, Germany. All patients provided written informed consent.

Sample preparation and in vitro T-cell expansion. Neutrophils and mono-
nuclear cells from PB specimens were enriched by Ficoll density gradient cen-
trifugation and were stored at —~196 °C in liquid nitrogen until use. Genomic DNA
was extracted from Peripheral Blood Mononuclear Cell (PBMCs) using QIAamp
DNA Mini Kit (Qiagen) and sorted sub-fractions using NucleoSpin Tissue XS
(Macherey-Nagel) according to the manufacturer’s reccommendations. For in vitro
T-cells expansion 1x10® PBMCs were seeded on non-treated cell culture plates
coated with anti-CD3 and anti-CD28 antibodies in a medium containing IL-2.
Cells were split every 2 to 3 days and cultivated for a total of 10 to 12 days. Once
harvested, cells were subjected to flow-sorting of CD3+T-cells.

Whole-exome sequencing. Whole-exome sequencing (WES) was performed in
42 samples from 15 MF patients. WES libraries were generated from whole blood
DNA for tumor specimen and from in vitro expanded CD3+ T-cells for matched
germline controls. Libraries were generated using 200 ng of genomic DNA using
SureSelect Human All Exon V5 kit (XT protocol; Agilent). The libraries were
sequenced in paired-end mode 2 x 124 bp on an Illumina Hiseq 2500 instrument
(Mlumina)®!>2. Sequence alignment and mutation calling were performed using
our in-house pipelines with minor modifications®*3. Candidate mutations with
(1) Fisher’s exact p < 10713, (2) EBCall’s exact p < 0.0001, and (3) a VAF in tumor
samples over 5% were selected. These variants were further filtered by excluding (1)
synonymous SNVs, (2) SNVs in genes whose structure is not correctly annotated,
and (3) SNVs listed as polymorphisms in the 1000 Genomes Project, ESP6500 and
HGVD with minor allele frequency > 0.001. Structural variants>* and copy number
alterations were also evaluated from WES data using our in-house pipeline
CNACS®>. CNACS is a UNIX-based program for sequencing-based copy-number
analysis, which is available from web site (https://github.com/papaemmelab/
toil_cnacs). For mutation signature analysis, we performed de novo extraction of
signatures using pmsignature?® for coding (synonymous and non-synonymous
SNVs) and intronic mutations, which identified two signatures. Subsequently, we
applied MutationalPatterns®® to find optimal contribution of these signatures to the
mutational profiles of each sample.

Targeted sequencing. Short fragments of 100-200 bp were PCR-amplified and
pooled for library preparation. Libraries were purified, indexed (NEBNext Ultra
DNA Library Prep Kit, New England Biolabs), and subsequently paired-end
sequenced on a MiSeq sequencer (Illumina)®’. Mutation-specific primers are listed
in Supplementary Data 2. ddPCR was performed for JAK2 V617F and CALR Type
A and B variants. Assays and droplet generation were performed according to the
manufacturer’s guidelines. Droplets were generated on a QX200 Droplet Gen-
erator, read on a QX200 Droplet Reader and analyzed using QuantaSoft V.1.7.4 (all
from Bio-Rad)2431,

VAF-based clonal evolution estimation. Clonal evolution analysis, were per-
formed using Sciclone/ClonEvol R packages?>3. Data from baseline and last
time point WES were used as source data, and regions with <25x depth in either of
time points and =3 bp of indels were excluded to guarantee accurate VAFs. Tumor
purities were estimated based on the allele frequencies of clonal copy number
changes or VAFs of clonal driver mutations, such as mutations in CALR and JAK2.
Subsequently, we estimated the cancer cell fraction (CCF) for each mutation based
on purity (p), local tumor copy number (CNt), local normal copy number (CNn)
according to the following formula: CCF = VAF x (1/p) x (p x CNt 4+ CNn(1 - p)).
Copy number adjusted VAFs were obtained by dividing above CCFs by 2, which
were used in the input of Sciclone®®. Results were visualized as plots depicting the
clonal dynamics of expanding and vanishing mutations on time (Supplementary
Fig. 8).

Cell flow-sorting. For sorting of lineage negative(Lin-) CD34+ cells, PBMCs cells
were thawed at 37 °C and cultured overnight in RPMI medium, supplemented with
10% FBS and 1x Streptavidin and 1x Penicilin/Streptomycin at 5% CO,, 37 °C.
Cells were washed and lineage-positive cells were labeled using Human Cell
Depletion Set (BD Biosciences). Lin™ cells were depleted using streptavidin coated
magnetic beads. The supernatant containing Lin~ cells was washed and labeled
with anti-human CD34-PE antibodies (BD Biosciences). Remaining Lin™ cells were
labeled with Streptavidin-BrilliantViolet (BD Biosciences) conjugate for cytometric
exclusion. Lin"/CD34™" single-cells were sorted in 96 well plates containing 2.5 uL
of lysis buffer. All the procedures were performed at 4 °C until completion of cell
lysis. Gating procedures are depicted in the Supplementary Fig. 12.

For sorting of mature blood cell lineages, PBMCs were thawed and cultured
overnight at standard conditions. Cells were then separated using the first fraction
for Lin"/CD34% sorting and the second fraction for sorting mature cell populations.
For the later, cells were labeled with the following conjugated anti-human
antibodies: FITC-CD3, APC-CD14, PE/Cy7-CD19 (BD Biosciences). If available,
previously Ficoll-enriched granulocytes were thawed and labeled with anti-human
CD66b-PE (BD Biosciences). Sorted fractions were then used for DNA extraction
(Supplementary Fig. 12). Antibodies and their respective dilutions are listed in
Supplementary Table 1.

Single-cell genotyping. Single-cell genotyping was performed following the pro-
cedure previously described? Briefly, allele-specific TagMan probes (Thermo-
Fisher) were designed for selected mutations representing the previously calculated
clusters (VAF-based clonal evolution)33, probes labeled with VIC detected WT
allele, and probes labeled with FAM detected mutant allele in every case. For JAK2
V617F, IDH2 R140Q, KRAS G12R, NRAS Q61P, commercially available probes
were used (ThermoFisher). In Supplementary Tables 2-4 and Supplementary
Data 3 a summary of designed probes, sequences, and quality control assessments
are outlined. Lin-CD34 + cells were single-cell sorted in 96 well plates, lysed and
DNA was pre-amplified with the multiplexed-specific TagMan probes and the
TaqMan Preamplification Master Mix from ThermoFisher. Pre-amplified material
was used for high-throughput qPCR reactions carried on a BioMark HD using
192.24 dynamic array plates (Fluidigm). Data was collected and images were
inspected manually.

For each signal, manual inspection of amplification curves and amplification
threshold setting was done. Reactions under the threshold were considered to be
negative. Reactions with negative values for both probes, were considered failed
and cells that presented at least one failed reaction were discarded. Wells with no
reaction were considered empty. A summary of number of cells processed and the
total number of cells used for each patient and experiment is shown in
Supplementary Table 4.

For each sample, an additional calibration plate was sorted in parallel for the
estimation of sorting errors as shown in Supplementary Fig. 13. Copy Number
TagMan probes were used for the estimation of doublets rates (Supplementary
Table 2). False-discovery rates were determined using the K562 cell line, and
estimating proportion of false-positive single-cells per probe (Supplementary
Table 3). Plate processing was carried out simultaneously for each sample. An
overview of the entire experimental design and procedure is shown in
Supplementary Fig. 14.

CALR mutations, IDH2 R140Q, and ARMCX5 E546E could not be detected in
the Biomark HD system. In the case of CALR mutation type B, IDH2 R140 and
ARMCXS5 E546E, standard qPCR reactions were performed (Applied Biosystems)
and for CALR mutation type A, a ddPCR was used (Bio-Rad). Reaction data from
passing cell reactions were coded as follow, 0: WT, 1: heterozygous, 2: LOH
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(homozygous for the mutant). Data matrices were the used as input for the
estimation of the clonal composition and phylogenetic analysis.

Phylogenetic analysis. Based on the presence of mutations, cells were grouped
into clusters, that we refer as genotypes (Supplementary Fig. 9). Proportion of each
genotype was therefore calculated (Fig. 4), and those genotypes (low-frequency
subclonal cell populations) represented with a proportion of 2% or less, were
considered technical errors below our FDR cut-off (FDR = 2%; Supplementary
Tables 3 and 4), and removed from analysis. A 2% FDR in our experiments is
equivalent to a minimum of four single cells for 192 cells profiled (MPN11_t1),
eight single cells for 384 cells profiled (MPNO5, MPN17, and MPN18), or ten
single-cells for 480 cells profiled (MPNO1, MPN04, MPN10, MPN11_t2, and
MPN16). As each assay varied slightly in error rate (Supplementary Table 3) we
paid additional consideration, using the following criteria to define a “bona-fide”
cell population at low frequency by: (i) Independent manual review of the data
matrix prior to phylogenetic analysis by a second investigator who did not perform
the single-cell genotyping. (ii) An observed genotype must be attributed to four or
more cells (our 2% FDR hard cut-off, dependent on the number of cells profiled for
each patient; See above). (iii) A single-SNV/LOH event cannot define a low fre-
quency/minor subclonal population if the population is less than the error rate for
that given SNV assay as described in Supplementary Table 3.

For Maximum Likelihood/Finite sites assumptions, heuristic searches of
Maximum Likelihood trees, assuming finite sites assumption was performed using
SiFit?, for each sample, ternary genotype matrix was used. For tree visualizations
and plotting the R package ggtree was used.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
within the paper and its extended data files. All baseline and last time point WES data
have been uploaded on EGA (Accession ID: EGAS00001003829). Source data underlying
Figs. 1-5 and Supplementary Figs. 1-11 and 13 are provided as a Source Data file. All
other data are available from the corresponding author upon reasonable requests.
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Supplementary Table 1: Antibodies and their respective dilutions used for flow-
cytometry and cell-sorting experiments.

Name Conjugate Dilution Company Catalogue Clone

Number
CD34-PE PE 1:5 BD 555822 581

Streptavidine-BV BV421 1:500 Biolegend 405225

CD66b-PE PE 1:60 BD 561650 G10F5

CD3-FITC FITC 1:40 BD 555339 HIT3a

CD19-PECy7 PE-Cy7 1:100 BD 560728 HIB19

CD14-APC APC 1:20 eBioscience 17-0149 61D3

Supplementary Table 2: Quality control assessment of single-cell flow-sorting by
parallel plate processing of two copy number probes (SLC2A9 and PPIP5K1 located
in diploid regions of the genome) by qPCR.

PPIPK5 SCL2A9 Doublets rate Empty wells rate

Patient Doublet rate Empty well | Doublet rate Empty well Mean STD.Dev Mean STD.Dev
MPNO1_t1 4.76 8.35 3.17 6.35 3.97 1.12 7.35 1.41
MPNO1_t2 3.17 4.76 7.94 4.76 5.56 3.37 4.76 0.00
MPNO4_t1 0 7.94 3.17 11.11 1.59 2.24 9.53 2.24
MPNO4_t2 1.59 14.29 1.72 15.58 1.66 0.09 14.94 0.91
MPNO5 9.68 11.29 3.23 11.29 6.46 4.56 11.29 0.00
MPN10_t1 3.17 4.76 3.17 7.94 3.17 0.00 6.35 2.25
MPN10_t2 10 10 492 9.84 7.46 3.59 9.92 0.1
MPN11_t2 0 12.9 0 11.11 0.00 0.00 12.01 1.27
MPN16 0 13.7 0 9.59 0.00 0.00 11.65 2.91
MPN17 4.76 3.17 4.76 4.76 4.76 0.00 3.97 1.12
MPN18 3.17 4.76 4.76 9.52 3.97 1.12 7.14 3.37

Mean 3.51 8.99

SD 2.50 3.38
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Supplementary Table 3: False positive error rates (FPR) for each SNV assay were
determined in K562 single-cells in a patient-specific multiplex experiment.

Patient Probe # tested cells FPR %FPR Mean %FPR  SD %FPR
MPNO1 CNOT2 77 0 0.000 0.487 0.894
CUL9 88 0 0.000
SF3B1 88 1 1.136
ITK 88 0 0.000
LPO 88 2 2.273
ARMCX5 88 0 0.000
TET2_ 4 88 0 0.000
MPNO04 TRPMS5 85 5 5.882 2.647 3.094
Suz12 85 4 4.706
FGF1 85 0 0.000
NRAS 85 0 0.000
MPNO05 GALNT6 88 0 0.000 1.136 1.968
SORCS 88 3 3.409
ALDH12 88 0 0.000
MPN10 LRCC32 88 4 4.545 1.515 1.990
NECABS3 88 1 1.136
ZMYND15 88 3 3.409
ACTLS8 88 0 0.000
CBL 88 0 0.000
ALSCR11 88 0 0.000
MPN11 SF3B1 48 0 0.000 0.490 0.980
PCOLCE2 48 0 0.000
CHL1 48 0 0.000
JAK2 51 1 1.961
MPN16 CCDC158 53 0 0.000 0.000 0.000
SPARCL1 53 0 0.000
NPLOC4 53 0 0.000
MYOS5B 53 0 0.000
MPN17 SERPINA 87 0 0.000 0.287 0.575
PNMAS 87 0 0.000
ARID2 87 1 1.149
ALOX12 87 0 0.000
MPN18 KRAS 88 0 0.000 0.909 0.951
JAK2_2 88 2 2.273
IDH2 88 0 0.000
PRTF1 88 1 1.136
PADI3 88 1 1.136
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Supplementary Table 4: Summary of quality control assessment of single-cell
genotyping by multiplex gPCR. The total number of sorted control and target cells and
their respective breakdown are depicted per patient and per experiment.

MPNO1  MPNO1 MPNO04 MPNO04 MPN10 MPN10 MPN11 MPN11
t1 t2 t1 t2 MPNO5 t1 t2 t1 t2 MPN16 MPN17 MPN18 Total

Total number of target cells 480 480 480 480 384 480 480 192 480 480 384 384 5184
Number of wells with no cells or
more than 1 cell or bubbles 89 131 39 47 33 51 25 18 106 71 33 33 56.3
Number of cells constituting minor
sub-clones below error rates 22 24 80 28 6 68 50 22 28 33 46 38
Successful data collected from
target cells 391 349 441 433 334 429 455 173 374 409 351 351
Successful data collected from
experiments 369 325 420 414 328 361 405 151 346 376 305 313 4113
Percent of data removed because
of failure 18.5 27.3 8.1 9.8 8.6 10.6 5.2 9.4 221 14.8 8.6 8.6
Percent of data removed as part
of sub-clonal populations below
error rates 4.6 5.0 16.7 5.8 1.6 14.2 10.4 11.5 5.8 6.9 12.0 9.9
Percent of successful data
collected from experiments 76.9 67.7 75.2 84.4 89.8 75.2 84.4 79.2 721 78.3 79.4 81.5 78.7
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Supplementary Figure 1: CONSORT diagram depicting time points of various
investigations including whole-exome sequencing (WES), single-cell genotyping (SC),
and allele burden quantification in flow-sorted cell fractions (subpopulations).
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Patients with AML transformation (MPNO2, MPNO4) or accelerated disease (MPN18).
b) Clinically stable patients. c) Patients achieving molecular remission.
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Supplementary Figure 3: Evolution of coding mutations (synonymous and non-
synonymous SNVs) based on clone clustering using copy number adjusted variant
allele frequencies (aVAFs). Analysis was performed on baseline and last time point
WES samples using sciClone. Long insertions/deletions such as CALR mutations were
excluded due to difficulties in accurate VAF calculation. Patients MPNO9 and MPN19
were excluded due to low cancer cell fractions.
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Supplementary Figure 6: Copy Number Alterations (CNA) detected by WES at
baseline (upper lane) and last time point follow-up (lower lane) from 15 investigated
MF patients.
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Supplementary Figure 7: a) CN-LOH/ UPD other than 9pUPD detected by WES at
baseline (top) and last time point follow-up (bottom). b) Acquired CNAs found in 2 MF
patients without evidence of transformation to AML/accelerated disease phase
detected by WES at baseline (top) and last time point follow-up (bottom). c) CNAs
found in 3 MF patients that transformed to AML/accelerated disease phase detected
by WES at baseline (top) and last time point follow-up (bottom).



Mylonas et al. Clonal evolution in myelofibrosis

MPNO4 MPNO5
TET2 K1299R
CALR Type B S TS NRAS G61P FGF1 V66M * CALR Type A * * * ALDH1A2 66V | | GALNTG E470K]
TRPM5 L521M
SORCS1 P744S
1.00 100

w § 050
$00 »/’\/. :

il atll

203 200 4015 036 012 J0 15 4016 J03 bR 015 H0E 4013 IR 015 4ON6 01 H0bE 40D 16 5 T o B T 8 e o 8 o T o8 B 8 o o
Year Year
MPN10 MPN17
CBL D390Y ASXL1 H360fs
NECAB3 E77Q
JAK2 V617F |[ACTL8 E257D * * LRRC32 Q418E * JAK2 V617F i ASXL1 H360fs] ISERPINA1 M398| | ARID2 R285Q ALOX12 W141L|

JALSCR11 D1221H] IASXL1 G642fs | | PNMA5 R288H

ZMYD15 R262Q

) ) /j\/‘
" n
. /

g §050

0.25 0.25
0.00 -@ ﬁ 0.00 "//\ i <5 :
2003 501 08T 9013 g1® g0l 9013 g1® g0l 9013 g1® 0l 9013 g1® ol g0b3 g1® g0V B T Y E T R P B R P C R IO
Year Year

Supplementary Figure 8: VAF based clonal evolution analysis from ultra-deep
sequencing at various follow-up time points. From each cluster representative mutated
genes were selected. Disease-defining mutations in JAK2/CALR are depicted
independently to emphasize their specific role in disease pathogenesis. Inference of
clonal composition and  evolution was  performed with  Sciclone
(https://github.com/genome/sciclone) and ClonEvol packages
(https://github.com/hdng/clonevol). Clones were manually inspected and adjusted
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Supplementary Figure 9: Mutation quantification in flow-sorted cell fractions. Color
codes correspond to respective clones shown in Supplementary Figure 8
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Supplementary Figure 10: Correlation allele burdens generated by ultra-deep
sequencing of bulk and single-cell genotyping of flow-sorted CD34+ progenitors per
patient. These data reveal a high concordance between both methods (r?= 0.97).
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Supplementary Figure 12: Gating strategy for multicolor flow cytometry and
subsequent flow-sorting. a) strategy for lineage negative CD34+ cells. b) strategy for
granulocytes (CD66b). c) strategy for B-cells (CD19), T-cells(CD3), monocytes
(CD14), NK-cells (CD56). CD56 fraction was not included in subsequent experiments
due to lack of successful gating in most samples.
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Supplementary Figure 13: Quality control of single-cell sorting for all specimens from 8 MF patients. For each patient a calibration plate
was sorted including wells with 1, 2, 3, 4, and 5 or 10 cells. Two TagMan copy number probes for (a)PPIPKa and (b)SLC2A9 were used.
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Probe Design Cell preparation Subpopulation Analysis
VAF based clonal evolution model Frozen Frozen
PBMCs PBMCs
SNV clustering (Ficoll) (Ficoll)
SNVgElegRon Culture O/N Culture O/N
In RPMI In RPMI
37° 5% CO2 37° 5% CO2
Sequence Retrieving:
- Lineage depletion: Cell fraction separation:
- SNV notation (T-, B-lymph, NK, Mono, Granul, PLTs, RBC)
- Repeats masking(1) BD Biosciences Cat N°560030 1- Lineage depletion:
-SNPs masking BD Biosciences Cat N°560030
- FACS staining: FACS staining: Lineage- Pacific Blue, CD34-PE
Lineage- Pacific Blue
CD34-PE 2- Mature PBMC staining
FACS staining: CD3-FITC, CD14-APC, CD19-PECy7
g Sorted populations: Lineage negative - CD34 positive
Custom TagMan Design Tool (2) Granulocyte fraction thawing

FACS staining: CD66b-PE

-QcC 2
- or (?e"ing FAg(s)r/tleg n
1 calibration plate FAggrgpig I
In house QC 5 single cell plates Bulk samples
- Bulk positive sample QPCR (positie control)
- Bulk cell line QPCR (negative control) Cell lysis Pellet, washing, DNA extraction.
- Single cell line QPCR (FDR) Preamplification with specific probes - Targeted sequencing specific primers.
Probe selection Genotyping -ddPCR confirmation some results and CALR

1) http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker
2) http://www.thermofisher.com/tagmansnpdesign

Supplementary Figure 14: Experimental work flow of single-cell and
subpopulation experiments. Three main steps are involved in theses analyses.
Probe design and mutation selection, single-cell preparation and allele burden
quantification in flow-sorted cell fractions
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