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Abstract

Myeloproliferative neoplasms (MPNs) are hematological disorders characterized by
constitutive cytokine signaling caused by mutations in the JAK2, CALR and MPL genes. The
discovery of CALR mutations in 2013 was the premise for the recognition of double mutated
MPN and for the development of specific immunotherapies targeting mutant CALR (mutCALR).
In this thesis we showed the influence of co-existing CALR and JAK2 mutations on the MPN

phenotype and generated the first chimeric antigen receptors (CARs) targeting mutCALR.

In the past, MPN driver mutations were believed to exclude each other. Yet, numerous reports
described the concomitant presence of two mutations in one patient. Clonal analysis, however,
showed that these mutations were acquired in two independent clones in most cases, which
indicates that such mutations might be mutually exclusive on the cellular level. Thus, we set
out to evaluate the influence of Jak2-V617F and Calr-del52 co-expression on hematopoietic
stem cell (HSC) fitness. We generated a novel mouse model by crossing mice with Jak2 or
Calr single mutations and analyzed the disease phenotype as well as stem cell functionality in
double mutant mice. Mice co-expressing both oncogenes had increased thrombocytosis,
leukocytosis and reduced survival compared to single mutants. In bone marrow transplantation
experiments, double mutated HSCs maintained their repopulation capacity and outgrew wild
type competitors. Thus, our mouse model indicated that co-occurrence of Calr and Jak2

mutations is associated with aggravated disease, while HSC fithess was not hampered.

Frameshift mutations in the CALR gene result in a protein with a novel amino acid sequence
at the C-terminus. MutCALR interacts with the thrombopoietin receptor (MPL) forming an
oncogenic complex, which leads to -constitutive downstream activation and clonal
hematopoiesis. Therefore, mutCALR constitutes a truly tumor-specific neoantigen, which is the
disease driver and present at the cell surface and thus fulfills all criteria for an ideal
immunotherapy target. Therefore, we developed CARs targeting mutCALR. We screened a
small CAR library and could identify functional human and mouse CARs. Those were
specifically activated by mutCALR expressing cells and led to selective and efficient killing of
cell lines with mutated CALR, while wild type cells were spared. We could further show specific
targeting of primary patient cells expressing mutCALR by human CAR-T cells. With this we
delivered the first proof that CAR-T cells can selectively eradicate mutCALR expressing cells.
Yet, the in vivo efficacy of murine CAR-T cells in a fully immunocompetent model is limited.
Therefore, further research is needed to identify factors inhibiting CAR-T cell functionality in

Vivo.

VI



Zusammenfassung

Myeloproliferative Neoplasien (MPN) werden durch JAK2, CALR oder MPL Mutationen
ausgeldst. Die Entdeckung von CALR-Mutationen im Jahr 2013 war die Voraussetzung fur die
Erkennung doppelt mutierter MPN und fiir die Entwicklung spezifischer Immuntherapien gegen
mutiertes CALR (mutCALR). In dieser Arbeit haben wir den Einfluss koexistierender CALR-
und JAK2-Mutationen auf den Verlauf von MPN gezeigt und die ersten mutCALR-spezifischen

chimaren Antigenrezeptoren (CARs) generiert.

,2oynthetic lethality“ beschreibt eine ungunstige Interaktion von zwei Mutationen, die das
gleichzeitige Auftreten bestimmter somatischer Mutationen ausschliet. Obwohl MPN-
Treibermutationen in der Vergangenheit als exklusiv beschrieben wurden, gibt es zahlreiche
Berichte Uber das gleichzeitige Auftreten von zwei Treibermutationen. Diese wurden jedoch
haufig in zwei unabhangigen Klonen erworben, was die Frage aufwirft, ob das gleichzeitige
Auftreten beider Mutationen in einer hamatopoetischen Stammzelle (HSC) deren zellulare
Fitness verringert. In dieser Studie untersuchten wir die Auswirkung der Koexpression von
Jak2-V617F und Calr-del52 auf die HSC-Fitness. Wir kreuzten Mause, mit Einzelmutationen
und analysierten den hamatopoetischen Phanotyp von Doppelmutanten. Um die Stammzell-
Fitness zu beurteilen, flihrten wir primaren und sekundaren Knochenmarktransplantationen
durch. Doppelmutierte Mause hatten im Vergleich zu Einzelmutanten einen
schwerwiegenderen MPN-Phénotyp und eine geringere Uberlebensrate. Dariiber hinaus
Ubertrafen HSCs, die beide Mutationen exprimierten, nicht mutierte HSCs und behielten ihre

Wettbewerbsfahigkeit in primaren und sekundaren Transplantationen bei.

Frameshift-Mutationen im CALR-Gen fuhren zur Veranderung der Aminosdurensequenz am
C-Terminus des Proteins. MutCALR interagiert mit dem Thrombopoietinrezeptor (MPL) und
bildet einen onkogenen Komplex, der zu einer konstitutiven Downstream-Aktivierung und
klonaler Hamatopoese fiihrt. Daher stellt mutCALR ein tumorspezifisches Neoantigen dar, das
auf der Zelloberflache vorhanden ist und somit alle Kriterien fur einen idealen Angriffspunkt
gezielter Immuntherapie erflllt. Aus diesem Grund haben wir CARs entwickelt, die auf
mutCALR abzielen. Aus einer Reihe von CARs mit verschiedenen Antigenbindungsdomanen
konnten wir funktionelle humane, sowie murine CARs identifizieren. Diese wurden spezifisch
durch mutCALR-exprimierende Zellen aktiviert und fihrten zu einer selektiven und effizienten
Zytotoxizitat gegenuber Zelllinien und primaren Zellen mit mutiertem CALR, wahrend Wildtyp-
Zellen verschont blieben. Murine CAR-T-Zellen zeigten jedoch begrenzte Wirksamkeit in
einem vollstdndig immunkompetenten Modell. Daher sind weitere Untersuchungen
erforderlich, um Faktoren zu identifizieren, die die Funktionalitdt von CAR-T-Zellen in vivo

hemmen.
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1. INTRODUCTION

1.1 Pathophysiology of myeloproliferative neoplasms

BCR-ABL-negative myeloproliferative neoplasms (MPNs), such as polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis, are hematological cancers
characterized by increased blood cell production, thromboembolic complications, hemorrhage,
and evolution to acute leukemia (AML). While PV is characterized by panmyelocytosis with
marked erythrocytosis, in ET and PMF the megakaryocyte lineage is affected leading to
massive platelet production. In PMF, fibroblast activation and subsequent reticulin deposition

additionally causes bone marrow (BM) fibrosis'?.

MPN oncogenesis is driven by acquired hematopoietic stem cell mutations in three genes,
janus kinase 2 (JAK2), myeloproliferative leukemia protein (MPL) and calreticulin (CALR),
which all trigger constitutive activation of cytokine receptors and downstream signaling® (Figure
1). The most abundant is a point mutation in JAK2 exon 14, JAK2V617F, which was identified
as a driver occurring in PV, ET and PMF in 20054%. Two years later somatic mutations in exon
12 of the same gene were found in a small fraction of PV’. However, only 70 % of all MPN
cases could be explained by JAK2 mutations and thus, efforts to elucidate the emergence of
these diseases were ongoing. From 2006 to 2008, alterations in exon 10 of the MPL gene,
which encodes for the thrombopoietin receptor (MPL), were recurrently found in ET and PMF
patients®'°. Nonetheless, a broad number of JAK2-negative, MPL-negative MPN cases
remained enigmatic until 2013, when two groups reported mutations in the CALR gene causing
ET and PMF. A large gap was closed with CALR alterations driving about 80% of JAK-
negative, MPL-negative MPNs'"'2 (Figure 2).



healthy JAK2 MPL CALR
mutation mutation mutation

EPOR/MPL/GM-CSFR EPOR/MPL/GM-CSFR MPL MPL

JAK JAK

Figure 1: MPN driver mutations lead to cytokine-independent activation of myeloid cytokine receptors. In
healthy individuals signaling via the EPOR, MPL and G-CSFR is dependent on interaction with the cognate ligand.
MPN driver mutations in JAK2, MPL and CALR lead to consitutive activation of those receptors. JAK2 can be seen
as the catalytic unit of these receptors. Activated JAK2 transphosphorylates the receptor, which leads to recruitment
of molecules starting a downstream signaling cascade. STAT, MAPK and PI3K/AKT pathways affect proliferation

and cell cycle progression. Generated with Biorender.

Polycythemia Vera  Essential Thrombocythemia  Primary Myelofibrosis
(PV) ET) (PMF)

I CALR I Triple negative B MPL

B AK2

Figure 2: Frequency of MPN driver mutations among PV, ET and PMF. JAK2 (V617F and exon 12) mutations

occur in 98% of all PV and 50-60% of ET and PMF cases. CALR mutations account for 25-25% of ET and PMF
2



patients and MPL mutations occur in 1-4% of ET and 5-10% of PMF patients. Generated with Biorender.

1.1.1 JAK2 mutations

JAK2 belongs to the JAK family of non-receptor tyrosine kinases, which associate with the
cytosolic part of cytokine receptors. JAK1, JAK2/tyrosine kinase 2 (TYK2) and JAK3 bind to
heterodimeric cytokine receptors, whereas JAK2 binds to homodimeric cytokine receptors. The
JAK2 protein consists of a C-terminal kinase domain, JH1, an adjacent pseudokinase domain
JH2, an SH2 (JH3-4) and a FERM domain (JH5-7). The latter two comprise the functional unit,
which interacts with box1 and 2 regions of cytokine receptors. JAK2 plays a vital role in
hematopoiesis, as it binds to the erythropoietin receptor (EPOR), MPL and the granulocyte
colony-stimulating factor receptor (G-CSFR). Upon ligand binding the dimeric receptor
undergoes a conformation change. The JH1 domains of the JAK2 dimer phosphorylate each
other in trans at two tyrosine residues, which leads to JAK activation. This in turn leads to
transphosphorylation of the cytokine receptor and induction of downstream signaling via signal
transducer and activator of transcription (STAT), Ras-mitogen-activated protein kinase
(MAPK), and phosphoinositide 3-kinase (PI3K) pathways®'314,

The majority of MPN patients (95 % in PV, 50-60% in ET and PMF) harbor a valine to
phenylalanine substitution at position 617, which is located within the pseudokinase domain
JH2. JH2 interacts with JH1 and thereby keeps the kinase in an inactive form. The V617F
mutation, however, destabilizes the JH1-JH2 interaction and thus leads to constitutive JAK2
activation. A small fraction of PV patients (3 %) carries mutations in exon 12 of the JAKZ gene,
with the most prominent being N542-E543del, E543-D544del, F537-K539delinsL and K539L
with frequencies of 23%, 11% and 10%, respectively®. These mutations affect a region
adjacent to JH2 and seem to trigger constitutive activation of JAK2 via a different mechanism
than V617F"S,

The association of JAK2 with all three main myeloid cytokine receptors, EPOR, MPL and G-
CSFR explains how the V617F mutation can occur in all three classical MPNs - PV, ET, and
PMF. However, the mechanisms underlying this diverse disease manifestation are still under
investigation. There are different hypotheses as to what might influence the phenotype of

JAK2-mutated MPN, including allele burden, differential STAT signaling and host factors.

The JAK2V617F allelic burden or variant allele frequency (VAF) is usually low in ET, higher in
PV, and highest in PMF. Notably in post-PV or post-ET myelofibrosis (MF) the VAF is close to
100%. Mitotic recombination frequently leads to uniparental disomy (UPD) at chromosome 9
(9p24) resulting in loss of heterozygosity (9pLOH). Homozygous JAK2V617F mutations were
found in 25-30% of PV, 9-20% of PMF and only 0-3% of ET patients and homozygosity was

associated with longer disease duration. This suggests that an increased VAF and 9pLOH is

3



associated with disease progression. Likewise, within the spectrum of PV, a higher allele
burden is associated with a more severe phenotype, characterized by higher hemoglobin (Hb)
and white blood cell (WBC) count, lower platelets (PLT) and erythropoietin (EPO) serum levels,
as well as pronounced splenomegaly. These observations led to the conclusion that gene
dosage dictates the disease ala “dosis facit venenum”. This was also shown in a transgenic
mouse model where expression of human JAK2V617F at a low level led to ET, while higher
expression led to PV'6, ET, PV and PMF are tightly related with partially overlapping clinical
presentation. A high JAK2V617F burden in ET leads to a more PV-like disease with higher
WBC and increased Hb and ET can also evolve to PV. Both ET and PV can progress to MF
and all three entities can develop into AML. Thus JAK2V617F-positive MPN might be seen as

a continuum, where severity is regulated by allelic burden®'* (Figure 3).

9pLOH

JAK2-V617F allele burden

~9%

T

ET ~5 PV 3% MF
~ OIMN l ~ D-5% / 15-30%
AML

Figure 3: JAK2V617F allele burden influences disease manifestation and progression. ET is associated with
low JAK2V617F burden and heterozygosity, while PV and MF are associated with a homozygous mutation due to
9pLOH and higher allelic burden. ET can evolve to PV, ET and PV can progress to MF and all three can escalate
to AML. Generated with Biorender.

Apart from gene expression, differential patterns of STAT signaling were associated with
different disease phenotypes. Teofili et al. analyzed STAT phosphorylation in BM biopsies and
reported increased STAT3 and STAT5 phosphorylation in PV. In ET, however, STAT5
signaling was decreased compared to healthy controls, while STAT3 signaling was slightly
increased. In idiopathic myelofibrosis (IM) both STAT3 and STAT5 signaling were decreased’.
In contrast, Chen et al. observed increased STAT5 signaling in BFU-E (burst forming unit
erythroid) colonies from PV and ET patients. In this study, however, increased

megakaryopoiesis and decreased erythroid differentiation leading to an ET phenotype could
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be attributed to increased STAT1 phosphorylation'. The importance of the individual STAT
molecules was confirmed in mice expressing JAK2V617F in STAT1/3 or 5 deficient
backgrounds. STAT5a/b signaling was indispensable in the pathogenesis of PV in two different
mouse models'®?°. Loss of STAT3 did not affect erythrocytosis, but caused decreased
neutrophilia and increased thrombocytosis?’. However, increased STAT1 signaling was
detected in these mice, which might be the driver of platelet formation. Deletion of STAT1 led
to increased erythrocytosis and lower platelet counts??. Thus, differential activity of STATs
1/3/5 influences differentiation of hematopoietic progenitors in MPN with increased STAT1
leading to a megakaryocytic bias and an ET-like phenotype, and STAT5 being required for

erythrocytosis, a hallmark of PV.

Moreover, patient to patient heterogeneity might influence the disease manifestation. Non-
driver mutations can influence the disease phenotype and risk. There are also reports of single
nucleotide polymorphisms (SNPs) in the JAK2 gene (rs7046736, rs10815148, and
rs12342421), which were observed in PV and ET but not PMF. Three other JAK2 SNPs
(rs10758669, rs3808850, and rs10974947) and one SNPs in EPOR (rs318699) in contrast
were found in PV but not ET or PMF". This suggests that genetic variability might influence

disease manifestation. Moreover, other factors such as iron deficiency might play a role?.

1.1.2. MPL mutations

MPL, like the EPO, growth hormone (GH), prolactin (PRL) and G-CSF receptors, is a type |
homodimeric cytokine receptor. Its expression is limited to cells in hematopoietic tissues, such
as hematopoietic stem cells (HSCs), megakaryocytes and their progenitors and platelets. It
consists of an extracellular cytokine binding domain, a transmembrane domain, which is
followed by a juxtamembrane domain and the cytoplasmic domains. The cytoplasmic domains
are associated with JAK2 or TYK2, which lead to downstream signaling upon receptor
activation. However, only JAK2 was associated with persistent cytokine signaling and a vital
role in hematopoiesis. The ligand, thrombopoietin (TPO) regulates megakaryopoiesis and
platelet formation. Binding of TPO leads to a conformational change, which brings the two
JAK2 molecules in proximity, thereby causing their transphosphorylation. Activated JAK2
induces the JAK/STAT, PI3K/AKT and MAPK signaling pathways?*.

5-10 % of PMF patients and 1-4% of ET patients harbor mutations in the MPL gene. Most
mutations occur in exon 10 of the MPL gene within the juxtamembrane cytoplasmic region.
This domain is required to keep the receptor inactive in the absence of MPL. The most common
are W515K or W515L but other substitutions, like W515A, W515G and W515R were also
described®?°, S505N were described in ET and PMF as well as hereditary thrombocythemia

(HT) and stabilize the receptor in an active dimeric conformation®. Rare mutations in the
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extracellular or cytosolic part were observed in MPN as well. The common feature of these

gain of function mutations is the induction of constitutive JAK2 activation®2*.

1.1.3 CALR mutations

CALR consists of three domains, the N- and P-domain, which confer chaperone activity and a
C-domain, which is responsible for lower calcium (Ca?*) buffering. In contrast to JAK2 and
MPL, it is not a signaling molecule but a chaperone that usually facilitates folding of N-
glycosylated proteins within the endoplasmic reticulum (ER)?". Hence, finding a causative

relation between CALR mutations and myeloproliferative disorders was surprising.

CALR mutations occur in 25-30% of all ET and PMF cases. Pathologic mutations in exon 9, of
which a 52 bp deletion (type 1) and a 5 bp insertion (type 2) are the most prevalent, all lead to
a +1 (-1/+2) frameshift. Transcription from this alternative reading frame completely changes
the amino acid composition within the C-domain, leading to a novel sequence of about 40
amino acids and loss of the KDEL (Lys-Asp-Glu-Leu) ER retention signal'"'2. Those alterations
caused by type 1 and 2 mutations enable a unique interaction of mutant CALR (mutCALR)

with MPL leading to its activation and oncogenic transformation?®2°,

Of the homodimeric type | cytokine growth factor receptors, mutCALR only induces activation
of MPL and to a much weaker extent of the G-CSFR but not of the EPOR?®, These
differences might be caused by the fact that only MPL presents two sets of extracellular
domain, whereas the others have only one®'. Indicated by differential localization with a
preference to the ER to Golgi intermediate compartment of mutCALR opposed to wild type
(WT) CALR, interaction with MPL is presumably happening during MPL maturation?®. This is
also in concordance with the finding that the fraction of mature MPL is reduced in CALR
mutated cells2®32, At the cell surface, mutCALR-bound MPL activates the JAK/STAT, MAPK
PISK/AKT pathways leading to proliferation and clonal expansion (Figure 4).
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Figure 4: Mutant CALR forms an oncogenic complex with MPL. MutCALR binds to immaturely glycosylated
MPL in the ER. By vesicular transport via the Golgi the complex reaches the plasma membrane, where mutCALR
activates MPL resulting in JAK/STAT, MAPK and PI3K/Akt signaling. Partially, mutCALR is also secreted.

It was proposed that CALR engages with MPL during its maturation by binding to immature
glycans®?2, The CALR N-domain harbors oligosaccharide binding capacity, which initiates
folding of glycoproteins in the ER. MPL, as a glycoprotein, also poses a substrate for WT
CALR. The interaction of mutCALR with MPL, however, is much stronger due to a lack of
negative inhibition, which is conferred by the P-domain in WT CALR but not in mutCALR.
Further, the mutant specific domain was shown to induce homo-multimerization of mutCALR
molecules. This complex stabilizes MPL in a multimeric state3*. The mutCALR-MPL complex
is subsequently transported to the cell surface3. In fact, it was reported that surface localization
is a prerequisite for oncogenic signaling®®. Due to the loss of the KDEL sequence, CALR is
also partially secreted. Yet, as immature glycans are required for the unique MPL-mutCALR
interaction, the secreted form cannot activate MPL in WT cells in a paracrine way?33°
However, it was recently reported that soluble mutCALR can induce MPL activation from

outside in mutCALR cells but at non-physiologic concentrations®®.

1.1.4 Clonal evolution of MPN

While normal hematopoiesis is highly polyclonal, hematopoietic stem and progenitor cells
(HSPCs) can acquire a growth and or differentiation advantage leading to clonal
7



hematopoiesis (CH). CH can occur at all ages but is frequently observed in the elderly
population. It is associated with increased risk for hematopoietic malignancies as well as
cardiovascular disease®*®. Premalignant CH, also called clonal hematopoiesis of
indeterminate potential (CHIP), is associated with distinct mutations. The most frequent
mutations in myeloid CHIP occur in the TET2, DNMT3A or ASXL1 gene®. These mutations
are called clonal drivers and are not restricted to MPN. While such mutations alone do not

cause MPN, they give clonal advantage and can modify the disease phenotype.

MPN driver mutations are defined as genetic aberrations that induce the manifestation of an
MPN phenotype in mouse models. Known driver mutations occur in the CALR, JAK2 and MPL
genes and were already discussed in the previous sections. These mutations lead to the onset
of MPN with variable penetrance and latency. Interestingly, the JAK2V617F mutation is one of
the most frequently found genetic aberrations in the healthy population with CH. Thus, driver
mutations can also be seen as clonal drivers in the premalignant state. Moreover, recent
publications showed that JAK2 mutations are acquired early in life, in some individuals even
in utero, with a long latency of decades until MPN manifestation*®4!. In contrast, the occurrence
of CALR mutations in CHIP is much less frequent, suggesting that de-novo CALR mutations
are either recognized and cleared more efficiently by the immune system or that this mutation

harbors stronger oncogenic potential®®.

Recurrent mutations in epigenetic regulators (ASXL1, EZH2, IDH1, IDH2), transcription factors
(TP53, NFE2, RUNX1), splicing factors (SRSF2, U2AF1) and signaling proteins (NRAS,
KRAS) are associated with disease progression®. These are usually missense and loss of
function mutations and have a high prevalence in post-MPN AML. The number of mutations
shows a direct correlation with prognosis. In the chronic phase of PV and ET the driver
mutation is often the only mutation. In PMF, however, the number of somatic mutations is

higher.

Thus, the development of MPNs is a dynamic process and the phenotype is shaped by
outgrowth and clonal evolution of malignant HSPCs. Manifestation of MPN is often preceded
by a CHIP phase, which is associated with clonal driver mutations and increased
cardiovascular risk. MPN driver mutations induce oncogenic signaling leading to a chronic
myeloproliferative disease with classical changes in peripheral blood (PB) count and BM
morphology. Further genetic aberrations lead to disease progression and an increased risk for
leukemic transformation. A simplified linear model of clonal evolution in MPN is depicted in
Figure 5. However, disease development and progression are far more complex. Clonal driver
mutations can precede MPN or be acquired to a clone with a disease driver mutation or to a
separate clone leading to biclonal evolution*'#2, ET can evolve into PV and PV and ET can

evolve into secondary MF. And all entities have potential to transform to AML.
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Figure 5: Clonal evolution of MPN. Clonal driver mutations promote CH, which increases the risk of developing
MPN. The occurrence of an MPN driver mutation in a HSC provides the cell with clonal advantage resulting in
outgrowth and increased production of terminally differentiated blood cells indicative of MPN. Acquisition of
additional mutations is associated with MPN progression. The presence of blasts in peripheral blood is diagnostic
for the evolution to MDS or AML.

1.1.5 The co-occurrence of MPN driver mutations

MPN driver mutations were described as mutually exclusive in the past*#*. However, since
2014 the co-occurrence of JAK2, CALR and MPL mutations in MPN patients has been reported
in numerous publications***>%7. Usseglio et al. reported significantly increased thrombocytosis
in JAK2/MPL and JAK2/CALR double-mutated ET compared to JAK2 or CALR single-mutated
patients®'. Likewise, Mansier et al. described a slightly higher PLT count and decreased Hb in
double mutated compared to single mutated ET, albeit not at a significant level. They also
found no significant difference in the frequency of thrombotic events or the progression to
secondary PMF or AML®. In contrast in the study by Lim et al. the incidence of thrombotic
events was increased in double mutated compared to JAK2 or CALR single mutated patients®°.
Interestingly, additional CALR/MPL or JAK2 exon 12 mutations were frequently found in
patients with low JAK2V617F burden?®>5-576168 ' A Jow mutant burden in JAK2V617F* PMF has
been previously associated with lower overall survival compared to patients with a higher

burden, which might be explained by the presence of undetected additional mutations®-7°.

While these studies and case reports give insight into the clinical relevance of the co-existence
of two MPN driver mutations, the true implications of double mutation for treatment and
prognosis remain unknown. First, the rarity of such patients hampers a systematic

investigation. Second, within the small group of patients with two mutations there might be
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several subgroups with distinctive clinical features, divided by i.e. different combinations of
mutations, the range of mutant burden of each mutation, clonal vs. biclonal occurrence of the

mutations.

While many authors described the co-existence of two or even three MPN driver mutations,
the clonality was rarely determined. In most cases both mutations seem to be present in
independent clones*?7"72, Mansier et al. showed that CALR burden is lower in double-mutated
compared to single-mutated MPN. The lower allele frequencies might be indicative of two
competing clones®*®3. The distinction between co-existence of two mutations in one or two
clones might play a major role in the clinical outcome. Recently, three case reports were
published, in which two mutations were acquired in the same clone®%673, Nishimura et al.
detected a JAK2V617F mutation secondary to a CALR type 1 mutation in one patient at the
onset of progression from ET to MF. Partouche et al. and Zhou et al. described the acquisition
of MPL mutations to CALR mutant clones in PMF, which was associated with accelerated
disease progression in both patients and unresponsiveness to ruxolitinib in one patient”",
Thus, these three case reports indicate that co-occurrence of driver mutations in the same
clone might be associated with disease acceleration. In two of these cases the second
mutation was acquired into a CALR mutated clone years after initial diagnosis. This is in
concordance with the results of Lundberg et al., who found that CALR mutations are usually

early events in MPN evolution.

Over the past years it became eminent that MPN driver mutations are not mutually exclusive.
While double mutation was described with frequencies ranging from below 1 to 6.8 %, the true
frequency might be underrepresented as screening for MPN driver mutations is usually a
sequential process, which stops after detection of one mutation® 75, In addition, case reports
showed that a second driver mutation can be acquired years or even decades after initial
diagnosis. In the past, patients were rarely re-analyzed for driver mutations. However, it seems
that acquisition of a second mutation might be associated with disease acceleration and

therefore might be an important prognostic indicator.

1.1.6 Aberrant cytokine signaling caused by MPN driver mutations

Based on shared clinical features and common morphological changes Dameshek already
described MPNs as a group of diseases driven by an “hitherto undiscovered stimulus” in 1951".
By now it became eminent that the common hallmark of PV, ET and PMF is clonal

hematopoiesis driven by constitutive signaling of the JAK/STAT pathway.

Four different JAK (JAK1, 2, 3 and TYK2) and seven STAT proteins (STAT 1-6 with STAT5a
and b) act as intracellular mediators of cytokine receptors after the interaction with extracellular

ligands. JAK proteins associate with cytokine receptors lacking intrinsic tyrosine kinase
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capacity. Ligand binding induces activation of JAK proteins by autophosphorylation. Activated
JAK trans-phosphorylates tyrosine residues at the receptor, which then serve as docking sites
for STATs. Phosphorylated STAT proteins form homo- or heterodimers and after translocation
to the nucleus act as transcription factors involved in metabolic processes, immunological
responses, and hematopoiesis. The abundance of blood cells is tightly regulated and needs to
be adapted to external stimuli, such as stress or infection. Cytokines, including EPO, TPO and
G-CSF trigger the production of erythrocytes, thrombocytes, and granulocytes, respectively.
Their receptors are all associated with JAK2 and the JAK/STAT pathway is vital for productive
hematopoiesis. The known MPN driver mutations in the JAK2, CALR and MPL genes lead to
constitutive signaling via JAK2, which consequently triggers STAT phosphorylation. STAT5/3
and 1 were identified as major downstream signaling molecules in MPN with differential
involvement in the distinct disease entities as discussed in part 1.1.1. STATS5 is required for
development of PV, STAT 3 ameliorates thrombocytosis and STAT1 induces thrombocytosis
and inhibits erythrocytosis®’®. The importance of JAK/STAT signaling in MPN pathogenesis is
also utilized therapeutically by blocking this pathway (see chapter 1.3.4).

Apart from the JAK/STAT pathway, PI3K/Akt and MAPK signaling has been shown to play a
role in the pathogenesis of MPN. While JAK-inhibitors like ruxolitinib effectively block the
JAK/STAT signaling pathway, PI3K/Akt and MAPK pathway activation persists and thus

combination therapy might lead to improved results”-81.

1.1.7 Lessons learned from mouse models

MPNs are disorders, which arise from a mutated HSC. These cells are low in frequency and
their life span in vitro is limited and requires cytokine supplementation at a non-physiological
level. In vivo, mutated HSCs expand and differentiate leading to a progressive disease with
increased myelopoiesis with distinct lineage specificity, possible splenomegaly and/or bone
marrow fibrosis. These complex processes make mouse models indispensable for studying
stem cell disorders, such as MPNs. In addition, mouse models are essential for the definition
of driver mutations, as formal proof for such mutations is disease initiation after introduction

into preclinical models.

To date there are several mouse models available for each of the known driver mutations,
which were generated using different strategies. A fast way to introduce a specific mutation
into HSCs is ex vivo retroviral (RV) transduction and transplantation into lethally irradiated
mice. The disadvantage of such models is that neither expression level nor the viral integration
site can be controlled. This usually leads to expression above the physiological level and
random integration might influence the expression of other genes leading to artefacts.

Moreover, the need for transplantation exposes HSCs to an irradiation-related cytokine storm,
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which leads to increased replication and oxidative stress during engraftment. Transgenic (TG)
animals harbor the advantage of germline transmission of the mutation and thus do not require
transplantation. The promoter use influences the expression level and tissue distribution but
again the expression level is non-physiologic, and the integration is random. The most
physiologically relevant models are knock-in (KI) models. The transgene is introduced into the
locus of the target gene by homologous recombination. Thus, expression is driven by the
endogenous promoter. The use of the Cre-loxP system allows for a conditional Kl as the
transgene is only expressed in presence of Cre-recombinase. By using tissue specific
promoters for the expression of Cre, a transgene can be directed to specific tissues. Frequently
used Cre strains in MPN research are Vav-Cre and MxCre. The Vav promoter is expressed in
all hematopoietic tissues with minor leakage in endothelial cells. MxCre is only expressed in

response to interferon and thus allows inducible transgene expression®?,

Early mouse models from an era before the discovery of MPN driver mutations were based on
cytokine overstimulation. HSCs were RV transduced with plasmids leading to high EPO or
TPO expression. Mice exposed to EPO developed erythrocytosis. Transplantation of TPQ"a"
cells resulted in a fibrosis model with a severe phenotype. Mice underwent a plethoric phase
defined by thrombocytosis, leukocytosis, and anemia, followed by a spent phase associated
with extramedullary hematopoiesis and severe pancytopenia. These mice died within less than
a year after transplantation and a subset of mice developed AML resulting in premature death.
Thus, this model recapitulated the evolution of human PMF and enabled testing of drugs for
MF82,

JAK2 mouse models

After the discovery of the JAK2V617F mutation in MPN several RV models were established
(Table 1). Introduction of the murine Jak2V617F led to a PV-like phenotype in all models with
progression to MF in most. These studies delivered the first proof that JAK2V617F is an MPN
driver mutation. Interestingly, the genetic background of different mouse strains significantly
influenced the disease phenotype. BALB/c mice developed increased leukocytosis,
splenomegaly and BM fibrosis compared to C57BL/6 mice®®. This might underline the role of
genetic variability as a cause of disease heterogeneity observed in humans. Two of these
models had a transient non-transplantable disease, which points towards limited self-renewal

capacity of JAK2 mutated cells848.

Starting from 2008 TG models emerged, which stably expressed human or murine JAK2V617F
under different promoters (Table 1). In these models expression of the mutant protein was
much lower than in RV models. While all RV models rapidly developed PV, all three diseases
ET, PV and PMF could be recapitulated in TG models. Modulating the ratio of WT JAK2 to

JAK2V617F directly influenced the disease phenotype. A low mutant to WT ratio preferentially
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resulted in development of ET or PV, whereas high expression of the mutant gene resulted in
an aggravated PV-like disease or PMF. Similarly, the JAK2V617F VAF correlates with varying
degree of severity in MPN patients. While ET patients have the lowest mutant burden, PV and
PMF are associated with increased VAF and JAK2V617F homozygosity®>*°. Together these
observations formed the basis for the gene dosing theory. In 2019, Chapeau et al. generated
an additional TG model using the SCL-tTA-2S tet-off system, which enables conditional,
inducible expression. Mice developed disease reminiscent of MPN, which was reversible after
switching off the transgene expression. Notably, disease manifestation was influenced by sex
in this model with females predominantly developing ET whereas males had PV, the opposite

of what is observed in humans®.

Several Kl models were published between 2010 and 2013 (Table 1). Murine or human
JAK2V617F were expressed at the Jak2 locus using different strategies including constitutive,
conditional, and inducible KI. All mice expressing murine Jak2V617F developed PV and some
progressed to MF. In contrast, the use of human JAK2V617F resulted in an ET-like disease in
the heterozygous state. Homozygous mice, however, developed PV, as observed in humans®’.
Although these mice had the mildest phenotype the human protein seemed to impair HSC
renewal evidenced by decreased number of Lin- Sca1+ c-Kit+ (LSK cells). While heterozygous
JAK2 mutations are associated with ET in humans, all mice expressing murine Jak2V617F
developed PV in a heterozygous state. Yet, homozygotes had a more severe phenotype
compared to heterozygotes. One major disadvantage of KI models is the fact that JAK2V617F
is uniformly expressed in all HSCs. Thus, in these models MPN is driven by a polyclonal
population as opposed to the monoclonal or oligoclonal disease origin in humans. This problem
was addressed by Mansier and colleagues by generating a conditional KI mouse using
PF4iCre®8. In this model only a minority of HSCs express Jak2V617F and mice develop a PV-

like disease at an age of 10 weeks.

Table 1: Overview over different JAK2V617F mouse models

Mouse
Oncogene trai Phenotype Additional disease characteristics Reference
strain
C57BL/6 @ PV Wernig et al.,
mJak2V617F strain-specific phenotypic differences
BALB/c PV to MF 200623
mJak2V617F strain-specific phenotypic differences
C57BL/6 Zaleskas et
PV to MF PV resurrected from fibrotic BM by
BALB/c al., 20068
E secondary BMT
mJak2V617F transient thrombocytosis in mice with Lacout et al.,
C57BL/6 = PV to MF
low expression 20068
mJak2V617F increased TNF-q, transient disease, not Bumm et al.,
BALB/c PV to MF
transplantable 20068°
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mild PV/ET

low expression

huJAK2V617F Xing et al.,
C57BL/6 PV orET
Vav promoter high expression 2008%
to MF
huJAK2V617F ET to MF V617F:WT = 0.5:1 Tiedt et al.,
C57BL/6
® Vav-Cre/MxCre PV to MF VB17F:WT = 1:1 200816
= V617F:WT = 0.45:1, 20% ET-like and
mdJak2V617F ET or PV Shide et al.,
BDF1 30% PV-like disease
H2kb promoter 2008°"
PMF V617F:WT = 1.35:1
huJAK2V617F Chapeau et
C57BL/6  ET or PV reversible disease, sex bias
TetOCMV al., 2019%
mJak2V617F Marty et al.,
C57BL/6 | PV to MF -
constitutive 2010%
mJak2V617F Mullally et al.,
C57BL/6 @ PV low competitive advantage in BMT
E2A-Cre 20103
mJak2V617F homozygous JAK2V6'7F |ed to more Akada et al.,
C57BL/6 | PV to MF
MxCre severe phenotype 20109
x huJAK2V617F V617F:WT = 1:1, transplantable Lietal.,
C57BL/6 | ET
MxCre disease, impaired HSC renewal 20109
mJak2V617F HSC amplification and competitive Hasan et al.,
C57BL/6 | PV to MF
Vav-Cre advantage 2013%
mJak2V617F low number of HSCs expressing Mansier et al.,
C57BL/I6 PV
PF4iCre JAK2V617F 201988

MPL mouse models

Pikman et al. established a MPLW515L RV model, which is characterized by a rapid onset of
MPN?. Mice developed thrombocytosis, leukocytosis, and splenomegaly before progressing to
a lethal MF. Interestingly, both WT MPL and MPLW515L led to increased erythropoiesis
caused by expression of MPL in erythroid progenitors, a population that usually does not

express this receptor. As of now this is the only available mouse model for MPL mutations®?.

CALR mouse models

The first mouse models with mutated CALR were established few years after the discovery of
such mutations in MPN patients. RV models were generated by expression of different
versions of human mutated CALR (Table 2). CALRdel52 and other type 1-like CALR variants
(del34 and del46) induced ET-like disease with thrombocytosis caused by megakaryocyte
hyperplasia and at a later stage progression to MF. CALRins5 and type 2-like CALRdel19 were
associated with a milder phenotype and mice expressing these proteins did not show signs of
fibrosis even one year after transplantation. Likewise, in humans type 1 mutations are more
frequent in PMF than type 2 mutations. However, patients with type 2 mutations have

increased thrombocytosis compared to patients with type 1 mutations, which is in direct
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contrast to the observations made in RV mouse models. Transplantation of CALRdel52
expressing HSCs into MPL deficient recipients prevented development of MPN, which proved
that mutant CALR induces thrombocytosis through MPL32,

A single TG model expressing human CALRdel52 under control of the H-2Kb promoter showed

a milder phenotype with moderate thrombocytosis but absence of splenomegaly and MF?’.

As mutations at the homologous position in murine and human CALR do not result in the same
amino acid change, Kl models in which human exon 9 was inserted into the otherwise murine
Calr gene locus were developed (Table 2). Chimeric CALRdel52 and CALRins5 induced an
ET-like phenotype. As observed in the RV models, CALRIins5 had a milder effect than del52.
Homozygous mice developed an aggravated disease compared to heterozygous mice,
characterized by increased thrombocytosis, additional leukocytosis, moderate fibrosis, and

splenomegaly.

The insight that charge rather than amino acid (aa) sequence is the denominator for mutant
CALR-MPL interaction led to the development of fully murine frameshift models (FS) (Table
2). In these mice mutations were introduced using CRISPR/Cas9. Type 1-like mutations
including del19, del52 and del61 were tested. While mice with the del61 variant had similar
blood counts as their WT littermates, del52 and del19 induced thrombocytosis and
splenomegaly. FS models showed a milder phenotype, which can be explained by different
potential of human and murine CALR variants to activate MPL. These frameshift models also
showed that heterozygous mutation is embryonic lethal due to problems in cardiac
development. A similar observation was previously made in CALR-deficient mice showing the

importance of CALR during later embryogenesis®%.

Expansion of HSCs, megakaryocyte progenitors and myeloid progenitors was observed in RV
as well as Kl models. By using single-cell transcriptomics Prins et al. confirmed that the CALR
mutation had the strongest effect on HSCs with some contribution of the megakaryocyte
lineage. In addition, we and others used KI mouse models to investigate the effect of CALR
mutations on the hematopoietic stem and progenitor compartment. CALR mutated HSCs were
characterized by increased JAK-STAT signaling, cell-cycle, unfolded protein response and

cholesterol biosynthesis%101,

Table 2: Overview over different CALR mutated mouse models

Mouse
Oncogene trai Phenotype Disease characteristics Reference
strain
C57BL/6 | ET BM megakaryocyte hyperplasia, MPL Elfetal.,
= huCALRdel52
x dependence 2016%
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Nguyen et al.,

huCALRdel52 ET to MF marked thrombocytosis
2016102
competitive advantage of
huCALRdel52 ET to MF Marty et al.,
) megakaryocyte lineage, del52 led to
huCALRins5 ET 2016%
more severe phenotype
huCALRdel19 ET type 2 like
Toppaldoddi et
huCALRdel34
ETtoMF  type 1 like al., 2019'%
huCALRdel46
huCALRdel52 Shide et al.,
(O] ET no competitive advantage of HSCs
= H-2Kb promoter 2017104
no competitive advantage of HSCs, )
chCALRdel52 Lietal.,
ET to MF homozygous mutation led to more
Mx1 Cre . 2018105
severe disease
chCALRdel52 N )
z ) ET to MF competitive advantage, homozygous Benlabiod et
chCALRins5 ) )
) ET mutation led to more severe disease al., 2020106
Sci Cre
chCALRdel52 ET competitive advantage, homozygous Achyutuni et
Vavi Cre mutation led to more severe disease al., 2021100
Shide et al.,
mCalrdel19 ET low clonal advantage
* 2019104
= mCalrdel52 ET del61 is less active than del52, low Balligand et al.,
mCalrdel61 mild ET competitive advantage 2020107

1.2. Clinical aspects of MPN

The incidence of PV is 2-3/100000/year and most frequently diagnosed in patients between
60-65 years. Almost all patients harbor mutations in the JAK2 gene, which leads to constitutive
signaling of the EPOR, MPL and G-CSFR. Therefore, PV is characterized by trilineage
myeloproliferation, leading to erythrocytosis, leukocytosis and thrombocytosis. Massive
erythrocytosis leads to increased blood viscosity and volume. Consequently, complications
include disturbances of microcirculation and thromboembolic events. Patients frequently

develop splenomegaly and can also suffer from pruritus and erythromelalgia®.

ET occurs with a frequency of 2.5/100000/year and has two peaks in age distribution one from
20 to 40 and the second from 60-70 years. This disease is associated with JAK2, CALR and
MPL mutations leading to increased megakaryopoiesis in the BM. Therefore, ET is
characterized by isolated thrombocytosis. Complications include thromboembolic events due
to spontaneous aggregation but also hemorrhage due to thrombopathy or acquired Van
Willebrand disease in case of high thrombocytosis. Additionally, microcirculation can be

disrupted as well "%,
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PMF has an incidence of 0.5-1.5/100000/year. It is characterized by progressive loss of

hematopoietic capacity due to BM fibrosis. The early phase is marked by a hyperproliferative

phenotype. In the late phase increased BM fibrosis leads to pancytopenia with the usual

complications such as fatigue caused by anemia, increased risk for infections and bleeding.

Due to extramedullary hematopoiesis liver and spleen are massively enlarged and PB shows

a leucoerythroblastic phenotype ',

Diagnosis of MPN is based on hematological, morphological, and genetic parameters. The

WHO defined major and minor criteria for each disease, which are summarized in Table 3.

Table 3: WHO diagnostic criteria for MPN, adapted from Arber et al., 20162

PV

ET

PMF

Major criteria Minor criteria
A1: Hb > 16 g/dL (male) or 16.5 g/dL B1: Decreased serum EPO levels
(female)
A2: BM histology: trilineage
myeloproliferation with pleomorphic
megakaryopoiesis
A3: detection of a JAK2 mutation

Diagnosis of PV requires all major criteria, or the first two major and the minor criterium.
A1: thrombocytosis > 450000/pL B1: detection of another clonal marker
A2: BM histology: increased number of B2: no evidence for reactive thrombocytosis
mature hyperlobulated megakaryocytes

without significant granulopoiesis or

erythropoiesis, no or minimal increase in

reticulin fibers

A3: criteria for other MPNs (CML, PV, PMF)

are not met

A4: detection of a JAK2 or CALR or MPL

mutation

Diagnosis of ET requires all major criteria, or the first three major criteria combined with
the minor criteria.

A1: BM histology: proliferation and atypical | B1: anemia

megakaryopoiesis, grade 2 or 3 reticulin or = B2: palpable splenomegaly

collagen fibrosis B3: WBC > 11000/uL
A2: criteria for other MPNs (CML, PV, PMF) @ B4: increased LDH
are not met B5: leukoerythroblasts in peripheral blood

A3: detection of a JAK2 or CALR or MPL
mutation or another clonal marker

Diagnosis of PMF requires all major criteria and at least one minor criterium.

17



1.2.1 Risk stratification and prognosis

Prognosis is significantly different for each MPN subtype. ET can be seen as the most benign
form with highest overall survival (OS) and lowest progression rate to MF or AML. It is followed
by PV, and PMF has the worst prognosis. Median OS is 20 years, 14 years and 6 years for
ET, PV and PMF, respectively. The 15-year risk of fibrotic transformation is 4-11% for ET and
6-14% PV'%°. Leukemic transformation is most frequent in PMF with a 10-year risk of 10-20%.
For PV and ET the risk is significantly lower with 1-14% of PV and 1-3% of ET patients evolving
to secondary AML'%'% Secondary AML shows distinct features from de-novo AML and

treatment remains a major challenge leading to a poor median survival of about 6 months'"",

After categorization into a specific MPN subtype further risk stratification is needed to make
treatment decisions. Thus, disease scores were developed to assign patients to risk groups.
In ET and PV, criteria for shortened survival include age above 60, previous thromboembolic
event, such as ischemia, embolism or hemorrhage, and leukocytosis. The strongest risk factor
for thrombotic events is prior thrombosis. In addition hypertension is associated with an
increased risk for arterial thrombosis and higher age was defined as a risk factor for venous
thrombosis in PV''2, In ET risk factors for thrombosis are summarized in the IPSET
(International Prognostic Score for Thrombosis in ET) scoring system and include age older
than 60 years, prior thrombotic event, cardiovascular risk factors and the presence of a
JAK2V617F mutation'*-'5. For PMF the International Prognostic Scoring System (IPSS) and
Dynamic International Prognostic Scoring System (DIPSS) were developed to define risk
groups with distinct OS at the diagnosis or at any time during disease course,
respectively''®'”. Risk factors involve hematological parameters (Hb < 10 g/dL, WBC >
25x10%L and blasts in PB = 1%) as well as constitutional symptoms. The DIPSS-plus score
includes three further criteria: PLT < 100x10°%L, transfusion dependent anemia, and
unfavorable karyotype. It has four categories, low (0 criteria), intermediate-1 (1 criterium),
intermediate-2 (2-3 criteria) and high (24 criteria), with median survivals of 15.4, 6.5, 2.9 and

1.3 years'"’.

As previously eluded to (chapter 1.1.4 Clonal evolution of MPN), the mutational landscape has
a major influence on disease course. This includes driver as well as non-driver mutations.
Alvarez-Larran et al. compared the impact of driver mutations on leukemic transformation in
ET and PV. Cumulative incidence for transformation to AML was lowest for CALR mutated
patients, followed by JAK2*, MPL* and triple negative patients''®. Tefferi et al. also reported
inferior leukemia-free survival in patients with triple negative and JAK2* PMF compared to MPL
or CALR mutated PMF*. Genetic risk factors were incorporated in addition to clinical
parameters in the Mutation Enhanced International Prognostic Score System for
transplantation-age (under 70 years) PMF patients (MIPSS70, MIPSS70-plus, MIPSSv2.0).
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These include similar clinical parameters as the DIPPS-plus score with additional focus on
high molecular risk mutations, such as ASXL1, SRSF2, EZH2, IDH1, and IDH2 and
unfavorable or very high-risk karyotype''®'?°. The Genetically Inspired Prognostic Scoring
System for PMF is based solely on genetic markers and includes very-high risk karyotype,
unfavorable karyotype, absence of type1-like CALR mutation, and presence of three different
high molecular risk mutations (ASXL1, SRSF2, U2AF1Q157)'?'. GIPSS and MIPSSv2.0 allow
accurate prediction, which underlines the importance of molecular information for risk

stratification.

1.3 Therapeutic options for MPN

Therapeutic interventions are adapted to the disease and risk profile of each patient. These
range from patient monitoring without therapeutic intervention in low-risk cases to stem cell

transplantation in severe cases.

In ET and PV, increased production of terminally differentiated blood cells frequently leads to
thromboembolic complications. Thus, treatment focus for ET and PV patients lies on
prevention of thrombotic events. This can either be achieved by inhibition of platelet
aggregation by low-dose acetyl salicylic acid or by reducing the blood cell mass with
cytoreductive agents, such as hydroxyurea, busulfan, anagrelide and interferon-a. In PV,
phlebotomy is an additional frequently used option to decrease the erythrocyte count.
Ruxolitinib, a JAK1/2 inhibitor is also used as second line therapy to achieve hematological

responses and reduction of splenomegaly in PV.

While PV, ET and the early phase of MF are characterized by a hyperproliferative phenotype,
the progressive loss of BM functionality due to increased fibrosis results in pancytopenia in the
later stages of MF. MF-associated anemia can be treated with androgens, thalidomide,
pomalidomide, epoetins, danazol, and prednisone to reduce transfusion dependency.
Extramedullary hematopoiesis leads to splenomegaly. Symptomatic splenomegaly can be
alleviated with cytoreductive agents including hydroxyurea and ruxolitinib. In cases of drug-
resistant splenomegaly, splenectomy can be taken into consideration as a palliative measure.
While cytoreductive therapy can lead to a full hematological response and partially achieves
molecular responses, i.e. decrease of the mutant clone, the only curative option for MPN is
allogeneic hematopoietic stem cell transplantation (HSCT). Transplantation is indicated in
patients with intermediate-2 or high risk DIPSS scores, but should also be considered for

patients with a lower risk score and other negative prognostic markers.

While the pathophysiology of MPN is well studied, therapeutic options are still scarce, and their

benefits and drawbacks are reviewed in this chapter. With allogeneic HSCT being the only
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option to eliminate the mutant clone, further research is needed to develop disease modifying
therapies. The discovery of the CALR mutation opened new possibilities for targeted
immunotherapy. This is a currently heavily studied area and progress will be discussed in the

last part of this section.

1.3.1 Hydroxyurea

Hydroxyurea (HU) or hydroxcarbamide inhibits the ribonucleotide reductase. Thereby it
prevents DNA synthesis in the S-phase of the cell cycle and leads to accumulation of cells at
the G1-S checkpoint. HU is frequently used as a cytoreductive drug in MPN and is also applied

for the treatment of sickle cell disease.

HU has proven effective to elicit hematological responses, i.e. reduction of thrombocytes,

leukocytes and erythrocytes, prevent arterial thrombosis and to reduce splenomegaly.

While HU is usually well tolerated side effects include reversible myelosuppression,
macrocytosis, cystitis, fever, and gastrointestinal symptoms'?2, In addition, cutaneous adverse
events, such as ulceration, erythema, skin dryness and nail pigmentation, are associated with
long-term HU treatment and a minor increase skin cancer incidence was observed'?®. The
influence of HU on leukemic transformation is under controversial discussion. Some studies
reported a higher rate of progression to leukemia in patients treated with HU compared to the

control group'?*-'26, However, in other studies such an association was not observed'?’-12°,

1.3.2 Anagrelide

Anagrelide was developed as an inhibitor of platelet aggregation due to its inhibition of
phosphodiesterase [ll. However, administration of the drug led to species-specific
thrombocytopenia in early studies. This potential to reduce a single hematopoietic lineage was
then exploited to treat patients with thrombocytosis and anagrelide is now widely used in ET.
While anagrelide treatment does not influence platelet survival, it leads to a decrease in
megakaryocyte size and ploidy. In vitro studies showed that the drug prevents megakaryocyte
maturation and differentiation by cell cycle interference’*'*3, In studies comparing anagrelide
to HU, both drugs led to comparable efficacy in normalizing platelet counts. However, HU
seemed to be more effective in preventing arterial thrombosis. Anagrelide on the other hand
lowered the incidence of venous thrombosis™4. In another study, the combined incidence of
minor or major thrombohemorrhagic complications was comparable in both treatment
groups'¥. Discontiuation rates due to side effects were similar. However, the profile of adverse
events is different for anagrelide, including cardiac symptoms (tachycardia, hypotension),
gastrointestinal events (nausea, diarrhea, abdominal pain), noncardiac edema, headache and

cardiomyopathy. Interestingly, Harrison et al. reported a higher incidence of transformation to

20



myelofibrosis under treatment with anagrelide compared to the HU group probably, which
might be caused by pro-fibrotic factors secreted by immature megakaryocytes'®*. Thus, HU

remains first line treatment for high-risk ET.

1.3.3 Interferon-a

Type | interferons (IFNs), such as IFN-q, are cytokines that activate the JAK/STAT pathway
and exert immunomodulatory, antiproliferative and antiangiogenic potential. In the 1980s the
potential of IFN-a2 for the treatment of hematological diseases was discovered in several
studies in which complete and lasting remissions were achieved in patients with hairy cell
leukemia and CML. Albeit the normalization of hematologic parameters of MPN patients upon
treatment with IFN-a2 in early studies, it did not prevail as a treatment strategy for MPN due
to a high dropout rate caused by side effects. However, interest in IFN-a2 was renewed for
two reasons. First, a change in formulation (pegylation) led to increased stability allowing less
frequent dosing as well as better tolerability. With these new formulations adverse events
include flu-like symptoms, fatigue, cytopenia and liver enzyme elevation. Second, with the
discovery of molecular markers, i.e. MPN driver mutations, it became eminent that long-term
treatment with IFN-a2, not only leads to hematologic but also molecular responses, meaning
a reduction of the mutant burden. This might be caused by a direct effect on HSCs combined
with enhanced immune surveillance. IFN-a2 has been shown to induce apoptosis in
JAK2V617F* CD34" cells of PV patients and led to increased differentiation of mutant HSCs
in a JAK2V617F mouse model'®'37  Further, IFN-a2 activates quiescent stem cells, which
might favor recognition of mutant cells by the immune system leading to a decrease of the
mutant HSC pool. MPN leads to immune dysregulation including downregulation of major
histocompatibility complex (MHC) | expression and PD-L1 upregulation, both of which are
modulated by IFN- a treatment. In addition, IFN- a leads to a change in immune cell frequency
with an increase in CD56"9" NK cells as well as regulatory T cells (Tregs). The increase in
Tregs might be a counteractive measure to the immunostimulatory drug. However, there are
also speculations that the increase of Tregs in circulation might represent a shift of Tregs out
of the bone marrow niche. Thus, IFN- a treatment might contribute to immunological clearance

of mutant cells'38139,

IFN- a showed similar rates of hematological response compared to HU in ET and PV. In
addition, it also led to a decrease of the mutant burden in a fraction of patients and even
induced complete molecular remission in some. IFN-a can also be used as a cytoreductive
agent and to improve symptoms such as splenomegaly in low- and intermediate-risk MF
patients. However, treatment of advanced MF was less successful and limited by

cytopenias'3813°,
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1.3.4 JAK inhibitors

Activation of the JAK/STAT pathway is a hallmark of MPN pathogenesis. Thus, blockade of
this pathway can be of therapeutic use for this group of diseases. Ruxolitinib is a JAK1/2
inhibitor docking to the ATP binding site in its active conformation. It led to improvement of
constitutional symptoms and reduction of splenomegaly and therefore was approved as first
line treatment for MF-related splenomegaly and as a second line for PV patients refractory or
intolerant to HU'%-1%2. However, about half of the patients become resistant to ruxolitinib within
1.5 years™0°. Fedratinib, a JAK2 inhibitor was approved for intermediate-2 and high risk MF a
few years after ruxolitinib and might alleviate symptoms in patients refractory to ruxolitinib™.
However, interaction with the human thiamine transporter led to occurrence of Wernicke
encephalopathy in few individuals. Thus, fedratinib was approved with a warning about severe
Wernicke encephalopathy and monitoring of thiamine levels is recommended™" 43,
Nevertheless, the JAK/STAT pathway plays a vital role in normal hematopoiesis and current
JAK inhibitors are not selective for mutant JAK. This leads to dose limiting side effects like
anemia, thrombocytopenia, neutropenia, association with infections and an increased risk of
developing secondary leukemias. Additional adverse reactions are headache, dizziness
elevation of liver function parameters and hypercholesteremia. To improve hematological side
effects, further JAK inhibitors are under development with momelotinib and pacritinib as

alternative JAK inhibitors for patients with anemia or thrombocytopenia, respectively'#-142,

1.3.5 Allogeneic HSCT

Allogeneic HSCT is the only treatment with curative potential. Conditioning by high dose
chemotherapy or radiation leads to ablation of hematopoietic cells, including the origin of
MPNs, the mutated HSCs. At the same time the immune system is suppressed allowing the
engraftment of exogenous HSCs. In addition, donor cells might exert a so-called graft versus
leukemia effect by recognizing and eliminating mutant stem cells after engraftment. Factors
influencing transplantation outcome are manifold and include patient age and comorbidities,
conditioning regimen, mutation status, HSC donor type and leukemic transformation®.
Therefore, HSCT requires detailed assessment of each patient. The European Leukemia
Network (ELN) recommended the consideration of HSCT for intermediate-2 and high-risk MF
patients as well as for patients in the intermediate-1 risk group under 65 years with at least one
of the following attributes: refractory, transfusion dependent anemia, more than 2% blasts in
PB, adverse cytogenetics (as defined in DIPSS-plus), JAK2Z/CALR/MPL triple negative
mutation status, ASXL 7 mutation'4. While HSCT can be curative, relapse is a major cause for

treatment failure with incidence ranging from 10-43% in different studies™#*.
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1.3.6 Immunotherapy for calreticulin mutated MPN — a novel
treatment approach

With a novel stretch of about 40 amino acids, mutCALR is a true neoantigen leading to high
immunogenicity, which suggests importance in tumor control. Holmstrom et al. reported
evidence for both tumor immune surveillance as well as a potential for therapeutic application
in MPN'45-147_They reported circulating memory T cells with specificity for mutCALR in healthy
donors and with a lower frequency in patients, indicating emergence followed by
immunological clearance of CALR mutations in healthy patients and failure of this surveillance
in MPN patients. Still, they isolated reactive CD4" T cells from patients, which also showed a
cytotoxic effect against mutCALR expressing cells, leading to the assumption that there is a
therapeutic window for T-cell based immunotherapy in MPN. Holmstrom et al. as well as Tubb
et al., however, failed to isolate reactive CD8* T cells from patients with mutated CALR'46.148,
This might be caused by defects in processing or presentation of mutCALR-derived peptides
by MHC class | molecules. Tubb et al. found no evidence for mutCALR neoepitopes presented
by common European Caucasoid HLA class | alleles. In concordance, in the study by
Holmstrédm et al. CD8* cytotoxic T lymphocytes failed to show a response against a mutCALR
peptide, while CD4* T cells showed reactivity against the peptide as well as target cells in an
HLA Il restricted manner. As part of the peptide-loading complex CALR plays an important role
in HLA | assembly. Recently, it was reported that MHC | expression is reduced and peptide
loading compromised upon mutation of CALR™®. Further, secreted mutCALR has been shown
to inhibit phagocytosis of dying cancer cells by dendritic cells (DCs), which might further hinder
the emergence of mutCALR-specific immune cells as antigen presentation by DCs is
compromised'®. Thus, mutCALR drives oncogenesis by autologous constitutive MPL

activation and at the same time its soluble form contributes to escaping immune surveillance.

Naturally, MPL is located at the plasma membrane, suggesting presentation of mutCALR at
the cell surface®'%. A recent study also presented evidence that membrane association of the
mutCALR-MPL complex is required for oncogenic transformation3®. Both MHC | deficiencies
as well as surface expression of a truly tumor-specific neoantigen indicate that targeting the
surface antigen would be advantageous in CALR mutated MPN. Immunotherapies targeting
tumor-associated antigens include among others antibody treatment. So far, three studies
presented evidence for the feasibility of antibody-based treatment of CALR mutated MPN in
preclinical models. Our group showed that frequent injections of a naked antibody targeting
the mutant tail of CALR led to a transient decrease in PLT count and normalized the number
of LSK cells in a Calrdel52 KI mouse model'®. The PLT reduction lasted only for several hours
and thus required frequent antibody dosing. Further, the observation time was very short and

hence long-term effects of antibody treatment could not be evaluated. Yet, in this short time
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frame the antibody seemed to have an effect on HSPCs indicated the reduction of LSK cells
to the level of WT mice. Likewise, Kihara et al. achieved a reduction of megakaryocyte and
PLT counts by mutCALR-specific antibody treatment in a RV mouse model'". In this report,
the authors introduced the cleavage of mutCALR at the cell surface as a potential obstacle for
antibody treatment. They developed an antibody which detects the cleaved as well as the
uncleaved version of mutCALR. This antibody led to inhibition of thrombocytosis over a time
period of at least two months. While both antibodies led to a hematological response in mouse
models, the mechanism of action, i.e. antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC) or antiproliferative capacity effects due to receptor
blockade, was not characterized in the mentioned studies. The low surface density of
mutCALR at the cell surface of primary cells is probably limiting ADCC and CDC. As MPN can
be associated with a certain degree of immunodeficiency, using an antibody that blocks
oncogenic signaling is advantageous because of its indecency of immune-mediated effects.
Tvorogov et al. developed an antibody that specifically inhibits the mutCALR-MPL interaction.
This antibody diminished proliferation of hematopoietic progenitor cells of CALR mutated
patients and prolonged survival of mice engrafted with a CALRdel61 cell line'®2. This was the
only study showing an effect of the antibody on primary patient material. The in vivo
experiments, however, were performed in xenograft models with a rapidly growing tumor cell

line. Therefore, characterization of this antibody in KI models would be interesting.

1.4 Chimeric antigen receptor T cell therapy

The recognition and rejection of malignant cells by the immune system is the basis for cancer
immunotherapy. T lymphocytes play an important role in immune surveillance and exhibit the
potential to control tumor growth. Recognition of non-self-antigens is based on the interaction
of the T cell receptor (TCR) with a peptide loaded MHC. MHC | and Il present peptides from
intracellular proteins that were synthesized in or ingested by a cell. MHC | is expressed by all
nucleated cells, including cancer cells. MHC Il expression is restricted to professional antigen-
presenting cells (APCs), such as DCs, macrophages, and B cells, and thymic epithelial cells.
MHC molecules interact with their corresponding co-receptor on the T cell surface. MHC |
engages with CD8, thus enabling recognition and clearance of virus infected or malignant cells
by cytotoxic T lymphocytes (CTLs). MHC Il is bound by CD4 on T helper (Tw) cells, which play
a role in elimination of extracellular pathogens by activating macrophages or enhancing the
antibody production by B cells. Both CD4 and CD8 T cell response is dependent on TCR
ligation by a specific MHC-peptide complex. The most common form of the TCR is a
heterodimer consisting of one a and one 8 chain, which are each composed of one constant
and one variable immunoglobulin-like domain. The variable domains of the a and 8 chain form

one binding site, which determines antigen specificity. The af3-heterodimer is integrated in the
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CD3 signal transduction complex, which consists of three dimers, €9, {C, and €y. The interaction
of the variable antigen binding site and the corresponding co-receptor (CD4 for MHC Il and
CD8 for MHC I) with the peptide loaded MHC complex leads to phosphorylation of the
immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3 domains by Src protein
tyrosine kinases (PTKs). The (-associated protein of 70 kDa (ZAP-70) is recruited to the
phosphorylated ¢ chains and equips the CD3 complex with kinase activity, leading to

downstream signaling by phosphorylation of numerous substrates'-'%°.

Initiation of a T cell response requires two signals. Signal 1 is provided by TCR-MHC
interaction and CD3 mediated stimulation. Costimulatory domains, such as CD28, 4-1BB,
ICOS, CD27 and OX-40 are responsible for signal 2. These molecules interact with their
respective ligands on APCs, which can be either stimulatory or inhibitory and thereby balance
the T cell response. CD28, the best studied costimulatory domain, binds to CD80/86 on APCs,
which leads to increased T cell differentiation, proliferation and survival and promotes cytokine
production. The T cell response is further modulated by cytokines which can be seen as a
third, soluble signal. Naive T cells are activated by APCs in secondary lymphoid organs and
differentiate into effector and memory cells. These effector cells exert specific functions when

presented with the same antigen in any tissue's%'%4,

CTLs induce apoptosis in infected or neoplastic cells by two different cell-contact dependent
mechanisms. The primary mechanism is a calcium-dependent release of lytic granules into the
immunological synapse, a specialized spatiotemporal membrane structure between the T cell
and the tightly bound target cell. These granules contain perforin and serine proteases, called
granzymes. Polymerized perforin forms pores in the target cell membrane and granzymes can
enter the cell via these channels. Granzyme B induces caspase-dependent and -independent
apoptotic pathways by cleavage of caspase 3 and BCL-2. Activated CTLs further express the
Fas ligand on their surface. Cell contact between activated T cells and their target cell can
mediate interaction of the Fas ligand with Fas, a death protein expressed by a range of cell
types. Upon binding, an adaptor protein is recruited to the cytosolic tail of the Fas receptor and
leads to cleavage of procaspase 8. The following caspase cascade leads to programmed cell
death. The production of IFN-y directly interferes with viral replication and can further enhance
the T cell reaction by increasing the expression of MHC | and Fas on the target cell. Cytokines
of the tumor necrosis factor (TNF) family contribute to cytotoxicity as their interaction with TNF
receptors on target cells induces apoptosis. IFN-y and TNFs also lead to activation and
recruitment of macrophages and are thereby at the interplay between innate and adaptive

immunity %3,

CD4* effector cells activate other immune cells in an antigen-specific manner by secretion of

cytokines and interaction with CD40 on the surface of APCs. The three major types are Tu1,
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Th2 and Tw17 cells, which are distinguished by their cytokine profile. The main role of Tu1 cells
is activation of macrophages by the production of IFN-y, which plays a role in clearance of
intracellular pathogens. Tu2 cells are important in the defense against extracellular parasites
such as helminths. IL-4, IL-5 and IL-13 stimulate IgE production, activate eosinophils and mast
cells and contribute to alternative macrophage activation. Ty17 cells are involved in infections
with extracellular bacteria and fungi. IL-17 mobilizes neutrophils and monocytes and together
with IL-22 increases the barrier function of tissue cells. Another CD4* T cell subset are the
Tregs. These dampen the immune response by secretion of inhibitory cytokines (IL-10, TGF-

B) and antigen-specific modulation of DC function by direct cell contacts?.

The potency of the immune system in the treatment of cancer was established in 19" century
by Busch and Fehleisen, who observed spontaneous regression of tumors after stimulation of
the immune system by infections'®. Tumor infiltrating lymphocytes have been recognized as
crucial for the control of development and progression of cancers'®’. Especially CTLs and Tu1
cells are associated with prolonged OS and improved treatment success'®®. However, cancer
cells acquire the capability to avoid immunological clearance. Persisting tumors dampen the T
cell response by different mechanisms including downregulation of MHC |, the formation of a
hostile tumor microenvironment and the expression of inhibitory receptors'®®1°. T cell-based
immunotherapies can overcome these hurdles by redirecting T cells to malignant cells or by
reactivating and/or enhancing a natural T cell response. Such therapies include cancer
vaccination, checkpoint blockade and adoptive cell transfer. In this chapter the basics, current

development, and limitations of chimeric antigen receptor (CAR) T cells will be reviewed.

CARs are synthetic receptors that combine antigen binding properties of an antibody with the
stimulatory domains of a T-cell receptor. One major advantage of these receptors compared
to TCRs is the independence of antigen presentation via MHC |. While natural CTL responses
and chimeric TCRs are limited to MHC-presented peptides, CARs can target any kind of
surface molecule including non-proteinogenic molecules such as carbohydrates or lipids.
Thus, antigens that would otherwise not be immunogenic can be made visible for T cells by
equipping them with a CAR. Besides, downregulation of MHC | is a common mechanism by
which cancer cells escape destruction by CTLs. In addition, CAR-T cells deliver selective
cytotoxicity at much lower antigen densities present on tumor cells when compared to
conventional antibody therapeutics. Induction of ADCC or complement activation requires
antigen densities of >10,000 molecules/cell, whereas CAR-T cells can recognize and eliminate
target cells with antigen surface expression in the range of few hundred molecules/cell'®".
Thus, CAR-T cell therapy combines the versatility of antibodies with the effector function of T

cells.
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For CAR-T cell immunotherapy autologous T cells are harvested by leukapheresis. T cells are
then stimulated and genetically modified by viral transduction, which leads to stable expression
of the CAR. These engineered T cells are further expanded ex vivo in a bioreactor (Figure 6).
After concentration and quality testing the final product can be cryopreserved, which enables
shipment to distant treatment sites. Patients receive lymphodepleting chemotherapy before
the cells are administered'®. Kymriah (tisagenlecleucel) and Yescarta (axicabtagene
ciloleucel), two CAR-T cell products targeting CD19 have shown unprecedented response
rates in the treatment of B cell leukemias, which led to approval of the first cell-based gene
therapies by the American Food and Drug Administration (FDA) in 2017. The success of these

therapies paved the way for this rapidly progressing field.
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Figure 6: CAR-T cells are autologous T cells equipped with synthetic receptors. Generation of CAR-T cells is
based on viral transduction of autologous T cells. These are administered to the patient after expansion and quality

testing.

1.4.1 Structural elements of CARs

CARs are surface receptors that link an extracellular antigen binding scaffold to intracellular
stimulatory domains via a linker and transmembrane domain. Each of these building blocks

modulates T cell activation and influences CAR-T cell efficacy.
Antigen recognition domain

The antigen binding domain endows CAR-T cells with specificity towards a tumor associated
antigen. In most CARs single chain variable fragments (scFvs), consisting of the variable light

(VL) and heavy (Vu) chain of an antibody connected via a flexible linker, are used.
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Characteristics of the binding scaffold, such as the affinity for the target antigen, are detrimental
for CAR efficacy. While the ideal target is a neoantigen exclusively expressed on cancer cells,
such antigens are rare, and antigens not restricted to but overexpressed by the tumor are often
targeted. T cell activation is influenced by the binding strength of a CAR which results from
binding affinity and antigen surface density on the target cell'®''83 Thus, affinity must be
optimized for each target to ensure recognition of malignant cells while sparing healthy cells.
Yet, affinity is not the only criterion affecting the choice of an scFv. Depending on the linker
between Vy and V. and the antibody framework, interaction between the chains might lead to
multimerization of scFvs and thereby to CAR clustering. It has been shown that scFvs prone
to clustering can induce ligand-independent activation of CAR-T cells, which can lead to T cell
exhaustion in CARs with a CD28 costimulatory domain'641%5, Interestingly, a recent study
showed a beneficial effect of tonic signaling for the efficacy of 4-1BB CARs'®®. To prevent
clustering single domain antigen binding scaffolds such as Vus domains of camelid antibodies
or affibodies were incorporated into CARs'%'6”, Another factor influencing suitability of the
antigen recognition domain for a CARs is immunogenicity. The use of a fully human binding

scaffold might increase CAR-T cell persistence 68169,
Hinge and transmembrane domain

The hinge and transmembrane domains connect the extracellular binding scaffold to the
intracellular signaling domains. The interaction of T cells and target cells is tightly regulated,
and the spatial characteristics of target epitope and binding domain influence the formation of
an immune synapse. The immune synapse formed between T cells and APCs is determined
by the TCR-MHC interaction, which results in a cell-to-cell distance of about 15 nm'"°. This
distance was also found to be the maximal length for a functional CAR extracellular domain.
The hinge region is a linker between antigen binding and transmembrane domain. It
determines the distance between CAR-T and target cell and provides flexibility, an important
denominator of epitope accessibility. It was shown that long spacers are advantageous for
targeting membrane proximal epitopes, while short spacers are suited for membrane distal
epitopes'”™-74. The Fc part of IgG1 and IgG4 are frequently used as stabilizing linkers.
However, interaction with Fc-y receptors decreases in vivo persistence and leads to toxicities.
These problems can be overcome by mutating the CH2 part or by incorporation of other linkers
derived from CD8 or CD28'%. The transmembrane domain not only anchors the CAR in the
cell membrane but also influences signal transduction. Commonly used stalks are derived from
CD28, CD8 and CD3. They can induce homo- or heterodimerization and influence association
with components of the signaling machinery'’>'7¢. Both hinge and transmembrane domain can
influence CAR expression and stability'””. Moreover, the choice of these domains allows fine

tuning of the signaling threshold'817°,
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Stimulatory domains

In 1993 the pioneer of nowadays CARSs, a so called first-generation CAR, was generated: a
scFv fused to a transmembrane domain and a CD3(-derived stimulatory domain'®. Although
such first-generation CARs activated T cells leading to cytokine secretion and target cell lysis

in vitro, in vivo efficacy and persistence was limited'8'-185,

Second-generation CARs were equipped with a costimulatory domain derived from CD28,
CD134/0X40, CD137/4-1BB or CD27 to prevent T-cell anergy. The most used costimulatory
domains are CD28 and 4-1BB. While both CD28-CD3( (28z) and 4-1BB-CD3C (BBz) CARs
led to substantial T cell expansion and strong and durable remissions in vivo, their kinetics and
safety profile are different. Long et al. postulated that 28z CARs are more prone to tonic
signaling which leads to T cell exhaustion'®. Gomes-Silva and colleagues, however, also
observed tonic signaling in BBz CAR-T cells caused by high CAR expression. In this study T
cell exhausting was influenced by the expression vector and the CAR surface density'. In a
small cohort of patients with non-Hodgkin lymphoma BBz and 28z CD19 CAR-T cells
expanded at a comparable rate and had similar antitumor activity. The BBz CAR, however,
increased T cell persistence and differentiation towards central memory T cells. CD28, on the
other hand, induced a stronger signal, which drove differentiation into effector memory cells
and promoted cytokine secretion. Thus, the 28z CAR was also associated with increased risk
for cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity
syndrome (ICAN), while BBz CARs had a favorable safety profile'®. In a larger cohort of
patients with relapsed or refractory (r/r) diffuse large B cell lymphoma axicabtagene ciloleucel
outperformed tisagenlecleucel. CRS and ICANS were more frequent in the group with
axicabtagene ciloleucel '®. In conclusion, both CD28 and 4-1BB CARs are incorporated in
approved CAR-T cell products and lead to comparable anti-tumor responses overall. While
differences were observed in preclinical and clinical trials, consistent superiority of one of these

CAR designs over the other was has not been observed'®.

To further enhance the costimulation effect, third generation CARs were provided with two
costimulatory domains targeting different signaling pathways. CD28 activates the PI3K
pathway and 4-1BB and OX40 activate T cells via TNF-receptor-associated factor (TRAF)
adaptor proteins. Therefore, combination of CD28 with 4-1BB or OX40 can have a synergistic
effect on T cell activation. However, results in preclinical models were ambiguous. While a
third-generation CAR outperformed its second-generation pendant in a lymphoma model,
incorporation of an additional costimulatory domain did not improve in vivo efficacy in mouse
models for leukemia and pancreatic cancer'®®-'92, So far, all FDA- approved use are second-
generation format with either CD28 or 4-1BB"%,
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1.4.2 Limitations of CAR-T cell therapy

Despite the remarkable success of CAR-T cells in the treatment of hematological
malignancies, certain limitations remain that hinder broader applications. These include
adverse events following CAR-T cell infusion, tumor cell escape by antigen modulation and
limited T efficacy due to impeded tumor accessibility and/or an immune suppressive tumor

microenvironment.

CAR-T cell associated toxicities

While infusion of a of a live therapy enables durable remission, it also comes with the risk of
uncontrolled immune effector function leading to toxicities. Excessive production of pro-
inflammatory cytokines, such as IFN-y, IL-6, IL-10 and GM-CSF, causes CRS, one of the main
side effects associated with CAR-T cell therapy. The onset of CRS occurs early after T cell
infusion and is associated with fever and constitutional symptoms like fatigue, rigor, and
myalgia. A systemic inflammatory response goes hand in hand with endothelial damage. This
results in severe symptoms including hypotension, hypoxia, and organ failure. To prevent
organ damage close monitoring and early intervention in case CRS symptoms is necessary.
Treatment with corticosteroids and tocilizumab, an IL-6 blocker, have proven effective in the
management of CRS'®. Immune-mediated activation of endothelial cells can also lead to
intravascular coagulation, capillary leakage, and disruption of the blood-brain barrier (BBB).
Increased permeability resulting in elevated cytokine levels and presence of immune cells in
the cerebrospinal fluid is involved in the occurrence of neurotoxicity'®*. Apart from a systemic
immune reaction, the role of antigen-specific CAR-T cell reactions in the development of ICANs
is discussed. High affinity CARs can recognize cells with low antigen expression, which might
lead to on-target/off-tumor toxicities. CD19 expression in brain mural cells was detected by
RNA sequencing and thus might be involved in neurotoxicity observed in anti-CD19 CAR-T
cell trials'®. Likewise, post-mortem analysis of the brain tissue revealed expression of BCMA
in a proportion of neurons and astrocytes of a patient who developed parkinsonism following
treatment with anti-BCMA CAR-T cells'®. On-target/off-tumor toxicities apart from the central
nervous system have been reported for several CARs, inducing side effects with different
severity. The paragon CD19 is a B cell marker expressed on healthy cells as well as leukemic
cells. Therefore, anti-CD19 CARs lack specificity for malignant cells resulting in complete B-
cell aplasia. This, however, is a well manageable side effect, which can be counterbalanced
by intravenous immunoglobulin administration. Expression of target antigens on vital tissues,
however, can result in severe organ damage. In a study testing CAR-T cells directed against
CAIX (carboanhydrase 1X) for the treatment of renal cell carcinoma, patients developed
cholestasis due to expression of CAIX by the biliary bile duct epithelium'2. In one case,

reactivity of HER-2 specific CAR-T cells given at a high dose even had lethal consequences
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due to on-target/off-tumor targeting of lung cells'®’. This illustrates the importance of specificity
in CAR design. As tumor-specific neoantigens are rare, antigens overexpressed in tumor cells
are an important target group. Therefore, most CARs are directed against antigens that are
also expressed in healthy tissues albeit at lower levels. CARs directed at such antigens must
be designed in a way that the signal strength is adequate to trigger a reaction against tumor
cells, while antigen expression levels of healthy cells are below the activation threshold.
Improving discrimination of tumor from healthy tissue by combining dual target antigens in logic
gates, such as AND- or NOT-gates is subject of extensive ongoing research and might
increase the repertoire of targetable antigens. Further approaches to include CAR-T cell safety
include the use of suicide switches, which would allow CAR-T cell depletion upon observation

of adverse events.

Antigen modulation leads to resistance

Resistance to anti-CD19 CAR-T cell therapy in pediatric B-ALL and patients with large B cell
lymphoma is associated with antigen loss or downregulation below the threshold for current
CAR-T cell formats in about half of all cases'®®'%°. To overcome this problem dual antigen
targeting is under investigation. This can be achieved by generation of a mixed cell product,
co-transduction of different CAR constructs, bicistronic expression or incorporation of two
binding domains in one CAR. In fact, ciltacabtagene autoleucel, a recently approved anti-
BCMA CAR, contains two Vun domains targeting different BCMA epitopes'®. In trials with
bispecific CARs targeting CD19 and CD20, antigen-negative relapse rates were diminished
showing the potential for such approaches?2', The combination of CD19 and CD22,
however, was less effective. In one study inferior reactivity against CD22 allowed the
emergence of CD197°" tumor cells®®2. In other studies, relapse was associated with loss of

both antigens in about one third of patients?032%4,

The antigen threshold correlates with CAR signaling strength and is therefore modulated by
scFv affinity, structure and length of the hinge and transmembrane region, the choice and
modification of signaling domains, and the CAR expression level. Increasing sensitivity
towards low antigen expression might prevent relapse by antigen modulation. However, this
approach comes with a severe risk of increased toxicities. Therefore, CAR optimization for low
antigen expression should only be considered for antigens not expressed in vital tissues. For
some targets, antigen downregulation can be counteracted by application of small molecules.
CD22, for example, is upregulated by bryostatin and BCMA surface expression can be
increased by using y-secretase inhibitors, which prevent the cleavage from the tumor cell
surface?®®206, Thus, y-secretase inhibitors increase the amount of BCMA retained on the
surface and prevent the shedding of soluble BCMA into the tumor environment, two important

prerequisites for CAR-T cell efficacy?%.
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The immunosuppressive tumor microenvironment

During cancer progression a pro-tumorigenic but immune suppressive tumor
microenvironment is shaped, which interferes with T cell migration, infiltration, and
functionality. Migration of immune cells into the tumor microenvironment is dictated by
chemokine expression. Expression patterns, however, are modulated by tumor cell intrinsic
oncogenic and epigenetic pathways as well as metabolic reprogramming resulting in impaired
infiltration of effector cells and increased recruitment of immunosuppressive cells like myeloid-
derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs) and Tregs'®.
Moreover, stromal and endothelial cells can directly interfere with tumor penetration. Within
the tumor microenvironment, a combination of different factors including the expression of
inhibitory receptors, secretion of immunomodulatory cytokines and metabolic challenges
directly constrain T cell functionality. The tumor cells often express inhibitory ligands, such as
PD-L1 and CTLA-4, which induce T cell exhaustion in a cell-contact dependent manner.
Soluble factors such as the immunosuppressive cytokines IL-10 and TGF- further inactivate
T cells. In addition, rapidly dividing tumor cells deplete their environment of nutrients and at
the same time produce suppressive metabolites. Tumor cells undergo metabolic
reprogramming which allows flexibility and gives those cells an advantage in an environment
with insufficient nutrient levels. The harsh metabolic conditions in the tumor microenvironment

impair T cell development, proliferation, survival and effector function'®.

To overcome the hurdles posed by the tumor microenvironment, combination therapies or
modification of CAR-T cells can be beneficial. The expression of chemokine receptors adapted
to the chemokine profile of the tumor might increase T cell trafficking and migration?°"2%¢, CAR-
T cells directed against the supportive tissue, such as CARs degrading components of the
extracellular matrix or CARs with specificity for cancer-associated fibroblasts, increased tumor
infiltration and cytotoxic function in preclinical models?°2'°, Moreover, locoregional application
into the central nervous system improved responses in glioma patients?''. To increase
persistence and functionality at the tumor site by secretion of pro-inflammatory cytokines
“armoured CARs” were developed?72'2, The secretion of IL-12 by CAR-T cells at the target
cell site for example had beneficial effects including resistance to Tregs and stimulation of
immune cells?'?. Another approach is to render T lymphocytes immune to inhibitory signals by
genetic modification or pharmacological intervention. Genetic disruption or expression of a
dominant negative form of the TGF-B, PD-1 or Fas receptors can act as a sink for the
immunosuppressive signals?'*-2'”, Combination with immune checkpoint inhibitors, such as
ipilimumab or pembrolizumab can overcome T cell exhaustion induced by PD-1 and CTLA-4
signaling?'8-220_ These signals can even be reverted into positive signals by fusing PD-1 to the

co-stimulatory CD28 domain??'.
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1.4.3 CAR-T cell therapy for hematological malignancies

Currently, there are six approved CAR-T cell therapies, which are all in use for the treatment
of late-stage hematological diseases. CD19-specific tisagenlecleucel (Kymriah) and
axicabtagene ciloleucel (Yescarta) were the first gene therapies approved in 2017 for the
treatment of B-cell acute lymphoblastic leukemia (B-ALL) and B-cell non-Hodgkin lymphoma
(NHL) or B-ALL and follicular lymphoma (FL), respectively. In 2020 and 2021 two more CD19
CARs followed with brexucabtagene autoleucel (Tecartus) and lisocabtagene maraleucel
(Breyanzi). Brexucabtagene autoleucel is used for the treatment of mantle cell lymphoma
(MCL) and B-ALL, while lisocabtagene maraleucel was approved for patients with B-cell NHL.
Idencabtagene vicleucel (Abecma) and ciltacabtagene autoleucel (Carvykti) are BCMA-
specific CARs that were approved for the treatment of multiple myeloma (MM) in 2020 and
2021. The clinical response to these CARs and novel CAR constructs that showed evidence

for clinical efficacy will be reviewed within this chapter.

B-cell and plasma cell malignancies

Anti-CD19 CARs have shown remarkable efficacy in the treatment of NHL, B-ALL and chronic
lymphocytic leukemia (CLL). NHL is a heterogenous group of diseases comprised of diffuse
large B cell lymphoma (DLBCL), FL, marginal zone lymphoma (MZL) and MCL. Most types of
NHL arise from degenerate B cells and thus express classical B cell markers, such as CD19
and CD20, and are therefore susceptible to targeted therapies using a CD20-specific antibody
rituximab and anit-CD19 CAR-T cells. Further indications for anti-CD19 CAR-T cell therapy
are CLL and B-ALL. All four currently approved products were able to induce deep initial
remission with complete response (CR) rates of 28-68% in patients with NHL and CLL and 62-
86% in B-ALL. Long-term remissions over two years were observed in different types of NHL
and CLL, suggesting that CD19 CAR-T cell therapy can have curative potential for these
indications. Although initial response rates are higher in B-ALL, the median relapse-free
survival of adult patients is in the range of half a year. Thus, consolidative allogeneic HSCT is
recommended following CAR-T cell treatment. More than half of all patients developing B-ALL
are children and tisagenlecleucel is also approved for patients younger than 25 years. In the
ELIANA study, pediatric patients treated with tisagenlecleucel showed better response rates
(82% CR) compared to adults and durable remissions (median event free survival 24 months)
were observed. Therefore, in adult B-ALL patients, CAR-T cell therapy plays a significant role
as bridging therapy before HSCT, while in children long-term remission might be achieved with

CAR-T cells alone'93:199,

Apart from CD19 other B cell-specific markers are under investigation as CAR-T cell targets.
Those include CD20 for LBCL, and CD22 for B-ALL and LBCL. Hodgkin lymphoma (HL) is

caused by malignant cells called Reed-Sternberg cells, which, although stemming from B
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lymphocytes, are often CD19 and/or CD20-negative??2?23, CD30, a typical marker for these
cells, is targeted by brentuximab vedotin. This antibody-drug conjugate showed promising
overall response rates as a monotherapy, which also raised interest in targeting this antigen
with CAR-T cells. The k-light chain is expressed on certain B-cell lymphomas and leukemias,
while only part of nonmalignant B cells bears k chains. Thus, targeting this antigen will avoid
complete B-cell aplasia. Overall, expanding the antigen repertoire is an important step towards

targeting CD19- lymphoma or leukemia cells931%8,

Recently, two BCMA-specific CARs were approved for the treatment of MM. CR rates in
studies with idencabtagene vicleucel and ciltacabtagene autoleucel ranged from 33% to 83%.
While a subset of patients achieved long-term remission = 1 year, the progression free survival
was highly variable ranging from a median of 5 months to 27 months. Thus, anti-BCMA CARs
have shown to enable a long intervention-free period in patients with r/r MM with superior

efficacy of ciltacabtagene autoleucel'93224,

Historically, CAR-T cells were previously only used for the treatment of refractory malignancies
in heavily pretreated patients. Previous therapies, however, might lead to lymphopenia and
reduce T cell fitness. Moreover, malignant cells that do not respond to chemotherapy might
outgrow during the CAR-T cell manufacturing process. Application of CAR-T cells at an earlier
stage resulted in an improved response and increased CAR-T cell persistence in the patients

with aggressive B cell lymphomas'®,

T cell malignancies

The CD7 glycoprotein is a marker for mature T cells. Targeting of T cell specific antigens
requires additional engineering to prevent fratrizide. Transduction with an anti-CD7 binding
scaffold, that is coupled to an ER/Golgi retention signal retains CD7 intracellular. Thus, surface
expression is prevented, and T cells are rendered fratrizide-resistant. Such CD7 CAR-T cells
were tested in patients with T-ALL or T cell lymphoblastic lymphoma (TLBL) in two small
studies??%2?6, Both trials achieved very high CR rates around 90%. While these studies had
relatively short follow up times, durable remissions were observed in some patients over a time
of up to 9 months. While B cell aplasia after CD19 CAR-T cell treatment is a well tolerable and
manageable side effect, T cell aplasia is more severe due to the lack of interventions. Thus,
CD7 CAR-T cell treatment renders patients immunocompromised and bears the risk of severe
infections. The presence of CD7- normal T cells can lead to reconstitution of the immune
system and thereby dampen the risk of infections. Another factor complicating the use of T
cells against malignant T cells is the potential contamination of CAR-T cells with malignant T
cells. Thus, the final product needs stringent quality control to ensure the purity of the T cell

population.
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Myeloid malignancies

AML is associated with poor prognosis and limited therapeutic opportunities. Besides high-
dose chemotherapy, allogeneic HSCT is the most promising approach. Heterogeneity and
potential cytopenia due to on-target/off-tumor toxicity complicated the identification of an ideal
target for the immunotherapeutic treatment of AML. CD38 is expressed on most AML and MM
cells but is absent from HSCs. Clinical safety and efficacy of daratumumab, a monoclonal anti-
CD38 antibody used in the treatment of MM, makes CD38 an interesting target for CAR-T
cells. A third-generation anti-CD38 CAR was tested in six patients who relapsed after HSCT,
a cohort with dismal outcomes. CR was observed in four out of six patients with median OS of

7.9 and median leukemia free survival of 6.4 months??’.

As CAR-T cell engineering will improve safety and side effect profiles in the future, CAR-T cell
therapies will be available for a much larger indication range including chronic diseases with a
longer treatment window such as MPN. MutCALR is a neoantigen expressed on the cell
surface of mutated cancer cells and its interaction with MPL at cell surface drives oncogenesis.
Therefore, it fulfills all criteria of an ideal immunotherapy target. Due to their sensitivity and
versatility, we believe that CAR-T cells can be of therapeutic relevance for CALR-positive MPN,
especially primary myelofibrosis — the most severe form of MPN with greatest unmet medical

need.

1.5 AIMS

In 2013 CALR mutations were discovered as driver mutations in myeloproliferative
neoplasms''. Since then, major progress has been made in elucidation of the oncogenic
transformation driven by mutant CALR variants. This thesis comprises two independent aims.
The first aim was to elucidate the influence of concomitant CALR and JAK2 mutation. The

second goal was the generation of CARs for targeted treatment of CALR mutated MPN.

1.5.1 The influence of JAK2/CALR double mutation on HSC fitness
and disease phenotype

Based on early publications MPN driver mutations were considered mutually exclusive®4.
However, the co-occurrence of driver mutations has been described in numerous publications
since then. While clonal hierarchy was rarely investigated in these studies, those providing
such data found the mutations in independent clones. This prompted the question, whether
MPN driver mutations are mutually exclusive on a single cell level. Recently, the first case
report about a patient who progressed from ET to MF after acquiring a JAK2 mutation into a
CALR mutated clone was published. This study implicated that JAK2 and CALR mutations can
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co-exist in a single cell and that co-occurrence might promote disease progression. Yet, the
influence of dual mutation on HSC functionality remained elusive. Further, the scarcity of such
patients hinders evaluation of the consequences of JAK2/CALR co-mutation on the disease.
Therefore, the first aim was to investigate the impact of CALR/JAK2 double mutation on

disease phenotype and HSC fitness in a novel mouse model.

1.5.2 Generation and testing of CARs targeting mutCALR

Due to the novel amino acid sequence at the C-terminus and surface presentation of the
mutant protein, CALR mutations provide a unique opportunity for targeted treatment. However,
there has been little progress on delivering targeted therapies for MPN despite the great unmet
medical need especially for PMF (shortest overall survival among different MPNs and frequent
leukemic transformation). Therefore, in the second part we explored the use of CAR-T cells for
CALR mutated MPN.
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2. RESULTS

2.1 Manuscript #1: Co-expression of mutated Jak2 and Calr
enhances myeloproliferative phenotype in mice without
loss of stem cell fithess

Christina M. Schueller, Andrea Majoros, Harini Nivarthi, Robert Kralovics

Published in American Journal of Hematology, 2022

In this publication we addressed the first aim of this thesis. We generated a novel mouse model
by co-expression of Jak2 and Calr mutations in the hematopoietic system. This model for the
first time allowed to investigate the influence of Jak2/Calr double mutation on MPN phenotype.
Further, we assessed the effect of dual mutation on stem cell fitness to rule out synthetic

lethality as a cause for the rarity of such patients.

The open-access PDF is reprinted on the following pages.
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Co-expression of mutated Jak2 and Calr enhances
myeloproliferative phenotype in mice without loss

of stem cell fitness

To the Editor:

Myeloproliferative neoplasms (MPNs) are a group of acquired hema-
topoietic stem cell (HSC) disorders driven by mutations that constitu-
tively activate physiologic signal transduction pathways essential for
hematopoiesis. Most patients with classical MPNs harbor mutations
within the Janus activated kinase 2 (JAK2), calreticulin (CALR), or
thrombopoietin receptor (MPL) genes. The occurrence of driver muta-
tions was thought to be mutually exclusive, but double-positive cases
have been reported. However, in rare cases where clonal analysis was
performed both mutations occurred in independent clones, suggesting
mutual exclusivity at the single cell level.”" Recently, a single report
described one patient who acquired a JAK2 mutation in a CALR
mutant clone.* Although the JAK2 mutation could be detected in
HSCs as well as myeloid progenitors, the variant allele frequency was
lowest in the HSC population. Although this report suggests that
JAK2-V617F and CALR-del52 mutations can occur in a single clone,
the effect on HSC fitness remains elusive.

In this study, we tested the hypothesis that Jak2-V617F and
Calr-del52 mutations are synthetic lethal if they occur in the same
HSC. Since synthetic lethality at the HSC level can manifest as loss
of competitive fitness over time or cell death, the only means by
which such genetic interaction can be detected is using primary
genetically engineered HSCs. Therefore, we generated a mouse
model in which both mutations are co-expressed in the hematopoi-
etic system, which allowed us to assess the phenotype of such ani-
mals and enabled evaluation of HSC fitness in transplantation
experiments.

We generated conditional knock-in mice that co-express Jak2
and Calr mutations in the presence of Cre recombinase in hematopoi-
etic lineages (vav-iCre) and analyzed their phenotype (Figure 1A).
C57BL/6 vav-iCre and Ly5.1/CD45.1 mice were purchased from
Charles River Laboratories. Mice carrying Jak2-V617F mutation were
previously published.® and the Calr-del52 transgenic mice were gener-
ated in our laboratory.® The Calr-del52 vav-iCre mice were further bred
with Jak2-V617F mutant mice to generate mice expressing both muta-
tions in the hematopoietic compartment. Blood parameters were mea-
sured on hematology analyzer scil Vet abc™ (Horiba ABX, Montpellier,
France). Single cell suspensions of bone marrow, spleen, and blood were
stained, with relevant panels of antibodies (Tables S1-S3), measured at
BD LSRFortessa™ (Flow Cytometry - Core Facilities, Medical University

of Vienna, Vienna, Austria) and analyzed using FlowJo software
(Version 10.7.1; Ashland, Oregon, USA).

Double positive offspring were born at expected Mendelian fre-
quency comparable to the single positive littermates, suggesting no signs
of synthetic lethality in utero (Figure 1B). The phenotype of the Calr/
Jak2 double positive mice was significantly more severe compared to the
single mutant mice. Notably, double positive mice showed more pro-
nounced splenomegaly and higher platelet, leukocyte, granulocyte,
monocyte, and lymphocyte count in peripheral blood compared to non-
mutated or single mutated mice (Figures 1C-G and S1a). Hematocrit, red
blood cell count, and hemoglobin were increased compared to non-
mutated and Calr mice but did not exceed the values of Jak2 mice
(Figures 1H and S1b,c). In line with the thrombocytosis, double mutant
mice showed an increased frequency of megakaryocytes in the bone
marrow (Figure 11). Flow cytometry analysis of the blood and spleen
revealed an altered cellular composition with a shift toward myeloid line-
ages (Figures S1d—i and S2a—f). While the stem cell frequency in double
mutant mice seemed unaltered, the myeloid progenitor compartment
showed a significant expansion of different progenitor types further
explaining the excessive production of terminally differentiated myeloid
cells (Figures S2g-j and S3a-i). Spleen and bone marrow of double posi-
tive mice also showed morphological changes. More obscured follicular
architecture and enhanced extramedullary hematopoiesis was detected
in the spleen. The bone marrow presented with more prominent mega-
karyocyte dyspoiesis and altered myeloid to erythroid ratios with no
signs of myelofibrosis (Figure $4, reticulin staining not shown). Most
importantly, the aggravated myeloproliferative phenotype of double posi-
tive mice manifested in lower overall survival compared to the Jak2 and
Calr single mutated mice (Figure 1J). Our results are further supported by
the report of a double mutant MPN patient who evolved from essential
thrombocythemia to advanced myelofibrosis after acquisition of the
JAK2-V617F mutation in a CALR-del52 mutated clone.*

To gain further insight into the cellular processes affected by Calr/
Jak2 double mutation we compared gene expression of single and dou-
ble mutated LSK (Lin- Sca-1+ c-Kit+) cells. While double mutated cells
showed a very similar gene expression signature as the Jak2 single
mutated cells, differential expression in comparison to Calr mutated
cells was more pronounced (Figure S5a—d). Gene sets upregulated in
double mutated versus Calr single mutated cells, such as coagulation,
IL-2/STATS signaling, and IL-6/JAK/STAT3 signaling, are consistent
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FIGURE 1 Mice bearing Calr-del52 and Jak2-V617F double mutation develop more severe MPN compared to single mutated mice. (A) Breeding
scheme. (B) The genotype of 353 pups was determined and the frequency of each genotype was calculated (expected frequency = 12.5%, dotted line).
Statistical analysis was performed using Chi-squared test. (C)-(I) 8 to 9 week old mice of different genotypes, wt vav-iCre (wt), Calr-del52%* vav-iCre
(Calr), Jak2-V617F"+ vav-iCre (Jak2), and Jak2-V617F"+/Calr-del52™"+ vav-iCre (Calr/Jak2), were examined for phenotypic differences: Spleen size
(spleen to body ratio) (C), peripheral blood parameters from automated blood counting (D)-(H), FACS analysis of bone marrow megakaryocytes (I).

(K) Survival curve analysis. Statistical analysis was performed using Log-Rank (Mantel-Cox test). The dots represent values for individual animals; Lines
represent mean values for the group and the error bars represent standard error of the mean (SEM); asterisks denote the level of statistical significance
(ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001); unless stated otherwise the p-values were calculated using ordinary one-way ANOVA
test. The gray area between dotted lines represents physiological levels for wt C57BL/6 mice.

with the increased disease phenotype. Although apoptosis is also mutated cells, significantly downregulated genes clustered in heme
among the enriched gene sets, the two genes clustering in this set, metabolism and TNF-alpha signaling. Both genes categorized into the
Btg2, and Ltb are also associated with maintenance of hematopoietic pancreas beta cell pathway, Mafb and Pklr are also involved in erythro-
stem cells. Among the downregulated genes, three were associated cyte differentiation and metabolism. High expression of Ebi3 and

with mTORC1 and hedgehog signaling. Compared to Jak2 single STATS induced genes, that is Socs2 and Cish in the double mutant cells

39

sdIly) SUONIPUOD pue UL, 3y 238 *[Z20T/Z1/ST] U0 AU duruQ AA[IAL ‘(U] PANGET) 9qnopeay Aq $8992°U/Z001°01/10p/uiod" Ko Aeaquiaur[uoy/:sdny woiy paprojumod 11 20T ‘26989601

oy woo Kapm&

P

2SUQOIT SUOWWOD) 2ATIRAL) d[qraTdde oY) £q PAUIIAOS AIF SA[ITIR YO 1SN JO SA[I 10] ATRIQIT AUTUQ AA[IAL UO (:



CORRESPONDENCE

= | WiLEY- B

suggest that phenotypic differences are driven by JAK/STAT signaling
(Figure S5e).

To examine the impact of double mutation on HSC fitness, we
performed competitive primary and secondary bone marrow trans-
plantation (Figure Séa). Double positive bone marrow engrafted into
recipients equally well as single positive cells suggesting no functional
defect at the HSC level. We observed outgrowth of mutant cells in
blood, spleen, and bone marrow with most prominent expansion of
mutant cells in the myeloid compartment (Figures Séb-c and S7).
Transplanted mice also developed an MPN phenotype reminiscent of
the one observed in the transgenic animals (Figures S6d-f and S8). To
further test if the double positive HSCs maintained their self-renewal
capacity over time, we performed secondary transplantation. Double
mutant HSCs efficiently engrafted in secondary recipients and mice
developed peripheral blood changes indicative of myeloproliferative
disease, further suggesting the absence of any long-term defect
(Figures Ség, S9 and S10). Thus, the presence of both mutations in
HSCs is unlikely to cause synthetic loss of HSC fitness.

To date, with a single case being reported, there is no sizable
JAK2/CALR double mutated patient cohort available to evaluate the
disease phenotype and estimate survival. Our mouse model allowed
phenotypic assessment of JAK2/CALR double mutated MPN. We
observed a severely aggravated phenotype in double mutated com-
pared to single mutated animals with increased hematocrit similar to
Jak2 mutated mice and aggravated megakaryopoiesis and myelopoi-
esis compared to all other groups. Likewise, the reported patient also
progressed to myelofibrosis after acquisition of the second mutation.
Therefore, we conclude that the co-occurrence of both mutations
might be a negative predictive indicator.*

HSCs did not show any signs of reduced fitness, ruling out mutual
exclusivity due to synthetic lethality. Transplantation experiments
using Calr-del52 or Jak2-V617F single mutated knock-in mice have
been performed in previous studies and are in line with our results.
While Jak2 mutant cells were reported to outgrow wt competitors,
heterozygous Calr mutated HSCs did not show a significant prolifera-
tive advantage compared to wt cells.®® In this study we observed a
steady increase in myeloid peripheral blood chimerism in all groups
with little expansion in the Calr group and strongest expansion in mice
that received double mutant bone marrow. The results were similar
on the HSC level. In the Jak2 and double mutated group two mice
each reached full mutant HSC chimerism in the secondary transplant.
In short, double mutant HSCs engrafted equally well or better than
their single mutant equivalents. Therefore, we can rule out reduced
stem cell fitness as a reason for rare occurrence of double mutant
patients.

We hypothesize that patients carrying both mutations in one
clone might be underdiagnosed as the most common diagnostic rou-
tine is single gene analysis for driver mutations in JAK2, CALR, and
MPL at diagnosis. In the reported case, a JAK2-V617F mutation was
acquired in a CALRdel52 mutated clone 18 years post initial diagno-
sis.* This shows that a second driver mutation can be acquired
decades later, which might be another factor leading to such patients

being undetected since driver mutations are rarely re-analyzed after

initial molecular diagnostics. In addition, establishing if the two muta-
tions are monoclonal or bi-clonal, requires an in vitro colony assay.
Presence of colonies with both mutations is the formal proof of
monoclonal acquisition of the two mutations. However, this proce-
dure is very time consuming and therefore rarely performed.
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2.2 Chimeric antigen receptor T cell therapy for
myeloproliferative neoplasms with mutated calreticulin

In this chapter, unpublished data addressing the second aim are presented. We generated

CARs targeting mutCALR and tested their efficacy in vitro and in vivo.

2.2.1 Surface expression of mutCALR in different models

Surface expression of the targeted antigen is indispensable for successful CAR-T cell therapy.
Therefore, we tested all model systems (Figure 7A,C and D) for stable surface expression
using mutCALR-specific antibodies. FACS analysis confirmed the presentation of mutCALR
on the surface of the different proposed models, i.e. CRISPR/Cas9 edited UT-7/Tpo cells,
Ba/F3 cells overexpressing human MPL and mutCALR and bone marrow cells derived from
transgenic Calr-del52"" vav-iCre mice'®. We further analyzed mutCALR on the cell surface of
each patient samples used within this project (Figure 7B). We quantified the number of
mutCALR molecules on the surface of CALR mutated UT-7/Tpo cells and patient CD34* cells
using QIFIKIT (Agilent). The antigen density on the cell surface of patient cells (200-2000
molecules/cell) was comparable to those of UT-7/Tpo cells (CALR™™t: 6400 molecules/cell,

CALR"'™ut: 1300 molecules per cell), confirming the validity of this model system.

A UT-7/Tpo B Primary CD34+ cells C Ba/F3
100 -] mutCALR 100 -1 a-mutCALR %] mutCALR
s wiCALR w0 isotype . wiCALR
control
. CALR-del52 w
patient ]
s
— s MUtCALR " mutcalR " ——» mutCALR
D Mouse BM
7 a-mutCALR
isotype o - mutCALR
control JAK2-V617F ] wtCALR
patient ; 0
(WtCALR) o
3
E 101
I o g ___..;.g-
——> mutcAlR SN R AR e

Figure 7: Target cells present mutCALR on their surface at different densities. FACS staining was performed
using mutCALR-specific antibodies (A-D). A) FACS staining (top) and proximity ligation assay (bottom) of CRISPR-
Cas9 edited mutCALR UT-7/Tpo cells. Proximity ligation assay was performed using mutCALR and MPL specific
antibodies. Complexes were analyzed using a confocal microscope, 40x objective, and are shown here in red.
Nuclei were stained with DAPI (blue). B) Example FACS plots of primary CD34* cells isolated from a mutCALR
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(CALR-del52) or wtCALR (JAK2-V617F) patient. C) FACS staining of a Ba/F3 mutCALR overexpression cell line.

D) FACS analysis of total bone marrow (BM) of a transgenic CALR-del52 fl/fl, vav1-cre mouse.

2.2.2 Generation and selection of a-mutCALR-CARs

A small library of mutCALR specific monoclonal antibodies (mAbs) generated from immunized
mice or rabbits by hybridoma fusion or phage display, respectively, was provided by MyeloPro
Diagnostics and Research GmbH. Those antibodies served as an analytical tool for the
detection of mutCALR and most importantly constituted the basis for generation of mutCALR-
specific CARs. Two second generation a-CD19-CARs containing a 4-1BB (BBz-CAR) or CD28
(28z-CAR) costimulatory domain were kindly provided by the group of Dr. Christoph Bock.
Those CARs were used as a positive control and served as a basis for a-mutCALR-CAR
generation. In total, fourteen different rabbit scFvs and one mouse scFv were incorporated into
the 28z backbone in a lentiviral vector (Figure 8A). As a first line of testing all CARs were
expressed in Jurkat cells by lentiviral transduction. In Jurkat CAR-T cells, | tested antigen
binding by staining with a FITC-labelled 22 amino acid peptide, which mimics the C-terminus
of mutCALR. Except for one clone, all tested CARs showed proper antigen binding (Figure
8B). Next, to assess the binding capacity to mutCALR in its native conformation at the cell
surface and to test CAR functionality | performed an arrayed activation screen using CD69
expression as a readout (Figure 8C). From this initial screen, we could identify CARs which
are well expressed, able to bind mutCALR and trigger activation upon recognition of the

cognate antigen on the cell surface.
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Figure 8: Jurkat CAR-T cells recognize mutCALR. A) Schematic drawing of the CAR design. An scFv was linked
to a standard second generation 28z backbone. As a proxy for CAR expression mCherry was linked to the CAR via
a P2A site. B) After transduction, unsorted Jurkat CAR-T cells were tested for their ability to bind an antigen-
mimicking peptide (at 413 nM). Example FACS plots for an irrelevant (a-CD19) and one mutCALR-specific CAR
(CAR 7) are shown here. C) Jurkat activation screen. Sorted Jurkat CAR-T cells were co-cultured with target cells
for 16 hours. wtCALR, homozygous or heterozygous mutant UT-7/Tpo cells were used to test CALR-specific CARs.
Nalm 6 cells were used as positive control for targeting with established a-CD19 CARs with a BBz (CD19 CAR1)
or 28z (CD19 CAR2) backbone. The percentage of CD69-high cells (compared to Jurkat CAR-T cells without target
cells) was determined using flow cytometry. Here only one assay is shown, CARs that were produced at a later

time point were tested similarly but are not depicted in this graph.

2.2.3 Testing of selected CARs in primary T cells

Selected CARs were further used to transduce primary T cells and tested in cytotoxicity
assays. Here, | want to highlight the results of the lead CAR (a-mutCALR-CAR 7) candidate
(Figure 9). Initially the CAR was generated using a 28z backbone. However, | also produced
the BBz version of this CAR (a-mutCALR-CAR 7.2). UT-7/Tpo cells expressing mutCALR in a
heterozygous or homozygous manner were selectively killed by anti-mutCALR CAR-T cells
whereas wild type CALR expressing cells (parental UT-7/Tpo or Nalm 6) were not killed (Figure
9 A,B). Control anti-CD19 CAR-T cells only targeted Nalm6 cells that express CD19 (Figure

9A). Further, activation assays showed that CAR-T cells are specifically activated by mutCALR
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expressing cells. Both IFN-y secretion as well as CD25 expression were increased in CAR-T
cells after co-culture with mutCALR UT-7/Tpo cells (Figure 9 C,D).
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Figure 9: Primary T cells specifically recognize CALR mutated UT-7/Tpo target cells. A and B) Luciferase
cytotoxicity assays were performed at an E:T of 10:1. Luminescence was measured after 24 hours. Here the %
survival compared to the irrelevant CAR (a-CD19-CAR) is shown. A and B depict two independent experiments in
different T cell donors. C) Cytokine secretion assay. CAR-T cells were co-cultured with UT-7/Tpo cells at an E:T of
5:1 for 72 hours. IFN-g in the supernatant was measured by ELISA. Two different heterozygous mutCALR clones
were used (two separate bars in pink). D) Activation assay. CAR-T cells were co-cultured with UT-7/Tpo cells at an
E:T of 1:1 for 48 hours. CD25 expression was measured by FACS. Here the relative increase in MFI compared to
Mock-T cells with the same UT-7/Tpo cells is shown. Two different heterozygous mutCALR clones were used (two
separate bars in pink).

Next, we used primary CD34+ cells from patients that carried the CALR-del52 or CALR-ins5
mutation for the cytotoxicity assay (Figure 10). The clone CAR7 that showed best killing of UT-
7/Tpo cells also delivered cytotoxicity towards CALR mutated CD34" cells. This data for the
first time demonstrated that anti-CALR CAR-T cells can direct cytotoxicity to CALR mutated
myeloid progenitor cells and validates the potential of CAR-T cells for targeting primary

malignant cells.
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Figure 10: CAR-T cells can eliminate primary CD34+ patient cells. A and B) Primary CD34+ cells were cultured
in STEMSpan Il SFM medium and transduced with a lentiviral luciferase construct three days before the assay.
Luciferase cytotoxicity assays were performed at an E:T of 10:1. Luminescence was measured after 24 hours. Here
the % survival compared to the irrelevant CAR (a-CD19-CAR) is shown. A and B depict two independent

experiments in different T cell donors.

2.2.4 The influence of perturbations in vitro

Secreted mutCALR might interfere with immunotherapies directed against mutCALR covering
the paratope and blocking CAR-T cell functionality or by triggering target-cell independent
activation. To dissect the effect of soluble mutCALR on primary CAR-T cells we added soluble
mutCALR from different sources to cytotoxicity assays: We added supernatant collected from
UT-7 Tpo cells, recombinantly produced CALRins5 or patient plasma to the cytotoxicity
assays. UT-7 Tpo cells with a homozygous CALR mutation secreted the antigen at a
concentration of 5 ng/mL. The recombinant CALRins5 was added at a concentration of 200
ng/mL, thereby exceeding the plasma levels of CALR mutated patients. By adding patient
plasma we assessed the combinatorial effect of secreted antigen and other potentially
inhibiting factors present in patient plasma, such as immunomodulatory cytokines. By using
cell culture supernatants, as well as patient plasma we ensured the conservation of the natural
conformation of secreted mutCALR. We did not observe any difference when comparing
cytotoxicity and activation of CAR-T cells incubated with supernatant from either WT or mutant
UT-7 Tpo cells (Figure 11 A, B). Likewise, adding recombinant CALRins5 at a high
concentration did not lead to unspecific activation (Figure 11 B). Neither the addition of patient
serum nor recombinant CALRins5 did suppress CAR-T cell functionality or lead to unspecific
killing (Figure 11 C). The combined results suggest that secreted CALR up to 200 ng/mL does
not influence CAR-T cell functionality.
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Figure 11: Secreted mut-CALR does not influence CAR-T cell functionality. Luciferase cytotoxicity assays
were performed at an E:T of 10:1. Luminescence was measured after 24 hours. Here the % survival compared to
the Mock-T cells is shown. A) Cytotoxicity assay using UT-7 Tpo cells and supernatant (sup) collected from the
same cells. B) CD69 expression corresponding to part A. In addition, CD69 expression was measured after
incubation with CALRins5 at 200 ng/mL. C) Cytotoxicity assay using UT-7 Tpo cells and healthy donor (HD) serum
or patient serum at 50% or CALRins5 at 200 ng/mL.

2.2.5 Generation of murine a-mutCALR CAR-T cells

In order to establish a fully murine a-mutCALR-CAR, we cloned an scFv derived from a mouse
a-mutCALR mAb into a murine 28z CAR backbone in a retroviral vector developed by James
Kochenderfer??®, Splenic T cells isolated from a C57BL/6 wt mouse were transduced with the
CAR and expression was verified by FACS (Figure 12 A). On day seven after isolation, T cells

were co-cultured with either mutCALR expressing target BaF/3 cells or CALR wild type BaF/3
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cells. Murine anti-mutCALR CAR-T cells selectively killed target cells expressing mutCALR

(Figure 12 B). This poses the foundation for in vivo experiments using immunocompetent

mouse models.
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Figure 12: Primary mouse CAR-T cells effectively eliminate mutCALR expressing target cells. A) CAR clone

consisting of a scFv derived from a mouse monoclonal Ab specific for mutCALR was fused with a CAR CD28-CD3z

backbone and retrovirally transduced to CD3+ mouse T cells. FITC-labeled antigen FACS staining of CAR-T cells

(red) is shown on the lower panel together with unstained cells (gray). B) Cytotoxicity assays were performed by
co-culturing CAR-T cells with GFP-positive BaF/3 target cells (WT or expressing CALR-del52 mutant). Red box

indicates the selective killing of mutCALR expressing target cells. Effector:target ratio of 5:1, 24 hours co-culture.

2.2.6 Ex vivo targeting of primary murine Calr-del52 mutated cells

As we aimed at using a competitive bone marrow transplantation (BMT) model for testing of

murine CAR-T cells in vivo, we first tested the recognition of primary cells expressing mutCALR

by murine CAR-T cells ex vivo. We isolated lineage negative (Lin-) cells from Calrdel52 f/f vav-
iCre mice and simulated the competitive BMT ex vivo (Figure 2). CD45.1 WT and CD45.2

mutant lin- cells were mixed in a 50:50 ratio (MUT/WT) and CAR-T cells or Mock-T cells were

added at an E:T ratio of 10:1 (Figure 13 A). As a control, an equal mixture was prepared with
WT cells only (CD45.1 and CD45.2; WT/WT). CAR-T cells led to decrease of CD45.2 cells in
the MUT/WT mixture but not in the WT/WT control (Figure 13 B-C). Moreover, CAR-T cells
showed increased expression of activation markers in the presence of mutant cells (Figure 13

D-E).
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Figure 13: Murine anti-mutCALR CAR-T cells recognize and specifically target mutant cells ex vivo A) Setup
of the ex vivo treatment. Lin- cells of different origin (CD45.1 WT, CD45.2 WT or CD45. MUT) were isolated from
the BM and mixed in a 50:50 ratio. Cytotoxicity assays were performed in STEMSpan SFEM Il with human CD34+
supplement for 48 hours at an E:T of 10:1. B and C) Quantificaiton of CD45.2 cells after incubation for 48 hours. D
and E) Expression of activation markers (CD69 — D and CD25 — E) after incubation for 48 hours.

Presentation of mutCALR on the cell surface is dependent on MPL. Thus, the actual targetable
population are only cells which express MPL, such as HSCs, a minute fraction of Lin- and LSK
cells. Those cells are so rare that one can hardly perform an assay using a pure MPL-positive
fraction. However, transplantation is a very sensitive readout for the presence of HSCs.
Therefore, we transplanted the ex-vivo treated mixture of WT and mutant cells into lethally
irradiated CD45.1 mice and evaluated the chimerism as well as the phenotypic changes. In
mice which received the Mock-T cell treated graft, WT and mutant cells engrafted properly.
The myeloid chimerism (% of mutant derived cells) in PB was 60 % at week four post
transplantation and reached almost 100 % until the end of the experiment. On the contrary,
mice which received CAR-T cell treated cells almost exclusively harbored WT derived myeloid
cells in PB (Figure 14 A). The minute fraction of CD45.2 cells present at the beginning depleted
overtime. The origin of this population was most likely short term repopulating cells, which are
part of the Lin- cells but not targetable by our CAR-T cells due to the lack of MPL expression.
Further, only mice transplanted with the Mock-T cell conditioned cells, developed severe
thrombocytosis indicative of myeloproliferative disease (Figure 14 B). We observed the mice
for 22 weeks to test whether mutant stem cells were completely depleted. Should any residual

mutant stem cells engraft, they would outgrow over time. However, this was not the case. Few
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mutant derived cells were only detected in the lymphoid lineage in the spleen (Figure 14 C).
Notably, long-term hematopoietic stem cells were exclusively of WT origin in the CAR-T cell
pre-treated group, while in the Mock-T cell conditioned group, all LT-HSCs were mutant (Figure
14 D). Thus, murine CAR-T cells specifically eradicated mutant HSCs and spared WT HSCs.
After transplantation of the ex-vivo treated mixture, complete and durable remission was

observed in the CAR-T cell pre-treated group.
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Figure 14: Transplantation after ex vivo treatment leads to complete and durable remission. A) Myeloid
chimerism in PB over time. B) Platelet (PLT) count over time. C) Chimerim in different populations of the spleen 22
weeks (endpoint) post transplantation. D) Chimerim in different populations of the BM 22 weeks (endpoint) post
transplantation. Lin- - lineage-negative, LSK — Lin- Sca-1+ c-Kit+, LT-HSC - Lin- c-Kit+ FIt-3- CD48- CD150+.

Statistical analysis was performed in Graphpad using an unpaired t test. ** P < 0.01, *** P < 0.001

2.2.7 In vivo treatment of chimeric mice

Next, we sought out to test the CAR-T cell treatment in the competitive BMT model in vivo. As
lymphodepleting conditioning was reported to be essential for CAR-T cell treatment of
immunocompetent mice, we first chose an early intervention model, where CAR- T cells were
injected one week post transplantation, a timepoint at which lymphocytes are still depleted
from the lethal irradiation??°. In the first experiment, we administered two doses of CAR-T cells
and monitored the chimerism in PB (Figure 15 A). We saw a decrease in myeloid chimerism
in PB in two of five CAR-T cell treated mice (Figure 15 B). Those mice were also the only
animals with normal platelet counts and had the lowest chimerism in BM (Figure 15 C, D). One

mouse in the control group also showed a low chimerism. However this mouse had the lowest
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chimerism from the beginning, which stayed stable over time. Since only two mice in the CAR-
T cell group showed a decrease in chimerism, the results were inconclusive. Thus we repeated
the experiment, but in the second run CAR-T cells did not show any effect (data not shown).
We also tested two different time points of CAR-T cell injection, co-injection with Lin- cells at
the day of transplantation and treatment of established chimeric mice with lymphodepleting
conditioning (data not shown). However, the adoptively transferred CAR-T cells did not lead to

a decrease in chimerism in any of those attempts.
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2.2.8 Obstacles for in vivo efficacy

Due to a lack of efficacy of the anti-mutCALR CAR-T cells in vivo, we sought out to quality
control the CAR-T cell preparation by using an established murine a-CD19 CAR. We injected
CD19 CAR-T cells that were generated in the same manner as the a-mutCALR CAR-T cells
into C57BL/6 mice after sublethal irradiation as a lymphodepleting step. These cells were fully
functional and led to complete ablation of B cells (data not shown). We repeated the anti-CD19
CAR-T cell treatment in Calr mutated mice with homozygous (Hom) and heterozygous (Het)
Calr mutation. In both cases, a-CD19 CAR T cells led to eradication of B cells in blood, spleen

and bone marrow. Thereby, we can exclude a general T cell suppression in CALR mutated
mice.
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Figure 16: CD19-specific CAR-T cells are fully functional in Wt as well as Calr mutated mice. Mice were
conditioned by nonmyeloablative irradiation (5 Gy) the day before CAR-T cell injection. 5 Mio CAR-T cells were
injected with a CAR-positivity of around 20%. Animals were sacrificed two weeks post T cell injection. Depletion of
B cells was shown in PB (A), spleen (B) and BM (C). D) Analysis of CAR-T cell infiltration.

While CD19-specific CAR-T cells were functional in all genotypes, we concluded that limited
efficacy is rather caused by cell-contact-specific or antigen-specific factors than a general
immune suppression. PD-L1 expression is STAT-driven and thus can be induced by oncogenic
signaling downstream of MPN driver mutations. We measured PD-L1 expression in total bone
marrow and megakaryocytes, as an example for MPL-expressing cells in Kl mice and

transplanted mice. PD-L1 expression of WT, heterozygous and homozygous Kl mice was
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comparable with a slight trend of increased expression in homozygous Calr mutant mice
(Figure 17 A). Transplanted mice, however, showed increased PD-L1 expression compared to
a non-transplanted WT control at four weeks post transplant (Figure 17 B). Thus, the cytokine
storm seems to be a strong driver of PD-L1 expression in the BMT model, while the Calr

mutation only had a minimum effect on PD-L1 surface levels.
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Figure 17: PD-L1 expression is cell type specific and is increased after BMT. PD-L1 expression was analyzed
by FACS in Calrdel52 Kl mice (A) and mice four weeks post BMT (B).

We further tested analyzed the expression of exhaustion markers after adoptive transfer of
CAR-T cells in these two systems (KI model and BMT model). In the KI mice, we observed
increased expression of PD-1, TIM-3 and LAG-3 in CALR-specific CAR-T cells compared to
CD19-specific CAR-T cells in the spleen of homozygous mice (Figure 18 A-C). Interestingly,
this was not the case in WT or heterozygous mice. In the BM, anti-CALR CAR T cells also
showed a tendency towards increased expression of exhaustion markers when injected into
homozygous mice compared to WT or heterozygous mice (Figure 18 D-E). Notably,
expression of PD-1 and LAG-3 was higher in CD19-specific compared to CALR-specific cells
and expression of exhaustion markers was not influenced by the recipients’ genotype in a-
CD19 CAR-T cells. CAR-T cells co-injected during BMT showed increased expression of PD-
1 and LAG-3 in spleen and BM compared to Mock T cells (Figure 19 A-F). We further observed
that adoptively transferred T cells (F1 hybrid) showed a higher expression of exhaustion
markers compared to T cells generated from the BM graft (CD45.2) irrespective of the CAR

expression.
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Figure 18: Expression of exhaustion markers in a-mutCALR CAR-T cells depends on the recipients
genotype. Expression of early (PD-1), mid (LAG-3) and late (TIM-3) activation markers was analyzed by FACS two
weeks post CAR-T cell injection. T cells were isolated from spleen (A-C) or BM (D-F) and only adoptively transferred
T cells (F1-hybrid) were included in the analysis. CD19- and mutCALR-specific CAR-T cells were tested in WT,
Calrdel52 f/+ vav-iCre (het) and Calrdel52 f/f vav-iCre (hom) mice.
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Figure 19: Expression of exhaustion markers is increased in CAR-T cells compared to Mock-T cells.
Expression of early (PD-1), mid (LAG-3) and late (TIM-3) activation markers was analyzed by FACS four weeks
post CAR-T cell co-injection with the stem cell graft. T cells were isolated from spleen (A-C) or BM (D-F). Adoptively
transferred T cells (F1 hybrid) with (CAR-T cells) or without CAR (Mock-T cells) were compared to endogenous T
cells (CD45.2) derived from the BM graft in these mice.

Next, we wanted to assess the potential of secreted Calr to block CARs and test the influence
of depleting the soluble protein by antibody pre-treatment. We compared no pre-treatment,
antibody alone and antibody plus sublethal irradiation. Irradiation substantially increased the
percentage of CAR-T cells within PB, spleen and BM due to its toxic effect on dividing cells
(Figure 20 B). We observed a 3-fold increase of “free CAR”, which we determined by staining
with a peptide mimicking the mutant part of CALR in spleen and BM of mice that received pre-
treatment. CAR-T cells in the spleen and especially in the BM of pre-treated mice also showed
higher CD25 expression, indicative of increased activation (Figure 20 C). However, CD69

expression was comparable in conditioned and unconditioned mice (Figure 20 D).
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Figure 20: Antibody pre-treatment leads to increased availability of the CAR epitope. A) Schematic overview
of the experimental setup. Mice were pre-treated with two antibody doses and a high number of CAR-T cells was
injected. The isolated CAR-T cells were analyzed three days post injection. B) Quantification of the F1-hybrid T cell
infiltration in bloon, BM and spleen. C) The staining index was determined as the ratio of % CAR+ cells in with pre-
treated to % CAR+ cells without pre-treatment. D-E) Expression of activation markers (CD25 — D, CD69 — E) by
CAR-T cells.
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3. DISCUSSION

While Dameshek categorized different hematological malignancies as myeloproliferative
disorders based on a common stimulus as early as in 1951, the mechanism underlying these
disorders was yet unknown. Since then, substantial knowledge has been generated elucidating
the oncogenic mechanism of MPNs. The discoveries of the JAK2, MPL and CALR driver
mutations between 2005 and 2013 were major milestones in MPN research, which led to better
comprehension of the pathophysiology and provided invaluable diagnostic relevance. While
these driver mutations were thought to be mutually exclusive, co-occurrence of two or more
driver mutations was observed in a subset of MPN patients. In this thesis we present the first
mouse model for Calr/Jak2 co-mutated MPN in which we determined the influence of double
mutation on a systemic as well as the stem cell level. Apart from their role as diagnostic tools,
driver mutations and their downstream effects represent MPN-specific points of attack for
treatment. Whereas JAK2 and MPL mutations are point mutations resulting in a single amino
acid substitution, frameshift mutations in the CALR gene generate a large stretch of novel
amino acid sequence. In addition, the presence of mutCALR at the cell surface enables
distinction of mutant from healthy cells by this distinct surface molecule. Thus, the second part
of this thesis was focused on therapeutic targeting of mutCALR. We generated CARs targeting

mutCALR and explored their therapeutic potential for MPN in vitro and in vivo.

3.1 Co-expression of Jak2 and Calr oncogenes

In the past, MPN driver mutations were defined as mutually exclusive***4. However, mutational
analysis of large patient cohorts and improvement of the detection methods led to numerous
reports about patients harboring two or even three concomitant driver mutations***-%’. In “Co-
expression of mutated Jak2 and Calr enhances myeloproliferative phenotype in mice without
loss of stem cell fithess”, published in American Journal of Hematology in 2022, we introduced
a novel mouse model, in which Jak2-V617F and Calr-del52 are co-expressed in hematopoietic
tissues by using the vav-iCre system. With this model we investigated the influence of

Jak2/Calr double mutation on disease phenotype as well as HSC functionality.

In two studies by Usseglio and colleagues and Mansier et al. co-occurrence of JAK2V617F

and MPL or CALR mutations was associated with increased thrombocytosis compared to

single mutated MPN, while no difference in the frequency of thrombotic events or disease

progression was observed. Lim et al. on the other hand reported an increased risk for

thrombotic events in JAK2/CALR double mutated versus single mutated patients. Albeit

partially contradicting, these reports indicate that acquisition of two driver mutations might
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aggravate the disease. However, patient cohorts included different combinations of mutations
and the allelic burden of each mutation was highly variable. Further, it is unknown whether
these patients carried the co-occurring driver mutations in the same clone or in two
independent clones. Therefore, double mutant MPN could be divided in subgroups, which
might differ in disease phenotype and risk profile. Nishimura et al. recently published a case
report of an ET patient who acquired a JAK2V617F mutation into a CALRdel52 mutated clone
18 years post diagnosis. To our knowledge, this is the only report with proof for co-expression
of both mutations in a single clone. While this patient progressed to post-ET MF after
acquisition of the secondary mutation, there is no sizable patient cohort available to
systematically evaluate the effect of JAK2/CALR double mutation on disease outcome.
Therefore, we set out to investigate the phenotype of Jak2/Calr double mutated MPN in our

mouse model.

We compared disease phenotype of Jak2-V617F/Calr-del52 double mutated mice to single
mutated mice and included WT mice as a control. Double-positive mice developed a severely
aggravated disease compared to single mutated animals characterized by higher PLT counts,
increased leukocytosis, and more pronounced splenomegaly. We hypothesize that increased
PB counts are a result of synergistic receptor activation. This was also reflected in the gene
expression profile of double mutated LSK cells. Gene set enrichment analysis showed
increased expression of genes associated with IL-2/STAT-5 and IL-6/JAK/STATS3 signaling in
double mutated compared to Calr single mutated mice. Further, STAT5-induced genes, such
as Cish and Socs2, were upregulated in double compared to single mutated mice. Mutant Calr
and Jak2 both act on MPL, which drives HSC proliferation and megakaryopoiesis. The
combination of both mutations seems to enhance MPL downstream signaling, which explains
the increased frequency of megakaryocytes in the BM and consecutive thrombocytosis.
Leukocytosis was mainly attributed to increased granulocyte and monocyte counts. MutCALR
has been shown to induce activation of the G-CSFR albeit at a much weaker extent compared
to MPL2%3°_ |n y2a cells mutCALR specifically induced constitutive STAT5 activation of MPL
and G-CSFR but not of the EPOR?°. Presumably because G-CSFR only contains one
extracellular domain as opposed to MPL with two, G-CSFR activation by mutant Calr is much
weaker and does not render cells cytokine independent. However, Jak2 is known to act on all
three homodimeric type | cytokine receptors, MPL, EPOR and G-CSFR®56230.231 Therefore, we
believe that there is a synergistic effect of G-CSFR activation by Calr and Jak2. Erythrocytosis
is driven by the Jak2 mutation in single mutated as well as double mutated mice without an
additive effect of mutCALR, thus explaining similar hematocrit and Hb values observed in both
lines. The observation time was limited by the premature death of Jak2/Calr double mutated
mice. Interestingly, additive effects of both mutations were visible in 8- to 9-week old mice, a
time point at which heterozygous Calr-del52 animals were comparable to WT mice apart from
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very mild thrombocytosis. While CALR mutations are associated with higher platelet counts
than JAK2 mutations in patients, this is not the case for the Jak2 and Calr single mutated
mice?32. Heterozygous Calr-del52 animals show a relatively mild phenotype with isolated
thrombocytosis in aged mice'®. This might be caused by the weaker interaction of the chimeric
Calr-del52 protein with the murine MPL. The young age might also explain why we did not

observe signs of myelofibrosis in our experiments.

Notably, the aggravated disease phenotype culminated in significantly reduced survival.
Double positive as well as Jak2 single mutated mice died spontaneously. Given the excessive
expansion of thrombocytes and erythrocytes, early mortality is most likely associated with
thromboembolic events. In addition, double mutated mice developed significant leukocytosis,
which was also associated with increased thrombotic risk?*3. We observed an approximately
4-fold increase of granulocytes in Jak2/Calr mice compared to WT or Calr single mutated mice.
Wolach et al., reported that granulocytes of Jak2V617F mice were prone to neutrophil
extracellular net formation, which promoted thrombosis?**. The hematocrit of double mutant
mice was around 80-90%, which decreases blood flow. Together with high thrombocyte counts
(app. 5000 x 1073/uL) and leukocytosis with increased granulocytes this leads to an extremely
high risk for thrombotic events. These have also been reported as cause of lethality in
Jak2V617F mouse models, i.e. cardiac thrombosis in homozygous mice and gangrenous

bowel, and are the leading cause of death in JAK2V617F-positive patients?5-2%",

The mere detection of two mutations from bulk cells does not provide information about the
distribution of these genetic aberrations. It has been shown that acquisition of an additional
driver or passenger mutation can lead to separate clones expanding side by side. Interestingly,
patients with a low JAK2V617F burden frequently have an additional JAK2 exon12, CALR or
MPL mutation*®>5-57.61.6368 |n two studies, Mansier et al. also observed a lower CALR mutational
burden in double mutated patients compared to those with a single CALR mutation®63, This
might be explained by competition of two separate clones. Only two groups assessed clonality
of patients harboring multiple mutations by performing colony formation assays and analysis
of individual colonies or by single cell sequencing*>72. Both publications revealed that JAK2
and CALR mutations were acquired in independent clones, thus indicating that JAK2 and
CALR mutations might be mutually exclusive on the single cell level. Mutual exclusivity can be
caused by a synthetic lethal interaction. Such synthetic lethality has been described in splicing
factor mutated myeloid malignancies showing that Sf3b7 and Srsf2 double mutant HSCs have
reduced fitness in vivo providing explanation why such patients are never observed®3®,
Recently, the first report of a patient who acquired a JAK2V617F mutation in addition to a
CALR type 1 mutation in the same clone, was released?*®. Although this publication showed
that JAK2V617F and CALRdel52 mutations can co-exist in a single clone, the effect on HSC
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fitness remained elusive. While both mutations were detected in in HSCs as well as myeloid
progenitors, HSCs had the lowest VAF. Synthetic lethality can cause cell death or decreased
competitive fitness over time in HSCs and therefore the best indicator for HSC fitness is their

repopulation capacity in BMT experiments.

We compared the outgrowth of HSCs from double or single mutated mice against WT cells in
competitive primary and secondary BMT. Double mutant stem cells engrafted well and induced
a disease phenotype comparable to the KI mice. The chimerism (% of mutant cells) of myeloid
cells in PB increased over time in all groups with the most pronounced expansion in the double
mutated group and weakest expansion in the Calr single mutated group. Outgrowth on the
HSCs level in primary and secondary transplants showed a similar pattern. Two and three out
of four animals of the Jak2 or Jak2/Calr group, respectively, reached full chimerism in the
secondary transplant, which indicates that double mutated stem cells do not have reduced
fitness. Competitive advantage of HSCs from Calr-del52 or Jak2-V617F single mutated knock-
in mice tested in previous publications is comparable with our results. Mullaly et al. identified
the LSK compartment as the MPN-initiating population and reported a minimal increase of
Jak2V617F mutant stem cells over time after competitive transplantation of LSK cells'®”. Hasan
and colleagues, however, showed that Jak2-V617F positive cells expand and reach almost full
chimerism 18 weeks post transplantation®. Our group as well as Li, Prins and colleagues
showed that HSCs of mice with a heterozygous Calrdel52 mutation properly engraft lethally
irradiated recipients in primary and secondary transplantation experiments. However, these
cells did not show a significant proliferative advantage compared to the WT competitor'.101,
Likewise, we observed increased outgrowth of double mutated and Jak2 mutated over Calr

mutated cells.

Our data suggest that the co-expression of JAK2 and CALR mutations lead to a compound
phenotype with increased myelopoiesis, massive thrombocytosis and reduced survival. This is
in line with recent case reports, where acquisition of a secondary driver mutation into a
previously mutated clone was associated with a high-risk phenotype, disease progression or
unresponsiveness to treatment®.73, These studies delivered proof that two driver mutations
can co-exist within the same clone and our study further ruled out that double mutation
negatively affects HSC fitness. Based on our study and the available case reports, we
hypothesize that secondary mutations might be an indicator for increased risk. Yet, they are
rarely detected as driver mutations are usually screened in a sequential manner starting with
the most frequent, the JAK2V617F mutation, and JAK2V617F" patients are often not screened
for additional mutations. Further, the studies by Nishimura et al. and Partouche and colleagues
showed that a second driver mutation can arise years or decades after initial diagnosis. This

hinders identification of double mutated patients, since driver mutations are usually not re-
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analyzed during follow up. While the co-occurrence of JAK2 and CALR mutations is frequently
reported, the clonality is rarely analyzed. Formal proof for the co-expression of two mutations
in one clone can only be provided by genotyping single colonies or single cell sequencing.
However, these methods are time and cost-intensive and thus rarely performed. Thus, the true

frequency of patients carrying two driver mutations in the same clone remains unknown.

3.2 CAR-T cells targeting mutCALR

With the main causative mutations being elucidated, MPNs belong to the genetically solved
malignancies. Hence, now the time has come to find a specific therapy. Currently, there is a
lack of disease modifying therapies and the only curative treatment is allogeneic HSCT, which
is used for severe cases of myelofibrosis?®’. Classification by comprehensive genomic
characterization allows for risk stratification in MPN2?*'. The most severe phenotype and worst
prognosis is associated with MF with a ten-year risk of leukemic transformation of 20 %. Post-
MPN AML is virtually untreatable with poor survival rates in the range of a few months?*,
Therefore, patients with high risk for leukemic transformation or fibrosis urgently need targeted

treatment.

There is strong evidence that immunotherapy might be an effective line of treatment in MPN
patients harboring CALR mutations#5-147243_ With CALR being a neoantigen that is present at
the cell surface and truly tumor specific, it is a promising target for antibody-based therapies
or CAR-T cell therapy. Taking into account that studies failed to isolate HLA I-restricted
neoantigen presentation and to isolate reactive CD8" T lymphocytes from patients, one major
advantage of antibodies or CARs is independence of MHC |. Downregulation of MHC class |
molecules is a common way of tumor immune evasion, and their assembly might be imparted
by mutation of CALR. Compared to conventional antibodies, CARs require a lower antigen
density and showed functionality in a range of a few 100 molecules per cell'®'. This is an
important aspect to consider when targeting mutCALR as the antigen surface density is limited
by presentation via MPL, a protein that is weakly expressed. Further, CALR is partially
secreted, which might generate a sink depleting the free antibody, whereas CARs can be re-
expressed by T cells?#4245, Moreover, their CAR-T cell safety and efficacy can be improved by
further genetic engineering, e.g. PD-1 knock-out for resistance to PD-L1-dependent
suppression; expression of dominant negative TGFbRII for resistance to TGFb-dependent
suppression; GM-CSF knock-out to eliminate the trigger of cytokine release syndrome?'3.246.247,
Therefore, we hypothesized that the use of CAR-T cells is a suitable mode of action for the
treatment of CALR mutated MPN and developed the first mutCALR-specific CARs.

As mutCALR is presented at the cell surface in complex with MPL, epitope accessibility is
sterically limited. Therefore, it is crucial to test binding to the antigen in its conformation on
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target cells. Further, binding capacities of antibodies do not directly correlate to the suitability
of their scFv in CARs. Therefore, we chose to screen multiple scFvs by using Jurkat CAR-T
cells as effectors and UT7-Tpo CALR™ '™ cells as targets to identify functional CARs from the
library. The Jurkat cell line was derived from leukemic human T lymphocytes and has been
extensively used to study T cell receptor signaling and screen CAR-T cells?4-25' In Jurkat
cells, engagement of a CAR with its target antigen leads to activation, which can be assessed
by CD69 expression. Using a cell line, allowed us to transform a very homogeneous cell
population with the library leading to comparability of activation by different CAR molecules.
Based on this initial screen, we could verify the proper expression and antigen binding of the
scFv by staining with a peptide mimicking the mutant tail of mutCALR and by measuring CAR

functionality in regard to T cell activation.

In co-culture assays with primary T cells, we could show that human anti-mutCALR CAR-T
cells specifically lyse mutCALR expressing cells in vitro. Both UT7/Tpo as well as patient-
derived CD34+ cells were recognized. We could achieve eradication of UT7/Tpo cells with
minimum residual cells within 24 hours, while in co-culture assays with CD34+ cells, we
achieved a reduction of about 50%. We did not analyze the composition of the remaining cell
population. Yet, we hypothesize that the high percentage might be caused by the presence of
WT cells and/or MPL-negative cells in the initial CD34+ cell mass. Due to the low expression
of MPL, MPL-positive and negative cells are hard to distinguish by FACS. Thus, we plan to
increase the sensitivity of the cytotoxicity assay for primary human CD34+ cells by measuring
the VAF pre- and post CAR-T cell addition. Experiments were repeated with several T cell
donors, including patient-derived T cells (data not shown). CAR-T cells generated from CALR
mutated patients did not show any signs of reduced functionality. Thus, we generated a
sensitive and specific receptor targeting mutCALR. Cytotoxicity towards primary CD34+ cells
and functionality of patient-derived CAR T cells suggest that autologous CAR-T cell therapy is
a potential line of treatment of CALR mutated MPN.

While in vitro experiments were performed under optimal media conditions, certain factors
present in patient plasma might influence CAR-T cell functionality in vivo. For example, it was
reported that the cytokine profile of MPN patients is altered compared to healthy individuals?®2.
Further, secreted CALR might bind to CARs, which could block their paratope and thus result
in decreased activity, or lead to unspecific activation. Therefore, we performed experiments
with cell culture supernatants, patient plasma and recombinantly produced mutCALR. In
patients carrying CALR type 1 or type 2 mutations, mean serum mutCALR levels are 27 to 30
ng/ml (range 0-70 ng/ml)*3. To see a maximum effect, we supplemented recombinant
CALRIns5 at a high concentration (200 ng/mL) exceeding the maximum levels seen in patients.

We further performed assays with cell culture supernatant and patient plasma. While in these
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conditions, mutCALR levels were in the low range (2-10 ng/mL), this ensured the native
conformation of soluble CALR. By using patient plasma, we could further evaluate the influence
of other factors present in patient plasma. We did not observe activation of anti-mutCALR CAR-
T cells when incubated with recombinant mutCALR alone or parental UT7/Tpo cells with the
recombinant protein at a high concentration (200 ng/ml). This suggests that the antigen is not
"dressing up" the wild type cells. An important aspect for in vivo administration of anti-mutCALR
CAR-T cells, indicating that secreted CALR does not induce off-target killing. We further
excluded that the patient cytokine profile has an inhibitory effect of CAR-T cells by
supplementing plasma from different donors. With these assays we could show, that soluble
factors occurring in a patients’ blood do not seem to hinder CAR-T cell functionality. Yet, in
vitro experiments cannot recapitulate conditions at the target cell site. While patient plasma is

a good indicator as a first approach, local concentrations might be different.

In vitro experiments are the first step in testing different therapies. However, the complex
interplay of CAR-T cells, tumor cells and surrounding factors can only be recapitulated in in
vivo models. The most commonly used models to provide proof-of-concept for CAR-T cell
functionality are cell line-based xenograft models in NOD/SCID/IL2Rgc-KO (NSG) mice?®.
NSG mice are severely immunocompromised with a complete lack of innate immunity (B and
T cells) and NK cells. They enable engraftment of a wide spectrum of human cell lines and
allow testing of human CAR-T cells. Engraftment of patient-derived cells (patient derived
xenograft, PDX) results in a model with a more physiologically relevant target cell population.
While the feasibility of using human T cells against human target cells is a significant
advantage of immunodeficient models, lack of immunity also brings its limitations. In these
models, the crosstalk of immune cells cannot be addressed due to the lack of certain immune
cells and cross-species incompatibility of cellular and soluble factors. These may influence T
cell trafficking and persistence. In addition, human stromal cells and thus the tumor
microenvironment is not well represented. Immunocompetent murine mouse models, such as
Kl models, allow assessment of CAR-T cells in the presence of a physiological environment.
Their drawback, however, is the need for a fully murine system including murine effector and
target cells. We established several models for preclinical testing of anti-mutCALR CAR-T
cells. UT7/Tpo cells robustly engraft NSG mice after intravenous as well as subcutaneous
injection and thus a UT7/Tpo xenograft models could be used for testing of human CAR-T
cells. However, our human candidate CAR anti-mutCALR CAR 7, although specific for
mutCALR in the human system, showed cross-reactivity with murine cells. Blast search of the
targeted epitope revealed an overlap with antigens ubiquitous in murine bone marrow. Thus,
application of CAR-T cells expressing anti-mutCALR CAR 7 would lead to on-target/off-tumor
toxicity and this CAR is therefore not suitable for in vivo testing in murine models. Therefore,
we focused on generating fully murine CAR-T cells, which allows testing in an
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immunocompetent model, which enables to evaluate CAR-T cells in presence of the MPN
immunophenotype. We performed competitive BMT with a mixture of WT and Calr mutated
BM cells. This model mimicks many features of patients, including presence of WT and mutant
cells. Target cells reside in their physiological environment, i.e. the bone marrow, and thus
effects of the bone marrow niche including penetrance, soluble factors and influence of stromal
cells can be assessed. Mutant HSCs differentiate and give rise to mature blood cells in vivo,
thus all differentiation states and cell populations and the physiological MPL expression pattern

are represented with the actual target population embedded in a mass of non-target cells.

Murine anti-mutCALR CAR-T cells completely eradicate Ba/F3 cells. We observed increased
functionality of these cells compared to human cells, which might be caused by several factors.
First, antigen expression in Ba/F3 cells is higher than in UT-7 or human CD34+ cells as this
target cell line was generated by overexpression of human MPL and mutCALR. Second, CAR
expression is higher in murine T cells, likely owing to the fact that these cells were generated
by retroviral transduction as opposed to human T cells, which were lentivirally transduced.
Third, the murine CAR includes a different antigen-recognition domain as the human CAR.
Interestingly, while the same scFv incorporated in a human second-generation CAR backbone
did lead to specific cytotoxicity towards CALR mutated UT7/Tpo cells, expansion of these CAR
T cells was significantly reduced compared to anti-mutCALR CAR 7. Fine tuning of the human
CAR with the murine scFv by varying the hinge region and linker length, the costimulatory

domain also did not result in improved CAR-T cell expansion.

Murine anti-mutCALR CAR-T cells recognize primary mutant cells ex vivo and enable the
depletion of mutant cells from a mixture of progenitor cells. While we primarily used
transplantation as a sensitive readout for the presence of HSCs, this “cleanup” step might bring
a therapeutic opportunity: There is no other therapy for severe cases of myelofibrosis than
allogeneic stem cell transplantation. Ex vivo treatment might allow the depletion of mutant cells
from a patient’'s own bone marrow, thereby allowing autologous transplantation. The major
benefit of this setup is that it substantially decreases the risk of HSCT, where severe side

effects occur due to graft-versus-host disease.

Notably, we saw a partial response in one of the animal experiments, in which we treated
chimeric animals. In two mice the myeloid chimerism in PB decreased. These two mice also
had the lowest BM chimerism and highest number of infiltrating lymphocytes. However, it is
unclear what caused the differences in the CAR-T cell group. It has been reported that
insertional mutagenesis caused by random integration of the CAR sequence after viral
transduction might influence the T cell phenotype. Fraietta et al., for example, reported that
knock out of Tet2 by random virus integration led to improved T cell proliferation. The CAR-T

cell response in this patient was dominated by this clone. The clonality of a T cell pool can be
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analyzed by TCR screening. In case T cells isolated from the two responder these mice are
highly clonal, integration site analysis could be interesting and might help to understand the

different responses of individual mice in the CAR-T cell group.

Although we could validate murine CAR-T cells ex vivo, we observed no or very limited efficacy
in the BMT model in vivo with only two partial responses. We aimed at optimizing CAR-T cell
dosing and injection time point. Lymphodepleting conditioning has been shown to be an
essential step for proper engraftment and expansion of adoptively transferred T cells25%-2%,
Apart from anti-tumor activity such chemotherapeutic regimens can induce a favorable
environment for CAR-T cells. The depletion of B, T and NK cells lead to the elimination of
homeostatic cytokine sinks and increase the availability of cytokines, like IL-2, IL-7 and IL-15
for transferred T cells. Further, lymphodepletion can decrease the number of immune
suppressive cells, such as Tregs and MDSCs. Kochenderfer et al., and Jacoby and colleagues
also showed that lymphodepletion is vital for the activity of murine anti-CD19 CAR-T cells in
immunocompetent mouse models??82%°. Therefore, we initially chose an early time after bone
marrow transplantation, to ensure ongoing lymphodepletion at the time of CAR-T cell injection.
We further tested co-injection of CAR-T cells together with the stem cell graft, as well as
treatment of established chimeras after lymphodepleting sublethal irradiation (5 Gy). Yet, we
only observed a partial response in one single experiment. Therefore, we set out to determine

factors hindering CAR-T cell efficacy in this model.

To assess the overall effect of the MPN immunophenotype on CAR-T cell functionality we
tested established CD19 CAR-T cells in heterozygous and homozygous Calrdel52 vav-iCre KI
mice. CD19 CAR-T cells completely eradicated B cells in blood, spleen and bone marrow in
all mice. Especially the complete lack of bone marrow-resident B cells in Calr mutated mice
indicated that the bone marrow of these mice is accessible for CAR-T cells and that the niche
does not prevent T cell functionality. These results validated our CAR-T cell preparation
protocol and showed that CAR-T cells can penetrate the bone marrow. As CD19-CAR T cells
were functional in all genotypes, we could exclude a general immunosuppressive effect in
these mice. However, the comparison of anti-CD19 and anti-mutCALR is limited by several
factors. CD19 is a highly expressed antigen and thus signaling strength of the anti-CD19 and
anti-mutCALR CAR are different. Increased signaling by the CD19 CAR might overcome
inhibitory signals, which pose an obstacle for anti-mutCALR CARs. Although both CARs target
hematopoietic cells, the target cells differ in their abundance, distribution and cell-intrinsic
properties. Therefore, we aimed at expressing the murine CD19 exodomain in Calrdel52 Ki
murine HSCs to generate a model in which CD19 CARs target the same population. However,
low transduction efficiency and the lack of competitive advantage provided by the CD19

construct resulted in insufficient CD19-labelled HSCs.
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Trafficking of T cells to the target cell site is of utmost importance for the efficacy of CAR-T
cells. Detection of F1- T cells in the BM and the control experiment with CD19 CAR-T cells
indicated that CAR-T cells reach the BM in WT as well as Calr mutated mice. However, the
number of CAR-T cells in the BM was low (1-2 %). Despite the fact that this low number was
enough to deplete B cells in the BM, further engineering of T cells by expressing BM-specific

chemokine receptors or intrafemoral injection might improve the results.

T cell exhaustion is a factor frequently limiting T cell responses towards tumors. Exhaustion of
CAR-T cells can be caused by several factors including tonic signaling due to suboptimal CAR-
T cell design, chronic exposure to the antigen, soluble factors and increased expression of
inhibitory receptors on target cells. It has been reported that PD-1 and CTLA-4 are promising
candidates for checkpoint inhibition in MPN?%°, We assessed the expression of PD-L1 in the
bone marrow of chimeric and non-transplanted mice and found a significant difference in these
models. While non-transplanted homozygous Calr mutated mice only showed a trend towards
increased PD-L1 expression. PD-L1 was 2-4-fold more expressed in total bone marrow and
megakaryocytes in chimeric mice four weeks post transplantation. This indicates that the
cytokine storm associated with transplantation might influence PD-L1 expression and thus
early injection of CAR-T cells might complicate CAR-T cell efficacy. We do not know the
dynamics of this PD-L1 expression and it would be interesting to analyze, whether this PD-L1
induction decays over time. Further, we yet have to test CTLA-4 expression in our model. We
evaluated the exhaustion status of CAR-T cells by FACS analysis, i.e. staining for the early,
mid and late exhaustion markers PD-1, LAG-3 and TIM-3, at the end of the experiment. FACS
analysis showed increased expression of exhaustion markers by anti-mutCALR CAR-T cells
in dependence of the recipient’s genotype. CAR-T cells isolated from spleens of homozygous
but not heterozygous or WT Kl mice showed increased expression of PD-1, LAG-3 and TIM-3
compared to CD19-specific CAR-T cells. Expression of these markers in the BM was also
highest in cells isolated from homozygous Kl mice, but did not exceed the expression of these
markers in anti-CD19 CAR-T cells. Notably, expression of exhaustion markers in CD19-
specific CAR-T cells was not influenced by the recipient's genotype. The fact that the
expression of exhaustion markers did not differ between the two different CAR constructs in
WT and heterozygous mice, indicates that exhaustion might be triggered in an antigen-
dependent manner and further shows that tonic signaling due to suboptimal CAR design is
unlikely. The observed differences between the genotypes and CAR constructs could either
be explained by increased expression of inhibitory receptors by mutCALR-expressing cells
compared to B cells or by the effect of secreted CALR. The analysis of co-injected CAR-T cells
at the time of BMT, also showed increased expression of PD-L1 and LAG-3 compared to Mock
T cells. Interestingly, adoptively transferred T cells showed increased expression of PD-1,
LAG-3 and TIM-3 compared to endogenously produced T cells. This might indicate an
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exhausted phenotype caused by T cell culture conditions or the cytokine storm caused by
lethal irradiation and BMT. Nevertheless, CD19-specific CAR-T cells generated under the
same conditions were functional. Thus, the CAR-T cell generation protocol seems to be
suitable to obtain functional CARs. However, we did not test the anti-CD19 CAR-T cells under
BMT conditions yet. This might reveal transplantation-related changes in the T cell phenotype.
Although we detected increased expression of exhaustion markers in anti-mutCALR CARs,
one cannot draw strong conclusions from these data. Increased expression of exhaustion
markers can also be a sign of activation and definitive proof of an exhaustive phenotype could
only be obtained by testing the functionality CAR-T cells isolated from treated mice. A lack of
functionality in addition to expression of exhaustion markers indicates T cell exhaustion.
However, the little number of F1-hybrid T cells that can be isolated from the BM hindered such

assays.

While in vitro experiments in the human system showed no influence of soluble mutCALR, this
might not be the case for the murine model. The influence of secreted target protein on CAR-
T cell efficacy is dependent on the antigen. Some studies reported that CAR T cells were
insensitive to secreted antigen®4245. In contrast, Chang et al., designed CARs that are
specifically activated by soluble factors and determined essential factors for CAR-T cell
activation by soluble ligands?%'. Only antigens that can cross-link CAR receptors and are stable
enough to transmit tensile force to the signaling domains of the CAR can induce cell-
independent CAR-T cell activation. For some antigens, the soluble antigen interferes with
CAR-T cell efficacy. Shed antigen blocked CAR-T cells specific for glypican-3 in a preclinical
model for hepatocellular carcinoma?®?. For BCMA CARs it was shown that antigen modulation
by shedding decreases CAR-T cell efficacy and use of a y-secretase inhibitor that prevented
cleavage increased the CAR-T cell response. Inhibition of cleavage does not only increase the
antigen surface density but also decreases the concentration of soluble BCMA in patients?53264,
This is an important factor to prevent blockade of CAR-T cells as it was shown that increasing
concentrations of soluble BCMA can inhibit CAR-T cell activation?. Another antigen that is
cleaved off the cell surface is mesothelin. Liu et al. showed that targeting an epitope that binds
before the cleavage site can prevent blocking by the cleaved part of the antigen and recognize
cleaved as well as non-cleaved antigen at the cell surface?®. Similarly, Kihara et al. reported
that part of mutCALR was cleaved off the cell-surface, which could be detected in cell-culture
supernatants and they designed their antibody so that cleavage does not result in the loss of

binding™. Thus, we revised the influence of secreted mutCALR in regard to the murine model.

During treatment of CALR mutated mice, we observed immune-complex formation of soluble
mutCALR with anti-mutCALR antibodies'. Such immune complexes deplete the secreted

antigen, as well as the available antibody in the plasma. Thus, soluble mutCALR serves as an
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antibody sink and therefore frequent administration of the therapeutic antibody is required.
Here, we utilized this immune complex formation to deplete soluble CALR from the plasma as
an analytic tool. After antibody treatment we detected 3-times more CAR-T cells binding the
antigen compared to mice without pre-treatment. Mice with pre-treatment also showed a trend
towards increased CD25 expression, which might be indicative of increased activation.
Therefore, we hypothesize that secreted CALR binds to CAR-T cells and thereby blocks their

epitope.

In conclusion, we could show that both human and murine CAR-T cells specifically recognize
mutCALR expressing cells and lead to their clearance. Nonetheless, we did not obtain robust
efficacy in vivo. Although primary HSCs were depleted in a mutCALR-specific manner by
murine T cells ex vivo, they failed to eradicate mutant stem cells in vivo. Therefore, we
analyzed several factors, which might lead to inhibition of T cells in vivo. We validated our
CAR-T cell generation protocol and functionality of CAR-T cells Calr mutated mice with a
CD19-specific control CAR. Although differences in the CD19 and mutCALR antigen limit the
comparability of both CAR constructs, functionality of the CD19 CAR indicates that target-cell
or target-antigen specific factors are likely responsible for the lack of efficacy of anti-mutCALR
CAR-T cells. We observed increased PD-L1 expression of target cells, especially in the context
of BMT, which might hamper CAR-T cell functionality. Futher, mutCALR-specific CAR-T cells
showed increased expression of PD-1 and LAG-3, which might be in line with an exhausted
phenotype resulting from increased PD-1/PD-L1 signaling. In addition, we identified secreted

mutCALR as a potential inhibitor of CAR-T cell functionality.

We are currently establishing a simplified Ba/F3 xenograft model for testing murine CAR-T
cells in vivo. Preliminary data from treatment of mice with subcutaneous Ba/F3 tumors indicate
that CAR-T cells are functional in vivo. Although Ba/F3 cells express the antigen at a higher
density and xenograft models are less physiologically relevant, this is the first indication that
anti-mutCALR CAR-T cells can deliver robust efficacy in vivo and the subcutaneous tumors
might recapitulate a tumor environment with increased concentrations of soluble CALR. Yet,
we plan to further elucidate mechanisms, which hinder the efficacy of the CAR-T cells in our
immunocompetent BMT model. Thus, we will analyze the expression of CTLA-4 on target cells
and test combination therapies of PD-1 or CTLA-4 blockade and CAR-T cells. Further, a main
effort of the lab is the generation of novel conformation-specific antibodies. Thereby, we aim
at finding an antibody, which specifically recognizes mutCALR in complex with MPL. This
would prevent blocking of the paratope on CAR-T cells by secreted mutCALR.

69



4. METHODS

Generation of CAR constructs

CAR constructs were generated using NEBuilder HiFi DNA assembly.

Human CAR library for screening in Jurkat cells. ScFv sequences were provided by and are
proprietary to MyeloPro Diagnostics and Research GmbH. Different scFvs were incorporated
into a second-generation 28z CAR provided by the Christoph Bock Lab, CeMM. A CROPseq
vector was used as a backbone, which included mCherry linked to the CAR via a T2A
sequence?®,

Human CAR constructs for in vitro testing. CAR 7 was cloned into the pCDH vector, which
included a Puromycin resistance gene linked to the CAR via a P2A sequence. scFv 7 was
additionally cloned into a second-generation BBz CAR provided by the Christoph Bock Lab.
Murine CAR. An scFv derived from a mouse mAb was cloned into a murine CAR backbone in
a retroviral vector (Addgene #107226)?%,

Cell culture

UT7/Tpo cells were transduced to stably express a Photinus pyralis firefly luciferase reporter
(Addgene #17477)%". Cells were cultured in IMDM (Gibco) + 10% FBS (Sigma) + Penicillin-
Streptomycin (Gibco, 100 U/mL). CALR WT cells were supplemented by human TPO

generated in our lab.

Ba/F3 cells were cultured in RPMI (Gibco) + 10% FBS (Sigma) + Penicillin-Streptomycin
(Gibco, 100 U/mL).CALR WT cells were supplemented by human TPO generated in our lab.

Human primary T cells were isolated from a buffy coat obtained from the Austrian Red Cross
using the Miltenyi human CD3 microbead kit. After activation with T cell TransAct (Miltenyi),
cells were cultured up to three weeks in CTS™ OpTmizer™ T Cell Expansion SFM (Gibco)
supplemented with Glutamax (Gibco, 1:100), 2% human serum (Sigma) and human IL-2
(Peprotech, 100 U/mL). CAR-positive cells were selected using Puromycin (Invitrogen) at 1

Mg/mL.

For mouse T cell isolation, splenocytes were harvested from F1 hybrid C57BL/6
(CD45.1/CD45.2) donor mice and passed over a mouse CD3" T cell enrichment column
(Miltenyi Biotec). T cells were incubated in complete mouse media (RPMI + 10% FBS +
Penicillin-Streptomycin + HEPES + non-essential aa + sodium pyruvate + Glutamax + [3-
mercaptoethanol; all from Gibco) and activated with Mouse T-Activator CD3/CD28 Dynabeads
(Thermo Fisher) in the presence of human IL-2 (Peprotech, 100 U/mL).
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CAR screening in Jurkat cells

The receptor library was expressed in Jurkat cells by lentiviral transduction. Successful DNA
integration was detected by mCherry, which was included on the CAR-encoding plasmid.
Unsorted cells were co-cultured with UT7/Tpo target cells at an effector to target ratio of 1:1

for 16 hours before staining for CD69.

In vitro testing of human CAR-T cells

A mixed population of CD4* and CD8* T cells with approximately were transduced with the
CAR construct and selected with puromycin. CAR expression was determined by staining with

the 22-aa peptide mimicking the mutant C-terminus of CALR.

All cells were resuspended in Cytotoxicity Medium (RPMI without phenol red with 10% FBS,
Penicillin-Streptomycin). Target cells (20000/well) were seeded in white polystyrene 96-well
round bottom plates. CAR-T cells were added according to the desired effector to target ratio.
The plates were centrifuged at 300g for 5 min and incubated for 24 hours at 37 °C. 50 uL of
luciferin solution (0.45 mg/mL Xenolight D luciferin, Perkin EImer) was added to each well and
the plate was incubated for 20 min at room temperature in the dark. Luminescence was
measured using BioTek Synergy2 plate reader. Supernatant from cytotoxicity assays was
stored at -80 °C for cytokine analysis. IFN-g was quantified using ELISA Kits purchased from
Biolegend.

In vitro testing of murine CAR-T cells

On days 2 and 3 of T cell culture, retroviral supernatant was centrifuged at 2000g for 2 hours
on Retronectin (Takara) coated plates. After virus supernatant removal, T cells were incubated
for an additional 24 hours. A second transduction was performed to increase CAR-T cell
frequency. On day seven after isolation, T cells were either co-cultured with target cells. GFP-
positive Ba/F3 cells (40000/well) were seeded in polystyrene 96-well round bottom plates.
CAR-T cells were added according to the desired effector to target ratio. The plates were
centrifuged at 300g for 5 min and incubated for 24 hours at 37 °C. The frequency of GFP+
target cells was measured by FACS. Assay supernatant was stored at -80 °C for cytokine

analysis.

Animal experiments

All animal experiments were approved by the Austrian Bundesministerium fur Wissenschaft,

Forschung und Wirtschaft.

We intend to perform competitive bone marrow transplantation in lethally irradiated Ly5.1
recipient mice. We will use an F1 hybrid of C57BL/6 vavCre (Ly5.2) and C57BL/6-Ly5.1 mice

as donor for competitor cells, while target cells will be isolated from C57BL/6 vavCALRdel52
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(Ly5.2) mice. Hence, Ly5.1/Ly5.2 competitors can be separated from CALRmut Ly5.2 target
cells and Ly5.1 residual recipient cells. Different populations can be assessed by the use of
CD45.1 and CD45.2 specific antibodies as an end-point measurement. For monitoring of
disease progression we have further developed a digital droplet PCR assay that allows to
quantify the fractional abundance of cells expressing CALRmut, which is equivalent of

assessing allelic burden.

We will inject mouse CAR-T cells into transplanted mice with established disease. The effect
of treatment will be monitored by regular measurements of peripheral blood parameters. At the
experimental end point we further plan to isolate organs and analyze spleen and bone morrow

composition by flow cytometry completed by histological analysis of the bone marrow.
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