Generation of FLT3-ITD-reactive T-cell

populations from different sources

Dissertation

for achievement of the academic degree
“Doctor of Philosophy (PhD)”

Submitted at
the Faculty of Medicine and the Faculty of Biology

Johannes Gutenberg-University, Mainz

Vijay Kumar Singh
Born on 10™ Jan 1981 in Jaunpur, Uttar Pradesh, INDIA

Mainz, 2013



Fachbereich Medizin der Johannes Gutenberg-Universitat Mainz

Dekan:

Fachbereich Biologie der Johannes Gutenberg-Universitat Mainz

Dekan:

1. Berichterstatter:

2. Berichterstatter:

Tag der mundlichen Prafung: 18/04/2013




Summary

Summary

Approximately 25% of acute myeloid leukemias (AMLs) carry internal tandem duplications (ITD)
of various lengths within the gene encoding the FMS-like tyrosine kinase receptor 3 (FLT3).
Although varying duplication sites exist, most of these length mutations affect the protein’s
juxtamembrane domain. FLT3-ITDs support leukemic transformation by constitutive
phosphorylation resulting in uncontrolled activation, and their presence is associated with worse
prognosis. As known form previous work, they represent leukemia- and patient-specific
neoantigens that can be recognized by autologous AML-reactive CD8" T cells (Graf et al., 2007;
Graf et al., unpublished). Herein, in patient FL, diagnosed with FLT3-ITD* AML and in first
complete remission after induction chemotherapy, T cells against her leukemia’s individual
FLT3-ITD were detected at a frequency up to 1.7x10°® among peripheral blood CD8" T
lymphocytes. This rather high frequency suggested, that FLT3-ITD-reactive T cells had been

expanded in vivo due to the induction of an anti-leukemia response.

Cell material from AML patients is limited, and the patients” anti-leukemia T-cell repertoire might
be skewed, e.g. due to complex previous leukemia-host interactions and chemotherapy.
Therefore, allogeneic sources, i.e. buffy coats (BCs) from health donors and umbilical cord
blood (UCB) donations, were exploited for the presence and the expansion of FLT3-ITD-
reactive T-cell populations. BC- and UCB-derived CD8" T cells, were distributed at 10° cells per
well on microtiter plates and, were stimulated with antigen-presenting cells (APCs) transfected
with in vitro-transcribed mRNA (IVT-mRNA) encoding selected FTL3-ITDs. APCs were

autologous CD8" blood mononuclear cells, monocytes or FastDCs.

Buffy coat lymphocytes from 19 healthy individuals were analyzed for CD8" T-cell reactivity
against three immunogenic FLT3-ITDs previously identified in patients VE, IN and QQ and
designated as VE_, IN_ and QQ_FLT3-ITD, respectively. These healthy donors carried at least
one of the HLA | alleles known to present an ITD-derived peptide from one of these FLT3-ITDs.
Reactivities against single ITDs were observed in 8/19 donors. In 4 donors the frequencies of
ITD-reactive T cells were determined and were estimated to be in the range of 1.25x10° to
2.83x107 CD8" T cells. These frequencies were 1,000- to 10,000-fold lower than the frequency
of autologous FLT3-ITD-reactive T cells observed in patient FL. Restricting HLA | molecules
were identified in two donors. In one of them, the recognition of VE_FLT3-ITD was found to be
restricted by HLA-C*07:02, which is different from the HLA allele restricting the anti-ITD T cells
of patient VE. In another donor, the recognition of IN_FLT3-ITD was restricted by HLA-B*35:01,
which also had been observed in patient IN (Graf et al., unpublished). By gradual 3’-
fragmentation of the IN_FLT3-ITD cDNA, the 10-mer peptide CPSDNEYFYV was identified as
the target of allogeneic T cells against IN_FLT3-ITD.




Summary

Lymphocytes in umbilical cord blood predominantly exhibit a naive phenotype. Seven UCB
donations were analyzed for T-cell responses against the FLT3-ITDs of patients VE, IN, QQ, JC
and FL irrespective of their HLA phenotype. ITD-reactive responses against all stimulatory
FLT3-ITDs were observed in 5/7 UCB donations. The frequencies of T cells against single
FLT3-ITDs in CD8"* lymphocytes were estimated to be in the range of 1.8x10°to 3.6x10°, which
is nearly 15-fold higher than the frequencies observed in BCs. Restricting HLA | molecules were
identified in 4 of these 5 positive UCB donations. They were mostly different from those
observed in the respective patients. But in one UCB donation T cells against the JC_FLT3-ITD
had exactly the same peptide specificity and HLA restriction as seen before in patient JC (Graf
et al., 2007). Analyses of UCB responder lymphocytes led to the identification of the 10-mer
peptide YESDNEYFYV, encoded by FL_FLT3-ITD, that was recognized in association with the
frequent allele HLA-A*02:01. This peptide was able to stimulate and enrich ITD-reactive T cells
from UCB lymphocytes in vitro. Peptide responders not only recognized the peptide, but also
COS-7 cells co-transfected with FL_FLT3-ITD and HLA-A*02:01.

In conclusion, T cells against AML- and individual-specific FLT3-ITDs were successfully
generated not only from patient-derived blood, but also from allogeneic sources. Thereby, ITD-
reactive T cells were detected more readily and at higher frequencies in umbilical cord blood
than in buffy coat lymphocytes. It occurred that peptide specificity and HLA restriction of
allogeneic, ITD-reactive T cells were identical to autologous patient-derived T cells. As shown
herein, allogeneic, FLT3-ITD-reactive T cells can be used for the identification of FLT3-ITD-
encoded peptides, e.g. for future therapeutic vaccination studies. In addition, these T cells or

their receptors can be applied to adoptive transfer.
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Zusammenfassung

Bei etwa einem Viertel akuter myeloischer Leukamien (AML) lassen sich im Gen des FMS-like
tyrosine kinase receptor 3 (FLT3) interne Tandemduplikationen (ITD) unterschiedlicher Lange
nachweisen. Diese Langenmutationen treten meistens in der Juxtamembrandomane auf. ITD
fUihren zur konstitutiven Phosphorylierung und Aktivierung des Proteins. |lhre Prasenz ist mit
schlechterer Prognose assoziiert. Sie reprasentieren Leukd&mie- und Patienten-spezifische
Neoantigene, die von CD8" T-Zellen auf AML-Zellen erkannt werden konnen (Graf et al., 2007;
Graf et al., unveroffentlicht). Im Blut der AML-Patientin FL wurden in erster kompletter
Remission nach Induktionschemotherapie CD8" FLT3-ITD-reaktive Lymphozyten in einer
Frequenz von 1,7x10 gefunden. Diese hohe Frequenz legte nahe, dass bei der Patientin
infolge einer Leukamie-Wirt-Interaktion in vivo eine Expansion ITD-reaktiver T-Zellen induziert

worden war.

Zellmaterial von AML-Patienten steht nur in begrenzter Menge zur Verfliigung. Dariber hinaus
ist anzunehmen, dass das AML-reaktive T-Zellrepertoire von Patienten durch komplexe
Leukamie-Wirt-Interaktionen und durch Chemotherapie kompromittiert ist. Deshalb wurde
untersucht, inwieweit FLT3-ITD-reaktive T-Zellen in buffy coat (BC)-Lymphozyten gesunder
Spender und in Nabelschnurblut (umbilical cord blood, UCB) nachweisbar sind und daraus
expandiert werden kénnen. Zur In vitro-Stimulation wurden in Mikrotiterplatten CD8" T-Zellen
(10%/Kultureinheit) gegen Antigen-prasentierende Zellen (APC) stimuliert, die mit in vitro
transkribierter RNA (IVT-RNA) fir verschiedene FLT3-ITD transfiziert waren. Als APC wurden
autologe CD8 mononukleare Blutzellen eingesetzt sowie daraus isolierte Monozyten und
FastDC.

In BC von 19 gesunden Spendern wurde nach CD8" T-Zellreaktivitat gegen die immuno-genen
FLT3-ITD der Patienten VE, IN und QQ gesucht, bezeichnet als VE_, IN_, bzw. QQ_FLT3-ITD.
Die BC-Spender trugen mindestens eines der HLA I-Allele, von denen bekannt war, dass sie
Peptide aus diesen FLT3-ITD prasentierten. Reaktivitdt gegen einzelne ITD wurde bei 8/19
Spendern beobachtet. Bei vier Spendern wurden die Frequenzen ITD-reaktiver T-Zellen in
CD8* Lymphozyten ermittelt. Sie lagen in einem Bereich von 1,25x10 bis 2,83x10” und damit
etwa 3-4 GroéRenordnungen unter der Frequenz ITD-reaktiver T-Zellen bei der Patientin FL. Bei
zwei BC-Spendern wurden restringierende HLA-Allele identifiziert, namlich HLA-C*07:02 fur
VE_FLT3-ITD und HLA-B*35:01 fUr IN_FLT3-ITD. Wahrend die ITD-reaktiven T-Zellen des
Patienten VE durch ein anderes HLA-Molekil restringiert waren, war HLA-B*35:01 auch
Restriktionsmolekul der ITD-reaktiven T-Zellen des Patienten IN (Graf et al., unveréffentlicht).
Durch 3’-Fragmentierung der IN_FLT3-ITD-cDNA wurde das Dekamer CPSDNEYFYV als




Zusammenfassung

Zielpeptidantigen allogener T-Zellen gegen die ITD des Patienten IN identifiziert.

UCB-Lymphozyten tragen Uberwiegend einen naiven Phanotyp. Sieben UCB-Spenden wurden
ungeachtet ihres HLA-Typs auf CD8" T-Zellantworten gegen die ITD der Patienten VE, IN, QQ,
JC und FL untersucht. In finf der sieben UCB-Spenden wurden ITD-spezifische
Immunantworten gegen alle zur Stimulation eingesetzten ITD beobachtet. Die T-Zellfrequenzen
gegen einzelne ITD in CD8* Lymphozyten lagen bei 8x10~° bis 3,6x10° und waren damit fast 15-
fach héher als in BC-Lymphozyten. Restringierende HLA |-Molekiile wurden in 4/5 positiven
UCB-Spenden ermittelt. Sie unterschieden sich mit einer Ausnahme von den
Restriktionslelementen der patienteneigenen Immunantworten. In einer UCB-Spende wiesen T-
Zellen gegen JC _FLT3-ITD die gleiche Peptidspezifitat und HLA-Restriktion auf wie flr
autologe T-Zellen beschrieben (Graf et al., 2007). Weitere Analysen von ITD-reaktiven UCB-
Lymphocyten flihrten zur Identifizierung des Dekamers YESDNEYFYV aus der FLT3-ITD der
Patientin FL, das in Assoziation mit dem haufig vorkommenden HLA-A*02:01 erkannt wurde.
Mit diesem Peptid lieRen sich in vitro ITD-reaktive CD8" T-Zellen aus UCB-Lymphozyten
stimulieren und anreichern. Die peptidreaktiven T-Zellen erkannten nicht nur das ITD-Peptid,
sondern auch mit FL_FLT3-ITD und HLA-A*02:01 ko-tranfizierte COS-7-Zellen.

In der vorliegenden Arbeit wurden T-Zellen gegen individuelle FLT3-ITD nicht nur aus
Patientenblut, sondern auch aus allogenen Quellen generiert. Dabei wurden ITD-reaktive T-
Zellen in Nabelschnurblut haufiger und in hdheren Frequenzen nachgewiesen als in buffy coat-
Lymphozyten. Es kam vor, dass allogene, ITD-reaktive T-Zellen die gleiche Peptidspezifitat und
HLA-Restriktion aufwiesen wie patienteneigene T-Zellen. Allogene, ITD-reaktive T-Zellen
eignen sich, wie hier gezeigt, fur die Identifizierung FLT3-ITD-kodierter Peptidantigene,
beispielsweise zum kiinftigen Einsatz in therapeutischen Impfungstudien. Darlber hinaus

kénnen solche T-Zellen bzw. ihre Rezeptoren fir den adoptiven Transfer verwendet werden.

VI
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Introduction

1. Introduction

Over 150 years before Rudolf Virchow (1845) coined the term “leukemia”, which means
cancers of white blood cells. Leukemia is one of the top 15 most frequently occurring types of
cancer and the 11th most common cause of cancer-related death (Mathers et al., 2001).
Leukemia refers to a group of neoplastic disorders characterized by malignant transformation of
hematopoietic or lymphatic cells. These transformed cells are characterized by an increased
rate of self-renewal and an aberrant differentiation. The underlying process of development of
leukemia is called leukemogenesis. Leukemias are classified based upon whether the leukemia

is acute versus chronic and myeloid versus lymphoid that is: Acute myeloid leukemia (AML) -

predominantly in adults, Chronic myeloid leukemia (CML) -in middle-aged and elderly, Acute

lymphoblastic leukemia (ALL) ~80% of childhood leukemia and Chronic lymphoblastic leukemia
(CLL) -after the age of 50 years.

1.1 Acute meyloid leukemia

“Acute myeloid leukemia” refers to a group of hematopoietic neoplasms-derived from cells
committed to the myeloid lineage of cellular development with myeloblasts as its unipotent
stem-cell. AML is a primarily clonal disorder with proliferation of myeloid precursors with
reduced or lacking capacity to differentiate into more mature descendants. AML is characterized
by an increase in the number of myeloid cells in the bone marrow, peripheral blood, and other
tissues frequently, resulting in hematopoietic insufficiency with reduced cell counts of
erythrocytes, platelets, and neutrophils. This in consequence leads to anemia, bleeding, and a
growing risk of infection (Abu-Duhier et al., 2000). The pathogenesis of acute myelogenous
leukemia is a multi-step process driven by multiple genetic alterations, affecting regulation of
cell proliferation, differentiation, self-renewal, survival, cell cycle checkpoint control, DNA repair
and chromatin stability, and cell dissemination. Studies in mouse models, using genetic
alterations found in AML-patients, have shown that a minimum of two genetic alterations
(genetic hits) is required for pre-leukemic myeloproliferation to initiate AML (Kelly and Gilliland,
2002; Schessl et al., 2005; Kim et al., 2008). Class | mutations confer increased survival and
proliferative advantages to the cells, e.g. FLT3-ITD, N-RAS or K-RAS, and constitutively active
c-kit, while, class Il mutations block differentiation, e.g. AML1-ETO, PML-RARaq, inv(16) or
transcription factors like C/EBPa. The combination of such a differentiation arrest together with
mutations affecting genes that control proliferation, results in an uncontrolled growth of
immature cell clones, leading to the clinical entity of AML (Steffen et al., 2005). Moreover, the
differentiation of normal blasts into mature progeny cells is inhibited by AML cells, which is

probably mediated by different chemokines produced by AML cells (Youn et al., 2000).
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The two most commonly used classification systems for AML are the French-American-British
(FAB) classification system and the World Health Organization (WHO) system. The FAB system
(Bennett et al., 1985; Bene et al., 1995; De Vita (editor), 1997) divides AML into eight groups
based on maturation stage and the type of cell from which the leukemia originates [Table 1.1.1,
FAB (Bene et al., 1995) and WHO classification (Fauci et al., 2008) of AML].

Table 1.1.1: FAB classification and WHO classification of AML.

FAB classification WHO classification
Type Name % of AML
I. AML with recurrent genetic abnormalities
Mo undifferentiated leukemia | 5 - AML with t(8;21)(q22;q22);RUNX1/RUNX1T1
i i - AML with abnormal bone eosinophils
M1 myeloblastic leukemia 20 [inv(16)(p13q22) or t(16;16)(p13;q22); CBFB/MYH11]
without maturation - Acute promyelocytic leukemia [AML with
M2 myeloblastic leukemia 30 t(15;17)(q22;912) )(PML/RARA) and variants]
with maturation - AML with 11923 (MLL) abnormalities
M3 promyelocytic leukemia 10
Il. AML with multilineage dysplasia
M3v - following a MDS or myeloproliferative disorder
variant microgranular APL - without antecedent MDS

myelomonocytic leukemia | 20 Ill. AML and MDS, therapy-related

M4M4eo 5 - alkylating agent-related
- Topoisomerase type Il inhibitor-related

Myelomoncytic leukemia - other types

with eosinophilia
M5 monocytic leukemia 5

IV. AML not otherwise categorized

M5a 5 - AML minimally differentiated

- AML without maturation

- AML with maturation

- acute myelomonocytic leukemia

- acute monoblastic and monocytic leukemia
- acute erythroid leukemia

- acute megakaryoblastic leukemia

M5b monoblastic,
undifferentiated

monocytic, differentiated

M6 Erythroleukemia 5 o .
; . . - acute basophilic leukemia
(DiGuglielmo(s disease) . ) .
- - acute panmyelosis with myelofibrosis
M7 megakaryoblastic 1 X
] - myeloid sarcoma
leukemia

According to this classification, AML is confirmed when the bone marrow contains more than
30% blasts. More recently the FAB classification has been replaced by the WHO (World Health
Organization) system emphasizing genetic features (Harris et al., 1999; Arber, 2001; Vardiman
et al., 2002; Vardiman et al., 2009). The WHO also lowers the threshold for the diagnosis of
AML to 20% myeloid blasts of the cells identified in the blood or bone marrow. In Germany
approximately 9,100 persons are newly diagnosed with AML each year, which corresponds to
2.1% of all newly diagnosed malignant diseases. The age-specific incidence of AML increases
from 3.5/100,000 under the age of 45 then ascends to 15/100,000 in persons older than 70
years and to 35/100,000 over the age of 90. Only 15-20% of AML patients are children (Robert-
Koch-Institut and Gesellschaft der epidemilogischen Krebsregister in Deutschland e.V., 2008).

AML is slightly more common in males than in females. Besides this, geographical variations
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have been shown: the highest incidence of AML is found in North America and Europe,

whereas, the lowest incidence in Asia and Latin America (Fuchs, 2002).

Established therapeutic regimens in AML consist of poly-chemotherapy (Bishop, 1997), divided
into two phases: induction and consolidation. Induction chemotherapy shall achieve a complete
remission according to clinical criteria by reducing the amount of leukemic cells to an
undetectable level (<5% leukemic cells in the BM). The aim of post-remission consolidation
chemotherapy is to eliminate any residual undetectable disease. Although the complete
remission can be achieved in about 80% of AML-patients by intensive chemotherapy-based
treatments, long-term survival is rather low (5-year overall survival 20-25%) due to the
persistence of minimal residual disease in about 80% of AML-patients (Venditti et al., 2000; Li et
al., 2003; Houtenbos et al., 2006). For patients with a high risk of relapse, or when relapse
occurred, despite maintenance chemotherapy, the only proven potentially curative therapy is
allogeneic hematopoietic stem cell transplantation (allo-HSCT) (Kolb et al., 1995; Copelan,
2006) associated with a graft-versus-leukemia (GvL) immune effect. However, allo-HSCT is
associated with a considerable morbidity and mortality. General complications are graft-verus-
host disease (GvHD) and infectious complications such as cytomegalovirus (CMV) and Epstein
Barr-Virus (EBV) reactivations and others, leading to a treatment-related mortality of 10-25%
(Kolitz, 2006). Despite these drawbacks, allo-HSCT is the only curative therapeutic option for
AML patients in a refractory or relapsing disease. Current efforts to improve the allo-HSCT
concept, aim at reducing the GvHD and enhancing GvL effect. Progress made during the recent
years, relates to identify in the basis of genetic alterations subgroups at particular risk for
relapse and/or resistance to conventional treatment and new drugs for successful combination
in high-risk patients (Bacher et al., 2010; Metzelder et al., 2012).

1.2 Leukemia associated antigens

During the last two decades a considerable number of AML-related antigens have been
identified after the discovery of the first tumor-associated antigen (TAA) in melanoma (van der
Bruggen et al., 1991). These leukemia antigens have been identified by methods such as T-cell
driven expression cloning, serological analysis of recombinant cDNA expression libraries
(SEREX), mass spectrometry (MS), single nucleotide polymorphisms (SNPs), serial analysis of
gene expression (SAGE) and 2-dimensional gel electrophoresis (Guinn et al., 2007). The
functional role of leukemia antigens in tumor cells is very much diverse and controversial. Some
increase malignant cell growth; also provide targets for effective anti-leukemia immune
responses. It has become increasingly apparent that leukemia antigens play a multifaceted role:
not only as potential targets for immunotherapy, but also as biomarkers of disease stage
(leukemia cell proliferation), response to treatment and survival. Most of these antigens show a

differential mMRNA and protein expression in malignant cells compared to normal tissue.

3
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Leukemia antigens can be categorized into four groups on the basis of their expression patterns

in nonmalignant and leukemic cells (Anguille et al., 2012). Leukemia-specific antigens (LSAs)

are generated by mutations, in particular by chromosomal translocations, such as BCR-ABL and
ETV6-AML1 (Yotnda et al., 1998; Yun et al., 1999; listed in http://cancerimmunity.org/peptide),
but also by length mutations, such as FLT3-ITD (Graf et al., 2007) and point mutations, such as
NPM1 (Falini and Martelli, 2011; Greiner et al., 2012). Leukemia-associated antigens (LAAs)
are expressed also by normal cells, but are over-expressed in leukemia cells (e.g. Bcl-2, G250,
hTERT, MPP11, MUC1, PR3, RHAMM, Survivin, and WT1) (listed in
http://cancerimmunity.org/peptide; Greiner et al., 2008; Anguille et al., 2012). Hence,

autoimmunity could be a logical consequence of targeting LAAs. Therefore, it is of crucial

importance to define their tissue distribution and expression patterns. Cancer-testis (CT) or

cancer-germline (CG) antigens are a large group of immunogenic antigens that are normally

expressed only in germ cells of the testes and, to a lesser extent, in ovaries and placental
trophoblasts. Some CT/CG antigens are also reported in AML (e.g. Cyclin A1, PRAME and
RAGE-1) (listed in http://cancerimmunity.org/peptide; Anguille et al., 2012). Ubiquitous antigens

are expressed also in a wide variety of normal tissues (Anguille et al., 2012). Due to their
promiscuous and non-leukemia-specific expression patterns, they are considered as irrelevant

targets for AML immunotherapy.

Antigens that can induce anti-leukemia T-cell responses in AML patients are truly tumor-specific
(e.g. FLT3-ITD, BCR-ABL, and ETV6-AML1 fusion protein), shared tumor-specific (e.g. hTERT,
BAGE-1, RHAMM), tissue or cell-type-specific (i.e. differentiation antigens) or overexpressed in
leukemic blasts (e.g. G250, RAGE-1, PRAME, PR-3, BCL-2, WT1 and Survivin) (listed in
http://cancerimmunity.org/peptide; Anguille et al., 2012). CTLs against LAAs have been shown
to induce cell lysis of autologous leukemic blasts (Greiner et al., 2002, 2005 and 2008; Anguille
et al., 2012). The LAAs RHAMM, PR-3, and WT1 were tested in peptide vaccination trials and
immunological as well clinical responses were detected in patients with different hematologic
malignancies including AML (Oka et al., 2004; Rezvani et al., 2008; Schmitt et al., 2008). As
mentioned above, some leukemia antigens are critically involved in mechanisms of tumor
growth such as proliferation (RHAMM, AurA, MPP11 and SSX2IP), inhibition of apoptosis (Bcl-
2, survivin, and PR-3), differentiation (PRAME, MUC1 and WT1), telomerase activity (hnTERT)
and demethylation (Greiner et al., 2008) (Figure 1.2.1). Mutated antigens, such as FLT3™",
NPM1™ CEBPA™, AML1-ETO and BCR-ABL, are of particular interest in AML
immunotherapy, because they can be expected to be stably expressed in malignant cells
throughout the disease course. Many studies have shown that AML patients with FLT3-ITD
mutations have poor cure rates due to a lower complete remission and a higher relapse rate
compared to those patients not bearing this mutation (Tallman et al., 2005; Dohner et al., 2005).

FLT3-ITDs are not only immunogenic by themselves, but also induce a potentially immunogenic
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phenotype by enhancing the expression of LAAs such as PR-3, RHAMM, Survivin, WT1 and
PRAME (Brackertz et al., 2011). Some of the LAAs have been proposed to be of clinical
relevance on the basis of early-phase trials in AML (Greiner et al., 2008; Schmitt et al., 2008;
Rezavani et al., 2008; Van Driessche et al., 2012).

Figure 1.3.1: Leukemia-
lMPPH | | G250 |

associated antigens.
t l—ll l Immunogenic LAA marked in

Hypoxia induced orange might exercise a

factor BCR-ABL positive effect on the
proliferation of leukemia cells or
hamper the apoptosis of

leukemia cells, thus increasing
the tumor burden in leukemia

;H;;mi RAR signaling patients. (Adopted from:

T T Greiner et al., 2008)
Apoptosis ||<—! WT-1 |
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Inhibition of m
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development of antigen-specific immunotherapy approaches for AML, which can be divided into
two main strategies: ‘active’ immunotherapy (i.e. antigen-specific vaccination) and ‘passive’
immunotherapy (i.e. adoptive transfer of antigen-specific T cells). According to the Translational
Research Working Group of the National Cancer Institute, the success of any antigen-specific
immunotherapeutic strategy depends critically on the choice of an “ideal” target antigen
(Cheever et al.,, 2009). The “ideal” candidate target antigen for AML immunotherapy should
have the following features: (1) leukemia-specific, (2) display high and homogeneous
expression in most leukemic blasts including leukemic stem cells, (3) play a defined oncogenic
role, which supports stable and homogenous expression and (4) immunogenic. Because of their
truly leukemia-restricted expression pattern, LSAs are considered to be the most appropriate
targets for immunotherapeutic intervention. As opposed to LAAs, FLT3-ITD (Spiekermann et al.,
2003) as well as fusion proteins ETV6-AML1, AML1-ETO and BCR-ABL (Stams et al., 2005;
Yuan et al., 2001; Schmidt-Arras et al., 2005; Yotnda et al., 1998), are specifically expressed in
leukemia cells. It can be expected that immune responses against these LSAs are less prone to
tolerance control, because of that LSAs are supposed to induce stronger and more persistent
immune responses. The internal tandem duplications (ITD) of the FLT3 gene is the most
frequent alteration observed in AML and it contributes to leukemic transformation (Choi et al.,
2005; Stirewalt and Radich, 2003; Gilliland and Griffin, 2002a). It has been shown that in FLT3-

ITD" AML, FLT3-ITDs are in general already present in the leukemic stem cells (Levis et al.,
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2005). These stem cells are the driving source for relapse. Scholl and colleagues, demonstrated
the potency of FLT3-ITD-encoded peptides and related mimotopes to bind to HLA class-| alleles
(Scholl et al., 2006). And it has been clearly demonstrated by Graf et al., (2007) that FLT3-ITDs
can generate neoepitopes endogenously processed and presented to autologous AML-reactive
CD8" T cells.

1.3 FLT3-receptor

The FLT3 (fibroblast-macrophage stimulating factor receptor (FMS)-like tyrosine-kinase receptor
3), also known as FLK-2 (fetal liver kinase 2) and STK-1 (stem-cell kinase 1), belongs to a
family of type Ill receptor tyrosine kinases (RTKs) (Gillland and Griffin, 2002a and 2002b;
Kottaridis et al., 2003a; Stirewalt and Radich, 2003). Two groups independently reported the
cloning of the FLT3 gene (Matthews et al., 1991; Rosnet et al., 1991). Its structure resembles c-
KIT, c-FMS and platelet-derived growth factor receptors a and  (Naoe et al., 2004). Wild-type

FLT3-receptor is expressed on the cell surface as a monomer structure shown in Figure 1.3.1.

| (E)
Tmmmpmn k Internalization
and degradaton

£ ANV ANV ANV /AN x

Figure 1.3.1: Structure and activation of wild-type (wt) FLT3.

Transcription of the FLT3 gene produces FLT3 mRNA, which is translated to the FLT3 protein. FLT3
contains five extracellular immunoglobulin-like domains (E), a transmembrane domain (TM), a
juxtamembrane domain (JM) and two tyrosine-kinase domains (K) that are linked through the tyrosine-
kinase insert (Kl). Cytoplasmic FLT3 undergoes glycosylation (G), which promotes localization of the
receptor to the membrane. Wt-FLT3 remains as a monomeric, inactivated protein on the cell surface until
FLT3 ligand (L) binds the receptor and induces receptor dimerization. FLT3 dimerization promotes
phosphorylation (P) of the tyrosine-kinase domains. The dimerized receptors are quickly internalized and
degraded. (Adopted from: Stirewalt and Radich, 2003)
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Two forms of FLT3 exist: a 158-160 kDa membrane-bound form, which has a N-linked
glycosylation; and a cytoplasmic 130-143 kDa form that is not glycosylated (Lyman, 1995). The
FLT3-receptor is predominantly expressed on the cell surface of hematopoietic progenitors in
the bone marrow, thymus and lymph nodes (Rosnet et al., 1993; deLapeyriere et al., 1995), but
it is also found in the placenta, brain and gonads (Maroc et al., 1993). In normal bone marrow,
the expression seems to be restricted to early progenitors, including CD34" cells with high levels
of expression of c-KIT (Gillland and Griffin, 2002b). Under pathological conditions FLT3
expression or overexpression can be detected in a wide range of hematopoietic malignancies
including 70—100% of AML, ALL and CML (Birg et al., 1992; Drexler, 1996; Rosnet et al., 1996).

1.31 FLT3-receptor mutations in AML

The FLT3 gene is located on chromosome 13q12 and contains 24 exons encoding a 993-amino
acid protein (Abu-Duhier et al., 2001; Gilliland and Griffin, 2002b). Amino acid residues 572-603
and 604-958 represent the juxtamembrane and tyrosine kinase domains, respectively (Rosnet
et al., 1993). Activating mutations of FLT3 are present in about one third of AML cases, making
FLT3 one of the most frequently mutated gene found in AML (Nakao et al., 1996; Gilliland and
Griffin, 2002a; Schnittger et al., 2002; Kottaridis et al., 2003b; Stirewalt and Radich, 2003)
(Figure 1.3.1.1).

Figure 1.3.1.1: FLT3-receptor with
Immuneglobulin-like prominent mutations.
domain < - FLT3-receptor showing the location of the
' internal tandem duplication of gene within
the juxtamembrane domain as well as the
point mutations and gene insertions in the
second kinase domain. (Adopted from:
Litzow et al., 2005, illustration by Kenneth
Probst)
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Two major classes of FLT3 mutations have been described in AML, leading to constitutive
activation of the FLT3-receptor and therefore uncontrolled cell proliferation (Choi et al., 2005).
First, internal tandem duplications (ITD) in exon 14 and/or exon 15 of the receptor were

observed in about 25% of AML patients, lead to the insertion of several amino acids in the
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juxtamembrane domain (Nakao et al., 1996; Thiede et al., 2002; Steudel et al., 2003; Stirewalt
and Radich, 2003). Second, point mutations within a certain part of the tyrosine-kinase domain
(TK), the so-called activation loop, make up one important alteration (FLT3-TKD) (Gilliland and
Griffin, 2002a and 2002b). They have been observed in about 7% of all AML and preferentially
affect the codon 835 (Yamamoto et al., 2001; Abu-Duhier et al., 2001; Thiede et al., 2002). The
most common substitution is Asp835Tyr, but other substitutions, including Asp835Val,
Asp835His, Asp835GiIu, and Asp835Asn, have also been reported (Yamamoto et al., 2001).

1.3.2  Functional role of FLT3-receptor in normal hematopoiesis and malignancies

The wild-type FLT3-receptor is expressed on the cell surface as a monomer and is inactive in
the absence of its ligand (Weiss and Schlessinger, 1998). The FLT3 ligand (FL) is a type |
transmembrane protein. It exists in two forms, a membrane bound and a soluble form. Both
forms are expressed by bone marrow stroma cells (Lyman, 1995) as well as by cells of the
myeloid, B- and T-cell lineage (Brasel et al., 1995). Although, FL is a weak stimulator of
proliferation and mainly functions via synergism with the stem-cell factor (the ligand of c-KIT) or
other cytokines (Hannum et al., 1994; Lyman and Jacobsen, 1998), FL stimulation is a
prerequisite for the activation of the wild-type FLT3-receptor, which subsequently activates
several signaling pathways, including JAK/STATS, Ras/mitogen-activated protein kinase
(MAPK), and phosphatidylinositol 3 kinase (PI3K)/AKT pathways (Drexler and Quentmeier,
2004; Small, 2008) (Figure 1.3.2.1). These pathways lead to increased proliferation and
inhibition of apoptosis. Binding of FL induces receptor dimerization, leading to the
autophosphorylation of the receptor. Ligand-induced dimerization of receptors is thought to
expose tyrosine autophosphorylation sites and to stabilize the active conformational state,
which further enhances the activation of the receptors (Turner et al., 1996; Weiss and
Schlessinger, 1998). The crystal structure of the autoinhibited form of FLT3 has been published
by Griffith et al., (2004). The normal juxtamembrane domain interacts with the kinase domain,
buries the catalytic centre, and thus stabilizes the inactive kinase conformation. Ligand-induced
dimerization and conformational changes lead to phosphorylation of two key JM tyrosine
residues at positions 589 and 591. This event destabilizes the conformation of the JM domain
and allows it to excavate the active center of the kinase, leading to its activation. The FLT3 has
been shown to serve important functions in early hematopoietic progenitor proliferation and
survival as well as in macrophage and dendritic cell differentiation (Gilliland and Griffin, 2002b;
Stirewalt and Radich, 2003). Mice with a homozygous deletion of the FLT3-receptor gene were
healthy and showed normal peripheral blood counts. However, they had reduced numbers of
early B-cell precursors and defects in primitive cells in the bone marrow, resulting in a reduced
ability to reconstitute B-cell, T-cell and myeloid lineages when transplanted into irradiated mice
(Mackarehtschian et al., 1995). Similar to this, targeted disruption of the FL gene in mice led to

a significant reduction in the amount of leukocytes, myeloid and lymphoid progenitors of the
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bone marrow. In addition, stem cells isolated from FLT3 knockout mice are deficient in their
ability to repopulate lymphoid and myeloid compartments when introduced into lethally
irradiated animals (Mackarehtschian et al., 1995). In contrast, mice overexpressing FL

developed leukemia after a long latency period (Hawley et al., 1998).
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FLT3-ITD length mutations have been detected in all FAB subtypes of AML, with the highest
reported frequency in FAB M3, M1 and M5 subtypes and less frequently in the M2 subtype
(Gilliland and Griffin, 2002a; Schnittger et al., 2002; Thiede et al., 2002; Stirewalt and Radich,
2003). The prevalence of FLT3-ITD in patients with AML increases with age, ranging from 5-
15% in pediatric patients to 25-35% in adults. The ITDs are always in frame, but revealed to be
highly individual with regard to size and length, ranging from 3-400 base pair (Schnittger et al.,
2002). The preferential initiation site for FLT3-ITDs ranges from codon 573 to 620, and about
60% of all ITDs occur between codons 591 and 601 (Yokota et al., 1997; Thiede et al., 2002).
Recently, Breitenbuecher et al., (2009) have demonstrated that 28.7% of ITDs integrate in the
TKD1 and not, as previously assumed, in the JM domain of FLT3. These repeat sequences may
disrupt the autoinhibitory activity of the JM domain by destroying the conformational integrity of
the JM domain, whereby the JM domain can no longer inhibit the kinase and allows the ligand-
independent activation of the receptor (Griffith et al., 2004; Hubbard, 2004). However, not only
ITDs but also insertions or the substitution of particular amino acid residues and even
shortening causes constitutive phosphorylation of FLT3 independent of FL binding to the
receptor (Kiyoi and Naoe, 2002). Moreover, clones harboring FLT3-ITDs of different lengths
have been observed in AML cells of the same patient and an almost complete loss of the wild-
type FLT3 allele was found in 6% to 10% of all samples (Whitman et al., 2001; Thiede et al.,
2002; Schnittger et al., 2002). Most studies in patients with AML have found that FLT3-ITD is a

strong, independent predictor of poor clinical outcome compared to FLT3-TKD mutations (Iwai
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et al.,, 1999; Kiyoi et al., 1999; Kondo et al., 1999; Abu-Duhier et al., 2001; Schnittger et al.,
2002; Thiede et al., 2002).

1.3.3 FLT3 Inhibitors

It is well known that patients harboring FLT3-ITDs have a poor prognosis (Abu-Duhier et al.,
2000). The presence of FLT3-ITDs correlates with higher leukocyte and blast counts, with
decreased remission induction rates, and decreased disease-free and overall survival
(Kottaridis et al.,, 2001), compared to FLT3-ITD-negative AMLs. Because of a profoundly
negative prognostic impact on the clinical outcome of patients with AML, researchers have
sought to find effective small-molecule inhibitors of this receptor tyrosine kinase (TKIs). Over the
past 10 years, well over a dozen different compounds have been examined in vitro as well as
clinically and reported on as potential FLT3 inhibitors such as midostaurin (PKC-412),
lestaurtinib (CEP-701), sorafenib (BAY43-9006), sunitinib (SU11248), KW-2449, AC220, AP-
24534, SB1518, ITR-260 and many more. All of the agents were capable of inhibiting both wild-
type and FLT3-ITD autophosphorylation, although generally less inhibition was observed
against the wild-type receptor. These agents can be broadly classified as highly selective (eg,
AC220, sorafenib), intermediate (eg, sunitinib, KW-2449), and less selective (eg, lestaurtinib,
midostaurin). They have been tested in AML patients as single agents or in combination with
chemotherapy (Pratz and Levis, 2010). The initial series of FLT3 inhibitors were limited by
suboptimal pharmacokinetics and inadequate specificity. However, some agents have shown
promise in clinical trials with transient responses in patients with FLT3-mutant AML. Newer
compounds, such as AC220, appear more promising. Preclinical studies of this agent have
demonstrated significant potency and specificity, and an early-phase trial has reported a
number of complete remissions (Fathi and Levis, 2011). Although, the sorafenib responses in
FLT3-ITD* AML are usually transient (Zhang et al., 2008; Crump et al., 2010; Scholl et al.,
2011), but, in various cases with relapsed FLT3-ITD" AML showed prolonged remissions under
sorafenib monotherapy (Metzelder et al., 2009; Safaian et al., 2009; Metzelder et al., 2010;
Mohan et al., 2011; Mori and Sprague, 2012). Recently, Metzelder et al., (2012) have
retrospectively evaluated the outcome of 65 FLT3-ITD" AML patients treated with sorafenib.
This study confirmed that sorafenib monotherapy has significant activity in FLT3-ITD* AML, and
provided evidence that sorafenib synergizes with allogeneic immune effects of allo-HSCT in
inducing durable remissions. Also under development is an anti-FLT3 monoclonal antibody,
IMC-EB10 (Youssoufian et al., 2010), which blocks signaling by binding to the receptor and also
induces antibody-dependent cell-mediated cytotoxicity (ADCC). Preclinical studies have
confirmed the anti-proliferative effects of IMC-EB10 against both wild-type FLT3 and FLT3

mutant AML models (Youssoufian et al., 2010).
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1.4 Immune system

During the course of evolution, nature developed a complex system of cells and molecules to
defend organisms in a concerted action against multiple pathogens like bacteria, viruses,
parasites as well as certain tumors. To achieve this challenging task, the human immune
system has developed two main protective systems: the innate (antigen non-specific) and the
adaptive (antigen-specific humoral and cellular) immune system (Janeway, 2001; Murphy et al.,
2008; Abbas et al., 2007). However, the innate and adaptive responses are highly cooperative
systems, thus potentiating the efficiency of immune responsiveness. The innate immune system
is evolutionarily more ancient and represents the first immediate line of defense against
invading pathogens. This includes physical, chemical and microbiological barriers, but also
cellular and molecular factors (neutrophils, monocytes, macrophages, natural Kkiller cells,
dendritic cells, complement, cytokines, and acute phase proteins) that provide the immediate
host defense. The different mechanisms of innate immunity to fight infections- phagocytosis,
opsonization, and complement-mediated lysis -need the exposure of innate immune cells to the
surface of pathogens. Adaptive (specific, acquired) immunity is characterized by targeted
effector responses using antigen-specific receptors on lymphocytes, which provide humoral and
cellular immunity (Janeway, 2001; Murphy et al., 2008). Due to the tremendous diversity of their
receptors, cells of the adaptive immune system are able to generate immune reactions
specifically directed against non-self molecules (so called antigens) of virtually any foreign
pathogen. The antigens are presented to and recognized by the antigen-specific T and B cells
(via T-cell receptor- TCR or B-cell receptor- BCR, respectively). This process leads to cell
priming, activation, and differentiation, usually occurring within lymphoid tissues. The B cells
recognize antigens directly via a membrane-bound BCR and activated B cells start to proliferate
and differentiate in the B-cell regions of secondary lymphatic organs into antibody (Ab)-
producing plasma cells. Secreted antibodies can directly bind to antigens, and Ab/antigen
complexes may subsequently activate the complement system, neutralize bacterial toxins or
opsonize pathogens to facilitate their recognition and elimination by various effector
mechanisms, e.g. promotion of phagocytosis. Elimination or control of infections with
intracellular pathogens is often strictly dependent on T cells which recognize short pathogen-
derived peptides that are presented on the surface of infected host cells (Janeway, 2001; Abbas
et al., 2007).

141 Fundamentals of T-cell immunology

T cells recognize their cognate antigenic peptides presented by professional antigen-presenting
cells (pPAPCs) via a heterodimeric TCR usually consisting of an a and a B chain. Antigen
recognition requires the interaction of the T-cell receptor with the fitting HLA/peptide complex as
well as the co-ligation of the CD8 or CD4 co-receptor (Saizawa et al., 1987) with the presenting

HLA class | or Il molecule, respectively. This in turn induces the activation and phosphorylation
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of intracellular domains and enzymes (Murphy et al., 2008) within the T cell, resulting in the
switch to an effector T-cell phenotype. The quality of a T-cell response is described by the terms
affinity and avidity (Sette et al., 1994; Deng et al., 1997). Affinity means the strength with which
the TCR binds to the HLA/peptide complex. However, a high affinity does not automatically
coincide with immune-dominance and vice versa (Mullbacher et al., 1999). Avidity describes in a
simplified way the summation of all interactions between all receptors and ligands on the
effector and target cells (Murphy et al., 2008). Studies concerning adoptive T-cell transfer
showed that high-avidity T cells are more efficient than low-avidity T lymphocytes in the control
of early immune responses due to a more stable binding to APCs via costimulatory molecules
(Gray et al., 2003). The differences in the avidity of different T cells are explained by the
necessity of the effector cells to recognize their antigen on APCs independently of whether the

latter express costimulatory molecules or not (Murphy et al., 2008).

1.4.2 T-cell maturation

Thymocytes evolve from common lymphoid progenitors (CLP), which receive stimuli from
thymic epithelial cells (TEC) to develop into thymocyte progenitors (Schlenner et al., 2010).
Progenitor double-negative (CD4°CD8") T cells from the bone marrow enter in the thymus, and
rearrange the TCR genes to become TCRaB" CD4"CD8 or CD4CD8" T cells (the majority) or
TCRyd" CD4'CD8 or CD4'CD8" T cells (the minority) (Immunology, Goldsby et al., 2003). The
selection processes in the thymus are accompanied by loss of one of the co-receptors, CD4 and
CD8, resulting in single-positive CD4 or CD8 T cells that recognize peptides presented by only
HLA class Il or class | molecules, respectively. Positive selection in the thymus eliminates T
cells, which are unable to recognize self-HLA and negative selection eliminates thymocytes with
high-affinity receptors for self-HLA molecules alone or self-antigen plus self-HLA in order to
prevent autoimmunity, a process called clonal deletion (Goldsby et al., 2003; Murphy et al.,
2008). Mature single-positive T lymphocytes leave the thymus and populate in the peripheral
lymphoid tissues. The immune system has developed further mechanisms of peripheral
tolerance leading to the elimination of self-reactive T cells outside the thymus. These
mechanisms are mainly based on the lack of costimulatory signals to T cells that encounter self-
antigens, leading to anergy (unresponsiveness) or apoptosis (Delves and Roitt, 2000a, 2000b;
Parkin and Cohen, 2001; Abbas et al., 2007). Besides af-T cells, yo-T cells represent only
about 5% of T lymphocytes in the blood, recognize protein as well as non-protein antigens and

are not HLA-restricted.

1.4.3 Antigen processing and presentation
The presentation of protein antigens to T cells in association with or restricted by HLA

molecules requires intracellular processing pathways, which are different for CD4" and CD8" T
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cells. CD8" T lymphocytes recognize peptides that are processed via the endogenous pathway
and presented by HLA class | molecules. Such peptides result from proteins (endogenous
antigens) that have been newly synthesized in the cell, such as viral or tumor proteins (Brode
and Macary, 2004). In the cytosol, those ubiquitinylated endogenous proteins undergo a first
proteolytic degradation by proteasomes. The resulting protein fragments are transported back
into the endoplasmatic reticulum (ER) by the transporter associated with antigen processing
(TAP) (Lobigs and Millbacher, 1993). The N-terminus of protein is further trimmed by
aminopeptidases within the ER (e.g. the IFN-y-inducible aminopeptidase ERAPI; Saric et al.,
2002) to a peptide length of eight to nine amino acid residues. In a next step, a part of those
peptides are non-covalently associated with a newly synthesized HLA class | heavy chain and
a B2-microglobulin light chain by the HLA class | loading complex. This HLA class | peptide
complex dissociates from the loading complex and is transported through the Golgi apparatus

to the cell surface where it can be detected by CD8" cytotoxic T cells (Figure 1.4.3.1).

CD4" T cells recognize peptides, derived from extracellular pathogens that are presented by
HLA class Il molecules. Uptake of exogenous proteins by APCs is accomplished by
phagocytosis or endocytosis. Protein antigens are enclosed in endosomes, which subsequently
fuse with HLA class llI-containing acidic lysosomes, causing protein degradation. The assembly
of the HLA class Il molecule takes place in the endoplasmic reticulum. An HLA class Il
molecule consists of an a and a B chain that are non-covalently linked and synthesized in the
ER. To prevent peptide binding already in the ER, newly synthesized HLA class |l molecules
assemble with an HLA class ll-associated protein, called invariant chain (li), blocking the
peptide binding groove. This trimeric complex trimerizes and is released from the ER as a nine
subunit complex. A second function of invariant chain is the direction of HLA class Il molecules
to a low-pH endosomal compartment where peptide loading takes place. There, the invariant
chain is cleaved by proteases, leaving a small fragment (CLIP, class Il associated invariant
peptide) bound to the HLA class Il molecule. For antigen binding, the CLIP fragment is
replaced by the peptide. This process is supported by an HLA-DM molecule that acts as a
molecular chaperone and hinders the aggregation of HLA class Il molecules. Peptides bound to
the HLA class Il molecules result from extracellular pathogens or proteins that are taken up into
endocytic vesicles. The HLA ll/peptide complexes are finally translocated to the cell surface
(Murphy et al., 2008; McMichael et al., 2002) and can be recognized by antigen-specific CD4"
T cells. Peptides presented by HLA class Il molecules are in general longer than those bound

to HLA class | molecules (Figure 1.4.3.1).
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Figure 1.4.3.1: The basic HLA (MHC) class | and class Il antigen presentation pathway.
(Adopted from: Neefjes et al., 2011)

1.4.4 CDS8'Tcells

Immunity towards a variety of intracellular viral, bacterial and protozoan pathogens as well as
tumors is strongly dependent on the generation of robust CD8" T-cell responses. The major
tasks of specific CD8" immunity comprise the generation of effector cells that are responsible for
definitive elimination of the pathogen as well as the generation of memory cells that survive long
term and continuously patrol various tissues in search for evidence of re-attack (Williams and
Bevan, 2006; Reiner et al., 2007). The course of a CD8" T-cell response can generally be
divided into four phases: the “priming phase” (I) during which naive CD8" T cells are primed,
followed by an “effector phase” (Il) which is terminated by a dramatic “contraction phase” (lII)
leaving behind only 5-10% of the original burst size. The remaining cells are often maintained at

relatively stable numbers during the “memory phase” (V).

1.4.4.1 Role of APCs differentiation in CD8" T-cell activation (priming)

Dendritic cells (DCs) are the most potent professional APCs and are found in most tissues.
Their HLA expression, for example, is ten to one hundred times higher than that found in other
APCs, like B cells or monocytes. Only few DCs are required to generate an effective T-cell
response. Single mature DCs are sufficient to stimulate one hundred to three thousand T cells
(Bhardwaj et al., 1992; Blauvelt et al., 1995). Different developmental states of DCs are also

accompanied by different functions. Immature DCs (iDCs), for instance, are attracted to
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peripheral tissues by danger signals secreted by damaged cells (Matzinger et al., 2002).
Thereby, iDCs get in contact with antigens. Immature DCs express only low levels of MHC
(major histocompatibility complex) or HLA (human leukocyte antigen) molecules, which are
indispensable for antigen presentation to and recognition by T cells. For the initiation of T-cell
immune responses, CD8" T cells have to interact with professional APCs presenting cognate
antigens (Figure 1.4.4.1.1). However, for full T-cell activation, the engagement of TCR and CD8
co-receptors (by HLA-peptide complexes) (“signal 1”) is not sufficient. Another signal (‘“signal
2”), termed as co-stimulation, is provided by the engagement of costimulatory molecules (e.g.
by the interaction of CD28 with -CD80 and CD28 with -CD86). This can result in the activation
(“priming”) of naive T cells. Other important co-stimulators for T cells comprise other members
of the TNFR family such as interactions between CD40L-CD40 or others (Croft et al., 2003;
Watts, 2005; Lipscomb and Masten, 2002). CTLA-4 and PD-1 are expressed by T cells as a
consequence of their activation via the TCR and via CD28. CTLA-4 interacts with CD80 and
CD86, PD-1 with PD-L1 and PD-L2. These interactions provide inhibitory signals and lead to
down regulation of the immune response (Norde et al., 2012; Thaventhiran et al., 2012). Also,

BTLA (CD272) is a negative regulator of T cells upon activation (Derré et al., 2010).

APCs deliver three kinds of Figure 1.4.4.1_.1: Sig.nals required_for T-qell activation.

signals to naive T cells “Signal 1” is mediated by the interaction of antigen
peptides presented by MHC class Il molecules with the
antigen-specific TCR. “Signal 2” results from the
stabilization of the synapse through adhesion molecules
and the generation of signals via costimulatory molecules
present on the surface of APCs and T cells. B7.1/B7.2
(CD80/CD86) on APCs interact with their common
receptor, CD28, on T cells to generate activatory signals,
while interaction with cytotoxic T lymphocyte—associated
protein 4 (CTLA4) generates inhibitory signals (not

shown). “Signal 3” is produced by the secretion of
cytokines by APCs, which act via cytokine receptors on T
e calt cells in order to polarize them toward an effector
phenotype. (Adopted from: Janeway’s Immunobiology, 7™
edition, Murphy et al., 2008)
| survival_|

| Differentiation

Figure 8-19 Immunobiology. 7ed. (® Garland Science 2008)

If antigen presentation to a naive T-cell via HLA/peptide complexes takes place without the
engagement of costimulatory molecules, that might induce T-cell anergy and apoptosis (Delves
and Roitt, 2000a and 2000b; Parkin and Cohen, 2001; Murphy et al., 2008). Therefore, for
example iDCs are considered to be less suitable for the activation of naive T cells, as they
rarely express costimulatory molecules. The main task of iDCs consists of the recognition and
uptake of pathogens (Murphy et al., 2008). Their ingestion triggers the migration of the iDCs into
the regional lymph nodes. In consequence, iDCs lose their ability for antigen uptake and

processing, but increase their HLA expression. Upon arrival in the lymph nodes they have
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become mature DCs (mDCs) that express high amounts of costimulatory molecules on the cell
surface (Sallusto et al., 1999; Murphy et al., 2008). Although both TCR signals and co-
stimulation play important roles in priming and clonal expansion of T cells, most CD8" T cell
responses require further signals (“signal 3”) to improve their efficacy (Mescher et al., 2006).
These signals can be provided by different cytokines like IL-2, IL-12, IL-15, IFN-y and TGF-f. In
addition, also CD4" T cells contribute in delivering “signal 3”. Whether CD4" T-cell help acts
directly on the responding CD8" T cells or indirectly through APCs is still controversially
discussed (Huster et al., 2004; Kolumam et al., 2005; Whitmire et al., 2005; Mescher et al.,
2006; Castellino and Germain, 2006).

1.4.4.2 Priming and differentiation of CD8" T cells

Prior to first antigen contact, the precursor frequency of naive CD8" (as well as CD4") T cells for
different epitope specificities is very low and has been estimated to lie very constantly in the
range of 50-200 cells per individual (Arstila et al., 1999; Blattman et al., 2002; Moon et al.,
2007). In order to run across their antigen, naive CD8" T cells need to constitutively migrate
through secondary lymphoid tissues, where they eventually encounter their cognate antigen
(e.g. a processed pathogen-derived peptide) presented by APCs. Priming takes place in the
secondary lymphoid organs, e.g. the lymph nodes, to which DCs migrate from the periphery
after antigen-uptake (Figure 1.4.4.2.1). For homing to these organs, naive T cells as well as
DCs express the chemokine receptor CCR7. Adhesion molecules and chemokines (e.g. CCL21
or SLC and CCL19) allow the cells to patrol tissues in search. Upon encounter of the respective
antigen, the T-cell is activated to an effector cell by interaction with the APC via several
receptor-ligand interactions. Crosslinking of the TCR/CD3 complex after antigen binding causes
phosphorylation of tyrosines within the cytoplasmic tail of CD3. This leads to the activation of
intracellular signal transduction pathways and activation of cytokine genes responsible for T-cell
proliferation. The primary immune response leads to the clonal expansion of antigen-specific T
cells, generating both effector and memory cells. After a subsequent encounter with the same
antigen, memory cells enable a superior secondary immune response (Delves and Roitt, 2000a
and 2000b; Parkin and cohen, 2001), differentiate into CCR7" effector cells and proliferate,
which is sustained by an autocrine IL-2 secretion. Efficient CD8" T-cell priming initiates vigorous
expansion of few selected precursor cells through which the overall population size of antigen-
reactive T cells gets enormously enhanced. In addition, proliferation and expansion is
accompanied by the generation of T cells with distinct phenotypical characteristics that correlate

with functionally discrete CD8" T-cell subsets (Figure 1.4.4.2.1).
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Figure 1.4.4.2.1: Naive T cells are primed by antigen-presenting cells in secondary lymphoid
organs.

After priming phase, proliferating T cells progress along a differentiation pathway, losing naive and
acquiring effector properties. Gattinoni et al., (2011) have identified a previously unknown memory T-cell
type i.e. distinct from the previously characterized the Tcy and Tgy cells. Tscm cells are less differentiated
and share several markers, including CD45RA, with the naive T cells. Tscq cells self-renew and
differentiate in response to cytokines (dotted black arrows) or antigen (solid black arrows) and, in
adoptive transfer experiments, have the highest reconstitution and antitumor capacity. (Adopted from:
Sallusto and Lanzavecchia, 2011)

1.4.4.3 Effector mechanisms of CD8" T lymphocytes

Two major subtypes of effector cells are CD4" T cells with a predominant helper function via
cytokine-secretion cells (Th) and CD8" T cells with their characteristic cytolytic capability (CTLs)
(Murphy et al., 2008). The principal mechanism of CTL-mediated cytolysis is the delivery of
cytotoxic granule proteins granzyme B and perforin to target cells. Perforin is a pore-forming
protein, which is present as a monomer in the cytotoxic granules of CTLs. It undergoes
polymerization in the lipid bilayer of the target-cell plasma membrane and forms an aqueous
channel. Through these channels, granzymes are being passed. Granzyme B, a most important
member of granule serine proteases found specifically in the cytotoxic granules, proteolytically
cleaves and thereby activates caspases within the target cell. Activation of caspases and further
downstream molecules induces DNA fragmentation resulting in apoptosis. Another mechanism
of CTL killing is mediated by binding of Fas ligand (FasL) on the CTL to the “death receptor”
Fas, which is expressed on many target-cell types. The Fas/FasL interaction also induces

apoptosis of the target-cell by activation of caspases. Cytokines produced by CD8" T cells upon
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antigen encounter include IFN-y, TNF-a, and lymphotoxin, function to activate macrophages and
induce inflammation (Murphy et al., 2008; Abbas et al., 2007).

1.5 Adoptive T-cell Therapy

Besides vaccination, another powerful tool in the repertoire of immunotherapeutic strategies is
adoptive T-cell therapy. Adoptive T-cell cancer immunotherapy is based on the premise that T
cells have the capacity to specifically kill tumor cells as well as to proliferate and persist after
transfer and, therefore, can eliminate residual or newly emerging malignant cells (Rosenberg et
al., 2008). In general, adoptive T-cell therapy can be subdivided into the usage of primary T
cells or genetically modified lymphocytes. Primary T cells can be of various origins and
comprise patient-derived tumor-infiltrating T cells (TILs), ex vivo primed T-cell bulk cultures of
autologous or allogeneic origin or even T-cell clones. Tumor-specific adoptive T-cell therapy
was initially developed by expanding tumor-infiltrating lymphocytes from melanoma lesions in
vitro (Rosenberg et al., 1994). These procedures are associated with high costs, laborious
individual preparation and a non-predictable efficacy. To overcome these drawbacks, adoptive
T-cell therapies using genetically engineered T cells have recently been prevailing (Restifo et
al., 2012). Thereby CD8" T cells are either transduced with genes encoding a T-cell receptor
(TCR) that recognizes the complex of a malignoma-associated or-specific peptide and a
particular MHC class | molecule (Morgan et al., 2006; Johnson et al., 2009; Restifo et al., 2012),
or T cells are transfected with genes encoding a chimeric-antigen receptor (CAR) that is
composed of an antibody recognition domain and a cytoplasmic domain of the CD3 molecule
(Eshhar, 2008; Kalos et al., 2011; Liu et al., 2012; Restifo et al., 2012). Modifications comprise
e.g. the provision of co-stimulatory molecules, beneficial cytokines or survival factors (Gattinoni
et al., 2012). Vaccination studies using peptides, from some of the leukemia-associated antigen,
revealed a reduction of blasts in the bone marrow at least for a while (Schmitt et al., 2008). The
therapeutic potential of adoptive T-cell transfer to eradicate malignant cells has been
impressively demonstrated and intensively studied in patients with melanoma, EBV-associated
tumors and malignancies of the hematopoietic system (Kolb et al., 2004; Kahl et al., 2007;
Moosmann et al., 2010; Dudley et al., 2010; Schmid et al., 2012; Parmar et al., 2011; Parkhurst
et al., 2011). Still, adoptive T-cell immunotherapy of leukemia with leukemia antigen-specific T

cells is largely unexplored.

1.6 Allogeneic T-cell response against Leukemia antigens

In hematologic malignancies, allo-HSCT is considered as a most successful method of adoptive
immunotherapy. Its therapeutic effect relies on the induction of a potent GvL effect mediated by
donor-derived T cells. The clinical success of donor lymphocyte infusion (DLI) convincingly

demonstrated the existence of GvL activity. DLI for the treatment of leukemic relapse after allo-
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HSCT was introduced in the early 1990s (Kolb et al., 1990; Collins and Fernandez, 1994; Porter
et al., 1994). Being extremely effective in chronic myeloid leukemia, however, clinical benefit
was shown to be limited in AML patients, possibly as a result of great tumor burden during
relapse (Kolb et al., 1995; Porter et al., 1996; Schmid et al., 2007). Responses to conventional
DLI occur in 15-30% of patients with AML, but remissions are often transient and long-term
survival and cure occurs in approximately 20% of patients. Nevertheless, patients treated with
DLI appear to have better outcomes than patients who never receive DLI, with an estimated
overall survival of 21% versus 9% at 2 years, respectively (Schmid et al., 2007). Interestingly,
haploidentical T-lymphocyte transfusion applied to non-transplanted AML patients resulted in

positive clinical effects (Colvin et al., 2009).

It is assumed that the therapeutic effect of allo-HSCT is mediated by T cells against minor
histocompatibility antigens (mHAgs) that are preferentially expressed on hematopoietic cells
(Smits et al., 2009; Norde et al., 2009). mHAgs are, alloantigens capable of eliciting an
allogeneic T-cell response after allo-tranplantation even when donor and recipient are HLA-
matched. mHAgs are polymorphic proteins. Peptides harboring polymorphic amino acids are
processed, presented in association with certain HLA molecules and recognized by allo-
reactive, donor-derived T cells on recipient cells. Although hematopoiesis-restricted mHAgs are
promising target antigens, the practical use of mHAgs for specific immunotherapy is hampered
due to the fact that only a limited number of mMHAg has been identified so far. This explains why
only a very much limited number of patients undergoing allo-HSCT would potentially profit from
mHAg-directed immunotherapy (Spierings and Goulmy, 2005). This means that it is currently
very difficult to improve the therapeutic effect of allo-HSCT on the basis of these antigens. The
emergence of leukemia antigen-specific immune responses after allo-HSCT or DLI has been
shown to coincide with the induction of clinical responses, suggesting a prominent role of
Leukemia antigens in mediating GvL (Melenhorst et al., 2009). GvL reactions may also be
directed against LAAs or LSAs provided the donor-derived immune cells are able to mount a
response against them. This motivates to focus on those leukemia targets that are more
frequently and specifically expressed on leukemia cells either by vaccinating patients and

perhaps also donors or to adoptively transfer T cells specifically recognizing these antigens.

It appears more likely that T cells against leukemia-specific antigens can be expanded from
patients” blood as compared to healthy donors’. However, blood donations from patients are
limited and the patients” anti-leukemia T-cell repertoire might be skewed due to complex
previous leukemia/host interactions, chemotherapy and post-allo-HSCT immunosuppressive
treatment (Ersvaer et al., 2010). This assumption is supported by comparative data obtained
with tumor-reactive CTL clones derived from individuals with and without cancer (Karanikas et

al., 2010). It can be supposed that healthy individuals have a more diversified T-cell repertoire

19



Introduction

(Hakim et al., 2005) with better proliferation behavior than cancer patients. Reports concerning
the detection of naive/memory CD8" T-cell responses against LAAs in healthy individuals’
peripheral blood lymphocytes have been published. The LAAs were PR1 (Scheibenbogen et al.,
2002; Rezvani et al., 2003, and 2007), WT1 (Rezvani et al., 2003 and 2007; Weber et al.,
2009), PRAME (Griffioen et al., 2006; Rezvani et al., 2009; Quintarelli et al., 2008), RHAMM
(Greiner et al.,, 2004; Casalegno-Gardu™no et al., 2012), survivin (Grube et al., 2007), and
Cyclin-A1 (Ochsenreither et al., 2012). However, the precursor frequency of leukemia-reactive
CD8" T cells in these healthy individuals was rather low (Delain et al., 1994; Smit et al., 1998;
Rezvani et al., 2003 and 2009; Westermann et al., 2004; Barrett and Rezvani, 2007; Brackertz
et al.,, 2011). Herein, healthy individuals were analyzed for the presence of T-cell reactivity
against AML-specific FLT3-ITDs.
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2. Aim of the study

The aim of the presented work was to generate FLT3-ITD-reactive, stable CTL populations and
clones from allogeneic lymphocyte sources. It was planned to generate via stimulation with in
vitro-transcribed RNA (IVT-RNA) encoding FLT3-ITDs:

e stable CD8" T-cell clones against FLT3-ITD from a patient with FLT3-ITD® AML

(providing a reference model system).

e stable CD8" T-cell populations and clones against known immunogenic FLT3-ITDs
o from the peripheral blood lymphocytes of healthy individuals, who carry the HLA |
alleles presenting the immunogenic neoepitopes derived from these FLT3-ITDs,
and, possibly,

o from umbilical cord blood lymphocytes as a rich source of naive T cells.

Furthermore, it was planned
e to characterize FLT3-ITD-reactive allogeneic CD8" T cells with respect to
o their HLA class | restriction,
o their peptide specificity,
o their TCR usage, and, if possible,
to compare these characteristics with the characteristics of CD8" T-cell responses against the

respective FLT3-ITDs in autologous systems.
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3. Materials

31 Chemicals and reagents
Acetic acid 96%
3-Amino-9Ethyl-Carbazol (AEC) tablets
Aqua B. Braun

Agarose

Agarose, ultrapure

Big Dye Premix 3.1

Bromo-phenol blue
B-mercaptoethanol

Chloroform

Diethyl Pyrocarbonat (DEPC)
Dimethyl sulfoxide (DMSO)

DMF (N,N-dimethylformamid)

100 bp DNA ladder

1 kb DNA ladder

DNA Blue Run 6x

Ethanol, 99%

ethanol absolute

Ethidiumbromide 10 mg/ml

Ethylene diamine tetra acetate (EDTA)
Ficoll Lymphoprep

Formaldehyde 37%

Formamide

Gel electrophoresis QA-Agarose TM
Gene pulser cuvette 0.4 cm gap
Glycerol

GelRed

H202 30%

Isoamyl alcohol

Isopropanol

L-glutamine 200mM (100x)

Lipofectamine 2000™ Transfection Reagent

M’G(5")ppp(5’)G RNA Capping Analog
Mopholinopropansulfonsaure (MOPS)
NaCl Salt

OPTIMEM with Glutamax-I
Phosphat-buffered saline (PBS)

Poly(A) polymerase reaction buffer 5x

Merck, Darmstadt

Sigma, Steinheim

Braun, Melsungen

Starlab, Ahrensburg

Gibco, Karlsruhe

Genterprise, Mainz

Merck, Darmstadt

Sigma, Steinheim

Roth, Karlsruhe

Sigma, Steinheim

Merck, Darmstadt

Roth, Karlsruhe

peqlab, Erlangen; Fermmentas, Leon-Rot
peglab, Erlangen; New-England Biolab, Frankfurt
Fermmentas, Leon-Rot

Applichem, Darmstadt

Sigma, Steinheim

Sigma, Steinheim

Sigma, Steinheim

PAA Lab, Pasching; Biochrom KG, Berlin
Merck, Darmstadt; Applichem, Darmstadt
Merck, Darmstadt

Q Biogene, Heidelberg

BIO-Rad Minchen; VWR (Int.), Darmstadt
Sigma, Steinheim

Biotium, Darmstadt

Merck, Darmstadt

Merck, Darmstadt

Fisher Scientific, Schwerte

Gibco, Karlsruhe

Invitrogen, Karlsruhe

Invitrogen, Karlsruhe

Roth, Karlsruhe; USB, Cleveland, Ohio
Sigma, Steinheim; Roth, Karlsruhe
Gibco, Karlsruhe

Biochrom, Berlin; Life technologies, Darmstadt
USB, Cleveland, Ohio
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Roti® Phenol:Chloroform
rATP 10 mM

0.5-10 kb RNA ladder
Sodium acetate

TBE buffer 10x

TransMessenger™ Transfection Reagent

Tris-HCI

Trypan blue
Trypan blue 0.4%
Trypsine-EDTA
Tween 20

Roth, Karlsruhe

Promega, Mannheim

Invitrogen, Karlsruhe

Merck, Darmstadt

Serva Electrophoresis, Heidelberg

QIAGEN, Hilden

Sigma, Steinheim

Merck, Darmstadt

Sigma, Steinheim

Gibco, Karlsruhe

Sigma, Steinheim

The m7G(5’)ppp(5’)G RNA-Capping analog was dissolved in 13,7 yl DEPC-H20 to prepare a 100 mM

solution, and stored at -20°C. DNA marker was stored at 4°C. RNA marker was stored at -80°C.

3.2 Buffers and solutions
Buffer/solution Components Amounts
Acetic acid 0.2N Acetic acid 96% 11.33 mi

H20 ad 1,000 ml
Sodium acetate 0.2N Sodium acetate 16.4 g
pH 8.0 H20 ad 1,000 ml
Sodium acetate 3M sodium acetate 24649
pH7.0 H20-DEPC ad 100 ml
EDTA 0.5M EDTA 18.6g
pH 8.0 H20-DEPC ad 100 ml
NaCl 0.15M NaCl 45¢

H20 ad 100 ml
AEC-staining solution Aminoethylcarbazol 1 tablet (2.5 g)
Filtered with 0.45 pm Dimethylformamide 25ml

ELISPOT-acetate buffer 47.5 ml

30% H202 25 ul
ELISPOT-staining buffer 0.2 N acetic acid 46 ml

0.2 N sodium acetate 110 ml

H20 469 ml
PBS for ELISPOT development PBS 955¢

H20 ad 10 liters
0.5x TBE buffer 10x TBE buffer 100 mi

H20 ad 2,000 ml
Agarose gel 1% Agarose powder 19

0.5x TBE buffer ad 100 ml
H20 -DEPC DEPC 1 mi

H20 ad 1,000 ml
10x MOPS MOPS 41649
pH7.0 3M sodium acetate 16.7 ml

EDTA 0.5M 10 ml

H20 ad 1,000 ml
RNA gel Agarose 0.56 g

DEPC- H20 56 ml

37% formaldehyde 7 mi

10x MOPS 7 ml
RNA sample buffer Formamide 100 pl

37% formaldehyde 70 pl
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10x MOPS 50 ul

Bromo-phenol blue 1% 20 pl

Ethidium bromide 1% 1l

H20-DEPC ad 500 pl
Trypan blue stock solution Trypan blue 19

H20 ad 1,000 ml
Trypan blue staining solution Trypan blue stock solution 75 ml

NaCl 0.15M 25 ml
MACS buffer BSA 25¢

EDTA 0.5M 2ml

PBS ad 500 ml
FACS buffer BSA 05g

PBS ad 500 ml
FACS fixing buffer 37% formaldehyde 1.35ml

PBS ad 50 ml
Erythrocytes lysis buffer Ammonium chloride 8.3¢g

Sodium bicarbonate 0.844¢

EDTA 293¢

H20 ad 1,000 ml

Table 3.2.1: Buffers and solutions

3.3 Materials for bacterial culture

3.31 Plasmids

All plasmids, encoding HLA class | molecules used in this work, were available in our group (AG
T. Wolfel), except pcDNA3.1.HLA-C*07:01, which was kindly provided by Dr. P. van der
Bruggen (LICR, Brussels, Belgium) and pcDNA3.1.HLA-C*0702, which was kindly provided by
Dr. H. Wang (Japanese Red Cross, Central Blood Center, Tokyo, Japan). Plasmid pcDNAG6/V5-

His.pp65 encoding pp65 of Human CMV was kindly provided by Dr. B. Plachter (Institute of

Virology, University of Mainz). If required, the inserts were controlled by DNA sequencing.

Below, is a list of plasmids encoding different FLT3-ITDs and control antigens used herein.

"ZI’ .
™ n
o <0 > 20
™ [y % ™ c (-3
< <0 < 7] <0
g | 3, | 2 g | 25
A L [+4 2}
Name of the insert 9 Q = 9 s Q.
EGFP X
CMV pp65 X
CMV pp65 X

Sig_pp65_DC.LAMP

WEFLT 3Full Length

JC_FLT3-ITDFull Length

WtFLT3Full Length

|N_FLT3'|TDFU|| Length

FL_FLT3'|TDFUII Length

WtFLT3Exon13-16

IN_FLT3 -ITDgxon13-16

VE_FLT3 -ITDexon13-16

QQ_FLT3 -ITDEgxon13-16

X |[TXTX X
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FL_FLT3 -ITDgxon13-16 X
Sig_ WHFLT3exon13.-16_ DC.LAMP
Sig_IN_FLT3 -ITDgxonts-16_DC.LAMP
Sig_VE_FLT3 -ITDgxon13.16_DC.LAMP
Sig_QQ_FLT3 -ITDgxont3-16_DC.LAMP
IN_FLT3-ITDo;

IN_FLT3-ITDss

IN_FLT3-ITDsg

IN_FLT3-1TDs;

IN_FLT3-ITDsg

IN_FLT3-ITDeo

IN_FLT3-1TDe,

IN_FLT3-ITDe3

IN_FLT3-ITDg,

IN_FLT3-ITDgs

Table 3.3.1.1: Plasmids.

The table shows all the antigenic plasmids used herein. Plasmids in bold and italics were cloned for this
project; the others clones were already available in the lab. Sig/pcDNA_DC.LAMP; Sig/pcDNA3 was
constructed by ligation of signal sequences of the human lampl and dc.lamp genes into the multiple
cloning site of pcDNA3.

X X [TX X

XXX [ XX XXX ]X]X

3.3.2 Bacterial strains

TOP 10 bacteria one-shot E. coli (Invitrogen, Karlsruhe) were used to propagate all recombinant
plasmids. Genotype of TOP 10 bacteria is: F* mcrA A(mrr-hsd RMS-mcrBC) 180lacZAM15
AlacX74 deoR recA1 araD139 A(ara, leu)7697 galU galK rpsL(Str®) endA1 nupG.

3.3.3 Substances and media for bacterial culture and conservation

Bacto Yeast Extract DIFCO Becton Dickinson, Heidelberg
Bitek Agar DIFCO Becton Dickinson, Heidelberg
Tryptone Peptone DIFCO Becton Dickinson, Heidelberg
S.0.C. Medium Invitrogen, Karlsruhe

LB (Luria-Bertani) medium: 10 g Bacto Tryptone, 5 g yeast extract, 10 g NaCl, 1 liter H20

LB-ampicilline: 1 liter LB medium, 100 pg amplicilline
LB agar-ampicilline: 1 liter LB medium, 15 g Bacto Agar, 100 ug amplicilline
Glycerol stocks: 500 pl bacterial culture (in LB medium) and 500 ul 60% glycerol

All media were stored at 4°C.

34 Antibiotics

Ampicilline Sigma, Steinheim
Geneticine (G418) 50 mg/mi Gibco, Karlsruhe
Penicilline-streptomycine Gibco, Karlsruhe
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Antibiotics were stored at -20.C in 10 ml alliquots.

3.5 Primers
. . P " Anneali
PrimerID Primer sequence 5'-3' direction Tempera::ﬂe

FLT 3¢ Forward BamH1 5 TCTARAGGATCCGCCATGCCGGCGTIGGCGCGLGACGGE -3 693°C
FLT 3¢ Reverse Xbal 5- GGGTCTAGACCCGAATCTTCGACCTEAGCCTGEGS -3 685°C
FLT3 geoms Forward BamH1 5- AAAGGATCCGCCATGGTCGTTTTAACCCTGCTAATT -3 651°C
FLT3 conis Reverse Xbal 5 GGATCTAGAGACATGAGTGCCTCACTTTCAGAGE -3 634°C
pp65 Forward BamH1 5. GGGGGATCCGAGTCGLGCGGTCGCCETTGTCCE -3 66.0°C
pp65 Reverse Xbal 5 GGGATCTAGACCTCGGTGCTTTITGGGCGTCG -3 642°C
FLT3 iomi3s Forward 5 GCCACCATGGTCGTTTTAACCCTGCTAATTTGTCACAAG -3 600°C
FLT3 eonts Reverse 5- GGGTCTAGACATGAGTGCCTCTCTTTCAGA -3 63.0°C
IN_FLT3TD;;;Reverse 5 TCATBATCCTAGTACCTTCCCARACTC -3 604°C
IN_FLT3-ITDy¢s Reverse 5- CTAATTTTCTCTTGGAAACTCCCATTT -3 589°C
IN_FLT3-ITDy¢s Reverse 5 CTAGCAATTTTCTCTTGGARACTCCCA -3 61.9°C
IN_FLT3-ITDy;y Reverse 5 CTAGGGGCAATTTTCTCTTGGAAACTE -3 634°C
IN_FLT3-ITDy;; Reverse 5- CTAATCTGAG GGGCAATTTICTCTTGS -3 616°C
IN_FLT3-ITDgy Reverse 5 GTAGAAGTACTAATTATCTGAGGGGCAATTTTCTCT -3 66.1°C
IN_FLT3-ITDys; Reverse 5 AACGTACTAGTACTCATTATCTGAGGGGCAATTTTC -3 67.2°C
IN_FLT3TDys Reverse 5 ATCAACCTAGAAGTACTCATTATCTGAGGGGCAATTTTC -3 684°C
IN_FLT3-TDyq; Reverse 5 ATCTTAGTAGAAGTACTCATTATCTGAGGGGCAATTTTC -3 67.0°C
IN_FLT3-TDys5 Reverse 5 TTAMACGTAGAAGTACTCATTATCTGAGGGGCAATTTTC -3 674°C

3.6 Enzymes

DNAse |

Yeast poly (A) polymerase

Easy-A polymerase

PCR-Polymerase (VWR)

Perfect Taq plus
T4 DNA ligase
Apa |

BamH |

EcoR |

Hind 11l

Xba |

Calf Intestine Phosphatase (CIP)

All enzymes were stored at -20°C.

3.7 Molecular biology kits
High Pure PCR Purification Kit
HiSpeed Plasmid Maxi kit

Roche, Mannheim

Table 3.5.1: List of

primers, used in the
cloning of indicated
antigens.

This table specifies all
the primers applied for
amplification of PCR
products used in the
cloning of indicated
FLT3-ITDs and other
control antigens into
pcDNA3.1 V5/His
expression vector used in
this study (e.g. 3
fragmentation of FLT3-
ITD  Exon13-16 CDNA of
patient IN).

USB, Cleveland, Ohio
Stratagene, Heidelberg

VWR International, Darmstadt

5 Prime, Hamburg
Roche, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim
Promega, Mannheim

Promega, Mannheim

NEB Biolabs, Germany

Roche, Mannheim

Qiagen, Hilden
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pcDNA3.1/V5 His TOPO TA Expression kit Qiagen, Hilden

QIAprep Spin Miniprep kit Qiagen, Hilden

QIAquick Gel Extraktion kit Qiagen, Hilden

T7 Production System Ribomax Large Scale RNA Promega, Mannheim
MMESSAGE mMACHINE® T7 Kit Ambion, Life Technologies, Karlsruhe
RNase free DNase Set Qiagen, Hilden

RNeasy Mini kit Qiagen, Hilden

Superscript lll 1% strand kit Invitrogen, Karlsruhe

Taq PCR core kit Qiagen, Hilden

Taq PCR kit peqlab, Erlangen
Vectastain Elite ABC PK-6100 Linaris, Wertheim-Bettingen
perfect Tag-Master PCR kit 5 PRIME, Hamburg

3.8 Materials for cell culture and cellular assays

3.8.1  Celllines

COS-7 cells: The COS-7 cell line is transformed African green monkey kidney fibroblast cells,
developed from CV-1 line by Yakov Gluzman in the early 1980s (Gluzman et al., 1981). This
line contains large T-antigen, retains complete permissiveness for lytic growth of SV40 and

supports the replication of SV40 mutants.

293T cells: HEK 293T, was generated in the early 70s by Graham and his colleagues, derived
from the human embryonic kidney 293 cell line (Graham et al., 1977). 293T is a highly
transfectable derivative of the 293 cell line into which the temperature sensitive gene for SV40
T-antigen, was inserted (DuBridge et al., 1987), which allows the episomal replication of

transfected plasmids containing the SV40 origin of replication.
EBV-transformed B-cells: The B-cell line AK-EBV-B cells is a suspension lymphoblastoid

cell line (LCL) was immortalized by the transformation with the Epstein Barr virus (Knuth et
al., 1989).

3.8.2 Substances and media for cell culture

AIM V® culture medium Gibco Gibco, Karlsruhe
BSA (bovine serum albumine) Sigma, Steinheim
RPMI 1640 Medium Gibco, Karlsruhe
OPTIMEM Gibco, Karlsruhe
Trypsin-EDTA Gibco, Karlsruhe
FCS-fetal calf serum (heat inactivated) PAA Lab., Pasching; Biochrom, Berlin
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HS- human serum Healthy donors’ blood donations (heat inactivated HS)
RPMI complete: RPMI 1640 + 10% FCS + 1% Penicillin-Streptomycin
AIM V complete: AIM YV + 10% HS
FastDCs medium: RPMI 1640 + 2% HS
FastDCs dO-medium: RPMI 1640 + 2% HS + GM-CSF (1000 U/ml) + IL-4 (500 U/ml)
FastDCs d1-medium: RPMI 1640 + 2% HS + IL-1B (10 ng/ml) + IL-6 (1000 U/ml)
+ TNF-a (10 ng/ml) + PGE; (1 pg/ml)
T-cell medium: AIMYV +10% HS + IL-2 (20 U/ml) + IL-4 (10 ng/ml) + IL-7 (5 ng/ml)
Freezing medium: FCS + 10% DMSO and

AIMV + 40% HS + 10% DMSO
(If any medium of this list was not used then specified in the method and result section)

All media were stored at 4°C

3.8.3 Cytokines

rhGM-CSF (Leukine Sagramostim) Berlex, Richmond, CA, USA

rhiL-183 BD Biosiences, Heidelberg

Prostaglandin E2 Sigma, Taufkirchen

rhTNF-a Sigma, Taufkirchen; Promokine, Heidelberg
rhiL-4 Miltenyi Biotec, Bergisch Gladbach

rhiL-6 Promokine, Heidelberg

rhiL-2 Proleukin, Chiron behring, Marburg

rhiL-7 Miltenyi Biotec, Bergisch Gladbach

rhiL-12 Miltenyi Biotec, Bergisch Gladbach

rhiL-15 Miltenyi Biotec, Bergisch Gladbach

All cytokines were stored either at -80°C or at -20°C.

3.9 Donors and blood samples

3.9.1 AML Patient

Leukemic cells, of patient FL suffering from AML, were routinely checked for FLT3-ITD
expression by the local laboratory for clinical diagnostics (BTA/MTA: K. Busch and B. Schuch;
Head: PD Dr. Georg Hel). All blood samples were drawn with informed consent from patient or
their relatives according to institutional policies and approval by the institutional review board.
From patient FL (Table 3.9.1.1), 50 ml of leukemic blood were taken at the time of diagnosis.
Peripheral blood mononuclear cells (PBMCs) were collected at different time points after

reconstitution before or after chemotherapy cycles.
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Patient | Age at Gender FAB Leukocyte count | AML blast | CMV HLA class |
ID diagnosis type (x1 03lpl)* fraction* status -A -B -C
e *07:01 *07:01
0, *, .
FL 27 years | Q M1 113.6 94% positive | "01:01 | .55.91 | x07:02

Table 3.9.1.1: AML patient.
This table gives an overview of patient FL at the time of AML diagnosis.

3.9.2

After informed consent to blood donors, buffy coats collected from HCMV™ healthy donors were

Healthy donors

received from the Transfusion Centre (Dr. R. Conradi), University Medical Center, Johannes
Gutenberg-University, Mainz. These donors were serotyped for HLA class | alleles (2-digit
serotyping). Out of twenty three donors, nineteen HCMV"™ donors were investigated for anti-
FLT3-ITD response against selected FLT3-ITDs. Donors, according to routine serotyping,
expressed at least one of the HLA class | alleles i.e. HLA-A*32, HLA-B*27 and HLA-A*11, which
presents the FLT3-ITD epitope to CD8" T cells (Table 3.9.2.1). PBMCs were isolated by
FICOLL-density gradient centrifugation method.

Healthy donor | HLA-A | HLA-B | HLA -C | against FLT3-ITD of patient Table 3.9.2.1: List of healthy
#6798 03,32 | *07,*61 | -02."07 IN (IN/583-CP-25) donors analyzed against
#2655 02,732 | 07,761 | 02,707 IN (IN/583-CP-25) three selected immunogenic
P 0332 | *35.57 | *04.706 IN (IN/583.CP-25) FLT3-ITDs previously
#6647 *26,'32 | *35,%49 | *04,%07 IN (IN/583-CP-25) identified as in patients IN,

QQ and VE.
#2567 02,32 | +44,762 | -03,705 IN (IN/583-CP-25) Buffy coats collected from the
#1066 28,32 | *14.%62 | *03.°08 IN (IN/583-CP-25) healthy individuals were
#1853 "03,"32 | *35."57 | 704,706 IN (IN/583-CP-25) received from  Transfusion
#7300 07,732 | 04,715 | 02,707 IN (IN/583-CP-25) Centre, University = Medical
S iBi “11.730 | *13.7a4 | +05.706 Q@ (QQ591.0.7) Center, Mainz. As mentioned
#0147 02,11 | *07.m5 | *03.707 QQ (QQ/591-D-7) here, these donors ~were
serotyped for HLA class |
Rokee || et o QA@DA0D) alleles  (2-digit  serotyping).
#7986 A | O o7 SRS EDET) Healthy donor buffy coats
#1035 "02,"11 *08,*51 QQ (QQ/591-D-7) shown in yellow, turquoise and
#3501 *03,*11 07,710 | *01,707 QQ (QQ/591-D-7) purple colors were analyzed
#1605 i3 | s 07 VE (VE/585-RA-14) against IN_, QQ_ and
#7926 30,68 | *18,%27 | *05,%07 VE (VE/585RA-14) VE_FLT3-ITD, respectively.
#1158 1,726 | "27.738 01 VE (VE/585.RA-14)
#0189 02,23 | *27.744 | *03,°04 VE (VE/585RA-14)
#1708 03,24 | 07,727 | 02,07 VE (VE/585RA-14)
3.9.3 Umbilical cord blood donations

After informed consent to the parents, umbilical cord blood donations, were received from Klinik
fir Geburtshilfe und Frauenheilkunde (Dr. A. Pohl), University Medical Center of the Johannes
Gutenberg-University, Mainz, Germany. In this study, eight umbilical cord blood donors (Table

3.9.3.1) were analyzed for anti-FLT3-ITD response.
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Table 3.9.3.1: List of Umbilical cord
Umbilical cord | Amount of blood | UBMCs obtained blood donors.
blood donor received (in ml) (in million) Given amount of cord blood was received
MZUCB£1 40 154 from Klinik far  Geburtshilfe  und
Frauenheilkunde, University Medical
MzUCB=2 36 120 Center, Johannes Gutenberg-University,
MZUCB3 12 135 Mainz, Germany. Umbilical cord blood
mononuclear cells (UBMCs) were isolated
MZUCB= 9 103 by Ficoll-density gradient centrifugation
MZUCB#3 10 140 method described in Method section 4.2.
MZUCB#12 45 165
MZUCB#15 28 116
MZUCB#23 31 129
3.10 Antibodies
Antibody Clone Isotype Company, Location
IgG1-FITC/IgG1-PE H2 IgG2a mouse | Beckman Coulter, Krefeld
CD3-FITC/CD3-PE UCHT1 IgG1 mouse Beckman Coulter, Krefeld
CD3-FITC/CD8-PE UCHT1/B9.11 1I9G1 mouse Beckman Coulter, Krefeld
CD4-PE/FITC 13B8.2 IgG1 mouse Beckman Coulter, Krefeld
CD8-PE/FITC B9.11 I9G1 mouse Beckman Coulter, Krefeld
CD11c-PE BU15 IgG1 mouse Beckman Coulter, Krefeld
CD14-PE/FITC 116 IgM mouse Beckman Coulter, Krefeld
CD16-FITC 3G8 IgG1 mouse Beckman Coulter, Krefeld
CD19-FITC 89B IgG1 mouse Beckman Coulter, Krefeld
CD25-FITC 1HT44H3 IgG2a mouse | Beckman Coulter, Krefeld
CD27-PE 1A4CD27 IgG1 mouse Beckman Coulter, Krefeld
CD45RA-PE 2H4L.DH11LDB9 IgG1 mouse Beckman Coulter, Krefeld
CD45R0O-PE UCHL1 IgG2a mouse | Beckman Coulter, Krefeld
CD56-PE N901 IgG1 mouse Beckman Coulter, Krefeld
CD62L-PE DREG56 IgG1 mouse Beckman Coulter, Krefeld
CD80-FITC MAB104 IgG1 mouse Beckman Coulter, Krefeld
CD83-PE HB15a IgG2b mouse | Beckman Coulter, Krefeld
CD86-FITC 2331 (Fun.1) IgG1 mouse Pharmingen, Heidelberg
CD94-FITC HP-3D9 IgG1 mouse Pharmingen, Heidelberg
CD127-PE R34.34 IgG1 mouse Beckman Coulter, Krefeld
CD135 polyclonal 1gG rabbit Santa Cruz, Heidelberg
CCR7-FITC FAB197F IlgG2a mouse | R&D Systems, Wiesbaden
Mab anti-IFN-y clone 1-D1K IgG1 mouse Mabtech, Nacka, Schweden
Mab anti-IFN-y clone 7-B6-1 IgG1 mouse Mabtech, Nacka, Schweden
Mab anti-HLA I, w6/32 hybridoma supernatant IgG2a mouse | Parham, 1979 HB95 (ATCC)
Mab anti-HLA-A*02, PA2.1 hybridoma supernatant IgG1 mouse Parham, 1978 HB117 (ATCC)
Mab anti-HLA class-I clone MEM-81 IgG1 mouse Novus Biologicals, Littleton
Goat-anti-mouse (GAM)-FITC polyclonal None Novus Biologicals, Littleton

30




Materials

CD8 Microbeads BW135/80 IgG2a mouse | Miltenyi Biotec, Bergisch Gladbach

CD8 Microbeads TUK4 IgG2a mouse | Miltenyi Biotec, Bergisch Gladbach

Table 3.10.1: Antibodies.

3.11 Synthetic peptides

The peptides used herein (Table 3.11.1) were either synthesized by Dr. Drijfhout (LUMC,
Leiden, Netherlands), or kindly provided by Prof. Dr. S. Stevanovi¢ (Eberhard Karls University,
Tdbingen, Germany). Peptides encoded by FLT3-ITDs were predicted by public domain
algorithms using computer-based epitope prediction [BMAS (Parker et al., 1994), SYFPEITHI
(Rammensee et al., 1999) and NetMHC 3.2 (Lundegard et al., 2008a and 2008b); Larsen et al.,
2005; Tenzer et al., 2005]. The purity of the peptides after HPLC analysis was >80%. Their
masses were checked by mass-spectrometry. Lyophilised peptides were solubilized in DMSO at
a concentration of 40 mg/ml, further diluted with PBS to 2 mg/ml and frozen in aliquots at -20°C.
If not otherwise indicated, the peptides were used at a concentration of 5 ug/ml in the mixed

lymphocyte peptide culture and 10 yg/ml in IFN-y ELISPOT assays.

Peptide-Name /Amino acid |Amino acid Derived from HLA-restriction [Synthesized by
sequence position
pPP65495.503 NLVPMVATV 495 - 503 CMV pp65 HLA-A*02:01
PP65417-426 TPRVTGGGAM | 417 — 426 CMV pp65 HLA-A*07:01
VE_FLT3-ITDso1.500/A3 | YVDFREYER | 591-599 | VE_FLT3-ITD | HLA-A*03:01 Dr. Drijfhout
Leiden, Netherlands)
FL_FLT3-ITDs97-606 /A2 YESDNEYFYV | 597 — 606 FL_FLT3-ITD | HLA-A*02:01
IN_FLT3-ITDg10-619/B35 | CPSDNEYFYV | 610 — 619 HLA-B*35:01
IN_FLT3-ITD Prof. Dr. S.
IN_FLT3-ITDg10-618 /B35 | CPSDNEYFY 610 —-618 HLA-B*35:01 Stevanovic
Tubingen, Germany

Table 3.11.1: Peptides.
The table shows all the peptides used herein. Peptides in bold were predicted for this project using
computer-based epitope prediction; the others peptides were already available in the lab.

3.12

Beaker

Glass and plastic equipment

Schott, Mainz
Schott, Mainz
Schreck, Hofheim

Becton Dickinson, Heidelberg

Duran glass flasks

Cell counting chamber (Fuchs-Rosenthal)
Cell strainer

Centrifugation tube 15 ml, 50 ml Greiner, Frickenhausen
Centrifugation tube Leucosep ® Greiner, Frickenhausen
Cryobox system 100 VWR international, Darmstadt
Cryobox nalgene VWR international, Darmstadt

Cryotubes NUNC, Wiesbaden
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FACS tubes 5 ml, 75x12 mm

Filter 0.45 and 0.22 pym

Cell culture 96-flat, -U or V bottom plates;
Cell and tissue culture 48-, 24-, 6-well plates
MACS cell suspension filter

MACS MS+ separation columns

Multiscreen ELISPOT plates MSIP

PCR tubes 0.2 ml

Petri dishes (9 cm, 13 cm)

Pipette tips (0.5-10 pl, 1-200 pl, 200-1000 pl)
TipOne Pipette Tips, Graduated Filter Tips,
Pipette tips 1, 2, 5, 10, 25, 50ml

Reaction tubes (1.5 ml)

Syringes10 ml, 20ml (DISCARDIT ™I,
Sterile-cup filter units 0.22 um /0.45 pym

Tissue culture units 30, 80, 175 cm?

Sarstedt

Schleicher

Greiner, Frickenhausen; Costar, USA
Greiner, Frickenhausen; Costar, USA
Miltenyi Biotec, Bergisch Gladbach
Miltenyi Biotec, Bergisch Gladbach
Millipore, Werner, Bergisch Gladbach
MBP, San Diego, CA

Greiner, Frickenhausen

Starlab GmbH Ahrensburg,

Costar, USA; Greiner, Frickenhausen
Eppendorf, Hamburg

Becton Dickinson, Heidelberg
Millipore, Werner, Bergisch Gladbach

Greiner, Frickenhausen

3.13 Laboratory instruments

Instrument Description Company and location
Analytical balance Precisa PAG Oerlikan AG, Zirich
Aluminium foil 0.1mm Carl Roth, Karlsurhe

Bacteria incubator

Heraeus B6200

Heraeus, Hanau

Balance M3P Sartorius Sartorius, Goéttingen
Heraeus B6200 Heraeus, Hanau

Centrifuges Galaxy Mini Merck, Darmstadt
5417, 5415 R Eppendorf, Hamburg

Cell culture tube recks

VWR, Darmstadt

Centrifuge

Megafuge 3.0 R

Heraeus, Hanau

Experimental gloves

Small and middle

Semperet, Wien

Hettich Rotixa BP Labotec, Wiesbaden
Cuvette for photometry Ultrospec Type 4000 8454 Pharmacia Biotech, Freiburg
Electroporation equipment Gene Pulser® I Gene Pulser, BioRad, Munich

Electrophoresis chamber

Easy-Cast™ Minigel Systems

AGS, Heidelberg

Electrophoresis power supply

Gene power supply GPS 200/400

Pharmacia, Freiburg

Electrophoresis Power Pac

Pac 300

BioRad, Mlnchen

ELISPOT image analyser

Axio-lmager M1
Axio-Cam MR camera; KS
ELISPOT software 4.8/4.9

microscope;

Carl Zeiss, Stuttgart

Carl Zeiss, Jena
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Flow cytometry Instrument

FACS analysis software

FACS Canto and FACS Aria;
FlowJo v7.6.5, 32-bits

Becton Dickinson, Heidelberg

Becton Dickinson, Heidelberg

Cell Culture Incubator

CB210, CO2 aerated

Binder, Tuttlingen

Incubator for bacteria

Biometra OV 5

Biometra, Goéttingen

Magnet for cell separation

MPC magnetic holder; MiniMACS

Miltenyi, Bergisch Gladbach

Magnetic stirrer with heating

plate

IKAMAG, REC-G

Janke & Hunkel, Staufen Staufen

Microwave oven

MWS 2819

Bauknecht, neunkirchen

N2 bank XLC 1370 and MVE 1400 series MVE Europe, Solingen
N2 Tank Taylor, Wharton -180 Tec Lab Kénigstein,
PCR thermocycler Trio-Thermoblock, Biometra, Géttingen

T1 Thermocycler; T Gradient

Phase contrast microscope

Axiovert 25 C

Zeiss, Jena

pH-meter Digital CG 837 Schott, Mainz
Photometer Ultrospec 3000 UV/Visible Pharmacia Biotech, Freiburg
Pipettes (adjustable pipetman) 0,5-10 pl Eppendorf, Hamburg

P20, P100, P200, P1000

Gilson, Bad Camberg

Multi-channel pipettes

m100 and m300

BIOHIT, Helsinki, Finland

Pipetting aid

ACCU-JET® PIPETTE AID, BRAND

VWR international, Darmstadt

Laminar flow clean bench

Herasafe K518

Kendro, Langenselbold

Shaker for bacteria

Certomat® R/H (shaker/box)

Braun Biotech, Melsungen

Thermo-mixer

Thermomixer Comfort

Eppendorf, Hamburg

Deionisated water installation Milli-Q plus Millipore, Eschborn

Water bath Type 1013 GFL, Cambridge, England
Drying hood UT 6420 Heraeus, Hanau

Vortexer VF2 Janke und Kunkel, Staufen

UV illuminator

BioDoc Analyze

Transilluminator

Biometra, Géttingen

Gel analysis software

BioDocAnalyse

Biometra, Goéttingen

Hemacytometer Fuchs-Rosenthal Marienfeld, Lauda-Kdnigshofen
Ice generator UBES50/35 Ziegra, Isernhagen
Microscope Model TMS Nikon, Japan

Refrigerator, freezer

Bosch Economic
Okosuper, Sikafrost comfort

Thermo scientific

Robert Bosch GmbH, Stuttgart;
Liebherr, Ochsenhausen;

Siemens, Berlin

Autoclave Steriliser

KSG sterilisator

KSG, Olching

Table 3.13.1: Laboratory instruments.
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4. Methods

4.1 Cell culture

To prevent bacterial and fungal contaminations, cells were manipulated under a laminar flow
sterile bench, taking standard precautions to maintain a sterile environment (Freshney, 2000).
COS-7 and HEK 293T cells were used as host cells for transient transfections with plasmids
encoding genes of interest, e.g. to serve as antigen-presenting cells for functional assays (e.g.
IFN-y ELISPOT assay). COS-7 and 293T cells were cultivated at 37°C with 5% CO, in RPMI
+10% Fetal Calf Serum + 1% Penicillin-Streptomycin (RPMI Complete Medium). COS-7 cells
and 293T cells grow as plastic adherent monolayer cell cultures. They were splited twice in a
week either by trypsin/EDTA treatment at 37°C for 5 minutes (COS-7) or by gently taping and
shaking the flask (293T cells). After a washing step, cells were seeded again in 25 ml fresh
medium. Suspension cells like LCL (lymphoblastoid cell line) cells were also maintained in
RPMI complete medium and they were subcultured every 3-4 days at a cell density of 2.0x10°
cells/ml. Medium was replaced every 2-3 weeks. Centrifugation steps were always performed at
1500 rpm for 7 minutes at 20°C, if not, otherwise specified. For adherent cells medium was

replaced with fresh medium one day before use in functional assays.

4.2 Isolation of PBMCs from whole blood or buffy coats by density gradient
centrifugation
Peripheral Blood Mononuclear Cells (PBMCs) are the single nucleated cell populations
circulating in the blood (mainly comprising the lymphocyte and monocyte population). Donors’
and patient’s blood was obtained as either concentrated “Buffy coats” from the local blood bank
or whole blood from University Medical Center, Mainz. PBMCs were isolated by centrifugation
on a Ficoll-Hypaque gradient. 15 ml FICOLL were given onto the porous filter disc of a 50-ml
Leucosep® centrifugation tube, and centrifuged at 1,500 rpm, room temperature (RT) for 1 min.
Heparinised blood was diluted in a 1:2 ratio with PBS and given in portions of 35 ml per tube
onto the filter. Cells were centrifuged for 15 min at 2,500 rpm at RT without a break. To harvest
the mononuclear cells, the leukocyte ring was collected in a fresh 50-ml centrifugation tube and
washed twice with PBS. Centrifugations were performed for 10 min at 1,800 rpm and another 7
min at 1,500 rpm to remove platelets. If the pellet still appeared too red after the washing steps,
indicating too many red blood cells, erythrocytes were lysed by incubation with 5 ml of
erythrocytes lysis buffer for 5 min on ice and the cells were washed again. The resulting PBMCs

were either cryopreserved in aliquots in FCS + 10% DMSO or directly applied to cell culture.
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4.3 Immunomagnetic cell separation of CD8" or CD14" cells from PBMCs

For immunomagnetic cell separation, the MACS® technology was used. The method is based
on the use of antibody-coated magnetic MACS microbeads binding to cell surface proteins of
the cell types of interest which are withheld when passing through MACS columns placed in the
magnetic field of MACS separators. Cells could be purified in less than 30 minutes. Freshly
isolated PBMCs were used for the isolation of either CD8" cells or CD14" cells, to maximize the
yield. In case of cryopreserved PBMCs, cell pellets were pretreated with 1 mg/ml DNase |
(QIAGEN) for 5 minutes at RT, a procedure which efficiently eliminates cell clump formation
caused by DNA released by dead cells. Positive selection of CD8" or CD14" cells was
performed following the manufacturer’s instructions. In brief, PBMCs were washed with MACS
buffer and then magnetically labelled with 15 pl microbeads per 1.0x10" cells for 15 min at 4°C.
After incubation, 1.5 ml MACS buffer was added to the cell suspension, gently mixed and 500 pl
aliquots applied slowly to the pre-equilibrated separation column. After separation, the column
was washed three times with 500 yl MACS buffer and removed from the magnetic separator.
During the whole process unlabeled cells passed through and could be collected for further
purposes while the labeled cells were first withheld, then collected, washed and processed as
required. MACS microbeads are super-paramagnetic particles of approximately 50 nanometers
in diameter. Due to the particles’ biodegradable matrix composed of iron oxide and

polysaccharide, they usually disappear within a few days in culture.

4.4 Generation of FastDCs from PBMCs

Dendritic cells (DCs) are the most potent professional APC for inducing primary T-cell
responses. Besides “traditional” protocols for generating monocyte-derived DCs, many studies
have also described the use of mature DCs generated from monocytes in only 48 hours
(“FastDCs”) (Dauer et al., 2003a; Obermaier et al., 2003). Dendritic cells were generated as
described by Dauer et al., (2003 and 2005). FastDCs were generated from CD14" cells of
PBMCs (in the case of patient FL) or from adherent PBMCs (in case of healthy donors or
umbilical cord blood donations (UCB donations). In brief, for the generation of FastDCs either
freshly FICOLL-separated PBMCs or cryopreserved PBMCs were used. The PBMCs were
washed and adjusted to a density of 5.0x10%/ml in RPMI medium. The cell suspension was split
into portions of 3 ml per well in 6-well-plates and incubated for 1 hour at 37°C. Later, the non-
adherent cells were removed by gently rinsing the wells 3 times with prewarmed PBS. The
plastic-adherent cells were cultivated for one day in medium B, supplemented with rhGM-CSF
(1000 U/ml) and rhiL-4 (500 U/ml). On d2, rhiL-6, rhTNF-a, PGE-2 and rhIL-13 were added at
concentrations of 1000 U/ml, 10 ng/ml, 1 ug/ml and 10 ng/ml, respectively. Cells were harvested
as mature FastDCs on d3 after washing the wells with PBS. Afterwards, FastDCs were either
directly used for electroporation/transfection with antigen-encoding IVT-mRNA or cryopreserved

in aliquots. FastDCs generated according to this protocol showed, similar maturation markers as
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classical DCs, down-regulation of CD14 and up-regulation of HLA-DR, CD11¢c, CD80, CD86
and CD83 (Figure 4.4.1). The yield of FastDCs obtained with this method was higher than with
the classical method (Kvistborg et al., 2009). At maximum, FastDCs yield reached up to 5% of
starting PBMCs number.
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Figure 4.4.1: Phenotypic analysis of UCB-FastDCs.

FastDCs were generated from adherent cells (monocytes) of MZUCB #15 according to Dauer et al.,
(2003). FastDCs were harvested on d3 and after washing; they were stained with FITC- or PE-labeled
antibodies directed against surface molecules. FastDCs were measured by flow cytometry, for expression
of CD3, CD19, CD14, HLA-DR, CD11c, CD80, CD83 and CD86, for maturation and purity of FastDCs.
Isotype control IgG1-stained populations in grey.

4.5 Cryopreservation and thawing of cells

For cryopreservation, cells were centrifuged; pellet was resuspended in 1 ml freezing medium
[10% DMSO either with Human Serum (HS) or with Fetal Calf Serum (FCS)], and transferred
into cryotubes. For cryopreservation, cryoboxes filled with isopropanol, were used to guarantee
a linear freezing rate of approximately 1°C per minute. After 24 to 48 hours, aliquots were
transferred into a liquid nitrogen (N.) bank for long term storage Thawing was performed by
incubating the tubes in a 37°C water-bath until defrosting of the cells was visible. Cells were

then immediately transferred into 10 ml of the respective medium, and washed twice before use.

4.6 Flow cytometry analysis
Expression of certain cell surface molecules was analyzed by flow cytometry analysis. Cells of
interest were distributed into polypropylene tubes (BD Biosciences) at 1.0-2.0 x10° cells/tube

and washed with FACS buffer. Centrifugation steps were always performed at 1500 rpm for 7
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minutes at 20°C. For surface staining, cells were incubated for 20 min at 4°C with the respective
fluorescence-labeled or unlabeled primary antibodies according to the manufacturer’s
instructions. Cells were also labeled with corresponding isotype-matched control antibodies as
negative controls. Afterwards, cells were washed twice to get rid of unbound antibody. If the
primary antibody was unconjugated, staining with a second FITC-conjugated goat anti-mouse
(GAM) or goat anti-rabbit (H+L) IgG-F(ab).-antibody was performed under the same conditions.
This second antibody binds to the anti-mouse-Fab-fragment of the primary antibody. Cells were
directly analyzed using the BD FACS Canto Il system if the cells had to be alive during analysis
e.g. for single cell sorting using the BD FACS Aria cell sorter or for cell enrichment assay using
magnetic microbeads. Otherwise, surface-stained cells were fixed with 0.3 to 0.5 ml PBS/1%
para-formaldehyde solution (FACS-fixing buffer) and analyzed within 24h. Fluorescence
measurement was performed in the FITC or PE channel. The relative fluorescence of labeled
cells to background fluorescence was determined and depicted in a histogram using FlowJo

version 7.5.5 software.

4.7 Electroporation of APCs with IVT-mRNA

It has been previously demonstrated that transfection of mMRNA by electroporation is a safe,
highly efficient and clinically applicable method for antigen expression (Van Tendeloo et al.,
2001; Van Tendeloo et al., 2007; Van Driessche et al., 2009). Several studies have previously
reported on the electroporation of PBMC with mRNA (Teufel et al., 2005; Johnson et al., 2006;
Van Camp et al., 2010) to stimulate and to monitor tumor-specific and CMV-specific T cells.
Antigen-presenting cells (CD8 PBMCs, monocytes or FastDCs) were washed with OPTIMEM
and adjusted to a cell density of 2.0x10° cells/100 pl. 100-400 I of these cell suspensions were
transferred into 0.4 cm-gap electroporation cuvette and placed on ice for 1 minute. 15 pg IVT-
mRNA/10° cells were added and mixed well. Cells were immediately pulsed with the Gene
Pulser Il (BioRad) using an optimized program that applied 350 V and 300 pyF square wave
condition. After electroporation, cells were placed on ice for a minute. Electroporated cells were
then washed twice and transferred into prewarmed medium until the use as APCs for
stimulating antigen-specific CD8" T cells. Washing steps were always performed by

centrifugation at 1500 rpm for 7 minutes at 20°C.

4.8 Transfection of FastDCs with IVT-mRNA

Transfection of FastDCs with IVT-mRNA was performed with the TransMessenger™
Transfection reagent (QIAGEN) using the manufacturer’'s guidelines. For each new batch of
TransMessenger™ transfection reagent, the transfection conditions had to be tested to find out
the optimal amount of IVT-mRNA (between 200 to 800 ng) and the best
RNA:TransMessenger™ ratio (between 1:2 to 1:8) to be applied according to the
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manufacturer’s instructions. For optimization purposes, combinations of these conditions were
applied to the transfection of FastDCs using EGFP-encoding IVT-mRNA as a marker. For most
TransMessenger batches 0.8 pg IVT-mRNA and a 1:8 (w:v) ratio of RNA:TransMessenger™
gave the best results and these conditions were used for transfections. For the formation of
transfection complexes, 100 ul ECR buffer was mixed with 1.6 pl enhancer-R and 0.8 ug IVT-
mRNA was added; the mixture was incubated 5 minutes at room temperature to enable
compaction of RNA. 6.4 ul TransMessenger™ reagent was added and the transfection solution
was then incubated for 20 minutes at RT to enable the formation of transfection complexes.
These cells were then diluted 1:2 in FastDC-medium. In parallel, 2.0x10° FastDCs per
transfection reaction were spin down in 15 ml plastic tube by centrifugation. Supernatants were
completely discarded and the cell pellets were gently resuspended in transfection complexes.
Cells were incubated for 3 hours at 37°C to enable the RNA transfection process. Following the
transfection, FastDCs were centrifuged and transfection complexes were removed carefully.
Transfected FastDCs were directly used as APCs for stimulating antigen-specific CD8" T cells.

Centrifugation steps were always performed at 1500 rpm for 7 minutes at 20°C.

4.9 In vitro stimulation (IVS) of CD8" T cells with IVT-mRNA electroporated CD8
PBMCs or monocytes
For in vitro stimulation of CD8" T cells, either CD8 PBMCs or monocytes were used as antigen-
presenting cells (APCs). CD8" T cells were isolated and purified as described in Method
section 4.3. Purified T cells were washed and resuspended in T-cell medium. The culture
medium was AIM-V supplemented with 5% HS, IL-2 (20 U/ml), IL-7 (5 ng/ml) and IL-4 (10
ng/ml) (AIM-V*'™). CD8* T cells were stimulated with IVT-mRNA electroporated APCs in two
different culture formats, “bulk”-stimulation (see Method section 4.9.1) or “micro”-stimulation in
the 96-well microculture format (see Method section 4.9.2). APCs were irradiated with 100Gy
and electroporated with respective antigen-mRNAs as described in Method section 4.7. After
washing, APCs were counted and added to the T cells at a target-to-lymphocyte ratio of 1:1.
Restimulations were performed in 7 day intervals by replacing 100 pl supernatant from each
well with equal volumes of fresh medium containing the same cytokine cocktail and stimulator

cells. IVS-responder populations were tested by IFN-y ELISPOT assays.

4.9.1 In vitro stimulation — “Bulk culture”

In the first attempt to detect anti-FLT3-ITD responses in healthy donors, isolated CD8" T cells
were seeded in 24-well plate (10%well) in AIM-V*"™. T cells were stimulated at a 1:1 ratio with
autologous CD8 PBMCs electroporated with Sig-wtFLT3-, Sig-FLT3-ITD- and Sig-pp65- IVT-
mRNA, respectively. All responder T cells were restimulated on d7 under the same conditions
and tested on day 12 in an IFN-y ELISPOT assay.
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4.9.2 In vitro stimulation — ““96-well Microcultures”

In a second attempt, stimulations of CD8" cells in a 96-well microculture format were performed.
Isolated CD8* T cells were seeded in 96-well U-bottom plates (10°well) in AIM-V*'"™ and
stimulated at a 1:1 ratio with autologous CD8 PBMCs electroporated with IVT- Sig-FLT3-ITD
and Sig-pp65 IVT-mRNA, respectively. As negative control, CD8" T cells were stimulated with
mock-CD8 PBMCs (without IVT-mRNA). Responder T cells of each microculture were
restimulated on d7 under the same culture conditions and tested on d12 in an IFN-y ELISPOT
assay. Only FLT3-ITD-reactive microcultures were restimulated two more times in similar
culture conditions except that the IL-2 concentration was changed (100 U/ml rather than 20
U/ml). FLT3-ITD-reactive microcultures were restimulated using either CD8 PBMCs or
monocytes as APCs depending on the availability of donors’ material. IVS-responders were
retested on d26 or later time point to confirm the FLT3-ITD reactivity and also to detect the HLA
alleles presenting FLT3-ITD peptides recognized by the T cells. In vitro stimulation of UCB-
CD8" T cells was also performed under similar culture conditions except for changes applied to
the cytokine cocktail which are specified in the Method section 4.10 or in Result section.
Using this approach, either 9.6x10° CD8" T cells (per healthy individual- 96 wells) or 1.2x10°

CD8" T cells (per umbilical cord blood donation- 12 wells) were analyzed for FLT3-ITD-reactivity.

410 In vitro stimulation of CD8" T cells with IVT-mRNA transfected FastDCs

In experiments testing umbilical cord blood, magnetic microbead-isolated CD8" T cells were
seeded in 96-well U-bottom plate (10°/well) in AIM-V/10% HS supplemented with 1 ng/ml IL-12,
5 ng/ml IL-7 and 5 ng/ml IL-15. Antigen IVT-mRNA was transfected into autologous FastDCs
using the TransMessenger™ transfection protocol described in Method section 4.8. CD8" T
cells were stimulated in a ratio of 1:10 with autologous FastDCs transfected with Sig-FLT3-ITD
and Sig-pp65 IVT-mRNA. Transfected FastDCs were irradiated at 10,000 rad prior to co-culture.
Autologous CD8  non-adherent cells irradiated at 10,000 rad to prevent them from further
growth were used as feeder cells at a density of 2.0x10° cells/well. Using this approach, 1.6x10°
CD8" T cells per UCB donation (16 wells) were analyzed against FLT3-ITD. As negative control,
CD8" T cells were stimulated with mock- (without IVT-mRNA) transfected FastDCs. All IVS-
responder T cells were restimulated on d7 in a similar condition except IL-12 was replaced by
IL-2 (100 IU/ml) and tested on d12 in an IFN-y ELISPOT assay.

4.1 Ex vivo analysis of FLT3-ITD-reactive T cells in patient FL

CD8" T lymphocytes of patient FL (FL/585-14) were purified from blood PBMCs using CD8"
microbeads. Autologous CD8 PBMCs or HLA-matched allogeneic FastDCs were used as target
cells after they were electroporated with the patients’ FLT3-ITD IVT-mRNA. These targets were
added to a previously coated and blocked ELISPOT plate in 50 yl AIM-V + 5% HS. In an ex vivo
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analysis of FLT3-ITD-reactivity, the CD8" T cells were directly applied to a 20-hour IFN-y
ELISPOT assay.

4.12 IFN-y secretion assay (ISA)

The IFN-y secretion assay is a reliable tool to study IFN-y production at the single cell level
(Desombere et al., 2004). This technique allows to identify and to isolate IFN-y secreting T cells
in a mixed population of cells by selective enrichment of IFN-y* cells labeled with PE-conjugated
anti- IFN-y antibody using anti-PE magnetic microbeads (Brosterhus et al., 1999). The major
advantage to this technique is that live IFN-y producing T cells can be stained, analyzed and
used for further experimentation. The disadvantage of this assay is the potential for cross
binding of IFN-y produced by T cells on neighbor non-secreting cells. By diluting the cells, the
cross contamination can be reduced as well as mixing is also required throughout the capture
incubation in order to minimize it further. Using this technique one can detect antigen-specific T
cells down to frequencies as low as 0.01%. IFN-y-secreting cells were detected using the IFN-y
secretion assay kit according to the manufacturer's instructions. Ex vivo CD8" T cells were
seeded in a 24 well plate (2.5x10%well) in AIM-V*'™ and stimulated at a 1:10 ratio with irradiated
autologous FastDCs electroporated with FL_FLT3-ITD IVT-mRNA. After 12 hours incubation
with or without antigen, CD8" T cells from each 24-well were transferred to 15 ml tubes and
washed with 10 ml cold buffer (PBS, 0.5% BSA, 2 mM EDTA) at1500 rpm, 10 min, 4°C. The cell
pellet was suspended in 80 pl cold medium (AIM-V) and 20 pl IFN-y Catch Reagent (a bispecific
MAD directed against CD45 and IFN-y) were added. After 5 min of incubation at 4°C, 10 ml of
prewarmed (37°C) AIM-V medium was added. The cells were placed at 37°C on a slowly
rotating platform to allow cytokine secretion for 45 min. The cells were then washed with cold
buffer (1500 rpm, 10 min, 4°C) and suspended in 80 ul cold buffer. The secreted IFN-y, bound
to the catch reagent, was stained with 20 pl PE-conjugated IFN-y-specific antibody (IFN-y
Detection Reagent) and additionally, anti-CD8-FITC antibody was used to stain the IFN-y-
positive cells. After an incubation period of 10 min at 4°C, cells were washed with cold buffer,
spin down (1500 rpm, 10 min, 4°C) and resuspended in the FACS-buffer. IFN-y secreting CD8"

cells were immediately used for single T-cell sorting by the FACS Aria system (BD).

413 Cloning of FLT3-ITD-reactive T cells by FACS sorting

Flow cytometry sorted IFN-y secreting CD8" cells were seeded at an estimated concentration of
one T-cell per well in 96-well V-bottom plates in 100 pl AIM-V supplemented with 10% HS and
IL-2 (100 U/ml). Clonal T cells were stimulated non-specifically with OKT3 (30 ng/ml) and
irradiated allogeneic, HLA class-I matched, PBMCs (5.0x10*well) as feeder cells in 100

medium as above. Restimulations were performed in 14-day intervals by replacing 100 pl
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supernatant per well with stimulator cells in 100 pl of fresh T-cell medium. The rest of the IFN-y
secreting CD8" T cells were also stimulated together in U-bottom plates in 100 pyl medium.
Sorted cells were stimulated non-specifically with OKT3 (30 ng/ml) and irradiated allogeneic,
HLA class-l matched, PBMCs (2.5x10°well) as feeder cells in 100 pl medium. T-cell clones and
microcultures were tested for FLT3-ITD recognition on d14 and d26 in an IFN-y ELISPOT

assay.

414 In vitro stimulation of T cells by peptide-loaded FastDCs

It is very well known that peptide-loaded dendritic cells prime and activate MHC-class |-
restricted T cells more efficiently than any other cross-presenting DCs (Met et al., 2003). To
achieve, the improved priming of naive T cells and rapid enrichment of FLT3-ITD-specific CD8"
T cells, in vitro stimulation of UCB-CD8" T cells by peptide-loaded FastDCs was performed as
follows: on d0, 1.0x10° CD8" T cells were seeded per well in a 96-well- U-bottom plate in 100 pl
AIM-V/10% HS containing 1 ng/ml IL-12, 5 ng/ml IL-7, and 5 ng/ml IL-15. T cells were
stimulated with FastDCs pulsed with 5 pg/ml peptides in 10:1 ratio (effector:target).
Restimulations were performed in 14-day intervals in a similar condition except IL-12 was
replaced by IL-2 (100 1U/ml). Only growing microcultures were further stimulated with FastDCs
pulsed with peptides in 10:1 ratio either in 96-well-flat-bottom, in 48-well or in 24-well-plate.
Decision of plate selection for further stimulation was based on number of T cells taken for
stimulation in 96-well flat-bottom plate at 2.0x10° cells per 200 pl, in 48-well plate at 5.0x10°
cells per 1 ml or in 24-well-plate at 1.0x10° cells per 2 ml medium. For restimulation half of the
supernatant volume was discarded from each well and replaced with fresh medium containing
the cytokine cocktail and peptide at concentrations as on d0. Responder T cells were tested for
recognition of the respective antigen on d37 and d52 by IFN- y ELISPOT assays (see Method

section 4.15).

4.15 IFN-y ELISPOT assay

The PVDF membrane of 96 well-Multiscreen ELISPOT plate MSIP S4510 was pre-wetted with
20 pl of 35% ethanol per well, washed three times with PBS and coated over night at 4°C with
Mab anti-IFN-y clone 1-D1K (0.5 pg/50 ul/well). To remove unbound antibodies, the membranes
were washed three times with PBS. To block the PVDF membrane for non-specific binding of
IFN-y antibody, 50 pl AIM-V/10% HS medium was added to each well of the ELISPOT plate.
After 30 minutes plates were washed with PBS and antigen-presenting cells, expressing FLT3-
ITD antigen, were added to the plate. To test FLT3-ITD reactivity, effector T cells were added to
ELISPOT plate and incubated for 20 hours at 37°C. By this time IFN-y released by T cells was
captured by the coating antibody. Afterwards, the ELISPOT plates were washed 6 times with
PBS/0.05% Tween20 and detection antibody Mab anti- IFN-y clone 7-B6-1 (0.12 pg/well),
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diluted in PBS/0.5% BSA, were added. After 2 hours incubation at 37°C, unbound antibody was
removed by washing the ELISPOT plates 3 times with PBS/0.05% Tween20. Avidin-biotin-
peroxidase complex was diluted with PBS/0.01% Tween20, interacting with the detection
antibody, was added for 1 hour at RT. ELISPOT plates were further washed 6 times and the
antibody-peroxidase-complexes were visualized by pipetting 100 ul/well AEC staining solution
into each well. The staining reaction was stopped under running tap-water. Spots were
evaluated with computer-assisted video image analysis (Herr et al., 1997) with a 3.15x
magnification at a resolution of 1388x1040 pixels. Image acquisition was performed with an
AxioCam MRC camera attached to a Zeiss Axio Imager M1 microscope via a 0.63x adapter (KS
ELISPOT version 4.8, Zeiss, Jena/Germany). A response was defined as positive when the
mean number of spots formed by T cells against individual FLT3-ITDs was at least 2-fold higher
than the background reactivity or higher than the mean background plus two-fold standard

deviations.

To test anti-FLT3-ITD response in autologous systems either CD8 PBMCs (4.0-6.0x10%*well),
monocytes (1.0-2.0x10*well), or FastDCs (5.0-10.0x10%well) were used as antigen-presenting
cells (APCs). To asses HLA restriction element, responsible for FLT3-ITD or control antigen
presentation, either COS-7 cells or HEK 293T cells (2.0x10*well), were co-transfected with
plasmids-encoding HLA-I alleles and individual FLT3-ITDs or control antigens, and were used
as APCs. Autologous APCs were transfected with IVT-mRNA either by electroporation or by
TransMessenger transfection (see Method section 4.7 and 4.8). COS-7 cells or HEK 293T
cells were transfected with Lipofectamin™ 2000 for antigen presentation. The APCs were
washed and resuspended either in AIM-V/10% HS or in RPMI + 10% FCS and given into
ELISPOT plate as indicated. Responder T cells (cell number/well specified in the result section)
were added, either 3 hours after electroporation/TransmessengerTM or 24 hours after

Lipofection™ 2000 transfection.

4.16 In vitro transcription and polyadenylation of RNA

In vitro transcription of antigen-encoding sequence was performed from recombinant plasmids
carrying the antigens of interest using the T7 Polymerase (either RiboMAX™ Large Scale RNA
Production T7 System from promega or mMMESSAGE mMACHINE® T7 Ultra Kit from Applied
Biosystems). To protect the IVT-mRNA from rapid extra- and intracellular degradation the IVT-
mRNA was polyadenylated aiming at a synthesis of poly-A tails of about 100 to 200 rATPs
(Yeast Poly(A) polymerase from USB, Cleveland, USA or mMMESSAGE mMACHINE® T7 Ultra
Kit from Applied Biosystems). The transcription start was enabled by the presence of the T7
promoter at 5’ of the insert on all the plasmids used. For in vitro transcription, plasmids were

linearized using restriction enzymes (Britten et al., 2005) and complete digestion was verified by
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gel electrophoresis. The digested plasmids were purified resuspended in RNase-free DEPC-
H,O and stored at -20°C.

4.16.1 IVT-mRNA preparation using the RiboMAX™ T7 System from promega
To generate IVT-mRNA following components were incubated for 4 hours at 37°C within a total

volume of 100 pl.

Linearized template DNA (5 ug) xx
T7 buffer (5x) 20 pl
rATP (100 mM) 7.5
rCTP (100 mM) 7.5
rUTP (100 mM) 7.5
rGTP (100 mM) 1.5 pl
m’G(5)ppp(5’)G RNA capping analog (100 mM) 4.0 ul
T7 enzyme mix (Polymerase, phosphatase, RNase-Inhibitor) 10 pl
RNase free H,O add up to 100 ul xx

After the incubation period, phenol/chloroform/isoamylalcohol extraction was performed to purify
IVT-mRNA as described below. The quality of the IVT-mRNA was checked in a denaturing RNA
gel. Purified IVT-mRNA was stored at -80°C in aliquots of 150 ug and 300 ug IVT-mRNA.
Polyadenylation of IVT-RNA was performed using following components in a total volume of 100

Ml and incubated for 2 hours at 37°C.

IVT-mRNA (150 ug) 15 pl
Poly (A) polymerase buffer (5x) 20 pl
rATP (10 mM) xx Wl (according to IVT-RNA length)
Poly (A) polymerase (600 [U/ul) xx Ml (according to IVT-RNA length)
RNase free H,O add up to 100 ul xX Ml

The rATP need was calculated to generate a poly(A) tail of approximately 120 As.
rATP (pmol) = nRNA mol (pmol)x120

11U of Poly(A) polymerase is the quantity of enzyme adding 1 A to one substrate molecule in 1
minute. Quantity of Poly(A) polymerase necessary to add 120 As to the RNA substrate was
calculated as follows:

Poly(A) (IU) = [ nRNA mol (pmol)x120 J/incubation time (120 min).

The reaction was stopped, by phenol/chloroform/isoamylalcohol extraction and purified as
described below in Method section 4.16.3. The quality of the IVT-mRNA as well as the success
of polyadenylation was checked against the non-polyadenylated IVT-mRNA on a denaturing
RNA gel described in Method section 4.27.2.
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4.16.2 IVT-mRNA preparation using the mMESSAGE mMACHINE® T7 Ultra Kit

Ambion mMMESSAGE mMACHINE® T7 Ultra Kit is designed for the efficient in vitro synthesis of
large amounts of efficiently and correctly capped RNA. This kit includes a cap analog called
Anti-Reverse Cap Analog (ARCA) (Stepinski et al., 2001; Peng et al., 2002). Inside ARCA, one
of the 3' OH groups (closer to 7MG) is eliminated from the cap analog and is substituted with —
OCHS3. This modification allows T7 RNA polymerase to initiate transcription only with the
remaining —OH group and thus synthesis of RNAs capped exclusively in the correct orientation

with 100% functionality. To generate polyadenylated IVT-mRNA, following protocol steps were

followed.

Amount Component Amount Component

10 pl T7 2X NTP/ARCA 21yl IVT-RNA reaction

2ul 10x T7 Reaction buffer 20 ul 5x EPAP buffer

1 ug Linear template DNA 10 pl 25 mM MnCl;

2l T7 Enzyme mix 10 ul ATP solution

Up to 20 ul Nuclease-free Water 37.5ul Nuclease-free Water
After 2 hours of incubation, 1 yl TURBO DNase was 2.5 pl of this mixture was saved to be run on a gel
added and further incubated for 15 min at 37°C. next to the poly A-tailed IVT-mRNA. 4 ul E-PAP
Polyadenylation was performed in a total volume of enzyme was added to the reaction and incubated for
100 pl. 45 minutes at 37°C.

The Polyadenylation reaction was stopped by adding 10 yl Ammonium Acetate stop solution.
Phenol/chloroform/isoamylalcohol extraction was performed to purify the RNA as described
below in Method section 4.16.3. The quality of the IVT-mRNA as well as the success of
polyadenylation was checked against the non-polyadenylated IVT-mRNA on a denaturing RNA
gel described in Method section 4.27.2. Due to the polyA-tail the IVT-mRNA migrated slower in
the gel (Figure 4.16.2.1). The purified polyadenylated IVT-mRNA was stored at -80°C in

aliquots.

Figure 4.16.2.1: Polyadenylation of In
vitro transcribed RNA.
Polyadenylation of IVT-mRNA induces a
clear shift in length as seen on RNA
gels. Quality and length of enzymatically
polyadenylated IVT-mRNAs of FLT3-
ITD Exont3-16 (~500 bp), EGFP (900 bp),
pp65 (1700 bp) and FLT3 Full length
_ (~3000 bp) were controlled on a 1%
q { denaturing RNA gel. The amounts of
. IVT-mRNAs and polyadenylated IVT-
mRNAs loaded on the gels were 5 pg.
FY RiboRuler 1: 0.5-10 Kb RNA Ladder,
s Invitrogen (2 pg) and RiboRuler 2: 0.2-
6.0 Kb RNA Ladder, Fermentas (1 ug).
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4.16.3 IVT-mRNA extraction and purification

Phenol/Chloroform/Isoamylalcohol (25:1:24) was added to the RNA sample in a 1:1 (v/v) ratio
and vortexed. After centrifugation at 15,000 rpm for 3 minutes, the upper aqueous phase was
transferred into a clean eppendorf tube. An equal volume of Chloroform/Isoamylalcohol (1:24)
was added, the sample vortexed and centrifuged for 3 minutes at 15,000 rpm. The upper phase
was again transferred into a new tube and shortly centrifuged at 15,000 rpm. Residual
Chloroform/Isoamylalcohol was removed. The IVT-mRNA was precipitated overnight with 0.1
volume of 3M sodium acetate and 2.5 volume ethanol at -20°C. The sample was centrifuged for
30 minutes at 15,000 rpm and washed twice by centrifugation for 10 minutes at 15,000 rpm with
70% ethanol. The pellet was air-dried in the Laminar flow workbench and resuspended in 50 to
100 yl DEPC-H,0. Concentration of IVT-mRNA was determined by spectrophotometer and the
quality of IVT-mRNA was checked in denaturing RNA gels (see in Method section 4.27.2).

417 Extraction of total RNA

Isolation of total RNA from PBMCs or leukemia cells was performed using the QIAGEN RNeasy
Mini kit according to the manufacturer's instructions. Total RNA was extracted from 5.0-
10.0x10° cells per sample. The total RNA was eluted with RNase-free H,O (30 pl per sample).
Concentration was determined by spectrophotometer using a 1:20 dilution in water, and 2 ug
was used for the quality check on an RNA gel. Total RNA was stored at -80°C until reverse

transcription.

418 Reverse transcription (RT) for cDNA synthesis

In contrast to double stranded DNA, single-stranded RNA cannot be cloned into a plasmid. To
transfer the genetic information encoded by RNA into dsDNA, RNA was transcribed into cDNA
by reverse transcription PCR. RT-PCR was performed using the “SuperScript Il First-Strand
Synthesis System” (from Invitrogen) according to the manufacturer’s instructions. The resulting
cDNA was directly used for PCR or stored at -20°C.

4.19 Polymerase chain reaction (PCR)

Patient’'s FLT3-receptor gene/or internal tandem duplicated FLT3-receptor gene and Umbilical
cord blood donors’ HLA class | types were determined by specific amplification of the gene of
interest from cDNA using polymerase chain reaction. PCR was performed to get the double-
stranded DNA sequences from cDNA sequence. PCR reactions were carried out in a final
volume of 50 ul in 0.2ml tubes. The following table shows the general composition of a PCR

reaction:
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10x reaction buffer 5yl
dNTP Mix (10 mM) 1l
5 Primer -sense (5 M) 2 ul
3’ Primer -antisense (5 uM) 2 ul
Easy A polymerase (5U/ul) 0.5 pl
Template (dsDNA or cDNA) 1 ul
Nuclease free H,O up to 50 ul

In parallel, a negative control with 1 pl PCR H,0 instead of the diluted DNA template was run.

The PCR amplification was carried out over 30 cycles of steps 2-4 according to the following

protocol:
1: 95°C, 3 minutes,
2: 95°C, 45 seconds,
3: 52-64 ° C, 30-45 seconds,
4: 72°C, 1-3 minutes,
5: 72 ° C, 10 minutes and
6: 4°C pause

The lengths and concentrations of the PCR products were analyzed by gel electrophoresis by

applying 5 ul of the PCR products to 1% agarose gel as described in Method section 4.27.1.

4.20 Sequencing of DNA

Before sequencing, PCR products were purified using the High Pure PCR Purification Kit,
according to the manufacturer’s instructions. The purified product was eluted in 30-50 pl elution
buffer, according to the concentration appreciated on the electrophoresis gel. Sequencing of
DNA was performed using Big Dye Version 3.1 in combination with the BYOS-K sequencing
service of Genterprise GENOMICS (Mainz). Samples were run in a total volume of 5 l
consisting of 1 ul of 5x Big Dye version 3.1 buffer, 1 yl Big Dye premix, 1 ul primer (5 pmol/ul)
and 50-100 ng PCR product or 200-500 ng plasmid DNA adjusted to 5 pl with H,O. Sequences
were edited with the Chromas version 2.31 software. Analysis of sequences was performed with
programs EditSeq 3.9.10 and SegMan 3.61 (DNASTAR Inc.). For HLA subtype identification,
sequence was run against standard HLA databases (IMGT/HLA database-
http://www.ebi.ac.uk/imgt/hla/blast.html; and NCBI-BLAST database-
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?PAGE=Nucleotides).

4.21 Purification of DNA by gel electrophoresis
In case of fragments from digested vector or PCR product from multiple PCR products, e.g. wt-
FLT3 and FLT3-ITD, a gel extraction was performed, using the QlIAquick Gel Extraction kit. The

piece of gel containing the DNA of interest was excised under weak UV light and gel extraction
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was performed according to the manufacturer’s instructions. The purified DNA was either

directly used for further purposes, e.g. Ligation and TA cloning, or stored at -20°C.

4.22 Ligation of PCR products into expression vectors

The pcDNA3.1V5-His-TOPO® TA expression kit was used which offers one-step cloning
of Tag-amplified PCR products into a high-level expression vector. Topoisomerase activation of
this vector allows PCR products to be ligated in short time and results in 90% recombinants. 1 pl
vector, 1 ul 5x salt solution and 3 pyl PCR product were incubated for 20 minutes at RT. The
reaction mix was then ready for transformation into bacteria. For directional ligation, the PCR
products to be cloned were amplified with primers containing restriction sites (Table. 3.5.1).
PCR products were digested with the same restriction enzymes as the vector pcDNA3.1/V5-His.
PCR products were purified with the High Pure PCR product purification kit according to the
manufacturer’s instruction. The digested vector was purified by gel electrophoresis and
subsequent gel extraction (see Method section 4.21). Afterwards, the digested vector was
dephosphorylated with 40 IU alkaline phosphatase (AP) for 2 hours at 37°C in a total volume of
100 ul containing 10 ul 10x dephosphatase buffer (i.e. 1x NEBuffer 3). The digested,
dephosphorylated vector was purified with the PCR High Pure kit according to the
manufacturer’s instruction and then ready to use for cloning by ligation. Ligation was performed
overnight at 4°C in a total volume of 10 pl containing 1 ul of 10x T4 DNA ligase buffer, 20 IU T4
DNA ligase and the respective volumes of vector and PCR product to reach a molar vector to
insert-ratio of 3:1. The ligation mix was transformed into bacteria (see Method section 4.23).

Bacteria were grown on Agar*™" plates.

4.23 Transformation of bacteria

Recombinant plasmids resulting from TOPO TA-cloning reactions or ligations were transformed
into bacteria to isolate positive clones. For transformation, the chemically-competent TOP10 E.
coli were thawed on ice. For the transformation reaction, 2 ul cloning reaction was added to 50
pl bacteria and gently mixed. After incubation on ice for 30 minutes, cells were heat-shocked for
30 seconds at 42°C in a water bath. Following a short incubation on ice and addition of 250 pl
SOC medium (warmed up to RT) the bacteria were shaken for 1 hour at 37°C. The transformed
bacteria were plated on Agaramp+ plates in two volumes (20 uyl and 200 pl) and colonies were
enabled to grow overnight at 37°C. Colonies were picked the next day and transferred into LB

medium.

4.24 Control of recombinant clones for the orientation of inserts by PCR
Five to ten Amp-selected single colonies were picked and transferred into 200 ul LB medium

supplemented with ampicillin (100 ul/ml), and allowed to grow for 3 hours in a thermomixer at
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37°C and 1200 rpm rotation. PCR to assess the orientation of inserts was performed using the
insert-specific forward primer (sense), binding to the insert and BGH reverse primer (antisense),
binding to the BGH polyadenylation sequence of the pcDNA3.1/TOPO TA cloning vector. Per
sample 30 pl of bacterial suspension were centrifuged in 0.2 ml PCR tubes, resuspended in 8 pl
H,O and denatured at 99.9°C for 5 minutes. Per sample 12 pul master mix, containing 10 pl
Perfect Tag Plus (5 PRIME GmbH, Hamburg), 1 pl sense primer (5 uM) and 1 pl antisense
primer (5 yM), was added. PCR conditions were: 3 minutes at 95°C followed by 30 cycles of 30
seconds at 95°C, 30 seconds at 56°C and 2 minutes at 72°C. After a final extension for 10
minutes at 72°C, the PCR was terminated at 4°C. From each PCR reaction 5 pyl PCR products
were analyzed by gel electrophoresis. Plasmids with correctly oriented inserts could be
identified by the presence of PCR bands which were absent in plasmids with no or incorrectly
oriented inserts. Bacteria carrying the plasmids containing the insert in the correct orientation

were stored as glycerol stocks.

4.25 Plasmid isolation

Single colonies picked from transformed bacteria were cultured in either 5 ml or 200 ml LB
medium supplemented with ampicillin. Depending on the culture volume plasmid DNA was
isolated using the QIAprep Spin Miniprep kit or the HiSpeed Maxiprep kit, according to the
manufacturer’s instructions. In both cases DNA was eluted with “Elution Buffer” (or nuclease
free water) and the concentration was determined by spectrophotometer. Plasmids were
submitted for sequencing with 500-700 ng for each reaction, as described before (Method
section 4.20). The DNA was stored at -20°C until further use.

4.26 Cloning of IN_FLT3-ITD cDNA fragments to find out the immunogenic peptide

In the model system of AML patient IN, HLA-A*32:01-restricted T cells recognized the
autologous FLT3-ITD. To narrow down the peptide-coding region of the IN_FLT3-ITDgxon 13-16 -
cDNA recognized by the #1853/1H4 IVS-microculture, cDNA-fragmentation was performed by
PCR from the C -terminal end of the IN_FLT3-ITDgyon 13.16 CDNA. A FLT3-ITDgyon13 Specific
sense primer (containing the natural ATG translation start codon) was used together with
different antisense primers (see Materials section 3.6) which contained a stop codon at the C -
terminus for the amplification and cloning of different C-terminally truncated fragments. The

protocol for PCR amplifications of the gene fragments were as follows:

Perfect Tag plus 2x master mix 25 ul
5 primer (5 yM) in FLT3-ITDgyon13 fragments 2 ul
3’ primer (5 yM) in FLT3-ITDgyon16 fragments 2 ul
dNTP Mix (10 mM) 1wl
IN_FLT3-ITD DNA clone #5 (10ng) 1l
PCR H,O add upto 50 19 ul
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The amplification was carried out over 25 cycles of steps 2-4 according to the following protocol:

1: 95 ° C, 3 minutes,

2: 95 ° C, 45 seconds,

3: 52-64 ° C, 45 seconds,

4. 72 ° C, 60 seconds,

5: 72°C, 10 minutes and
6: 4°C pause

The PCR products were purified and checked by agarose gel electrophoresis described below.
Purified IN_FLT3-ITDewni3.16 gene fragments were cloned into the expression vector
pcDNA3.1/V5-His using a TOPO TA Cloning system from Invitrogen. After transformation,
recombinant TOP 10 bacteria were selected on LB agar plates (with 100 mg ampicillin/ml) and
incubated overnight in an 37°C incubator. Next day, 8-12 colonies were inoculated in 100 ul LB
medium for 1 hour and orientations of inserts were controlled via PCR using the FLT3-ITDgyon13-
specific forward primer and the vector-specific BGH reverse-primer. Clones encoding correctly
oriented fragments were inoculated in 5 ml LB/Amp medium for 24 hours. The plasmids were
isolated using the Qiagen plasmid miniprep kit. Recombinant clones were further analyzed by
restriction digestion using the enzymes BamHI (present in FLT3-ITDgxonis primer) and Xbal
(present in pcDNA3.1/V5-His vector) as well as sequencing (see Method section 4.20). The
cDNA fragments generated from IN_FLT3-ITDgyon 1316 are listed below in table 4.26.1. IN_FLT3-
ITDexon 13-16 CDNA fragments were co-transfected with HLA -B*35:01in COS-7 cells and tested
for recognition by IN_FLT3-ITD-reactive #1853/1H4 responders to identify the precise cDNA
fragment encoding the antigenic peptide in an IFN-y ELISPOT assay as described in Method

section 4.15.

Genefragments | Position of fragments in entire FLT3 protein | DNAfragmentlength Table 4.26.1: List of FLT3-
ITDExon13-16 cDNA
IN_WEFLT3 gon12.16 554 637 (83 aa) 249bp fragments generated in the
IN_FLT3-TD om1s.16 554 - 664 (110 aa) 330bp IN patient.
IN_FLT3-TD 4 554 645 (91 aa) Z73bp Fragments of FLT3-ITDgyon13-
IN_FLT3TD 55 554 - 609 [55 aa) 165 bp 16 Were generated from clone
IN_FLT3-ITD 5; 554 610 (56 aa) 188 bp #5 of IN_FLT3-ITDgxon13-16-
IN_FLT3TD 5 554611 (57 aa) 171bp Number mentioned at the
IN_FLT34TD 5, 554613 (59 ag) 177bp end of each fragments name
IN_FLT3-ITD 69 554614 (60 aa) 180bp represents the size of
IN_FLT3-TD 554616 52 aa) 186bp fragments in amino acid.
IN_FLT3-TD 554617 (63 aa) 189bp Start and end position of
IN_FLT3-TD g4 554615 (54 aa) 192bp each fragment is also
IN_FLT3-ITD 5 554619 (85 ag) 195bp mentioned.

4.27 Analysis of nucleic acids by gel electrophoresis

4.27.1 DNA gel electrophoresis
DNA gel electrophoresis was performed to check the qualities of plasmids, linearized DNA

templates and PCR products as well as the sizes of inserts after digestion of recombinant
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plasmids. Depending on the expected lengths of DNA molecules, gels with different
percentages of agarose (w/v) were used as matrix. For 1% agarose solutions, 1.0 g agarose
was dissolved in 100 ml 0.5 x TBE buffer by heating in a microwave. The GelRed solution was
used as DNA staining dye, which intercalates between DNA bases and enables fluorescent
visualization of DNA under UV light. The agarose gel solution was poured into a gel tray to
prepare the desired size gel. The gel was placed in an electrophoresis tank previously filled with
0.5xTBE buffer. DNA samples were prepared by mixing 0.25-1 ug DNA with DNA probe buffer
(6x, blue dye). DNA samples were loaded into the preformed wells of the gel and allowed to
migrate at 10V/cm voltage. To enable analysis of DNA fragment size, 1 ug Molecular weight
marker 1 kb ladder or 100 bp gene-ruler were run in parallel on the gel. Visualization of DNA
bands was performed by illumination of the gel under UV lights (254-366 nm) and images were

recorded using the Bio-Doc Analyse gel documentation system.

4.27.2 RNA gel electrophoresis

RNA gel electrophoresis was performed to check the quality of total RNA, quality and length of
IVT-mRNA before and after polyadenylation. In the first case, quality was assessed by
visualization of 28S and 18S ribosomal bands which appeared sharp if RNA was intact. In the
second case, as mono-specific RNA was analyzed and the presence of a single sharp band
indicated that RNA was not degraded. A shift in length became apparent when polyadenylated
IVT-mRNA was analyzed parallel to non-polyadenylated IVT-mRNA. As matrix, 0.8% agarose
denaturing gels were used. Denaturing conditions are important for RNA visualization. Due to
the high prevalence of secondary structures of RNA, RNA migration could be altered. These
structures are disrupted in the gel by Formaldehyde, making migration of RNA dependent on
the charge and not on secondary structures. For the agarose solution, 0.56 g agarose was
dissolved in 56 ml DEPC-H,O by heating in a microwave. The solution was enabled to cool
down to 50-65°C, and supplemented with 10x MOPS (7 ml) and 37% Formaldehyde (7 ml). The
resulting solution was used to prepare the RNA gel and has been kept into an electrophoresis
tank, previously filled with 1x MOPS buffer. RNA samples were prepared by mixing 1-2 uyg RNA
with 7.5 yl RNA probe buffer (Ambion kit) and denaturing at 72°C for 5 min. After cooling on ice
for 5 min, samples were loaded onto the gel, which had been run for equilibration for 10 min at
6V/cm before. RNA samples were run for 90 min at 8V/cm. Higher voltages could have caused
trailing and smearing of RNA bands. 3 ug of 1 kb Molecular weight markers (Invitrogen) was run
in parallel on the gel to evaluate RNA lengths. Visualization of RNA bands was performed as
described for DNA.
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5. Results

5.1 In vitro stimulation of CD8" T cells using antigen-presenting cells transfected with
IVT-mRNA
PBMCs directly isolated from peripheral blood have been demonstrated to be potent stimulators
of antigen-specific T lymphocytes in vitro (Teufel et al., 2005; Johnson et al., 2006; Kreiter et al.,
2007; Van Camp et al., 2010). Following IVT-mRNA electroporation, mainly the CD14"
subpopulation of PBMCs was found to be highly transfected (personal communication C.
Graf). For CD8" T-cell stimulations to be performed herein, the use of CD8 PBMCs
electroporated with IVT-mRNA was anticipated to be the most feasible and economic APC. The
decision to use IVT-mRNA as an antigen format instead of peptides was based on the fact that
IVT-mRNA covers all possible antigenic peptides restricted by any of the donors’ HLA
molecules. In contrast, peptide prediction algorithms are not available for all HLA alleles and
predicted peptides might not be endogenously processed. Britten et al., (2004) have
demonstrated that electroporation of IVT-mRNA equals peptide-loading in its ability to detect
even rare antigen-experienced T cells. An additional benefit of IVT-mRNA electroporation is that
it can be relatively easily performed under good clinical practice conditions because the
expression of mMRNA is only transient and does not lead to insertional mutagenesis, as opposed

to DNA as well as viral and retroviral vectors (Ponsaerts et al., 2003).

5.1.1  Electroporation conditions for CD8" PBMCs/monocytes

Electroporation parameters for CD8 PBMCs have been already optimized in our lab by
Claudine Graf. She has confirmed that EGFP expression could be detected prominently in
monocytes (CD14") as well as in a small fraction of lymphocyte subsets within PBMCs. In both
of the cases, electroporation with 350 V/300 uF vyielded a higher percentage of EGFP
expressing cells compared with electroporation at 250V/300 pF. A maximum of about 75%
EGFP* monocytes and 20% EGFP* B lymphocytes could be detected already 12 hours after
electroporation. EGFP expression stayed constant for at least 44 hours (personal
communication C. Graf). It was confirmed, herein, that these parameters work very well when
the technique was applied either to CD8 PBMCs or to monocytes (Figure 5.1.1a). EGFP
expression improved when 15 ug EGFP I[VT-mRNA was used for the electroporation of 1.0x10°

cells instead of lower amounts (Figure 5.1.1b).

Thereafter, in further electroporation experiments 1.0x10° cells were electroporated using 15 pg
antigen-encoding IVT-mRNA at 350 V/300 uF (as described in Method section 4.7).
Electroporation efficiency (EGFP as a readout) was measured by flow cytometry analysis

performed 18 to 24 hours after electroporation (see Method section 4.6).
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Figure 5.1.1.1: EGFP expression by CD14" cells (monocytes) after electroporation with EGFP IVT-
mRNA.

CD8 PBMCs were washed with OPTIMEM and pipetted into an electroporation cuvette. These cells were
electroporated with EGFP IVT-mRNA at previously optimized conditions (350 V/300 uF). After electroporation, cells
were washed and resuspended in AIM-V/10%HS. (a) Duration of transient expression of EGFP. 2.0x10° CD8"
PBMCs contained in 200 pyl OPTIMEM were electroporated with 20 uyg EGFP IVT-mRNA. 2.0x10° cells were
analyzed by flow cytometry at indicated time points after electroporation. (b) IVT-mRNA amount improves EGFP
expression. 1.0x10° CD8 PBMCs contained in 100 pl OPTIMEM were electroporated with different amounts of
EGFP IVT-mRNA (5 pg, 10 ug and 15 pg). 2.0x10° cells were taken into FACS tubes for flow cytometry analysis after
18 hours of electroporation. To analyze these samples, MOCK and EGFP electroporated cells were stained with
CD14-PE. After staining, the cells were washed with FACS buffer and fixed with PBS FACS fixation buffer (see
Method section 4.6). Cells were gated for CD14 expression. These gating parameters were further used for the
determination of EGFP expression by CD14" monocytes at the indicated time point.

5.1.2 Robustness of CD8" PBMCs as antigen-presenting cells

In order to investigate whether CD8 PBMCs transfected with IVT-mRNA can be used as
efficient antigen-presenting cells for the stimulation of CD8" T-cell responses. The CMV antigen
pp65 was used as a model antigen. HCMV" donor BC #1676, who carried HLA-A*02:01 and -
B*07:02, was analyzed for anti-pp65 reactivity by in vitro stimulation of CD8" T cells with pp65
IVT-mRNA. CD8" T cells were stimulated with irradiated CD8 PBMCs electroporated with pp65
IVT-mRNA at a 1:1 ratio. Restimulation was performed on d7 under identical stimulation

conditions. The resulting responder populations were tested on d12 in an IFN-y ELISPOT assay
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(as schematically explained later in Figure 5.3.1.1). In this assay autologous CD8 PBMCs
electroporated with pp65 IVT-mRNA were used as APCs to guarantee the expression of all HLA
I molecules of the donor and all potential pp65 epitopes. In addition, the responders of pp65
RNA stimulation were tested for recognition of a known pp65 peptide restricted by HLA-
A*02:01. As a result, the stimulation of CD8" T cells with CD8 PBMCs expressing pp65 after
transfection of RNA-encoding pp65 could at least fourfold enrich anti-pp65 CD8" T cells. The
control stimulation performed with mock-transfected CD8 PBMCs did not lead to an expansion
of pp65-specific CD8" T cells. A strong response was observed against the HL-A*02:01-
restricted peptide (Figure 5.1.2.1).
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Since HLA-A*02:01 and HLA-B*07:02 are known to be relevant HLA-restriction molecules for
anti-pp65 T cells (Wills et al., 1996; Solache et al., 1999; Longmate et al., 2001). The anti-pp65
responder lymphocytes were also tested for recognition of COS-7 cells transfected with
plasmids-encoding these two HLA | alleles and either co-transfected with a pp65-encoding
plasmid or loaded with peptides known to be presented by HLA-A*02:01 and HLA-B*07:02,
respectively. It was observed that the T cells responding to RNA stimulation were restricted by
HLA-A*02:01 or -B*07:02 and strongly reacted with known dominant synthetic pp65 peptides
restricted by these two alleles (Figure 5.1.2.2). Again CD8 PBMCs electroporated with antigen-
encoding IVT-mRNA proved to be suitable for the stimulation of CD8" T lymphocytes. In
contrast to pp65, the frequency of FLT3-ITD-reactive T-cell in the peripheral blood of allogeneic
sources was expected to be rather low. However, several studies had demonstrated that CD8"
PBMCs electroporated with IVT-mRNA were also able to detect T-cell responses below the ex
vivo detection threshold (e.g. Teufel et al., 2005). So, this stimulation method fulfilled the
prerequisites that were required for the analysis of autologous as well as allogeneic sources for

the presence of CD8" T-cell responses against FLT3-ITD.
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5.1.3 Transfection of FastDCs with the TransMessenger™ reagent

Thus far, electroporation has been the preferential method to transfect DCs with mRNA (Van
Tendeloo et al., 2001; Saeboe-Larssen et al., 2002; Strobel et al., 2000). Optimization of
electroporation protocols have led to transfection efficiencies reaching 90% in a reproducible
way, even in mature DCs (Schaft et al., 2005). Electroporation is based on the physical
deterioration of the plasma membrane integrity and, therefore, decreasing the viability of the
treated cells (Canatella et al., 2001). This limits the use of electroporation for transfecting DCs
when a high yield of antigen-expressing DCs is required. To overcome this problem, it was
decided to use TransMessenger™ transfection, a lipid-based formulation specially developed for
mRNA transfection. This transfection procedure permits to transfect DCs with no or very limited
cell death. It was also reported that antigen expression (mean fluorescence intensity) on per cell
basis is higher using TransMessenger™ reagent compared to electroporation (personal

communication M. Fatho).

5.1.3.1 Optimization of transfection efficiency

By means of EGFP expression as a readout, transfection efficiencies of FastDCs with
TransMessenger™ were optimized. For this purpose, varying amounts of mRNA (200 to 800
ng) and RNA:TransMessenger™ ratios (1:2 to 1:8) were used according to the manufacturer’s
instructions. Combinations of these conditions were applied for the transfection of FastDCs with
EGFP IVT-mRNA (see Method section 4.8). The best transfection efficiency (51%) was
obtained with 400 ng EGFP IVT-mRNA at a RNA:TransMessenger™ ratio of 1:8 (Figure
5.1.3.1.1).
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Figure 5.1.3.1.1: Optimization of FastDCs transfection using the TransMessenger™ reagent (TM).
FastDCs were generated from monocytes of healthy donor BC #0934 using a protocol described before (Dauer et al.,
2003). FastDCs (2.0x105 cells/well) were transfected with varying amounts (200-800 ng) of EGFP IVT-mRNA, at
varying RNA:TM ratios (1:2 to 1:8) according to the manufacturer’s instructions (see Method section 4.8). Mock-
transfected FastDCs served as a negative control. EGFP fluorescence intensity in transfected cells was measured by
flow cytometry 24 hours after transfection. Values shown are the percentages of cells expressing EGFP protein.

Transfection of dendritic cells with TransMessenger™ leads to a higher level of antigen
expression level on per cell basis than electroporation (Landi et al., 2007; Yu et al., 2007;
personal communication D. Eberts and M. Fatho). Notably, EGFP expression on a per cell
basis did not increase significantly with increasing RNA amounts above 400 ng. With the above-
mentioned parameters, transfection efficiencies were ranging in between 10% to 30% in UCB
donations and in between 20% to 50% in different healthy donors (Figure 5.1.3.1.2). It is also
known from the PhD work of Dr. Emmanuelle Wesarg (2008) that the long-term survival of
FastDCs transfected with TransMessenger™ is high, whereas, the physical damages caused by
electroporation lead to the loss of most of the cells within 72 hours after transfection. Indeed,
FastDCs transfected with TransMessenger™ remained viable according to propidium iodide (PI)
exclusion and expressed EGFP up to 72 hours after transfection. Thus, TransMessenger™
appears considerably less toxic for transfected cells in comparison to electroporation. For those
reasons, the TransMessenger™ method was used in those systems where amounts of antigen-

presenting cells were very much limited (in AML patient FL and in UCB donations).
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Figure 5.1.3.1.2: EGFP expression of FastDCs from (a) Umbilical cord blood donations and (b)
Healthy individuals’ transfected with the TransMessenger™ reagent.

FastDCs (2.0x105 cells/well) were transfected with 400 ng RNA at a 1:8 ratio of RNA:TM according to the
manufacturer’s instructions (see Method section 4.8). Mock-transfected FastDCs served as a negative control.
EGFP fluorescence intensity in transfected cells was measured by flow cytometry 24 hours after transfection. Values
shown are the percentages of cells expressing the EGFP protein.

5.1.3.2 Comparison of TransMessenger™ transfection with electroporation

FastDCs from HCMV® donor BC #7758 were transfected with pp65 IVT-mRNA by
electroporation as well as with the TransMessenger™ method. CD8* T cells isolated from
peripheral blood of HCMV® donor were stimulated separately with both kinds of pp65-
transfected FastDCs to stimulate pp65-specific T cells. As negative controls, CD8" T cells were
stimulated with mock-transfected APCs. In order to provide equivalent conditions for all
stimulated populations, stimulations were performed at a 1:10 APC-to-CD8" T-cell ratio.
Responder lymphocytes were tested in an IFN-y ELISPOT assay for recognition of COS-7 cells
co-transfected with plasmids-encoding HLA-A*02:01 and pp65. Expansion of pp65-specific
CD8" T cells was comparable for both procedures (Figure 5.1.3.2.1). This analysis clearly
identified FastDCs transfected with IVT-mRNA using TransMessenger™ as potent antigen-

presenting cells to stimulate anti-pp65 T-cell responses.
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(2.0x10%well) transfected with HLA-A*02:01 and either co-transfected with a pp65 plasmid or loaded with pp65

A2/peptide NLVPMVATYV (1 pg/ml, see Figures 5.1.2.2 and 5.1.2.3).

5.1.4 In vitro stimulation of CD8" T cells under limiting dilution-like conditions

improves the detection of T-cell responses against HCMV pp65
The frequencies of FLT3-ITD-reactive T cells in blood lymphocytes of healthy individuals were
supposed to be very low, if detectable at all. E.g. T cells against the MAGE-3/A2 peptide were
found in the CD8" CD45RA" subpopulation of blood lymphocytes of healthy individuals at
frequencies ranging from 4.0 to 17.0x10”7 (Chaux et al., 1998). Therefore, techniques to
measure such a low frequency need to be highly sensitive. To tackle this, a method had to be
set up with which large numbers of CD8" T cells could be analyzed for reactivity against FLT3-
ITDs.

In a first approach, CD8" T cells were isolated from PBMCs of HCMV" seropositive healthy
donors and seeded in 24-well-plates (1.0x10%well). They were stimulated at a 1:1 ratio with
autologous CD8 PBMCs electroporated with pp65 IVT-mRNA. All responder T cells were
restimulated on d7 under the same culture conditions. On d12, responder T cells were tested in
an IFN-y ELISPOT assay for the recognition of COS-7 cells co-transfected with plasmids-
encoding the respective HLA/pp65 combinations. Thereby anti-HCMV pp65 responses were
detectable (Figure 5.1.4.1), but they appeared rather weak considering the fact that anti-pp65 T
cells are readily detected ex vivo at rather high frequencies in seropositive individuals. Bulk T-
cell cultures do not provide any information about the frequency of T cells with a given
specificity. In addition, the detection sensitivity of bulk cultures might be compromised by

suppressive effects mediated by regulatory T cells or non-specifically proliferating T cells.

In a second approach, limiting dilution-like microculture conditions (modified from Chaux et al.,
1998; Coulie et al., 2001) were used to enrich antigen-specific T cells. CD8" T cells from the
same donor as above were seeded on a 96-well U-bottom plate at 1.0x10°/well. They were
stimulated at a 1:1 ratio with autologous irradiated CD8 PBMCs electroporated with pp65 IVT-

mRNA. Responder T cells were restimulated on d7 under identical culture conditions and tested
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also on d12 in an IFN-y ELISPOT assay. Anti-pp65 responses were observed in every
microculture. Spot numbers were up to three-fold higher than in bulk cultures (Figure 5.1.4.2,
for comparison see Figure 5.1.4.1), indicating advantageous culture conditions in microcultures.
Therefore, it was decided to use the microculture approach for in vitro stimulation to enrich,

detect and quantitate FLT3-ITD-specific CD8" T cells in autologous as well as allogeneic

sources.
IFN-y spots/3x10* T cells Figure 5.1.4.1: Bulk-stimulation of
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5.2 CD8" T-cell response against FLT3-ITD in the autologous FL leukemia model

5.21 Short-term in vitro stimulation of autologous CD8" T cells against FL_FLT3-ITD
IVT-mRNA
To extend the anti-FLT3-ITD response analyses previously performed in Mainz (patient-specific
anti-FLT3-ITD responses have been observed in AML model systems JC, IN, QQ, El and VE)
(Graf et al., 2007; Graf et al., unpublished), it was planned to analyze the T-cell responses in
the AML model derived from patient FL. FL-AML cells carry a 14 amino acid-long internal
tandem duplication in the juxtamembrane domain of the FLT3-receptor starting at amino acid
position 585 (FL/585-14). In this model the FLT3-ITD-encoding region ranging from the end of
Exon 13 to the beginning of Exon 16 was amplified with primers 5 FLT3 Exon 13 or 5" FLT3-
Exon 13gamu1/and 3’ FLT3 Exon 16xy, | (see Materials section 3.6). The resulting PCR fragment
was cloned into the pcDNA3.0 vector as described in Method section 4.22. This FL_FLT3-
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ITDgxon13-16-PCDNA3.0 construct was used to produce FL_FLT3-ITD IVT-mRNA for the in vitro
stimulation of CD8" T cells from the patient’s blood. Microculture stimulation of CD8" T cells
was performed using short-term in vitro stimulation procedure described in Method section
4.9.2 and 4.10 (and schematically explained in Figure 5.3.1.1). Either autologous CD8 PBMCs
or allogeneic HLA I-matched mature FastDCs were used as APCs after electroporation with
FL_FLT3-ITD IVT-mRNA. With autologous CD8 PBMCs as APCs, d19-proliferation rates of
microcultures ranged from 5- to 12-fold. With allogeneic HLA I-matched mature FastDCs as
APCs, d19-proliferation rates of microcultures ranged from 11- to 26-fold. The results obtained
in the IFN-y ELISPOT assay demonstrated that stimulation of CD8" T cells with either
autologous CD8 PBMCs or allogeneic HLA I|-matched mature FastDCs showed a clear
response against the patient’s FLT3-ITD (Figure 5.2.1.1a and 5.2.1.1b).

a. Autologous CD8 PBMCs as APCs b. Allogeneic HLA I-matched mature FastDCs as APC.
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Figure 5.2.1.1.: In vitro stimulated CD8" T cells show responses against FLT3-ITD of patient FL.

CD8" T cells of patient FL were stimulated either with autologous CD8 PBMCs or with allogeneic HLA I-matched
FastDCs as APCs after electroporation with FL_FLT3-ITD IVT-mRNA (see Method section 4.9.2 and 4.10). On d19,
responder T cells (3.0x10*well) were tested in an IFN-y ELISPOT assay. (a) FLT3-ITD response using CD8’
PBMCs as APCs: CD8 PBMCs (6.0x10%well) were electroporated with [VT-mRNA-encoding FL_FLT3-ITD and
used as target cells. (b) FLT3-ITD response using allogeneic FastDCs as APCs: allogeneic HLA I-matched
mature FastDCs (5.0x10%/well) were electroporated with IVT-mRNA-encoding FL_FLT3-ITD and used as target cells.
The IFN-y ELISPOT assay was developed after a 20-hour of incubation. FLT3-ITD-reactive microcultures were

shown in cones. Response was defined as “positive” when the number of IFN-y spots against FL_FLT3-ITD
was higher than the mean background plus two-fold standard deviations.

During the course of treatment, blood samples were collected from patient FL at different time
points [before chemotherapy and after chemotherapy when patient was in first clinical remission
(CR)], from which CD8" T lymphocytes were isolated. In each of the samples statistically
significant CD8" T-cell responses were detected against FL_FLT3-ITD via short-term RNA
stimulation using both APC types (Figure 5.2.1.2).
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Figure 5.2.1.2: Summary of anti-FLT3-ITD
responses exhibited by CD8" T cells from
the blood of patient FL collected at
different time points.

CD8" cells from PBMCs isolated at indicated time
points from the blood of patient were stimulated,
using same stimulation protocol, either by
autologous CD8 PBMCs or by allogeneic HLA I-
matched FastDCs electroporated with IVT-
mRNA-encoding FL_FLT3-ITD (see Figure
5.2.1.1). Responder T cells (3.0x10%well) were
tested in an IFN-y ELISPOT assay. (a) Pre-
chemotherapy with autologous APCs: d26-
response using CD8 PBMCs as stimulator and
target cells  (6.0x10%well).  (b)  after
chemotherapy (in first clinical remission) with
autologous APCs: d19 response using CD8
PBMCs as stimulator and target cells
(6.0x104/well). (c) After chemotherapy (in first
clinical remission) with allogeneic APCs: d19
response using allogeneic HLA I-matched
FastDCs as stimulator and target cells
(5.0x10%well). Each dot represents the spot
number induced by a single microculture and the
green line indicates the means +SD of twenty in
vitro microcultures stimulated against FL_FLT3-
ITD. The data were analyzed for statistical
difference determined by two-tailed, unpaired
Student’s t-test and the * p-values (<0.01)
indicate the significant CD8" T-cell response
against FL_FLT3-ITD.

When patient FL was in first complete remission after conventional chemotherapy, she donated

blood samples for ex vivo analyses. CD8" T cells were directly applied to a 20-hour IFN-y
ELISPOT assay and tested against autologous CD8 PBMCs electroporated with FL_FLT3-ITD
IVT-mRNA (see Method section 4.11). Ex vivo T-cell responses against FL_FLT3-ITD were
detected repeatedly with fresh and frozen CD8" T cells (Figure 5.2.2.1a and 5.2.2.1b). At its
maximum, the ex vivo response against the FL_FLT3-ITD comprised 0.17% of CD8" T

lymphocytes. It was decided to perform T-cell cloning to isolate, from the patient’s blood

lymphocytes, FL_FLT3-ITD-specific clonal T cells using the IFN-y secretion assay.
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a. Response of freshly isolated CD8" T cells

IFN-y spots/1x10° T cells

b. Response of frozen/thawed CD8" T cells

IFN-y spots/5x104 T cells
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+CD8 PEMCs + CD8 PBMCs ]
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+ FL_FLT3-TDINT-RNA + FL_FLT3-MDIVT-RNA

Figure 5.2.2.1: Ex vivo CD8" T-cell responses against the FLT3-ITD of patient FL.

(a) freshly isolated CD8" T cells (1 .0x105/well) from the peripheral blood of the patient and (b) frozen CD8* T cells
(thawed and kept overnight at rest) (5.Ox104/well), were tested in a 20-hour IFN-y ELISPOT assay. CD8 PBMCs
were electroporated with IVT-mRNA expressing FL_FLT3-ITD, used as APCs (6.Ox104/well). The bars represent
means of duplicates +SD. Shown are the representative ex vivo anti-FLT3-ITD-specific T-cell response in patient FL.

5.2.3 Cloning of FLT3-ITD-reactive CD8" T cells directly from blood lymphocytes using
the interferon-y secretion assay

To clone the FL_FLT3-ITD-reactive T cells, FL_FLT3-ITD-specific T cells were isolated directly
from ex vivo CD8" T cells. The IFN-y secretion assay was performed as described in Method
section 4.12, unless IVT-mRNA was used as an antigen format. In brief, CD8" T cells were
stimulated for 12 hours at a 1:10 ratio with irradiated autologous FastDCs electroporated with
FL_FLT3-ITD IVT-mRNA. After 12 hours, T cells were labeled with a bispecific antibody
conjugate directed against CD45 and IFN-y and incubated at 37°C for 45 min permitting IFN-y
secretion. T cells were washed and stained with anti-IFN-y PE mAb and anti-CD8 FITC mAb.
CD8" IFN-y-secreting FL_FLT3-ITD T cells were isolated and cloned by single cell sorting using

FACS flow cytometry (Figure 5.2.3.1).

MZ482-IVS
Responders

[Ftzy2ecteting: DBk Tcalls Figure 5.2.3.1: FACS sorting of

ex vivo CD8" FLT3-ITD-reactive
T cells.

Ex vivo CD8" T cells were stimulated
for 12 hours at a 1:10 ratio with
irradiated autologous FastDCs
electroporated with FL_FLT3-ITD IVT-
mRNA. After 12 hours, the IFN-y
secretion assay was performed (see
Method section 4.12) to isolate FLT3-
ITD-reactive T cells. FACS sorting of
stimulated ex vivo CD8" cells resulted
in 2230 cells (0.09%) in Sort #1 (from
2,5x10° cells) and in1580 cells (0.07%)
in Sort #2 (from 2.25x10° cells).

0.09%
(2230 Cells)

Gated live cells
Sort #1

Live cells -
19247

0.07%
(1580 Cells)

SOK 100K 150K 200K 250K

FSC —

Sort #2

5
o' 0t w® et e

CD8.FITC —

The supposedly clonal T cells were stimulated non-specifically with OKT3 as described in
Method section 4.13. Rest of the shorted IFN-y-secreting CD8" T cells, from FACS Sort#1,
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were also stimulated non-specifically (microculture stimulation) and on d14, these T cells

demonstrated a weak reactivity against the patient's FLT3-ITD. It was also observed that these

T cells weakly recognize AML blasts of patient FL (Figure 5.2.3.2).

IFN-y spots/1x10° T cells

25

50

75

100

T cells alone

-

T cells + FastDCs

T cells + FastDCs
+ FL_FLT3IVT-RNA

! k.l

T cells + FastDCs
+FL_FLT3-lTDIVT-RNA

T cells + AML Blasts

Figure 5.2.3.2: FACS sorted microculture T
cells weakly recognize patient’s FLT3-ITD and
AML blasts.

FACS-sorted CD8" IFN-y-secreting FL_FLT3-ITD-
specific microculture T cells were non-specifically
stimulated with OKT3/IL-2 method. d14 microculture
responder T cells (5.0x103/well) were tested in a 20-
hour IFN-y ELISPOT assay for recognition of FastDCs
(5.0x103/well) electroporated with the patients’ wt-
FLT3/FLT3-ITD IVT-mRNA as well as against the
patients AML cells (5.Ox104/well). There is no
spontaneous screation of IFN-y by AML cells (thwan
one night before test). The bars represent means of
duplicates +SD.

On d14 of non-specific stimulation, 16 out of 44 expandable T-cell clones were found to
recognize FL_FLT3-ITD, which could be confirmed on d26 (Figure 5.2.3.3). FL_FLT3-ITD

recognition was restricted only via HLA-A*01:01 (Figure 5.2.3.4 for three representative T-cell

clones). In addition, three T-cell clones were also able to recognize autologous FL_AML cells

(Figure 5.2.3.5). However, the T-cell clones were not able to maintain their specificity against

the patient's FLT3-ITD during further rounds of non-specific stimulations under the same

conditions (Figure 5.2.3.6).

IFN-y spots/5x10° Tcells

0 50

100

150

200
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a0 | mEO | mED (| BE0 | mE0 | mE0 | mEs

O Teell clone

O T cell clone + FastDCs
H T cellclone + FastDCs
+FL_FLT3HTDIVT-RNA

Figure 5.2.3.3: Non-specifically expanded T-
cell clones respond to the FLT3-ITD of patient
FL.

Using an IFN-y secretion assay, FLT3-ITD-reactive T
cells were isolated from stimulated ex vivo CD8" T
cells. The resulting CD8" IFN-y" T cells were sorted by
flow cytometry and non-specifically stimulated twice
with a OKT3/IL-2 rapid expansion protocol (see
Method section 4.13). On d26, clonal T-cell cultures
were tested in a 20-hour IFN-y ELISPOT assay for the
recognition of autologous FastDCs (5.0x103/well)
electroporated with the patient’'s FLT3-ITD IVT-mRNA.
Shown are the results of 16 out of 44 T-cell clones
expanded non-specifically. The bars represent single
values.
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IFN-y spots/5x10° T cells
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T cells + COS-7IC0T 02+ 57

0 Without Antigen DNA l FL_FLT3-TD-DNA

Figure 5.2.3.4: T-cell clones recognize the FLT3-ITD of patient FL in association with HLA-A*01:01.
Clonal T cells (see Figure 5.2.3.3) were tested in an IFN-y ELISPOT assay against COS-7 cells (2.0x104/well) co-
transfected with the patient’'s HLA | alleles and FL_FLT3-ITD. The T cells (5.0x103/well) were added after 24 hours,
and the ELISPOT assay was developed after 20 hours of incubation. Shown are the results of three representative T-
cell clones (1A9, 2C4 and 1E10). The bars represent single values.

IFN-y spots/5x103 T cells

0 50 100 150 200 250 O 50 100 150 200 250 O 100 150 200 250

T cells only 153 . 2(|Z4 \ ZFll
T cells + FastDCs

T cells + FastDCs +

FL_FLT3-TD-IVT-RNA

T cells + FL-AML cells ™

Figure 5.2.3.5: Clonal T cells also recognize the patient’s AML blasts.

Expanded clonal T cells (5.0x1oslwell) were tested in a 20-hour IFN-y ELISPOT assay against patient’'s AML blast
cells (5.0x104lwell). These T cells were also able to recognize autologous FastDCs (5.0x103/well) electroporated with
the patient’'s FLT3-ITD IVT-mRNA. Shown are three T-cell clones (1D3, 2C4 and 2F11) that recognized autologous
AML blasts. The bars represent means of duplicates +SD.
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Figure 5.2.3.6: Non-specifically expanded T-cell clones do not maintain their specificity against
the patient’s FLT3-ITD.

During further rounds of non-specific expansion (OKT3/IL-2 method), T-cell clones lost their specificity for FLT3-ITD.
On d47, clonal T cells were tested in an IFN-y ELISPOT assay against COS-7 cells (2.0x104/well) co-transfected with
the patient’s HLA | alleles and FL_FLT3-ITD. The clonal T cells (5.0x10*/well) were added after 24 hours, and the
ELISPOT assay was developed after 20 hours of incubation. Shown are the results of three representative T-cell
clones (1A9, 2C4 and 1E10). The bars represent single values.
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5.3 In vitro stimulation of CD8" T cells from the peripheral blood of healthy buffy coat
donors against three FLT3-ITDs (VE, IN and QQ) known to be immunogenic in

autologous settings

5.3.1  Short-term in vitro stimulation with FLT3-ITD IVT-mRNA

So far, six immunogenic FLT3-ITDs associated with distinct HLA | alleles have been identified in
autologous systems (Table 5.3.1.1). Three immunogenic FLT3-ITDs, identified in patients IN
(IN/583-CP-25), VE (VE/585/RA-14) and QQ (QQ/591-D-7), were chosen to analyze healthy
donors for anti-FLT3-ITD responses. These FLT3-ITDs were known to be restricted by HLA-
A*32:01, -B*27:05 and -A*11:01, respectively.

Patient model FLT3-TD sequence HLA-
JC/591-9 (JC) NVQVTGSSDNEY FYVDFREYEYYVDFREYEY DLKVWEFPRENLE. A*01:01
. VQVTGSSDNEYFYVDFREYEYDLKWEFPRENC# *32:
IN/583-CP-25 (IN) - e
#PSDNEYFYVDFREYEYDLKWEFPRENLE. B*35:01t

. VQVTGSSDNEYFYVDFREYER#

b #ASDNEYFYVDFREYEYDLKWEFPRENLE. Brarios
El/586-QP-2 (El) . VQVTGSSDNEYFYVDFQPDNEYFYVDFREYEYDLKWEFPRENLE. A*32:01
QQ/591-D-7(QQ) | . VQVTGSSDNEYFYVDFREYDYVDFREYEYDLKWEFPRENLE. A*11:01
FL/585-14 (FL) . VQVTGSSDNEYFYVDFREYESDNEYFYVDFREYEY DLKWEFPRENLE. | A*01:01

Table 5.3.1.1: Immunogenic FLT3-ITDs and their restricting HLA | alleles as identified so far in
autologous systems.

Duplications are marked in red and . Four of the ITDs contained insertions of 3 to 6 base pairs (encoded amino
acids in black) preceding the duplication. underlined: HLA I-restricted peptide sequences, t: Restriction allele
observed in one sample of patient IN (Graf et al., 2007; Graf and Singh et al., unpublished.

In total, nineteen HCMV-seropositive donors were investigated for anti-FLT3-ITD response
(Table 3.9.2.1). Out of nineteen donors, eight donors carrying HLA-A*32:01 were stimulated
against IN_FLT3-ITD, six donors carrying HLA-A*11:01 were stimulated against QQ_FLT3-ITD,
and five donors carrying HLA-B*27:05 were stimulated against VE_FLT3-ITD. For each healthy
individual, 96 IVS-microcultures were generated in 96-well U-bottom plates. Microbead-isolated
CD8" T cells (total 9.6x10° CD8" T cells/donor; 1.0x10° CD8" T cells/microculture) were
stimulated at a 1:1 ratio with autologous irradiated CD8 PBMCs electroporated with the
respective Sig-FLT3-ITD IVT-mRNA (for FLT3-ITD construct see Materials section 3.3.1). The
in vitro stimulation procedure is schematically described in Figure 5.3.1.1. In each case,
stimulations with Sig-pp65 IVT-mRNA were performed in parallel. Since no antibody was
available for protein encoded by FLT3g,0n 13.16 (~500 bp), which was used for in vitro stimulation,
therefore, EGFP expression was used as a readout for the transfection efficiency in each
electroporation of CD8 PBMCs. In seventeen out of nineteen donors, the mRNA transfection
efficiencies were in between 70-98% (of CD14" cells expressing EGFP) (Table 5.3.1.2). In
remaining two donors (#1066 and #7300) transfection efficiencies were less (in between 25-
60%), this might be donor dependent.
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MACS Sorting | | Electroporation | |Stimu1aticn FLT3-ITD

reactivity test

 Day12

—
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IFN-7
Donor ELIspot
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¥ / 10° CD8 cells 30,000/ well s
% CD8*cells 10° CD8" PBMCs
+ Human Serum Targets: CD8 PBMCs
+11-2, IL-7 and IL-4 +/-Ag MRNA

60,000 cells/well

Figure 5.3.1.1: In vitro stimulation with FLT3-ITD-encoding IVT-mRNA.

Each donor carried the HLA | allele known to present a peptide from the respective stimulatory FLT3-ITD. In each
donor CD8" T cells were stimulated with autologous irradiated CD8" PBMCs electroporated with an individual FLT3-
ITD-encoding IVT-mRNA. In vitro stimulation was performed on dO under given culture conditions and restimulated
on d7 under same culture conditions (see Method section 4.9.2). On d12, responder cells (3.Ox104/well) were tested
in a 20-hour IFN-y ELISPOT assay for recognition of autologous CD8 PBMCs (6.0x104/well) electroporated with IVT-
mRNA-encoding the respective stimulatory FLT3-ITD (see Method section 4.15). Stimulations with pp65 IVT-mRNA
and mock stimulations were performed in parallel.

Electroporation efficiency: Percentages of CD14* cells expressing EGFP
Healthy donor
1% gtimulation (<0) 2 stimulation (d7) Screentest(d12)
#6798 40.00 8233 93.31
#2655 94.53 89.91 93.98
#2673 a1.84 8563 94.75
#6647 94.19 8081 89.35
#2567 80.82 8140 B8.75
#1066 3340 26.10 47.80
#1853 75.08 40449 9237
#7300 2530 3010 5760
#1546 a0.81 8427 91.38
#0147 9368 a0 .77 97.04
#2662 88.22 89.26 82.55
#7986 93.82 B6.92 88.76
#1035 41.18 8314 78.10
#3501 71.38 87 65 a7 68
#1605 76.78 75.38 93.03
#7926 9488 8012 a7.03
#1158 8851 8288 8826
#0189 6939 8423 a7.96
#1798 81.20 §3.62 78.94

Table 5.3.1.2: IVT-mRNA transfection efficiencies of CD8” PBMCs.

During in vitro stimulation, donors CD8" T cells were stimulated with autologous CD8 PBMCs electroporated with
selected FLT3-ITD IVT-mRNA. In each electroporation, CD8 PBMCs were also electroporated with EGFP IVT-mRNA
(see Method section 4.7) and its expression was measured 18-24 hours after electroporation by flow cytometry (see
Method section 4.6). In each donor, electroporation of CD8 PBMCs was performed on d0 and d7 and d12. Values
represent the percentages of CD14" cells expressing EGFP. Yellow, turquoise and purple color donors were
analyzed against IN_, QQ_ and VE_FLT3-ITD, respectively.
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Compared to EGFP (~900 bp) expression, few donors (#7926, #2662 and #0189) were also
analyzed for expression of FLT3s1engtn after electroporation with IVT-mRNA-encoding full-length
IN_FLT3 (~3000 bp). It was observed that full-length FLT3 was expressed by CD14" cells of all
three tested donors. The expression differences seen after EGFP and FLT3 electroporation
might have been caused by the transfection conditions. The cells were transfected with equal
amounts of IVT-mRNA (15 pg/10° cells). But it has to be considered that IVT-mRNA-encoding
EGFP was three times smaller than IVT-mRNA for FLT3. As a consequence, it can be expected
that transfected cells carried significantly more EGFP than FLT3 transcripts, which in turn

resulted in a seemingly high transfection efficiency (Figure 5.3.1.2).

Electroporation efficiency in healthy donor
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Figure 5.3.1.2: Efficient electroporation of IVT-mRNA-encoding full-length FLT3-ITD.

CD8 PBMCs, from healthy donors, #7926, #2662 and #0189, were electroporated with full-length FLT3 IVT-mRNA
(from patient IN) and EGFP IVT-mRNA at previously optimized condition (see Method section 4.7). 2.0x10° cells
were taken into FACS tubes for flow cytometry analysis after 18 hours of electroporation. FLT3 electroporated cells
were stained with anti-FLT3 antibody (sc480) and goat anti-rabbit IgG-F(ab).-antibody-FITC. Both EGFP- and FLT3-
electroporated cells were also stained with CD14-PE. After staining, the cells were washed with FACS buffer and
fixed with FACS fixation buffer. Cells were gated for CD14 expression.

The proliferation behavior of in vitro-stimulated T-cell microcultures varied strongly (Figure
5.3.1.3a, b and c) even within the same donor. CD8" microcultures stimulated with pp65 IVT-

mRNA in most case revealed a somewhat better proliferation rate than the responders of
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microcultures stimulated with FLT3-ITD IVT-mRNAs or responders of mock stimulation (APCs
without RNA). In most of the donors, not much difference was observed in the proliferation rate
of microculture responders stimulated against FLT3-ITD (mean of 96 microcultures) or

responders of mock stimulation (mean of 2 or 4 microcultures).

a. HLA-A*32+ donors stimulated with IN_FLT3-ITD
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(see figure legend on page 68)
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c. HLA-B*27+ donors stimulated with VE_FLT3-ITD

#1605 #7926 #1158

Figure 5.3.1.3: Proliferation of CD8" T
10 10 10

cells after stimulation with pp65 IVT-
mRNA, with FLT3-ITD IVT-mRNA and

after mock stimulation.
Healthy donor-derived CD8" T cells
f (1.0x105/well) were stimulated with CD8
PBMCs (‘I.Ox105/well) electroporated with no
IVT-mRNA, with pp65 IVT-mRNA and with
their respective FLT3-ITD IVT-mRNA (see
Method section 4.7, 4.9.2 and Figure
#0189 #1798 5.3.1.1). T cells were counted on dO, d7 and
10 10 d12 of IVS-culture. The ratio of T-cell numbers
at d12 to T-cell numbers at dO represents the
amplification index. These analyses were
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On d12, the responder T cells were tested in an IFN-y ELISPOT assay for recognition of
autologous CD8 PBMCs electroporated with IVT-mRNA-encoding the respective Sig-FLT3-ITD
against which they had been stimulated. FLT3-ITD-reactivity was observed, in few
microcultures, of eight different donors against all the three selected FLT3-ITDs. Responders in
a given microculture were defined as “positive” when the mean number of spot-forming T cells
against the respective FLT3-ITD was either 2-fold higher than the background reactivity
(baseline response against antigen-negative target cells only) or higher than the mean
background plus two-fold standard deviations. In eight donors, IFN-y spot numbers in few
positive microcultures varied from 2- to 4-fold above background reactivity (Table 5.3.1.3). As a
control for successful in vitro stimulation conditions, anti-pp65-reactivity was observed in all the
healthy donors tested (Table 5.3.1.3).

IFN-y ELISpot assay (Day 12 screen test) Table 5.3.3.1: Healthy donor-derived
Healthy donor | FLT3-ITDmodel | . CD8* T cells respond to FLT3-ITDs
Anti-pp65 Anti-FLT3-ITD and pp65/CMV
#6798 IN + + CD8" T cells of healthy donors were
#2673 IN + + stimulated with autologous CD8 PBMCs
P . o o electroporated with IVT-mRNA-encoding
the selected FLT3-ITDs or with pp65 IVT-
#0147 Qa + + mRNA (see Method section 4.9.2 and
#2662 QQ + + Figure 5.3.1.1). On d12, eight out of
#1035 Qa + + nineteen donors showed CD8" T-cell
- VE = T responses against IN_, QQ_ and VE_FLT3-
ITD. Anti-pp65 responses were observed in
#0189 VE + b all of the donors.
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When reactivity against FLT3-ITD was observed in healthy donors, only few out of 96
microcultures were reactive against the respective stimulatory FLT3-ITD. Best positive
microcultures with reactivity against IN_FLT3-ITD were observed in donors #6798 (~4-fold
above background), #2673 (~3-fold above background) and #1853 (~2-fold above background)
(Figure 5.3.1.4). QQ_FLT3-ITD-specific responses were detected in donors #0147 (~3-fold
above background), #2662 (~3-fold above background) and #1035 (~2-fold above background)
(Figure 5.3.1.5). VE_FLT3-ITD-specific responses were observed in donor #7926 (~2-fold
above background) and #0189 (~2-fold above background) (Figure 5.3.1.6).

BC# 6798 against IN_FLT3-ITD BC# 2673 against IN_FLT3-ITD
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BC# 1853 against IN_FLT3-ITD . ) . .
Figure 5.3.1.4: In vitro stimulated CD8" T cells

show responses against the FLT3-ITD of
patient IN.

Out of eight healthy donors analyzed, three donors
(#6798, #2673 and #1853) showed reactivity against
the IN_FLT3-ITD. CD8" T cells were stimulated with
autologous CD8 PBMCs electroporated with IN_FLT3-
ITD IVT-mRNA (see Method section 4.9.2 and Figure
5.3.1.1). On d12, responder T cells (3.Ox104/well) were
tested in a 20-hour IFN-y ELISPOT assay for the
recognition of CD8& PBMCs (6.0x104/well)
electroporated with IVT-mRNA-encoding IN_FLT3-ITD.
Response was defined as “positive” when the number
of IFN-y spots against IN_FLT3-ITD was either 2-fold
higher than the background response (#6798 and
#2673) or higher than the mean background plus two-
fold standard deviations (#1853). cones indicate
the IN_FLT3-ITD-reactive microcultures were selected
for further stimulation.
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Figure 5.3.1.5: In vitro stimulated CD8" T cells
show responses against FLT3-ITD-derived
from patient QQ.
Out of six healthy donors analyzed, three donors
(#1035, #0147 and #2662) showed reactivity against
the QQ_FLT3-ITD. CD8" T cells were stimulated with
autologous CD8 PBMCs electroporated  with
QQ_FLT3-ITD IVT-mRNA (see Method section 4.9.2
and Figure 5.3.1.1). On d12, responder T cells
(3.0x‘|04/well) were tested in a 20-hour IFN-y ELISPOT
assay for the recognition of CD8 PBMCs (6.0x104/well)
electroporated with IVT-mRNA-encoding QQ_FLT3-
ITD. Response was defined as “positive” when the
number of IFN-y spots against QQ_FLT3-ITD was at
least 2-fold higher than the background response.
cones indicate the QQ_FLT3-ITD-reactive
microcultures were selected for further stimulation.
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Figure 5.3.1.6: In vitro stimulated CD8" T cells show responses against FLT3-ITD-derived from
patient VE.

Out of five healthy donors analyzed, two donors (#7926 and #0189) showed reactivity against the VE_FLT3-ITD.
CD8" T cells were stimulated with autologous CD8 PBMCs electroporated with VE_FLT3-ITD IVT-mRNA (see
Method section 4.9.2 and Figure 5.3.1.1). On d12, responder T cells (3.0x10%/well) were tested in a 20-hour IFN-y
ELISPOT assay for the recognition of CD8 PBMCs (6.Ox104/well) electroporated with IVT-mRNA-encoding
VE_FLT3-ITD. Response was defined as “positive” when the number of IFN-y spots against VE_FLT3-ITD was at

least 2-fold higher than the background response. cones indicate the VE_FLT3-ITD-reactive microcultures
were selected for further stimulation.

The probable frequency of precursor T cells in the original sample was estimated. Estimation is
based on the lowest possible dilution (i.e. one FLT3-ITD-specific T-cell per reactive
microculture) from which FLT3-ITD-reactive T cells could be enriched after mRNA stimulation.
The frequencies of ITD-reactive T cells were then estimated to be in the range of 1.25x10° to
2.83x107 (Table 5.3.2.1), whereby a total of 9.6x10° CD8" T cells from each healthy donor have
been analyzed (Figure 5.3.1.7).

a. HLA-A*32+ donors stimulated with IN_FLT3-ITD
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(see figure legend on page 72)
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b. HLA-A*11+ donors stimulated with QQ_FLT3-ITD
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c. HLA-B*27+ donors stimulated with VE_FLT3-ITD
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Figure 5.3.1.7: Anti-FLT3-ITD responses in healthy donors (shown are 8 healthy donors with FLT3-
ITD-reactivity).

CD8" T cells from indicated healthy buffy coat donors were stimulated with autologous CD8™ PBMCs electroporated
with IVT-mRNA-encoding selected FLT3-ITDs (IN, QQ and VE) (see Method section 4.9.2 and Figure 5.3.1.1). On
d12, responder T cells (3.Ox104/well) were tested in a 20-hour IFN-y ELISPOT assay for the recognition of CD8"
PBMCs (6.0x10%/well) expressing the respective stimulatory FLT3-ITDs after transfection with IVT-mRNA. Each dot
represents the spot number induced by a single microculture. The green lines indicate the means of 96 IVS-
microcultures +SD. These data were analyzed for statistical difference determined by a two-tailed, unpaired Student’s
t-test and the * p-values (<0.05) indicate the significant CD8" T-cell response against stimulatory FLT3-ITDs.

5.3.2 Long-term stimulation with FLT3-ITD IVT-mRNA

When buffy coat cells were available in sufficient quantities, further restimulations were
performed for FLT3-ITD-reactive microcultures. They were restimulated at least twice using
either autologous CD8 PBMCs or monocytes (adherent cells) electroporated with FLT3-ITD
IVT-mRNA as described in Method section 4.9.2. Responding microcultures were retested on
d26 or at later time points in an IFN-y ELISPOT assay as described in Method section 4.15. In
four out of eight donors ITD-reactive T cells could be propagated over two or more stimulation
periods (Table 5.3.2.1). IN_FLT3-ITD-specific responses were further enriched with RNA-
electroporated CD8 PBMCs and monocytes in donor #1853 (Figure 5.3.2.1) and VE_FLT3-ITD-
specific responses were further enriched with RNA-electroporated monocytes in donor #7926
(Figure 5.3.2.2). QQ_FLT3-ITD-specific responses were further enriched in donor #2662 and
#0147 using monocytes and CD8 PBMCs, respectively (Figure 5.3.2.3a and 5.3.2.3b). As a
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control, anti-pp65-reactivity could also be propagated using the same APCs as used for

restimulation of FLT3-ITD-reactive microcultures in all of the four FLT3-ITD-reactive healthy

donors tested (Table 5.3.2.1 and Figure 5.3.2.4).

Screeningtest Retest ofITD-reactivity Estimated frequencies of
Healthy FIFTri-InID (Day12) (Day26 orlater) | FLT3-ITD-reactive CD8" Tcells Table 5.3.2.1: FLT3-ITD-
Donor (BC) - i
patient [T | ppes p— reaf:tlve T cells can be
enriched by further
#6798 IN + + Nottested | Nottested Nottested restimulations.
#2673 IN + + + = Not propagated In eight donors with reactivity
#1853 IN + + + + 2.83x107 against IN_, QQ_ and
Py . . . . ; PE— VE_FLT3-ITD, respectively
(Table 5.3.1.3), FLT3-ITD-
#2662 [e]e] + + + + 8.33x107 . .
reactive microcultures were
D Qe < < < - Not propagated restimulated at least twice
#7926 VE + + + + 1.25x10° using either autologous CD8"
#0189 VE + + + - Not propagated PBMCs or monocytes

(adherent cells) electroporated

with FLT3-ITD IVT-mRNA as described in Method section 4.9.2. Responding microcultures were retested on d26 or
at later time points in an IFN-y ELISPOT assay. In four out of eight donors (#1853, #0147, #2662 and #7926), FLT3-
ITD-reactive T cells could be propagated. Given values are estimated anti-FLT3-ITD T-cell frequencies calculated
and described as in Result section 5.3.1. Yellow, turquoise and purple colored donors were positive against IN_,
QQ_ and VE_FLT3-ITD, respectively.
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Figure 5.3.2.1: Confirmation of IN_FLT3-
ITD-reactivity.

IN_FLT3-ITD-reactive microcultures 1D9 and 1H4
derived from donor #1853 (see Figure 5.3.1.4)
were further restimulated twice with CD8 PBMCs
and once with monocytes electroporated with IVT-
mRNA-encoding IN_FLT3-ITD. On d40, responder
T cells (2.0x‘|04/well) were tested in a 20-hour
IFN-y ELISPOT assay. Monocytes (1.0x104/well),
electroporated with IVT-mRNA-encoding
IN_FLT3-ITD or wt-FLT3, were used as target
cells. These two were the representative
microcultures (from #1853) from which ITD-
reactive T cells can be further enriched. The bars
represent means of duplicates +SD.

Figure 5.3.2.2: Confirmation of VE_FLT3-
ITD-reactivity.

VE_FLT3-ITD-reactive microcultures 1A3 and
1C10 derived from donor #7926, (see Figure
5.3.1.6) were further restimulated twice with
monocytes  electroporated with  IVT-mRNA-
encoding VE_FLT3-ITD. On d26, responder T
cells (3.0x10%well) were tested in a 20-hour IFN-y
ELISPOT assay. Monocytes (‘I.Ox104/well)
electroporated with IVT-mRNA-encoding
VE_FLT3-ITD, were used as target cells. These
two were the representative microcultures (from
#7926) from which ITD-reactive T cells can be
further enriched. The bars represent means of
duplicates +SD.
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a. donor #2662 b. donor #0147
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Figure 5.3.2.3: Confirmation of QQ_FLT3-ITD-reactivity.

(a) QQ_FLT3-ITD-reactive microcultures 1B7 and 1D10 derived from donor #2662 (see Figure 5.3.1.5) were further
restimulated twice with monocytes electroporated with IVT-mRNA-encoding QQ_FLT3-ITD. On d26, responder T
cells (3.0x10%well) were tested in a 20-hour IFN-y ELISPOT assay. Monocytes (1.5x10*well) electroporated with
IVT-mRNA-encoding QQ_FLT3-ITD, were used as target cells. (b) QQ_FLT3-ITD-reactive microcultures 1D7 and
1G1 derived from donor #0147 (see Figure 5.3.1.5) were further restimulated twice with CD8 PBMCs electroporated
with IVT-mRNA-encoding QQ_FLT3-ITD. On d26, responder T cells (3.0x10*well) were tested in a 20-hour IFN-y
ELISPOT assay. CD8 PBMCs (6.0x10*well), were electroporated with IVT-mRNA-encoding QQ_FLT3-ITD, were
used as target cells. Shown are the QQ_FLT3-ITD-reactive representative T-cell microcultures, from donor #2662
(1B7 and 1D10) and, from donor #0147 (1G1 and 1D7). The bars represent means of duplicates +SD.

BC# 7926 BC# 1853
T edic o Figure 5.3.2.4: Confirmation of
e = pp65/CMV-reactivity.
|SoIEEmOnaTyes W Ot kS pp65-reactive microcultures from indicated
T cells + monocytes + ppes Q @ T cells + monocytes + ppe5 FLT3-ITD-reactive donors were restimulated
e R Rt ; AR m—— —— using same APCs as used for restimulation
B i ) N ~ N of FLT3-ITD-reactive microcultures (see
Table 5.3.2.1) that were electroporated
i il with pp65-encoding IVT-mRNA. Responding
i v @ T cells \__: [~ T cells (2.0-3.0x10*well) were tested in a
T cells + monocytes : e 20-hour IFN-y ELISPOT assay for the
o= —~ \;/ recognition of either monocytes (1.0-
i MRS ]| Toslle+ DS PRNCSH ppss &y & 1.5x10*well) or CD8” PBMCs (6.0x10%/well)
T cells + monocytes + QQ_FLT3-ITD Tcells + CDE PBMCs+ QQ_FLT34TD| - electroporated with IVT-mRNA-encoding
\/ = NSNS

pp65 or the respective FLT3-ITD

Shown are the representative pp65-reactive microcultures from FLT3-ITD-reactive donors #7926, #1853, #2662 and
#0147 (Table 5.3.1.3 and Table 5.3.2.1).

To assess their HLA I-restriction, responder T cells from d26 or later were tested for the
recognition of COS-7 cells, co-transfected with the respective FLT3-ITD and all of the respective
donor’s HLA | alleles, chosen according to the serotyping and to the frequencies of HLA
suballeles in the German population. Restricting HLA | alleles were identified for IN_FLT3-ITD
and VE_FLT3-ITD, but not for QQ_FLT3-ITD. In donor #1853, the IN_FLT3-ITD-specific T-cell
population of microculture 1H4 was restricted via HLA-B*35:01 (Figure 5.3.2.5). HLA-B*35:01-
restricted T-cell responses could be further enriched after two more restimulations with
autologous monocytes electroporated with IVT-mRNA encoding IN_FLT3-ITD. On d40 and d47
1H4 responders were also tested for the recognition of the 9-mer peptide CPSDNEYFY, that
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was available in the lab, was predicted to bind to HLA-B*35:01 and had been used in the

analysis of autologous T cells in patient IN. Recognition of 9-mer peptide was clearly inferior

compared to recognition of IN_FLT3-ITD fragment (Figure 5.3.2.6). This is why; cDNA

fragmentation was performed to identify the true peptide (see Result section 5.3.4). In donor
#7926, the VE_FLT3-ITD-specific T cells were restricted via HLA-C*07:02 (Figure 5.3.2.7).

IFN-y spots/3.0x104 T cells

Figure 5.3.2.5: Microculture #1853/1H4
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5.3.3 Efforts to generate a stable FLT3-ITD-reactive T-cell population from healthy
donor #7926
Microcultures 1A3 and 1C10 generated from BC donor #7926 showed clear reactivity against
VE_FLT3-ITD (Figure 5.3.2.7). These two microcultures were frozen on d33 for further studies.
It was planned to use them for the generation of stable VE_FLT3-ITD-reactive T-cell
populations. Fortunately, 8 months after the initial analysis, it was possible to get again a buffy
coat from donor #7926. At first, it seemed preferable to expand the VE_FLT3-ITD-reactive T
cells to have enough T cells for FACS sorting of ITD-specific T cells. For that purpose,
microcultures 1A3 and 1C10 were thawed and pooled for the in vitro stimulation and expansion
performed as before (see Method section 4.9.2 and Result section 5.3.1). In each
microculture, 1.0x10° responder T cells were restimulated twice at a ratio of 1:1 with autologous
irradiated CD8 PBMCs electroporated with IVT-mRNA-encoding VE_FLT3-ITD. Responder T
cells were tested on d45 (d33+12) in an IFN-y ELISPOT assay for the recognition of autologous
CD8 PBMCs expressing VE_FLT3-ITD. Undoubtedly, a clear enrichment of VE_FLT3-ITD-

specific T cells was observed (Figure 5.3.3.1).

Figure 5.3.3.1: Enrichment of

T cells + CD8- PBMCs |
T —— VE_FLT3-ITD-specific responses

wo T after additional stimulations
I e — Pooled responders of d33 microcultures
150+ - o T #7926/1A3 and /1C10 were restimulated

| } C TV SV = : : -

100 ey VAT A A& /_/(\ = —a twice using autologous CD8 FBMCS gs
50 ANTH /.-\/ A A& ) 5 /{\ £ =/ APCs  after  electroporation  with
R AN S P P~ VE_FLT3-ITD IVT-mRNA. On d45
% RS /‘:\‘/ (d33+12) responder T cells

— (3.0x10%well) were tested in a 20-hour
IFN-y ELISPOT assay for the recognition
of autologous CD§&" PBMCs
(6.0x10%well) expressing the VE_FLT3-
ITD antigen after RNA electroporation.
Microcultures shown in bars were
selected for further in vitro stimulation.

IFN-y spots/3.0 x10¢ T cells

Out of 48 microcultures, 12 microcultures showing the strong reactivity (Figure 5.3.3.1), were
restimulated once more under identical culture conditions. On d52 responders were tested
again for their reactivity against VE_FLT3-ITD. Out of 12 microcultures, three were found to be
strongly ITD-reactive with microculture 1B5 showing the strongest enrichment (~20-fold

enrichment) (Figure 5.3.3.2).
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Figure 5.3.3.2: Further stimulation of microcultures descending from pooled #7926/1A3 and /1C10
(see Figure 5.3.3.1).

d52 (d33+19) responder T cells (1.0x‘|04/well) were tested in a 20-hour IFN-y ELISPOT assay for the recognition of
autologous CD8 PBMCs (6.0x104/well) expressing VE_FLT3-ITD after RNA electroporation. Microcultures shown in
green bars were used for the IFN-y secretion assay.

Microcultures 1B5, 1F6 and 1G6 (Figure 5.3.3.2) were selected for the IFN-y secretion assay
(see Method section 4.12) and to purify VE_FLT3-ITD-specific T cells by FACS sorting. 1.0%,
0.5% and 0.4% IFN-y-secreting CD8" VE_FLT3-ITD-reactive T cells were isolated from
microculture 1B5, 1F6 and 1G6, respectively (Figure 5.3.3.3).

BC#0236 IFN-; Secreting
VE_FLT3-ITD N CD8* Tcells
responders .
1.0
1B5_ITD Sort —
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Gated live cells
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Figure 5.3.3.3: FACS sorting of VE_FLT3-ITD-reactive T cells using IFN-y secretion assay.

In vitro stimulated d54 responder T cells from microcultures 1B5, 1F6 and 1G6 were stimulated for 12 hours at a 1:1
ratio with irradiated autologous CD8 PBMCs electroporated with IVT-mRNA-encoding VE_FLT3-ITD. After 12 hours,
the IFN-y secretion assay was performed to stain the IFN-y* VE_FLT3-ITD-specific CD8" T cells. FACS sorting of
stimulated T cells resulted in 53,238 putative FLT3-ITD-specific T cells (~1.0%) from 1B5 ‘(5.3x106 cells), 27,771 cells
(~0.5%) from 1F6 (5.5x106 cells) and 16,326 cells (~0.4%) from 1G6 (4.1x106 cells).
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FACS-sorted IFN-y-secreting T cells were stimulated twice at a ratio of 1:1 with autologous
irradiated CD8 PBMCs electroporated with IVT-mRNA-encoding VE_FLT3-ITD. After two
stimulations, responder T cells were stimulated further either specifically with CD8 PBMCs
electroporated with IVT-mRNA-encoding VE_FLT3-ITD or non-specifically with OKT3 as
described in Method section 4.13. The responder T cells were again tested in an IFN-y

ELISPOT assay. However, none of these T-cell lines was specific for VE_FLT3-ITD.

5.3.4 Identification of an FLT3-ITD-encoded peptide antigen recognized by CD8" T cells
derived from a healthy donor

In donor #1853 it was observed that T cells against the IN_FLT3-ITD were restricted via HLA-
B*35:01 (Figure 5.3.2.5 and 5.3.2.6). IN_FLT3-ITD-specific responders, of microculture 1H4,
were frozen on d33 and d47 for further studies. To identify the C-terminus of the antigenic
peptide presented by HLA-B*35:01, a 3’-fragmentation of the IN_FLT3-ITD cDNA was
performed. The FLT3-ITD cDNA fragments (Figure 5.3.4.1) were generated and cloned into
pcDNA3.1/V5-His6 as described in Method section 4.26. The correct orientation and sequence
of the inserts were verified for all of the fragments before they were applied to T-cell recognition
assays (Figures 5.3.4.2 and 5.3.4.3).

|Juxtamembrane domain (aa 572-609)

Amine acid position £an E00
“““ P e L e
| IN_WAEFLT3 00 1 3.5 | [MWLTL | SDNEYEYVDFREYEYDLKWEFPREN | LEFGKVLGSGAF . TGV |

| IN_FLT34TD o0n 1315 | [WRA/LTL . | SONEYFYVDFREYEYDLKWEFPREN CP SONEYFYVOFREVEVDLKWEFPREN | LEFGKVLGSGAF ... TGV |

IN_ITD_91aa [WVVLTL. . | SDNEYFYVDFREYEYDLKWEFPREN CP SDNEYFYVDFREYEYDL KWEFPREN | [EFGKVLGS
IN_ITD_55 aa [ MWL, [ SDNEYFYVDFREYEYDLKWEFPREN |

[[MWATL ] SDNEYFYVDFREYEYDLKWEFPRENC |

[ MWALTL . [ SDNEYFYVDFREYEYDLKWEFPREN CP_ |
[WMALTL ] SDNEYFYVDFREYEYDLKWEFPREN CP SD |

[ MWAITL | SDNEYFYVDFREYEYDLKWEFPREN CP SDN |
[[MWLTL . | SDNEYFYVDFREYEYDLKWEFPREN CP SDNEY |
[MMALTL . [ SDNEYFYVDFREYEYDLKWEFPREN CP SDNEYF |
[ MWVLTL . | SDNEYFYVDFREYEYDLKWEFPREN CP SDNEYFY |

IN_ITD_65 aa ‘ MWWLTL. .. ‘ SDNEYFYVDFREYEYDLKWEFPREN CP SDNEYFYV |

Figure 5.3.4.1: 3’-fragmentation of FLT3-ITDgyon13.16 CDNA from patient IN.

The IN_FLT3-ITD amino acid sequence, as predicted from its cDNA sequence is shown in Table 5.3.1.1.
Duplications are marked in red and . The IN_FLT3-ITD contains a 6 base pairs insertion (encode amino acids
CP in black) preceding the duplication. 3'-fragments of the IN_FLT3-ITD cDNA were generated and cloned into
pcDNA3.1/V5-His6 as described in Method section 4.26. STOP codons integrated in the antisense primers (see
Material section 3.6) guaranteed a translational stop. The predicted amino acid sequences encoded by the wild type
and mutated IN_FLT3 cDNA comprising exons 13-16 and by the 3’-fragments generated from IN_FLT3-ITD.
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Figure 5.3.4.2: Restriction digestion of
correctly oriented IN_FLT3-ITD
fragments.

IN_FLT3-ITDgxon 13-16 CDNA fragments were
generated by PCR from IN_FLT3-ITD cDNA as
described in Method section 4.26 and cloned
————— into the expression vector pcDNA3.1/V5-His
using the TOPO TA-Cloning system. Plasmids
containing their inserts in correct orientation (as
verified by BGH-orientation PCR) were digested
with restriction enzymes BamHI (present in the
5 FLT3-ITDgxon13 primer) and Xbal (present in
the 3 pcDNA3.1/V5-His vector). Digested
plasmid fragments were analyzed on a 2.5%
agarose gel at 100 Volt. A 100-base pair DNA
marker was used to estimate the size of the
digested DNA. For the designation of fragments
see Figure 5.3.4.1.
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Validated IN_FLT3-ITD cDNA fragments were co-transfected into COS-7 cells together with
HLA-B*35:01. IN_FLT3-ITD-reactive T cells of microculture 1H4 (d47) were thawn, kept
overnight in AIM-V + 10% HS with IL-2 (20 U/ml) and were tested for the recognition of COS-7
transfectants. Fragment IN_ITD_64aa ending with tyrosine at amino acid position 618 of the full-
length FLT3-ITD was the shortest fragment still recognized by the T cells. But its recognition
was inferior to the fragment IN_ITD_65aa ending with amino acid 619, which was valine. These
data indicated that the peptide to be identified ended either with tyrosine 618 or valine 619 at its
C-terminus (Figure 5.3.4.4). Two peptides, the 9-mer peptide CPSDNEYFY ending at amino
acid position 618, and the 10-mer peptide CPSDNEYFYV ending at amino acid 619 were
synthesized and tested for recognition by the d33 anti-FLT3-ITD T cells. In accordance with the
testing of cDNA fragments (see Figure 5.3.4.4), the 10-mer peptide CPSDNEYFYV ending with
amino acid 619 (V) was much better recognized than the 9-mer peptide CPSDNEYFY ending
with amino acid 618 (Y) (Figure 5.3.4.5 and Figure 5.3.4.6).
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Figure 5.3.4.3: Sequencing of IN_FLT3-ITDg,on, 13.16 CDNA fragments.

Sequencing of the IN_FLT3-ITDexon 13-16 CDNA fragments (for explanation and designation see Figure 5.3.4.1) was
performed as described in Method section 4.20. Sequences were edited with the Chromas version 2.31 software.
Analysis of the sequence was performed with programs EditSeq 3.9.10 and SegMan 3.61 (DNASTAR Inc.).
Alignment of the fragments was obtained with Codoncode Aligner software (http://www.codoncode.com/aligner/).
The sequences comprise the complete ORFs. Stop codons inserted via antisense primer design are highlighted in

red.
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|juxtamemhrane domain (aa 57 2-609)

Amino acid position 550 £00
_____ S e I S Y e I et R
‘ IN_WE-FLT3 .0 1315 ‘ [[MWWLTL..| SONEVEYUDFREVEVDLKWEFPREI | LEFGILGSGAF ... TGV |

‘ IN_FLT3 -ITD .1, 1315 ‘ | MWLTL....| SDHEYVFYWDFREVEYDLKWEFPREN CP SDIIE‘.’F‘.’\.‘DFRE‘.'E‘.'DLI(WEFPREII| LEFGVLGSGAF ... Y |

IN_ITD_91 aa | MWLTL....| SDIIE‘(F‘NDFRE‘.‘E‘.‘DLKWEFPREIICPSDIIE‘.'F‘.'UDFRE‘.'E‘.'DLKWEFPREII| LEFGKMVMLIGS

IN_ITD_55 aa | MWLTL....| SDHEVFYVDFREVEYDLKWEFPREN |

IN_ITD_56 aa | MWLTL____| SDHEVFYVUDFREVEYDLKWEFPREI C |

IN_ITD_57 aa | MWLTL....| SDIEVFVVDFREVEVDLKWEFPREI CP |

IN_ITD_59 aa | MWLTL....| SOHEVFVVDFREVEVDLKWEFPREN CP SD |

IN_ITD_60 aa | MWLTL....| SDHEYFYVDFREVEYDLKWEFPREN CP SDH |

IN_ITD_62 aa [ MVATL | SDNEYFYVDFREVEVDLKWEFPREN CP SDIIEY |

IN_ITD_63 aa | MWLTL_._.| SDHEVFVVDFREVEVDLKWEFPREN CP SDHEVF |

IN_ITD_64 aa | MWLTL...| SDHEVFYVDFREVEYDLKWEFPREN CP SDHEVFY |

i BegER

IN_ITD_65 aa | MWLTL....| SDHEVFYVDFREVEVDLKWEFPREN CP SDHEVFYY |

Figure 5.3.4.4: Testing of IN_FLT3-ITDgxon13.16 CDNA fragments for recognition by T cells.

#1853/1H4 responders (d47; see Figure 5.3.2.6) were thawn, kept overnight in T-cell medium and IL-2 (20 U/ml) and
were tested at 2.0x10%well in a 20-hour IFN-y ELISPOT assay for the recognition of COS-7 cells (2.0x104/well) co-
transfected with plasmids-encoding HLA-B*35:01 and different IN_FLT3-ITDgxon 13-16 fragments. Negative and positive
controls were Wt-FLT3gxon13-16 and IN_FLT3-ITDgxon13-16, respectively.

IFN-y spots/ 2.0x10* T cells
#1853/M1H4 ¢ 25 50 75 100

T cells only

+COS-7

+COS-TIB*35:01

+ COS-7IB*35:01+ ppB5/ICMV

+ COS-TIB*35:01+ Wt-FLT3 exon 1316

+ COS-TIB*35:01+ IN_FLT3 -ITD exon13.16 I

+ COS-TIB*35:01# IN_FLT3 - TD_85 exon 12.16

+ COS-7/B*35:01+ IN_FLT3-TD/ 10-mer peptide
(CPSDNEYFYV) ; m

Figure 5.3.4.5: Microculture #1853/1H4 responder T cells recognize the 10-mer peptide encoded by
fragment IN_ITDgs.

#1853/1H4 (d33) responder T cells (2.0x104/well; see Figure 5.3.2.1) were thawn and tested in a 20-hour IFN-y
ELISPOT assay for the recognition of the 10-mer peptide CPSDNEYFYV encoded by the IN_FLT3-ITD and loaded
on COS-7 cells transfected with HLA-B*35:01 (2.Ox104/well). The peptide concentration was 10 ug/ml. COS-
7/B*35:01 cells (2.0x104/well) co-transfected with cDNA-encoding wt-FLT3, IN_FLT3-ITD or the IN_FLT3-ITDes
fragment (see Figure 5.3.4.4) served as controls. The bars represent means of duplicates +SD.
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IFN-y spots/ 2.0x10* Tcells

#1853/1H4 25 50 75 100
T cells only e
+ COS-7 cells .
= ~—
e o 4{
+COS-7/B*35.:01 T
+ COS-7IB*35:01+ wt-FLT3 o0 4316 e / o
+ COS-7/B*35:01 + IN_FLT3 4TD opon 1516
S—— ="
+ COS-7/B*35:01+ IN_FLT3 -ITD/9-mer peptide { L
(CPSDNEYFY) " R
+ COS-7/B*35:01 + pp65/CMV \ !

Figure 5.3.4.6: Microculture #1853/1H4 responders do not recognize the 9-mer peptide
CPSDNEYFY.

#1853/1H4 (d33) responder T cells (2.Ox104/well) were tested (before they were cryopreserved) in a 20-hour IFN-y
ELISPOT assay for the recognition of the 9-mer peptide CPSDNEYFY encoded by the IN_FLT3-ITD and loaded on
COS-7 cells (2.Ox104/well) transfected with HLA-B*35:01 (COS-7/B*35:01). The peptide concentration was 10 ug/ml.
COS-7/B*35:01 cells (2.Ox104/well) co-transfected with cDNA-encoding pp65 (HCMV), wt-FLT3 and IN_FLT3-ITD
served as controls. The bars represent means of duplicates +SD.

5.4 In vitro stimulation of CD8" T cells from umbilical cord blood (UCB) against
immunogenic FLT3-ITDs identified in patients VE, IN, QQ, JC and FL

541 Phenotyping of CD8" lymphocytes derived from umbilical cord blood (UCB)

T lymphocytes in umbilical cord blood predominantly exhibit a naive phenotype associated with
a high proliferative capacity (Gattinoni et al., 2012). To test the hypothesis that they contain
FLT3-ITD-reactive T cells at higher frequencies than buffy coats prepared from adult healthy
donors, UCB lymphocytes were stimulated against five immunogenic FLT3-ITDs identified in
leukemia patients VE, IN, QQ, FL and JC. For this purpose, eight umbilical cord blood
donations (Table 3.9.3.1), were chosen and genotyped for their HLA | alleles (Table 5.4.1.1).

Table 5.4.1.1: Summary of UCB donations, their HLA | phenotypes and the FLT3-ITDs against
which they were tested.

Umbilical cord HLA -l alleles CD8+T cells were tested
blood donor for reactivity against
-A -B < FLT3-ITD(s) of patient(s)

MZUCB#1  |v68:02,701:01 ["08:01 +08:02 VE, IN, QQ and FL
MZUCB#2 F02:01,%03:01 [40:01,*13:02 [F08:02 VE, IN, QQ and FL
MZUCB#3  02:01 F18:01,51:01 [*07,%15:01 VE, IN, QQand FL
MZUCB#  [702:01,%26:01 ["44:02,749:01 [05:01 VE, IN, QQ and FL
MZUCB#5 +03:01 #13:02.%5101 [*06:02,%14:02 QQand FL
MZUCB#2  [102:01,%03:01 [F07:02,"51:01 [F14:02,707:02 FL
MZUCB#15  [#01:01,%25:01 [F07:02,%08:01 ['07:01,%07:02 Jc
MZUCB#23  [+26:01,%68:02 [F39:10,"41:02 [F12:03,%17:03 QQ
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To confirm the naive phenotype of UCB lymphocytes, CD8" T cells from five UCB donations
were purified with magnetic beads and analyzed by flow cytometry with antibodies against
CCR7, CD27, CD45RA and CD62L. The proportion of naive T cells was in the range of 85-99%
of CD8" T cells (detailed in Table 5.4.1.2). As an example, the flow cytometric analysis of
MZUCB #4 CD8" T cells is shown in Figure 5.4.1.1. Three UCB donations were in addition
tested for the presence of CD4/CD8 double-positive T cells, regulatory T cells (Tregs) and
natural killer (NK) cells (Table 5.4.1.3 and Figure 5.4.1.2).

Table 5.4.1.2: Summary of the
Umbilical cord | o0 ope | ccp7 | cp27 | cD4sRA | CDé21, phenotyping of UCB-derived CD8" T
blood donor
cells.
MZUCB#1 87.91/95.71 | 67.52 §5.49 §8.52 86.32 CD8" T cells purified with magnetic beads
MZUCB# | 97.50/99.15 | 89.80 97.56 09.43 98.57 from the indicated UCB donations were
MZUCB# | 92.16/98.66 | 8351 97 64 90 64 96.66 stained with antibodies against CCR7, CD27,
- CD45RA and CD62L (as detailed in Figure
MZUCB#4 97.55/99.49 86.68 99.63 99.36 98.91
. 5.4.1.1). Values represent the percentage of
MZUCBERL3 | 96.29/98.95 | 9180 9672 97.68 90.87 CD8" T cells expressing the surface markers.
100 100 100 100
80 :I. ; 80 f"" 80 \ 20 "'1'
| '! ]1 b
£ o) || %668 €0 .”;I“ 6] ksis.as €0 ] /9:3.91
| .
g | ) 7 | [ F 7Y
Q404 I 40 40 | 40 / \
: \ / '| ‘ ~ f
20 20 20 y 20 1
100 10 10 10 104 ‘1(11:| 10‘I mz 10‘1 104 ‘10‘:| 10‘I mz 103 104 100 10‘I 102 ‘Il)"i 10
L FITC-A:CCRTFITC-A —— PE-A: CD27 PE-A —— PE-A: CD45RA PE-A PE-A: CD62L PE-A —

Figure 5.4.1.1: Flow cytometric analysis of MZUCB #4-derived CD8" T cells.

CD8" T cells sorted with magnetic beads were washed and stained with FITC- or PE-labeled antibodies directed
against cell surface molecules CCR7, CD27, CD45RA and CD62L defining the naive immune-phenotype. After
staining, T cells were washed with FACS buffer and fixed with FACS fixation solution. The stained T cells were
analyzed with flow cytometry (see Method section 4.6). Isotype control IgG1-stained populations are shown in filled
histograms

Table 5.4.1.2: Testing of UCB-derived
CD8 subsets Markers | MZUCB#23 | MZUCB#15 | MZUCB#5 +
CD8" cells for the presence of
Double positive cells | CD4+/CD8+ 468 5.31 971 CD4/CD8 double-positive T cells,
CD4+/CD25 1.04 1.03 3.66 Tregs and NK cells.
Tregs i i i i i Values represent % of CD8" T cells
CD4+/CD127- 0.82 3.49 4.69 expressing the indicated markers. Flow
CDB+/CD16+ 292 6.06 cytometry data .of MZUCB #15 are
NK cells exemplarily shown in Figure 5.4.1.2.
CD16+/CD56+ 317 5.88
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Figure 5.4.1.2: Flow
cytometric analysis of CD8"
cells purified from MZUCB
#15.

CD8" T cells sorted with
magnetic beads from MZUCB
#15 were washed and stained
with  FITC- or PE-labeled
antibodies directed against cell
surface  molecules  defining
double positive T cells
(CD4*/ICD8%), Tregs (CD4",
CD25" and CD127) and NK
cells (CD16" and CD56"). After
staining, T cells were washed
with FACS buffer and fixed with
FACS fixation solution (see
Method section 4.6). CD8" T
cells were measured with FACS
flow cytometry and gated for the
expression of the corresponding
cell surface molecules.

CD8" T lymphocytes of MZUCB #23, were analyzed for the effect of different cytokine cocktails

on the proliferation and differentiation of different subsets of CD8" T cells during OKT3 (anti-

CD3 antibody)-based stimulation (Figure 5.4.1.3). In seven days, UCB T cells achieved a

maximum proliferation (26-fold) in the presence of cytokines IL-12, IL-7 and IL-15 whereas in

absence of cytokines UCB lymphocytes did not proliferate (not shown).

100,000 T cells/well

UCBcDg8* | Medium-AIM-V+ 10%HS
Tcells OKT3-30 ng/ml

Stimulation 7 7 1
onday0 | 5 Arm Arm i
IL-7 Bgimi) IL-2 (100Ulml) IL12 (1ng/mi)
IL-15 (ng/mi) IL-7 Bngimi) IL-7 Brgimi)
IL-15 (Bngimi) IL-15 (ng/mi)

Amplification rate
onday7 \ 16x 20x 26x

Figure 5.4.1.3: Experimental
setup: Role of different cytokine
cocktails on proliferation of UCB
CD8" T cells.

T cells were stimulated nonspecifically
for seven days using OKT3. In Arms |, Il
and Il different cytokine cocktails were
applied. x represents fold amplification
of UCB-CD8" T cells in 7 days.

Naive T cells attained a maximum differentiation towards the effector memory phenotype (CD8"
Tewm: CD45RA™ CD45RO™" CCR7"™) with cytokine cocktails containing IL-12, IL-7 and IL-15. It
was observed that, in general, the frequency of CD4/CD8 double-positive T cells, Tregs and NK

cells decreased with all cytokine cocktails. However, the frequency of CD4/CD8 double-positive

T cells increased in the presence of cytokines IL-12, IL-7 and IL-15 (Table 5.4.1.4).
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Table 5.4.1.4: The use of distinct

CD8 subsets Markers Ex-vivo | Arm 1| | Arm Il | Arm Ill cytokine cocktails impacts on the
CCR7 o180 86510 | =008 | 8508 differentiation of UCB-CD8" T cells.

cD27 96.72 99.64 9929 | 9842 T cells expanded in vitro with different

Naive T cells CD45RA 97.68 96.48 9591 | 74.96 cytokine cocktails (see Arm I-lll in Figure

CD45RO 25.03 7218 7482 | 86.26 5.4.1.3) were stained with antibodies directed

ch&zL 90.87 73.54 7008 | 8855 against cell surface molecules defining naive,

Double positive cells | CD4+/CD8+ 4.68 278 1.86 8.22 effector and memory T cells, double positive T

Tregs CD4+/CD25+ | 026 010 012 | o cells, Tregs and NK cells. After staining,

CDa+/CD127- 0.82 157 0.04 0.08 washing and fixation (see Method section

NK cells CD8+/CDIE+ 292 0.3 0.04 0.08 4.6); T cells were measured with flow

CD16+/CDB6+ | 317 0.05 0.02 0.03 s

cytometry and gated for the expression of the
corresponding cell surface molecules.

5.4.2 Stimulation with IVT-mRNA-encoding FLT3-ITDs

In total, eight UCB donations were analyzed for T-cell responses against the FLT3-ITDs derived
from patients JC, VE, IN, QQ and FL either in consideration or irrespective of their HLA |
haplotype (Table 5.4.1.1). Autologous T-cell responses in patients against these FLT3-ITDs had
been restricted via HLA-A*01:01, -B*27:05, -A*32:01, -A*11:01 and -A*01:01, respectively
(Table 5.3.1.1). Seven UCB donations were analyzed for anti-FLT3-ITD responses by
stimulating CD8" T cells with FLT3-ITD mRNA under quasi-limiting dilution conditions as

described in Method section 4.9.2, and schematically explained in Figure 5.4.2.1.

reactivity test

[MACSSorting | [Transfection]|  [Stimulation | FLT3-ITD

APCs:
CD8UCBMCs
Or FastDCs

ayl12

IFN-y
ELispot
Assay

UCBMCs

In Vitro Stimulation

10° CD8" cells . 2

10° CD3 UCBMCs fatacia it a Ja e
% CD8 *cells + Human Serum Targets: CD8 UCBMCs

+1L-12, IL-7 and I1L-15 or FastDCs

+/-Ag IVT-mRNA

Figure 5.4.2.1: In vitro stimulation of UCB-CD8" T cells with FLT3-ITD-encoding IVT-mRNA.

On d0 1.0x10° CD8" T cells isolated with microbeads were seeded per well on a 96-well-U-bottom plate in 100 ul
AIM-V/10% HS + 1 ng/ml IL-12, 5 ng/ml IL-7, and 5 ng/ml IL-15. These cells were stimulated with irradiated
autologous CD8 UCBMCs or FastDCs ftransfected with IVT-mRNA-encoding FLT3-ITD at a 10:1 ratio
(effector:target). For each FLT3-ITD, 12 microcultures were initiated. On d7, responder lymphocytes were
restimulated under similar conditions except that IL-12 was replaced by IL-2 (100 IU/ml). On d12, responder cells
(2.0x104/well) were tested in a 20-hour IFN-y ELISPOT assay for recognition of autologous CD8 UCBMCs
(4.0x104/well) or FastDCs (5.0x‘|03/well) expressing the respective stimulatory FLT3-ITD. Stimulations with pp65 IVT-
mRNA and mock IVT-mRNA were performed in parallel depending on the availability of UCB cells.
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Five UCB donations were analyzed for anti-FLT3-ITD responses using autologous CD8 UCB
mononuclear cells (UCBMCs) as antigen-presenting cells as detailed in Figure 5.4.2.1. In four
UCB donations (MZUCB #1, #2, #3 and #4) anti-FLT3-ITD responses were observed against all
four FLT3-ITDs (VE, IN, QQ and FL) used for stimulation (Figure 5.4.2.2a and b), whereas no
reactivity was observed in MZUCB #5 stimulated against the FLT3-ITDs of patients QQ and FL.
Anti-pp65/CMV responses were observed in 2 out of 5 UCB donations (MZUCB #1 and #2)
(Figure 5.4.2.3).

MZUCB #1 MZUCB #2
d12, responder Responders alone Responders + Respondears + d12, responder Responders alone R ! Responders +
T cellsagainst coe UCEMCs CD& UCBMSs + T cells against D& UCBMCs €08 UCBMCs +
FLT3-TD-INT-RMA FLTTO-INT-RNA
5 1 'l VE 1 100 - VE
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B et \ | A v D LM@ I
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=T T T IN o0 1 T N
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Figure 5.4.2.2a: In vitro stimulation of MZUCB #1- and MZUCB #2-CD8" T cells against FLT3-ITDs
of patients VE, IN, QQ and FL.

UCB-derived CD8" T cells were stimulated twice with autologous CD8 UCBMCs transfected with IVT-mRNA-
encoding VE_, IN_, QQ_ or FL_FLT3-ITD, respectively, and responders (2.Ox104/well) were analyzed for anti-FLT3-
ITD reactivity on d12 (Figure 5.4.2.1). Targets were CD8 UCBMCs (4.0x10%well) electroporated with IVT-mRNA-
encoding the respective stimulatory FLT3-ITD. A response was defined as “positive” when the number of IFN-y spots
against an FLT3-ITD was at least 2-fold higher than the baseline recognition (targets alone). Microcultures shown in

cones were selected for further studies.
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(see figure legend on page 87)
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MZUCB #4
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. 5 C[CRc
J "
4
IN_FLT34TD ' , 3 »
) 55"
£ = t; v l:l 5
QQ_FLT3-ITD 3
- - D *l aa
RelE
> [
FL_FLT3-ITD . =~ - =
' ' El "

Figure 5.4.2.2b: In vitro stimulation of MZUCB #3- and MZUCB #4-CD8" T cells against FLT3-ITDs
of patients VE, IN, QQ and FL.

Stimulations and analysis of CD8" T cells stimulated with autologous CD8 UCBMCs transfected with IVT-mRNA-
encoding VE_, IN_, QQ_ or FL_FLT3-ITD, respectively. Targets were CD8 UCBMCs (4.0x104lwell) electroporated
with IVT-mRNA-encoding the respective stimulatory FLT3-ITD. A response was defined as “positive” when the
number of IFN-y spots against an FLT3-ITD was at least 2-fold higher than the background response (targets + wt-

FLT3). Microcultures shown in cones or in blue boxes were selected for further studies.
MZUCB#1 MZUCB#2
IFN-y spots/ 2.0x10* T cells IFN-y spotsf 2.0x10* T cells
0 50 100 150 0 50 100 150
B IVS_ pp65-IVT-RNA B IVS _ pp6aIWT-RNA
Teellsonly [1IVS _No Antigen [ VS _No Antigen
OEx - Vive CD8* cells JEx- Vivo CD8* cells

Tcells + CD8 PBMCs ﬂ!
Tcells + CD8" PBMCs + pp6s ?a ?
Tcells + CD8 PBMCs + IN_FLT3-ITD ! ?

Figure 5.4.2.3: In vitro stimulation of MZUCB #1- and MZUCB #2-CD8" T cells against HCMV pp65.
Stimulations were performed as described in Figure 5.4.2.1. On d12, responders (2.0x104/well) were tested in a 20-
hour IFN-y ELISPOT assays for the recognition of autologous CD8 UCBMCs (4.0x104/well) expressing pp65 antigen
after electroporation with IVT-mRNA. The bars represent the means of duplicates +SD.

Two UCB donations were analyzed for anti-FLT3-ITD responses using autologous FastDCs
transfected with FLT3-ITD IVT-mRNA, using the TransMessenger™ method as described in
Method section 4.8 and section 4.10. HLA-A*01:01-positive donor MZUCB #15, was tested for
reactivity against the FLT3-ITD of patient JC known to be immunogenic in the autologous
system and restricted by HLA-A*01:01 (Graf et al., 2007). CD8" T cells were stimulated under
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two different culture conditions, i.e. ARM | (IL-2, IL-7 and IL-15) and ARM II (IL-12, IL-7 and IL-
15) (see Figure 5.4.1.3). On d12 of stimulation, anti-FLT3-ITD responses were observed with
both stimulation conditions (Figure 5.4.2.4). It was noticed that the ARM Il cytokine cocktail had
a better ability to prime FLT3-ITD-specific T cells than the ARM | cytokine cocktail. Remarkably,
the responders in JC_FLT3-ITD-reactive microcultures could also recognize autologous
FastDCs loaded with the previously identified HLA-A*01:01-restricted 9-mer peptide
YVDFREYEYY (YVD/A1, see Graf et al.,, 2007) (Figure 5.4.2.4). In donor MZUCB #23 no
response was observed against the FLT3-ITD of patient QQ. The UCB lymphocytes were not

analyzed in parallel for their reactivity against pp65/CMV due to limited cell material.

Responders Responders Responders Responders Responders
alone +FastDCs + FastDCs + FastDCs + FastDCs
+JC_WIFLT3 +JC_FLT3-TD + YVD/A*01:01
(IVT-RNA) (IVT-RNA) (9-mer peptide)

R,
, i‘gﬂ;ﬂ@%ﬂfﬁ

ARMA
Stimulation

ARM-Il
Stimulation

IFN-y spotsi2x104 cells

Figure 5.4.2.4: UCB-derived CD8" T cells recognize the FLT3-ITD of patient JC with an identical
peptide specificity.

CD8" T cells from UCB of donor MZUCB #15 were stimulated with autologous FastDCs expressing FLT3-ITDgiengtn
of patient JC. For cytokine cocktails used in Arms | and Il see Figure 5.4.1.3. On d12, responder T cells
(2.0x104/well) were tested in a 20-hour IFN-y ELISPOT assay for the recognition of FastDCs (5.0x103/well) either
transfected with IVT-mRNA-encoding wt-FLT3 or FLT3-ITD or loaded the peptide YVD/A1 (10 pg/ml). Responses
were defined as “positive” when the number of IFN-y spots against FLT3-ITD was at least 2-fold higher than the
background (FastDCs + wt-FLT3). Microcultures shown in are the FLT3-ITD-reactive microcultures. The cones
represent single values.

The frequencies of FLT3-ITD-reactive T cells in the original UCB samples were calculated as
described in Result section 5.3.1. They were estimated to be in the range of 3.6x10° to 1.8x10"
°, which is nearly 15-fold higher than the frequencies observed in adult healthy buffy coat
donors (2.83x107 to 1.25x10°, see Result section 5.3). ITD-reactive microcultures (marked in

) were frozen from each of the donors for further studies.

5.4.3 Analysis of HLA restriction
HLA | genotyping (see Method section 4.17- 4.20) was performed on UCB donations, from
which anti-FLT3-ITD T cells had been generated (see Result section 5.4.2). Four-digit typing

results are shown in Table 5.4.1.1. In a first attempt, ITD-reactive individual microcultures (see
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Figure 5.4.2.2a and b) generated from MZUCB #1 and #4, for which no CD8 UCBMCs were
still available for further restimulation and expansion, were thawn and directly tested after an
overnight resting phase (schematically shown in Figure 5.4.3.1a). In a second attempt, ITD-
reactive individual microcultures generated from MZUCB #2, #3 (see Figure 5.4.2.2a and b)
and MZUCB #5 (not shown), were thawn and further restimulated one more time with CD8
UCBMCs still available as stimulators. Restimulation was performed as before (see Method
section 4.9.2 and Figure 5.4.2.1) and responders were tested on d19 (schematically
summarized in Figure 5.4.3.1b). In both attempts responder T cells were tested for the
recognition of 293T or COS-7 cells co-transfected with all of the HLA | alleles of the respective
UCB donation and the stimulatory FLT3-ITD.

a- Without stimulation

TestforHLA

restriction

& 293 T cells

+HLAI alleles (Donors')
+[ - FLT3-ITD antigen

¥
IFN-y
Thaw FLT3-ITD ELIspot
reactive T cells — Assay
(Frozen before)
b- After stimulation
[ Electroporation | | Restimulation | TestforHLA
| ' restriction
FLT3-ITD — .
Day 14 ‘Day 19
(%L IVT-mRNA L : H
& 293 T cells
- +HLAI alleles {Donars')
D8 UCBMCs +1 - FLT3TD antigen
¥
IFN-7
Thaw FLT3-ITD ELIspot
reactive T cells —_—> Assay
[Frozen before)

Figure 5.4.3.1: FLT3-ITD-reactive microcultures were tested for their HLA restriction either (a)
without further stimulation or (b) after additional stimulation.

Depending on the availability of CD8 UBMCs, d14 frozen FLT3-ITD-reactive microcultures were thawn and tested on
d15 after an overnight resting phase in T-cell medium (AIM-V with 10% HS with a cytokine cocktail containing IL-2,
IL-7 and IL-15; concentrations detailed in Figure 5.4.2.1) (a) or on d19 after one further round of stimulation
(stimulation conditions as detailed in Figure 5.4.2.1) (b) for the recognition of 293T or COS-7 cells co-transfected
with all HLA | alleles of the respective UCB donation and with plasmids-encoding wt-FLT3 or the respective
stimulatory FLT3-ITD.

The HLA | restriction of FLT3-ITD-specific responses was clearly determined in four UCB
donations (MZUCB #2, MZUCB #3, MZUCB #4 and MZUCB #5), whereas, for MZUCB #1
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responders, no restricting HLA | allele could be identified. The restricting alleles are listed in
Table 5.4.3.1. Aside from the observation that, from single donations, CD8" T cells directed
against different FLT3-ITDs were expanded, it was also seen that in some instances the
recognition of single FLT3-ITDs was restricted by different HLA | alleles (Figure 5.4.3.2). The
restricting HLA | molecules were different from those observed in the autologous patient-derived
systems (see Table 5.3.1.1). Only in MZUCB #15 a T-cell response against the same
peptide/HLA complex as in the original patient model was found (see Figure 5.4.2.4 for
JC _FLT3-ITD), which was proved in HLA-restriction test that JC_FLT3-ITD derived epitopes

were endogenously processed and presented to T-cell via HLA-A*01:01 (Figure 5.4.3.3).

MZUCB #2 IFN-y spots/1.35x10% cells IFN-y spots{1.35x10% cells
0 125 250 375 500 0 125 250 375 500
T cells + 293T/-C*08:02 + E 1C1 against T cells + 293T/-C*08:02 + E 1F4 against
0z VE_FLT3-ITD 0 FL_FLT3-TD
T cells + 293T/-B*13:02+ E Tcells + 293T/-B*13:02 + E
O g
N | . |}
T cells + 293T/-A*03:01 +| [ T cells + 293TI-A'03:01 +| [
] O
| | - | ]
T cells + 293T/-A"02:01 +|[0 T cells + 293T/A02:01 + a
0 ]
W VE_FLT3TD N FL_FLT3TD
Tcells + 293 T cells+ O WI-FLT3 Teells +293 T cells+ 0 WI-FLT3
T cells only [ Mo antigen Teells only O Mo antigen
MZUCB #3 MZUCB #4
100 75
W VE_FLT3TD 1C8 against VE_FLT34TD o M FL_FLT3-TD 1E12 against FL_FLT3.TD
75 JEWTRLT) T o O WI-FLT3
O Mo antigen | s O Mo antigen
50 i x
Juli | el el el el
£ o
100 - 203T/ 2037/ 203T/ 2037/ 203T/
E :,T,;,FFLLT%”D 1C11 against IN_FLT34TD Teells  po2i01  A'26:01  B4402  BMOM  C'05:01
729 O Mo antigen
50 T T
MZUCB #5
35
500
0 2 W Q0_FLTTD 1B3 against QQ_FLT3-ITD
2|0 § 400 [ WI-FLT3
o W FL_FLT3TD 1F10 against FL_FLT3-ITD = T i
S| 75 JOwrFLT % | 300
E O Mo antigen E 1
| = - 2 | 200
2 I { I &
i z
gl o N ﬂ ﬁﬂ W ﬂ‘ Ll o
Teells +293T  +293T/ +203T/ +203T/ +203T( +293T/ Tcells +COS7 +COS-7I  +COS-7I  +COS-7  +COS-7/
Cells  A02:01 A*18:01 B*51:01 c'07:02 c*15:01 A03:01 B*13:02 C'08:01  C*14:02

Figure 5.4.3.2: HLA restriction of FLT3-ITD-reactive microcultures generated from different UCB
donations.

ITD-reactive microculture T cells from MZUCB #4 (1 .5x104/well) were tested on d15 or microcultures from MZUCB #2
(1.35x104/well), MZUCB #3 and #5 (1.5x104/well) were tested on d19 in a 20-hour IFN-y ELISPOT assay for the
recognition of either 293T cells or COS-7 cells co-transfected with donors’ individual HLA | alleles and the respective
stimulatory FLT3-1TDgxon 13-16 CDNA. As a control transfectants expressing wt-FLT3gxon 13-16 Were included. Shown are
means of duplicates +SD. Reactivities with certain HLA transfectants were considered positive, when the number of
IFN-y spots against FLT3-ITD was higher than the mean background plus two-fold standard deviations. Restricting
HLA | alleles defined on this basis are listed in Table 5.4.3.1).
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Responders Responders Responders Figure 5.4.3.3: Response
+293 T cells +293T cells +293 T cells R .
+ HLA-A*01:01 + HLA-A"01:01 + HLA-A'01:01 against JC_FLT3-ITD in
+JC_WHFLTS +JC FLT3-TD MZUCB #15 was restricted
S — via HLA-A*01:01.
T 1| P d12 responder T cells
50 J T T ) (2.0x104‘/well) (see also Figure
ARM-I \ T + ﬂ@““ 5.4.2.4) were tested in a 20-hour
Stimulation 37 P
A | S IFN-y ELISPOT for th
|, S dr s "Z AAGE 7 ToE assay for fne
N i =L o3/ recognition ~ of  293T  cells
expressing HLA-A*01:01
o o o o (2.0x10%/well) and transfected with
Slwo— T plasmids-encoding wt-FLT3  or
Ey — .
| 75 { . - P JC_FLT3-ITD. Shown are the
ARM-I o o S ' .
Stimulation = | 50 1 o _| P results of both arms of stimulation.
g . )
@ L LA Responses were defined as
2| %ﬁ A A O-0)
£l ¢ L@'{% 3}&5{/}’ J;__%@_g éx/ “positive” when the number of IFN-
T o y spots against FLT3-ITD was at
least 2-fold higher than the
background (Wt-FLT3).
Microcultures shown in are
the FLT3-ITD-reactive
microcultures. The cones represent
single values.
Umbilical FLT34TDs
CordBlood | g IN Qa FL Jc
MZUCB # 1 - - - - *
MZUCB # 2 A*03:01 - - A*02:01 *
A*18:01 A*02:01,A*18:01
MZUCB #3 B*51:01  A*02:01 - B*51:01, C*07:02 *
C*15:01 C*15:01
MZUCB #4 - - - A*26:01, B*44:02 *
A*03:01
MZUCB #5 " 3 B*13:02 - *
Cc*06:01
MZUCB # 15 * * " * A*01:01
MZUCB # 23 * & - * *

- not detected

+ not analyzed

Table 5.4.3.1: Summary of HLA | alleles restricting anti-FLT3-ITD responses by CD8" T cells
derived from UCB donations (see original data in Figures 5.4.3.2 and 5.4.2.5).

5.4.4

cells
In MZUCB #2, FLT3-ITD-specific CD8" T cell responses were observed against ITDs derived
from FL and VE. Restricting HLA | alleles were HLA-A*02:01 for FL_FLT3-ITD and -A*03:01 for
VE_FLT3-ITD (Figure 5.4.3.2). Using available peptide algorithms BMAS (Parker et al., 1994),
SYFPEITHI (Rammensee et al., 1999) and NetMHC 3.2 (Lundegard et al., 2008a and 2008b), a
10-mer peptide for FL_FLT3-ITD/HLA-A*02:01 and 9-mer peptide for VE_FLT3-ITD/HLA-

Identification of an FLT3-ITD-derived peptide antigen recognized by CD8* UCB T

91



Results

A*03:01 were selected on the basis of high combined prediction scores and synthesized for
recognition assays (Figure 5.4.4.1). FL_FLT3-ITD-specific microculture MZUCB #2/1H4
responders and VE_FLT3-ITD-specific microculture MZUCB #2/1A1 responders (see
microcultures shown in in Figure 5.4.2.2a) were tested for recognition of the FL_FLT3-
ITD-derived peptide YESDNEYFYV (designated as YES/A2) and the VE_FLT3-ITD-derived
peptide YVDFREYER (designated as YVD/A3) on 293T cells transfected with HLA-A*02:01 or
HLA-A*03:01, respectively. YES/A2 was recognized by FL_FLT3-ITD-reactive T cells (Figure
5.4.4.2), while T cells against VE_FLT3-ITD did not react with YVD/A3 (Figure 5.4.4.3).

FL_FLT3-ITD vQWTGSSDNEYFYVDFREYESDMEYFYVDFREYEY DLKWEF

. . Score (rank)
Length Predicted peptide for HLA-A*02:01

EMAS SYFPEITHI | NetMHC 3.2
10-mer YESDNEYFYV 1220.475 13 0.480
10-rner REYESDMNEYF 0.051 3 0.054
8-mer ESDNEYFYY 0 B&2 7 0.158
8-mer YESDNEYFY 0.150 4 0.068

VE_FLT3-ITD vQWTGSSDNEYFYVDFREYERASDNEYFYVDFREYEY DLKWEF

. . Score (rank)
Length Predicted peptide for HLA-A*03:01

BrAS SYFPEITHI MethdHC 3.2
10-mer YWDFREYERA 0.020 10 0.055
10-rner FYYDFREYER 0.018 g 0.75
9-mer YVDFREYER 1.200 16 0.100
8-rner YERASDMNEY 0.012 1 0.074

Figure 5.4.4.1: Prediction of HLA | binding peptides encoded by the FLT3-ITDs from AML patients
FL and VE (see Table 5.3.1.1).

Peptides encoded by the ITD regions of FL_FLT3-ITD and VE_FLT3-ITD (predicted duplicated amino acid sequence
in red and green) binding to HLA-A*02:01 and HLA-A*03:01 were predicted with the indicated public domain
algorithms combining prediction for proteosomal processing, transporter associated with antigen processing (TAP),
and binding affinity to one of both HLA alleles. The 10-mer FL peptide YESDNEYFYV and the 9-mer VE peptide
YVDFREYER reached the highest scores with all algorithms and were, therefore, selected for further testing.

IFN-y spotsi1.5x10* CD8* T cells . . L.
0 50 100 150 200 250 Figure 5.4.4.2: Recognition assay for the

i FL_FLT3-ITD-derived peptide

Teells + 203 TiA'02:01 | [ O0.1 g/ ml YESDNEYFYV predicted to bind to HLA-
*+FL_FLTS-TD 01 g/ ml A*02:01 (see Figure 5.4.4.1).

. ]‘ B10pg/m d14 microculture 1H4, generated from MZUCB

I"\:’S‘I?.SE;N?‘?FTY% 02:01 #2 against FL_FLT3-ITD, was thawn and kept

overnight in AIM-V+10%HS with IL-2 (20 U/ml)

and IL-7 (5 ng/ml). T cells (1.5x10%well) were

T cells + 293 TIA*02:01 ] tested in a 20-hour IFN-y ELISPOT assay for the

recogniton of 293T/A*02:01  (2.0x10%well)

Tcells+ 203 T cells + transfectants loaded with peptide YESDNEYFYV

IVS_MZUCB #2/1H4 (YES/A2) (at indicated  concentrations).

T cells only agailnst FLI_FLT3I'|TD 293T/A*02:01 cells co-transfected with a plasmid-

f f f encoding FL_FLT3-ITD served as a positive
control. The bars represent the means of
duplicates +SD.

92



Results

IFN-y spotsi1.5x10* CD8* T cells Figure 5.4.4.3: Recognition assay for the

0] 50 100 150 200 250 VE_FLT3-ITD-derived peptide

. 03 : YVDFREYER predicted to bind to HLA-

If:E"_SFLng_?TTSA ool | - S?';;,gr’mm' A*03:01 (see Figure 5.4.4.1).

} W10 g mi d14 microculture 1A1, generated from MZUCB #2

T cells + 293 TIA*03:01 against VE_FLT3-ITD, was thawn and kept

+YVDFREYER E‘ overnight in AIM-V+10%HS with IL-2 (20 U/ml)

and IL-7 (5 ng/ml). T cells (1.5x104/well) were

. tested in a 20-hour IFN-y ELISPOT assay for the

Tcells + 203 TIA'03:01 | [} recognition  of 293T/A*03:01  (2.0x10%well)

transfectants loaded with peptide YVDFREYER

Tcells+293 T cells + (YVD/A3) (at indicated  concentrations).
IVS_MZUCB #2[1A1 “na. . .

againstVE_FLT34TD 293T/A*03:01 cells co-transfected with a plasmid-

T cells only | | | encoding VE_FLT3-ITD served as a positive

control. The bars represent the means of
duplicates +SD.

To validate the antigenic capability of YES/A2 peptide derived from FL_FLT3-ITD. Mixed
Lymphocyte Peptide Culture (MLPC) was performed with lymphocytes from another HLA-
A*02:01-positive UCB donation referred to as MZUCB #12. CD8" T cells isolated with
microbeads were stimulated with YES/A2 loaded on autologous FastDCs as described in

Method section 4.14 and schematically explained in Figure 5.4.4.4.

[Day37|  Day42] [Day 52

e stim. IVth stim.
Stimulation condition:
Egzctors: CI:tJel+ cells f;ursrj[DMéZUCB #12 IFM-y IFN-y
s: autologous Fa S
Feeder: non-adherent cells from MZUCE #12 ELISpot ELISpot
Peptide:  FLpeptide YESIA2 Assay Assay

Cytokines: wvary indifferent stimulation

Figure 5.4.4.4: Schematic experimental setup for the in vitro stimulation of UCB-CD8" T cells with
peptide YES/A2.

CD8" T cells from the HLA-A*02:01-positive donation MZUCB #12 were stimulated with YES/A2 peptide (at a
concentration of 5 pg/ml) loaded on FastDCs at a 10:1 ratio (E:T) in @ medium containing 1 ng/ml IL-12, 5 ng/ml -7,
and 5 ng/ml IL-15 (see Method section 4.14). Restimulation of responding T cells was performed in 2-weeks
intervals in a similar condition except IL-12 was replaced by 100 IU/ml IL-2. Responder T cells were tested on d37
and d52 in a 20-hour IFN-y ELISPOT assay.

On d37, T cells stimulated with YES/A2 were able to recognize HLA-A*02:01-transfected 293T
cells, either loaded with YES/A2, or co-transfected with FL_FLT3-ITD-encoding plasmid DNA.
Recognition of peptide-loaded targets was completely abrogated by an antibody against HLA-
A2 (Figure 5.4.4.5A). Two selected in vitro stimulation microcultures (IVS #1 and IVS #3) were
further restimulated with YES/A2 on d42 under identical culture conditions and tested on d52.
Recognition of both the synthetic peptide and of transfectants endogenously expressing the
natural peptide was confirmed. In addition, it was demonstrated that the T cells stimulated with
YES/A2 recognized targets transfected with either full-length FL_FLT3-ITD cDNA or the
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FL_FLT3-ITDgon 1316 fragment equally well (Figure 5.4.4.5B). Figure 5.4.4.5C demonstrates
that YES/A2-specific UCB-CD8" T cells were specific for the ITD of patient FL and did not react
with ITDs from patients VE, IN and QQ.

VS #1 VS #3
T cells only L
Tcells + 293 T cells . :
p——g /| N N—t
T cells + 293 T/-A*02:01
e N e N
T cells + 293 T/-A*02:01 + Wt-FLT 3k xon13.16
T cells + 293 T/-A*02:01 + YESIA2 2 S
T cells + 293 T/-A*02:01 + FL_FLT34TDexon13.15 f . '
T cells + 293 TI-A*02:01 + YESIA2 ) B :
+ PA 2.1 (anti-HLA —A*02:01) W W &,
IVS #1 IVS #3
TN — o e
T cells only
___’j') Nt N/ _‘_.//
T cells + 293 T cells [ ' ] :
T cells + 293 T/-A*02:01 { (
T cells + 293 T/-A*02:01 + Wt-FLT 3¢,0n12.46 WA\ A 7 BNG
LT 2 .‘\. .'/PI-“-‘\.] = 5’
T cells + 293 T/-A*02:01 + YESIA2 < \‘_/ ) -\:__/
T cells + 293 T/-A"02:01 + FL_FLT3-TDgxon13.16 'L_//, - \_{, Y & /
T cells + 293 TI-A*02:01 + Wt-FLT3 futiengtn ) & '-«_/
T cells + 293 T/-A*02:01 + FL_FLT3-TD funtengtn | | < \_.-j
VS #1 VS #3
T cells + 203 TI-A*02:01 + Wt-FLT 3exon13.16 WA
T cells + 293 TI-A*02:01 + FL_FLT3-IT Dexon 13.16 _;-_//' ] & Na A\
T cells + 293 TI-A*02:01 + IN_FLT3-ITDgyon13-16 i \.
T cells + 293 TI-A*02:01 + VE_FLT3-IT Dexon 13.16 A& I
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Figure 5.4.4.5: Generation of
FL_FLT3-ITD-reactive T cells from
MZUCB #12 by stimulation with the
FL-peptide YES/A2.

CD8" T cells from MZUCB #12 (HLA-
A*02:01-positive) were stimulated with the
peptide YES/A2 as scheduled in Figure
5444. (A) On d37, responders
(2.0x10%/well) were tested in a 20-hour
IFN-y ELISPOT assay for the recognition
of 293T/A*02:01 transfectants
(2.0x10%well) exogenously loaded with
YES/A2 (10 pg/ml), or co-transfected with
plasmids-encoding FL_FLT3-ITDgxon 13-16
or Wt-FLT3gwn 13-16. The recognition of
peptide-loaded transfectants was inhibited
with a monoclonal antibody against HLA-
A*02:01 (PA2.1). (B) On d52, responders
(2.0x10%/well) were tested again in a 20-
hour IFN-y ELISPOT assay for the
recognition of 293T/A*02:01 transfectants
(2.Ox104/well) expressing FL_FLT3-
ITDExon 13-16 aS well FL_FLT3-|TDfu|| length-
Controls were 293T/A*02:01 transfectants
loaded with YES/A2 (10 pg/ml) or co-
transfected with Wt-FLT3gxon 13-16 as well
as Wt-FLT3fu||_|ength cDNA. (C) On d52,
responders (2.0x10%/well) were also tested
for the recognition of 293T/A*02:01
transfectants  (2.0x10%/well) expressing
FLT3-ITDexon 13-16 fragments derived from
patients IN, VE and QQ. Controls were
293T/A*02:01 transfectants expressing wt-
FLT3Exon 13-16 and FL_FLT3—|TDExon 13-16-
IVS#1 and IVS #3 are in vitro stimulation
microculture #1 and microculture #3.
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6. Discussion

Acute Myeloid Leukemia is one of the deadlier versions of leukemia, which is notoriously difficult
and painful to treat. Cytotoxic chemotherapy and allo-HSCT are practically only two modalities
to treat and cure AML. Except for patients with favorable karyotypes, chemotherapy has
inevitable limitations of effectiveness due to chemo-resistance in a significant proportion of AML
patients. Allo-HSCT is inherently accompanied by a variety of life-threatening complications
related to GVHD, which limits candidates to younger and fitter patients. Given such situations, it
is necessary to develop novel therapies (e.g. immunotherapy) that are in particular applicable to
high-risk AML subtypes and can complement established treatments in a favourable way.
Although our knowledge of the role of the immune system in the control of AML is still evolving,
it is well established that AML cells, like many other cancer cells, display antigens that can
trigger anti-leukemia immune responses (Anguille et al., 2011a and 2011b). The GVL effect of
allo-HSCT has shown that the immune system has an exquisite ability to specifically eradicate
the leukemic cells that express particular antigens. This specificity is the heart of
immunotherapy that at its best eliminates tumor cells without damaging normal cells. The
identification of a series of promising AML-specific or -associated target antigens (Greiner et al.,
2008; Kadowaki and Kitawaki, 2011; Anguille et al., 2012), and recent advances in other areas
of immunology research, such as T-cell regulation including checkpoint blockade, immune
barrier research and adoptive T-cell therapy (Gattinoni et al., 2012), may enable antigen-specific
immunotherapy to be established as a viable choice of therapy for AML. Evidently, the
immunotherapeutic utility of any tumor antigen ultimately depends on its capacity to confer
clinical benefit (Cheever et al., 2009). Although phase lll trial evidence is not yet available,
several leukemia antigens have already demonstrated their potential clinical value in early-
phase trials of active specific immunotherapy for AML (Anguille et al., 2012) even in older and
refractory patients (Greiner et al., 2006; Guinn et al., 2007). Over the past years, an increasing
number of AML antigens have been implicated in the GVL effect associated with allo-HSCT or
DLI, indicating their therapeutic relevance in the context of passive immunotherapy (Smits et al.,
2009).

It is well known, that T cells are most important effectors of cellular cancer immunity, and carry
long lasting memory. Therefore, recent cancer research has focused on the development and
improvement of T-cell based immunotherapies (Barrett and Le Blanc, 2010; Smits et al., 2011).
The success of any antigen-specific immunotherapeutic strategy may critically depend on the
choice of an “ideal” target antigen. In this context truly leukemia-specific mutated antigens are
considered to be highly relevant targets for immunotherapeutic interventions (see Chapter 1.2).

As an example, internal tandem duplications (ITD) of the FLT3 gene represent one example of
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a driving and immunogenic occurring in approximately 25% of AMLs (Choi et al., 2005; Gilliland
and Giriffin, 2002a). The allelic ratio of wt-FLT3 to FLT3-ITD in AML cells has been found to
vary, but most commonly the mutant is present in a heterozygous form (Kottaridis et al., 2001;
Whitman et al., 2001; Thiede et al., 2002). It has been shown that in FLT3-ITD" AMLs, FLT3-
ITDs are in general already present in the leukemic stem cells (Levis et al., 2005). Scholl and
colleagues have demonstrated the potency of FLT3-ITD-encoded peptides and related
mimotopes to bind to HLA class | alleles (Scholl et al.,, 2006). The immunogenicity of an
individual FLT3-ITD has been demonstrated for the first time by C. Graf et al., (2007). Beyond
that, individual FLT3-ITDs from five more AML patients were found to be immunogenic (C. Graf,
personal communication, for ITDs from patients IN, VE, El and QQ). Due to limited cell
material from AML patients, it was difficult to perform more detailed analyses on ITD-reactive T
cells. Therefore the main aim of the this work was to explore allogeneic lymphocyte sources, i.e.
buffy coats from health donors and umbilical cord blood donations for the presence of ITD-
reactive T cells, to generate from them stable T cell populations and clones and to analyze their
fine specificity. The FLT3-ITDs used herein, were cloned by C. Graf and C. Wolfel from
leukemic cell samples of patients VE, IN, QQ, FL and JC. They carried duplications of various
lengths ranging from eight to twenty five amino acids (Table 5.3.1.1). All of them had their
initiation site within codons 573-620, known to be the preferential mutation site for FLT3 length
mutations (Thiede et al., 2002). Identical ITDs are rarely detected in leukemic samples of
different patients, which is in line with the rather limited location of FLT3-ITD occurrence (Yokota
et al., 1997; Thiede et al., 2002).

Herein, for the most part of in vitro-stimulations autologous CD8 PBMCs/UCBMCs or
monocytes were used as APCs after electroporation with antigen-encoding IVT-mRNA. CD8
PBMCs/UCBMCs or monocytes instead of DCs were chosen, because the generation of
autologous DCs was generally not feasible due to limited amount of available cell material
especially in the AML patient and in UCB samples. DCs constitute only 0.1-0.5% of human
PBMCs (Cavanagh and Von Andrian, 2002). The suitability of mRNA-electroporated PBMCs for
the in vitro-stimulation of recall T-cell responses has been demonstrated first by Teufel and
colleagues (2005). PBMCs isolated from peripheral blood were proven to be potent in vitro-
stimulators of antigen-specific T lymphocytes (Johnson et al., 2006; Kreiter et al., 2007; Hiura et
al., 2007; Van Camp et al.,, 2010) and can also be used as targets for readout purposes in
immune-monitoring assays (Kreiter et al., 2007; Van Camp et al., 2010). Under certain
electroporation conditions, among PBMC the CD14" monocyte subpopulation is preferentially
transfected upon electroporation with IVT-mRNA (Table 5.3.1.2) (personal communication C.
Graf), which is highly desirable due to the superior T-cell stimulatory capacity attributed to

monocytes (Ponsaerts et al., 2002; Milano et al., 2007).
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The decision to use IVT-mRNA as an antigen format instead of peptides was based on the fact
that the use of full-length mRNA allows to cover all epitopes of a given protein. The use of
mRNA not only circumvented the need to predict and synthesize peptides, but guaranteed that
stimulatory peptides were endogenously processed. CD8" T cells against pp65, directly tested
ex vivo or stimulated in vitro prior to testing, were detected with similar efficiency, with CD8
PBMCs either electroporated with pp65 IVT-mRNA or loaded with pp65/A*02 peptide
(NLVPMVATV) (Figure 5.1.2.2). This observation confirmed the findings of Britten et al., (2004),
who have shown that electroporation of IVT-mRNA equals peptide-loading in its ability to detect
even rare antigen-experienced T cells. An additional benefit of IVT-mRNA electroporation is that
it can be relatively easily performed under good clinical practice conditions because the
expression of MRNA is only transient and bears no risk for insertional mutagenesis (Ponsaerts
et al., 2003).

It is currently well accepted that the frequency of T cells specific for single MHC/peptide
complexes in antigen-primed/unprimed circulating lymphocyte populations can be lower than 1
in 10° lymphocytes. E.g. for MAGE-encoded antigens this frequency appeared to be around
4.0x107 of CD8" T cells (Chaux et al., 1998). Further on, it has also been demonstrated that the
frequency of precursor T cells recognizing LAAs in healthy individuals is highly inconsistent
(Delain et al., 1994; Salomo et al., 1995; Smit et al., 1998; Rezvani et al., 2003 and 2009;
Griffioen et al., 2006; Ho et al., 2006; Brackertz et al., 2011). When already frequencies against
shared tumor antigens, that are expressed on non-malignant tissues to various extent, are
rather low in healthy individuals, it was reasonable to assume that frequencies against
mutations specifically occurring in malignant cells are even lower. Therefore, techniques to
expand and detect T cells against FLT3-ITDs needed to be highly sensitive and allow the
majority of T cells with a given specificity to proliferate. To tackle this, a method had to be set

up, with which large numbers of CD8" T cells can be analyzed for reactivity against FLT3-ITDs.

Conventional approaches for the in vitro-stimulation of leukemia-specific T-cell responses are
traditionally based on the enrichment of leukemia-reactive CTLs in bulk culture before cloning
them by limiting dilution (Bleakley and Riddell, 2004). Herein, in initial experiments it was
attempted to enrich FLT3-ITD-reactive T cells by this procedure, but this proved to be inefficient
(data not shown). After having proven that antigen-specific were efficiently expanded under
microculture conditions on 96-well plates (Figures 5.1.4.1 and 5.1.4.2), LD-like conditions were
chosen to screen for the presence of FLT3-ITD-reactive T cells (see chapter 5.1.4). The major

advantage of this strategy was that it allowed for the estimation of precursor T cell frequencies.

Especially patients in first remission after conventional chemotherapy are prime candidates for

FLT3-ITD-specific immunotherapy aiming at the extinction of minimal residual disease. In theory
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this can be achieved by inducing or strengthening anti-FLT3-ITD-specific T-cell responses via
therapeutic vaccination or by the adoptive transfer of FLT3-ITD-specific T cells. For the latter
approach it would be obvious to apply autologous T cells. The adoptive transfer of autologous
tumor-reactive T cells with defined specificity has been most extensively studied in melanoma it
has been successfully performed in melanoma (see Chapter 1.5 in the Introduction). The
expansion of autologous FLT3-ITD-specific clonal T cells was exercised in detail in patient FL
diagnosed with FLT3-ITD-positive AML, who was in first complete clinical remission and
exhibited rather high frequencies of CD8" T cells against her individual FLT3-ITD (Figure
5.2.2.1 and Table 5.3.1.1).

The data previously obtained by Graf et al., (2007) were supported by the analysis of patient
FL. Anti-FL_FLT3-ITD responses were detected using the limiting dilution-like microculture
stimulation approach both with autologous CD8 PBMCs and with allogeneic HLA class I-
matched FastDCs electroporated with IVT-mRNA encoding FL_FLT3-ITD (Figure 5.2.1.1).
FLT3-ITD-reactivity was observed in several independent stimulations from the patient’'s PBMCs
collected at different time points before and after chemotherapy (Figure 5.2.1.2). These data
document the persistence and detectability of FLT3-ITD-specific T cells in vivo over a period of
at least 12 months. In this patient T cells against FL_FLT3-ITD were even detectable directly ex
vivo without pre-stimulation both in fresh and in frozen CD8" T cells (Figure 5.2.2.1). IFN-y-
secreting FL_FLT3-ITD-reactive T cells were isolated directly from ex vivo CD8" T cells with an
IFN-y secretion assay and cloned by single cell sorting using flow cytometry. The clonal T cells
were stimulated non-specifically with OKT3/IL-2 using a modified rapid expansion protocol
(Dudley et al., 2003). Sixteen growing T-cell clones were able to recognize FL_FLT3-ITD
(Figure 5.2.3.3) and recognition was restricted via HLA-A*01:01 (Figure 5.2.3.4). In addition,
three of the T-cell clones also recognized autologous AML cells of patient FL (Figure 5.2.3.5).
However, it was repeatedly observed that the T-cell clones lost their specificity upon further
stimulation with OKT3/IL-2. Therefore, this stimulation procedure is not considered as a

satisfactory way in establishing stable FLT3-ITD-reactive T cell clones.

Clearly, limited availability of peripheral blood donations and altered proliferation behavior of T
cells in patients requiring rather aggressive chemotherapy set narrow boundaries to all efforts in
generating FLT3-ITD-specific T cells from autologous sources. It might be advantageous to
expand leukemia antigen-specific T cells from ex vivo generated allogeneic T cells that have not
been subjected to immune-editing in vivo (Awong et al., 2011). Recently, it has been shown that
TAA-reactive CTL clones derived from cancer patients, although occurring at higher
frequencies, appeared to exhibit reduced proliferative capacity, a lower intensity of T-cell
receptor expression and weaker lytic capacity as compared to T cells from healthy donors with

the same fine specificity (Karanikas et al., 2010). It may, therefore, be advantageous to choose
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allogeneic sources for the generation of ITD-specific T cells. Healthy donors have not been
subjected to high-dose chemotherapy, are supposed to have a superior thymic function and a
more diversified T-cell repertoire (Hakim et al., 2005), with better proliferation behavior. Donor-
derived lymphocytes have impressively demonstrated that immunotherapy can work in leukemia
(Kolb et al., 1995). However, the precursor frequency of leukemia-reactive CTLs in healthy
individuals is rather low. But, it has been reported that T-cell responses against several LAAs
can be expanded from the peripheral blood of healthy donors. The antigens were PR1
(Scheibenbogen et al., 2002; Rezvani et al., 2003 and 2007), WT1 (Rezvani et al., 2003 and
2007; Weber et al., 2009), PRAME (Griffioen et al., 2006; Rezvani et al., 2009; Quintarelli et al.,
2008), RHAMM (Greiner et al., 2004; Casalegno-Gardu™no et al., 2012), Survivin (Grube et al.,
2007), BCR-ABL (Butt et al.,, 2005) and Cyclin-A1 (Ochsenreither et al., 2012). Herein,
unprimed healthy individuals (either adult buffy coat or umbilical cord blood donations) were
analyzed for reactivity against immunogenic FLT3-ITDs identified in leukemia patients VE, IN,
QQ, FL and JC and restricted in the autologous setting by HLA-B*27:05, -A*32:01, -A*11:01, -
A*01:01 and -A*01:01, respectively (Table 5.3.1.1).

By means of limiting dilution-like microculture stimulation allogeneic CD8" T-cell responses
against FLT3-ITDs could be detected in eight of nineteen healthy buffy coat donors (Table
5.3.1.3 and Figure 5.3.1.4). ITD-reactive T cells could be propagated beyond the initial
detection in four of these eight individuals involving monocytes as antigen-presenting cells. The
frequencies of FLT3-ITD-reactive T cells in the peripheral blood of those donors was estimated
to be in the range of approximately 3 to 12 per 10”7 of CD8" T cells (Table 5.3.2.1). These
frequencies were equivalent to a log-3 to log-4 reduction when compared to frequencies
observed in the peripheral blood of AML patients (Figure 5.2.2.1; Graf et al., unpublished). This
supported the view that the anti-ITD responses found in patients with FLT3-ITD-positive AML
resulted from the interaction of their T-cell system with leukemia cells bearing length mutations
of FLT3-ITD. None of the T-cell microcultures recognized wt-FLT3 which indicated an exquisite
leukemia reactivity of the T cells. Although the estimated frequencies of FLT3-ITD-reactive T
cells are rather low but the CD8" T cells against individual FLT3-ITDs can be detected in
different donors (Figure 5.3.1.4, Figure 5.3.1.5 and Figure 5.3.1.6).

Restricting HLA class | alleles of buffy coat-derived allogeneic T cells against FLT3-ITDs were
identified in two donors. In donor #7926, VE_FLT3-ITD recognition was restricted by HLA-
C*07:02 (Figure 5.3.2.7), while recognition of the same FLT3-ITD had been restricted by HLA-
B*27:05 in the original patient-derived autologous model system (Figure 5.3.1.1). But all efforts
to establish a stable clonal anti-FLT3-ITD T-cell line from allogeneic sources by stimulation with
RNA-transfected APCs and non-specific expansion with OKT3 failed. In donor #1853, IN_FLT3-
ITD recognition was restricted by HLA-B*35:01 (Figure 5.3.2.5 and 5.3.2.6), which also had
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been observed in patient IN (Table 5.3.1.1). By performing C-terminal fragmentation of the
FLT3-ITD cDNA of patient IN, it was possible to identify a 10-mer peptide CPSDNEYFYV
recognized by the allogeneic T cells in association with HLA-B*35:01 (Figures 5.3.4.4 and
5.3.4.5).

It is reported that naive CD45RA-positive CD8" T cells represent a prime source for leukemia-
reactive CTL in unprimed healthy individuals (Distler et al., 2008; Quintarelli et al., 2008;
Bleakley et al., 2010; Albrecht et al., 2011), and that such CTLs target polymorphic mHags and
non-polymorphic LAAs (Quintarelli et al., 2008; Bleakley et al., 2010; Wolfel et al., 2008).
Interestingly, the adoptive transfer of naive T cells was shown to mediate a superior antitumor
immunity as compared to central memory T cells (Hinrichs et al., 2009). Recently, Distler and
colleagues have also suggested that depletion of naive T cells will impair the generation of
donor-derived CD8" CTLs recognizing leukemia cells in the context of shared HLA molecules
(Distler et al., 2011). Umbilical cord blood mononuclear cells (UCBMC) collected from the
umbilical cord and placenta of newborns represent another source of hematopoietic stem cells
in allo-HSCT. It is known that UCB-T cells predominantly exhibit a naive phenotype and their
TCR repertoire is fully diversified (Garderet et al., 1998; Merindol et al., 2010; Merindol et al.,
2011). Naive T cells can be phenotypically distinguished from effector and memory cells by the
expression of distinct cell surface markers, such as CD45RA, CD62L, and CCR7 (Sallusto et
al., 1999). CD62L and the chemokine receptor CCR7 are both involved in homing of naive and
central memory CD8" T cells to secondary lymphoid organs (Weninger et al., 2002). The
superior antitumor immunity mediated by CD62L" CCR7* CD8" T cells in murine adoptive
immunotherapy studies can be attributed to their increased proliferative and migratory abilities,
compared to CD62L" CCR7" effector memory CD8" T cells (Gattinoni et al., 2005). Therefore,
these major differentiation markers (i.e. CD45RA", CD62L", CD27" and CCR7") were used
herein for flow cytometric analysis of UCB-derived CD8" T cells. As shown in five UCB

donations (Table 5.4.1.2) between 85-99% of UCB-CD8" T cells expressed a naive phenotype.

It was analyzed whether human UCB-derived CD8" T cells required a “third signal’ for a
productive response in vitro. As shown in Table 5.4.1.4, naive CD8" T cells attained a maximum
differentiation towards the effector memory phenotype (CD8" Tgy; CD45RA™ CD45RO* CCR7™)
with a cytokine cocktail containing IL-12, IL-7 and IL-15. This is in consistency with McCarron
and Reen, (2010) who has demonstrated that IL-12 is necessary for the differentiation of
activated human neonatal CD8" T cells into effector T cells. Previously, it has been reported that
IL-12-priming during antigenic stimulation dramatically increased the population of effector and
memory CD8" T cells mainly by preventing activation-induced cell death (AICD) (Chang et al.,

2004), suggesting that the development of effector and memory cells could be regulated by
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early IL-12 signalling, which is mediated by down-regulation of CD43 expression (Lee and
Chang, 2010).

Antigen-specific T cells are contained in umbilical cord blood and can be primed and expanded
as shown for T cells against CMV, adenovirus, Epstein Barr virus, influenza virus and HIV-1
(Sun et al., 1999; Marchant et al., 2003; Park et al., 2006; Rastogi et al., 2007; Hanley et al.,
2009). Direct evidence that umbilical cord blood might be used as a source for generating anti-
tumor CTLs is rather limited. Recently, Merindol et al., (2010) showed that Melan-A/A2-specific
CD8" T cells can be detected in UCB. Germenis and Karanikas. (2010) reported on the
generation of CTLs against an HLA-A2-restricted MAGE-A3 peptide from UCBMCs. In addition,
it has been demonstrated that cord blood contains T cells specific for maternal mHag HA-1 and
may contribute to in vivo GvL activity after transplantation (Mommaas et al., 2005). Recently,
Krishnadas and colleagues (2011) described the presence of WT1-specific CD8" T cells in

umbilical cord blood.

Using quasi-limiting dilution conditions, as described in Method sections (4.8 and 4.9.2) and as
schematically summarized in Figure 5.4.2.1, CD8" T-cell responses against distinct FLT3-ITDs
were generated from UCB lymphocytes. Anti-FLT3-ITD responses were observed in five of
seven UCB donors stimulated against the five different FLT3-ITDs using either CD8” UCBMCs
(Figure 5.4.2.2a and b) or FastDCs as antigen-presenting cells (Figure 5.4.2.4). The
frequencies of ITD-reactive T cells were estimated to be in the range of 4 to 18 per 10° CD8* T
cells, which is approximately 15-fold higher than the frequencies observed in healthy individuals
(see Result section 5.3). These data indicate that UCB is superior to buffy coats as a source of
FLT3-ITD-reactive T cells. The UCB-precursor frequencies are considerably lower than the
frequency reported for Melan-A/A2-specific UCB-CD8" T cells, i.e. 400 CTLs per 10° CD8" T
cells (Merindol et al., 2010), but higher than the precursor frequency reported for MAGE-A3/A2
peptide-specific UCB-CD8* T cells, i.e. 2 to 3 CTLs per 10° CD8" T cells (Germenis and
Karanikas, 2010).

HLA |- alleles restricting FLT3-ITD-derived peptides could be identified in four of five UCB
donations with anti-FLT3-ITD reactivity (Table 5.4.3.1). Evidently, in single UCB donations T
cells against different FLT3-ITDs were detectable and the recognition of single FLT3-ITDs by
lymphocytes from the same UCB donation was restricted by different HLA | alleles (Figure
5.4.3.2). At this juncture, as with buffy coat donors, the restricting HLA | molecules were
different from those observed in the original patient-derived systems. In donor MZUCB #2,
FLT3-ITD-specific CD8" T cell responses were observed against two distinct ITDs. Their HLA-
restriction alleles were HLA-A*02:01 for FL_FLT3-ITD and HLA-A*03:01 for VE_FLT3-ITD
(Figure 5.4.3.3). The FL_FLT3-ITD-reactive T cells recognized the 10-mer peptide
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YESDNEYFYV, designated as YES/A2, that was predicted from the putative FL_FLT3-ITD
amino acid sequence with different algorithms (Figure 5.4.4.2). The same procedure, however,
did not lead to the identification of the peptide recognized by HLA-A*03:01-restricted T cells
against VE_FLT3-ITD (Figure 5.4.4.3). The reasons for this are manifold and involve e.g.
insufficient peptide prediction algorithms as well as posttranslational protein or peptide
modification (Skipper et al., 1996) or even splicing of non-contiguous peptide segments
(Vigneron et al., 2004; Warren et al., 2006). The antigenic capability of the FL_FLT3-ITD-
derived peptide YES/A2 was validated by peptide stimulation of HLA-A*02:01-positive UCB
lymphocytes (schematically explained in Figure 5.4.4.4). T cells stimulated with YES/A2 were
found to recognize 293Tcells transfected with HLA-A*02:01 and loaded with YES/A2 as well as
293T cells co-transfected with HLA-A*02:01 and either full-length FL_FLT3-ITD cDNA or the
FL_FLT3-ITDgxon 1316 CDNA fragment (Figure 5.4.4.5), indicating that YES/A2 is naturally

processed.

A recent study identified an ITD insertion site within the betal-sheet (aa 610-615) of the
tyrosine-kinase domain-1 (TKD1) as a particularly unfavourable prognostic factor associated
with resistance to chemotherapy and inferior outcome in AML (Kayser et al., 2009). The AML
cells of patient IN carry an immunogenic FLT3-ITD located within TKD1 (Table 5.3.1.1; Graf et
al., unpublished). This indicates that T-cell responses can also be seen in FLT3-ITDs affecting
TKD1, which provide a rational basis for immunotherapeutic approaches even in this subgroup
with enhanced poor prognosis. The elimination of drug-resistant and/or quiescent leukemia-
initiating cells in residual disease is a major issue of all attempts to improve survival and to cure
patients with AML (Graham et al., 2002). Although small molecules inhibiting the FLT3-receptor
appear promising for the treatment of FLT3-ITD" AML (Giles et al., 2003; Zhang et al., 2008;
Metzelder et al., 2009), kinase inhibitors cannot reliably eliminate minimal residual disease
according to past experience (Levis and Small, 2005). But, as shown recently, sorafenib
monotherapy may synergize with GvL effects after allo-HSCT to induce durable remissions in
FLT3-ITD-positive AML (Metzelder et al., 2012). Especially, since leukemia-initiating cells were
shown to express FLT3-ITD (Van Driessche et al., 2005), the additional generation and
maintenance of an effective FLT3-ITD-specific immune response would improve chances to
eliminate FLT3-ITD* leukemia stem cells. However, the strong variation of ITD duplications
requires to design an individual and patient-specific immunotherapy. As another limitation of
FLT3-ITD-specific immunotherapy, a small, but consistent, portion of AMLs initially harboring
FLT3-ITDs lacks these alterations at relapse (Nakano et al., 1999; Kottaridis et al., 2002; Shih et
al., 2002; McCormick et al., 2010). Obviously, in these cases relapse is driven by leukemia cells
that do not harbor this mutation. Furthermore, in some relapse AML samples new FLT3-ITDs
are observed, whereas the one identified at initial diagnosis cannot be detected anymore,

suggesting that distinct FLT3-ITDs are present in different AML subpopulations (Kottaridis et al.,
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2002; Shih et al., 2002). For this minority of patients suffering from FLT3-ITD" AML additional

therapeutic options would have to be developed.

The presented work aimed at the generation of FLT3-ITD-specific T-cell populations from
different sources of T cells, which were either primed or naive towards mutated FLT3. HLA
class I-restricted, FLT3-ITD-reactive T cells were successfully expanded not only from
peripheral blood of patients with FLT3-ITD-positive AML, but also from healthy buffy coat and
from umbilical cord blood lymphocytes using in vitro-stimulation techniques. These data
strengthen the idea to target FLT3-ITDs with T cell-based immunotherapy. Thus, it appears
worth to find out,

-if and how anti-FLT3-ITD T-cell responses are influenced by chemotherapy and
treatment with kinase inhibitors,

-if their presence or spontaneous enhancement is associated with improved prognosis,

-if FLT3-ITD* AML cells develop signs of immune-selection and immune-resistance in
the course of the disease, and, finally,

-whether the enhancement and maintenance of T-cell responses against the individual
FLT3-ITD, e.g. by vaccination or adoptive T-cell transfer, can eliminate minimal residual disease

after successful conventional therapy.

103



References

7. References

Abbas, A.K., Lichtman, A.H., and Pillai, S. (2007) ‘Cellular and molecular immunology’, 6th edition.
Saunders (Elsevier Inc.).

Abu-Duhier, F. M., Goodeve, A. C., Wilson, G. A, Care, R. S., Peake, I. R. and Reilly, J. T. (2001)
'‘Genomic structure of human FLT3: implications for mutational analysis', Br J Haematol, 113(4),
1076-7.

Abu-Duhier, F. M., Goodeve, A. C., Wilson, G. A., Gari, M. A., Peake, |l. R.,, Rees, D. C,,
Vandenberghe, E. A., Winship, P. R. and Reilly, J. T. (2000) 'FLT3 internal tandem duplication
mutations in adult acute myeloid leukaemia define a high-risk group', Br J Haematol, 111(1), 190-5.

Albrecht, J., Frey, M., Teschner, D., Carbol, A., Theobald, M., Herr, W. and Distler, E. (2011) 'IL-21-
treated naive CD45RA+ CD8+ T cells represent a reliable source for producing leukemia-reactive
cytotoxic T lymphocytes with high proliferative potential and early differentiation phenotype', Cancer
Immunol Immunother, 60(2), 235-48.

Anguille, S., Lion, E., Smits, E., Berneman, Z. N. and van Tendeloo, V. F. (2011a) 'Dendritic cell
vaccine therapy for acute myeloid leukemia: questions and answers', Hum Vaccin, 7(5), 579-84.

Anguille, S., Lion, E., Willemen, Y., Van Tendeloo, V. F., Berneman, Z. N. and Smits, E. L. (2011b)
'Interferon-alpha in acute myeloid leukemia: an old drug revisited', Leukemia, 25(5), 739-48.

Anguille, S., Van Tendeloo, V. F. and Berneman, Z. N. (2012) 'Leukemia-associated antigens and their
relevance to the immunotherapy of acute myeloid leukemia', Leukemia, 26(10), 2186-96

Arber, D. A. (2001) 'Realistic pathologic classification of acute myeloid leukemias', Am J Clin Pathol,
115(4), 552-60.

Arstila, T. P., Casrouge, A., Baron, V., Even, J., Kanellopoulos, J. and Kourilsky, P. (1999) 'A direct
estimate of the human alphabeta T cell receptor diversity', Science, 286(5441), 958-61.

Awong, G., Herer, E., La Motte-Mohs, R. N. and Zuniga-Pflucker, J. C. (2011) 'Human CD8 T cells
generated in vitro from hematopoietic stem cells are functionally mature', BMC Immunol, 12, 22.

Bacher, U., Schnittger, S. and Haferlach, T. (2010) 'Molecular genetics in acute myeloid leukemia', Curr
Opin Oncol, 22(6), 646-55.

Barrett, A. J. and Le Blanc, K. (2010) 'Immunotherapy prospects for acute myeloid leukaemia’, Clin Exp
Immunol, 161(2), 223-32.

Barrett, A. J. and Rezvani, K. (2007) 'Translational mini-review series on vaccines: Peptide vaccines for
myeloid leukaemias', Clin Exp Immunol, 148(2), 189-98.

Bene, M. C., Castoldi, G., Knapp, W., Ludwig, W. D., Matutes, E., Orfao, A. and van't Veer, M. B.
(1995) 'Proposals for the immunological classification of acute leukemias. European Group for the
Immunological Characterization of Leukemias (EGIL)", Leukemia, 9(10), 1783-6.

Bennett, J. M., Catovsky, D., Daniel, M. T., Flandrin, G., Galton, D. A., Gralnick, H. R. and Sultan, C.
(1985) 'Proposed revised criteria for the classification of acute myeloid leukemia. A report of the
French-American-British Cooperative Group', Ann Intern Med, 103(4), 620-5.

XVI



References

Birg, F., Courcoul, M., Rosnet, O., Bardin, F., Pebusque, M. J., Marchetto, S., Tabilio, A., Mannoni,
P. and Birnbaum, D. (1992) 'Expression of the FMS/KIT-like gene FLT3 in human acute leukemias
of the myeloid and lymphoid lineages', Blood, 80(10), 2584-93.

Bishop, J. F. (1997) 'The treatment of adult acute myeloid leukemia', Semin Oncol, 24(1), 57-69.

Blattman, J. N., Antia, R., Sourdive, D. J., Wang, X., Kaech, S. M., Murali-Krishna, K., Altman, J. D.
and Ahmed, R. (2002) 'Estimating the precursor frequency of naive antigen-specific CD8 T cells', J
Exp Med, 195(5), 657-64.

Bleakley, M., Otterud, B. E., Richardt, J. L., Mollerup, A. D., Hudecek, M., Nishida, T., Chaney, C. N.,
Warren, E. H., Leppert, M. F. and Riddell, S. R. (2010) 'Leukemia-associated minor
histocompatibility antigen discovery using T-cell clones isolated by in vitro stimulation of naive
CD8+ T cells', Blood, 115(23), 4923-33.

Bleakley, M. and Riddell, S. R. (2004) 'Molecules and mechanisms of the graft-versus-leukaemia effect’,
Nat Rev Cancer, 4(5), 371-80.

Brackertz, B., Conrad, H., Daniel, J., Kast, B., Kronig, H., Busch, D. H., Adamski, J., Peschel, C.
and Bernhard, H. (2011) 'FLT3-regulated antigens as targets for leukemia-reactive cytotoxic T
lymphocytes', Blood Cancer J, 1(3), e11.

Brasel, K., Escobar, S., Anderberg, R., de Vries, P., Gruss, H. J. and Lyman, S. D. (1995) 'Expression
of the flt3 receptor and its ligand on hematopoietic cells', Leukemia, 9(7), 1212-8.

Breitenbuecher, F., Schnittger, S., Grundler, R., Markova, B., Carius, B., Brecht, A., Duyster, J.,
Haferlach, T., Huber, C. and Fischer, T. (2009) 'Identification of a novel type of ITD mutations
located in nonjuxtamembrane domains of the FLT3 tyrosine kinase receptor’, Blood, 113(17), 4074-
7.

Britten, C. M., Meyer, R. G., Frankenberg, N., Huber, C. and Wolfel, T. (2004) 'The use of clonal
mRNA as an antigenic format for the detection of antigen-specific T lymphocytes in IFN-gamma
ELISPOT assays', J Immunol Methods, 287(1-2), 125-36.

Brode, S. and Macary, P. A. (2004) 'Cross-presentation: dendritic cells and macrophages bite off more
than they can chew!', Immunology, 112(3), 345-51.

Brosterhus, H., Brings, S., Leyendeckers, H., Manz, R. A., Miltenyi, S., Radbruch, A., Assenmacher,
M. and Schmitz, J. (1999) 'Enrichment and detection of live antigen-specific CD4(+) and CD8(+) T
cells based on cytokine secretion’, Eur J Immunol, 29(12), 4053-9.

Butt, N. M., Rojas, J. M., Wang, L., Christmas, S. E., Abu-Eisha, H. M. and Clark, R. E. (2005)
'Circulating bcr-abl-specific CD8+ T cells in chronic myeloid leukemia patients and healthy
subjects', Haematologica, 90(10), 1315-23.

Canatella, P. J., Karr, J. F., Petros, J. A. and Prausnitz, M. R. (2001) 'Quantitative study of
electroporation-mediated molecular uptake and cell viability', Biophys J, 80(2), 755-64.

Casalegno-Garduno, R., Meier, C., Schmitt, A., Spitschak, A., Hilgendorf, I., Rohde, S., Hirt, C.,
Freund, M., Putzer, B. M. and Schmitt, M. (2012) 'Immune responses to RHAMM in patients with
acute myeloid leukemia after chemotherapy and allogeneic stem cell transplantation’, Clin Dev
Immunol, 2012, 146463.

Castellino, F. and Germain, R. N. (2006) 'Cooperation between CD4+ and CD8+ T cells: when, where,
and how', Annu Rev Immunol, 24, 519-40.

XVII



References

Cavanagh, L. L. and Von Andrian, U. H. (2002) 'Travellers in many guises: the origins and destinations
of dendritic cells', Immunol Cell Biol, 80(5), 448-62.

Chang, J., Cho, J. H., Lee, S. W., Choi, S. Y., Ha, S. J. and Sung, Y. C. (2004) 'IL-12 priming during in
vitro antigenic stimulation changes properties of CD8 T cells and increases generation of effector
and memory cells', J Immunol, 172(5), 2818-26.

Chaux, P., Vantomme, V., Coulie, P., Boon, T. and van der Bruggen, P. (1998) 'Estimation of the
frequencies of anti-MAGE-3 cytolytic T-lymphocyte precursors in blood from individuals without
cancer', Int J Cancer, 77(4), 538-42.

Cheever, M. A, Allison, J. P., Ferris, A. S., Finn, O. J., Hastings, B. M., Hecht, T. T., Mellman, I.,
Prindiville, S. A., Viner, J. L., Weiner, L. M. and Matrisian, L. M. (2009) 'The prioritization of
cancer antigens: a national cancer institute pilot project for the acceleration of translational
research’, Clin Cancer Res, 15(17), 5323-37.

Choi, Y., Kim, H. J., Park, B. H., Min, W. S. and Kim, C. C. (2005) 'Novel mutations in the FLT3 gene in
adult patients with refractory acute myeloid leukemia', Leukemia, 19(1), 141-3.

Collins, N. H. and Fernandez, J. M. (1994) 'T-cell depletion and manipulation in allogeneic
hematopoietic cell transplantation’, Immunomethods, 5(3), 189-96.

Colvin, G. A,, Berz, D., Ramanathan, M., Winer, E. S., Fast, L., Elfenbein, G. J. and Quesenberry, P.
J. (2009) 'Nonengraftment haploidentical cellular immunotherapy for refractory malignancies: tumor
responses without chimerism', Biol Blood Marrow Transplant, 15(4), 421-31.

Copelan, E. A. (2006) 'Hematopoietic stem-cell transplantation’, N Engl J Med, 354(17), 1813-26.

Coulie, P. G., Karanikas, V., Colau, D., Lurquin, C., Landry, C., Marchand, M., Dorval, T., Brichard,
V. and Boon, T. (2001) 'A monoclonal cytolytic T-lymphocyte response observed in a melanoma
patient vaccinated with a tumor-specific antigenic peptide encoded by gene MAGE-3', Proc Natl
Acad SciU S A, 98(18), 10290-5.

Croft, M. (2003) 'Co-stimulatory members of the TNFR family: keys to effective T-cell immunity?', Nat
Rev Immunol, 3(8), 609-20.

Crump, M., Hedley, D., Kamel-Reid, S., Leber, B., Wells, R., Brandwein, J., Buckstein, R., Kassis,
J., Minden, M., Matthews, J., Robinson, S., Turner, R., Mcintosh, L., Eisenhauer, E. and
Seymour, L. (2010) 'A randomized phase | clinical and biologic study of two schedules of sorafenib
in patients with myelodysplastic syndrome or acute myeloid leukemia: a NCIC (National Cancer
Institute of Canada) Clinical Trials Group Study', Leuk Lymphoma, 51(2), 252-60.

Dauer, M., Obermaier, B., Herten, J., Haerle, C., Pohl, K., Rothenfusser, S., Schnurr, M., Endres, S.
and Eigler, A. (2003) 'Mature dendritic cells derived from human monocytes within 48 hours: a
novel strategy for dendritic cell differentiation from blood precursors', J Immunol, 170(8), 4069-76.

Dauer, M., Schad, K., Herten, J., Junkmann, J., Bauer, C., Kiefl, R., Endres, S. and Eigler, A. (2005)
'FastDC derived from human monocytes within 48 h effectively prime tumor antigen-specific
cytotoxic T cells', J Immunol Methods, 302(1-2), 145-55.

Delain, M., Tiberghien, P., Racadot, E., Billot, M., Pariset, J., Chabod, J., Cahn, J. Y. and Herve, P.
(1994) 'Variability of the alloreactive T-cell response to human leukemic blasts', Leukemia, 8(4),
642-7.

XVII



References

deLapeyriere, O., Naquet, P., Planche, J., Marchetto, S., Rottapel, R., Gambarelli, D., Rosnet, O.
and Birnbaum, D. (1995) 'Expression of FIt3 tyrosine kinase receptor gene in mouse
hematopoietic and nervous tissues', Differentiation, 58(5), 351-9.

Delves, P. J. and Roitt, I. M. (2000a) 'The immune system. First of two parts', N Engl J Med, 343(1), 37-
49.

Delves, P. J. and Roitt, I. M. (2000b) 'The immune system. Second of two parts', N Engl J Med, 343(2),
108-17.

Deng, Y., Yewdell, J. W., Eisenlohr, L. C. and Bennink, J. R. (1997) 'MHC affinity, peptide liberation, T
cell repertoire, and immunodominance all contribute to the paucity of MHC class I-restricted
peptides recognized by antiviral CTL', J Immunol, 158(4), 1507-15.

Derre, L., Rivals, J. P., Jandus, C., Pastor, S., Rimoldi, D., Romero, P., Michielin, O., Olive, D. and
Speiser, D. E. (2010) 'BTLA mediates inhibition of human tumor-specific CD8+ T cells that can be
partially reversed by vaccination', J Clin Invest, 120(1), 157-67.

Devita, V. T., Hellman, S. and Rosenberg, S. A. (1997) ‘Cancer: Principles and practice of Oncology’,
De Vita (editor) (1997), Philadelphia, PA: Lippincott-Raven.

Distler, E., Bloetz, A., Albrecht, J., Asdufan, S., Hohberger, A., Frey, M., Schnurer, E., Thomas, S.,
Theobald, M., Hartwig, U. F. and Herr, W. (2011) 'Alloreactive and leukemia-reactive T cells are
preferentially derived from naive precursors in healthy donors: implications for immunotherapy with
memory T cells', Haematologica, 96(7), 1024-32.

Dohner, K., Schlenk, R. F., Habdank, M., Scholl, C., Rucker, F. G., Corbacioglu, A., Bullinger, L.,
Frohling, S. and Dohner, H. (2005) 'Mutant nucleophosmin (NPM1) predicts favorable prognosis
in younger adults with acute myeloid leukemia and normal cytogenetics: interaction with other gene
mutations', Blood, 106(12), 3740-6.

Drexler, H. G. (1996) 'Expression of FLT3 receptor and response to FLT3 ligand by leukemic cells',
Leukemia, 10(4), 588-99.

Drexler, H. G. and Quentmeier, H. (2004) 'FLT3: receptor and ligand', Growth Factors, 22(2), 71-3.

DuBridge, R. B., Tang, P., Hsia, H. C., Leong, P. M., Miller, J. H. and Calos, M. P. (1987) 'Analysis of
mutation in human cells by using an Epstein-Barr virus shuttle system', Mol Cell Biol, 7(1), 379-87.

Dudley, M. E., Gross, C. A., Langhan, M. M., Garcia, M. R., Sherry, R. M., Yang, J. C., Phan, G. Q.,
Kammula, U. S., Hughes, M. S., Citrin, D. E., Restifo, N. P., Wunderlich, J. R., Prieto, P. A.,
Hong, J. J., Langan, R. C., Zlott, D. A., Morton, K. E., White, D. E., Laurencot, C. M. and
Rosenberg, S. A. (2010) 'CD8+ enriched "young" tumor infilirating lymphocytes can mediate
regression of metastatic melanoma’, Clin Cancer Res, 16(24), 6122-31.

Dudley, M. E., Wunderlich, J. R., Shelton, T. E., Even, J. and Rosenberg, S. A. (2003) 'Generation of
tumor-infiltrating lymphocyte cultures for use in adoptive transfer therapy for melanoma patients', J
Immunother, 26(4), 332-42.

Ersvaer, E., Liseth, K., Skavland, J., Gjertsen, B. T. and Bruserud, O. (2010) 'Intensive chemotherapy
for acute myeloid leukemia differentially affects circulating TC1, TH1, TH17 and TREG cells', BMC
Immunol, 11, 38.

Eshhar, Z. (2008) 'The T-body approach: redirecting T cells with antibody specificity’, Handb Exp
Pharmacol, (181), 329-42.

XIX



References

Falini, B. and Martelli, M. P. (2011) 'NPM1-mutated AML: targeting by disassembling’, Blood, 118(11),
2936-8.

Fathi, A. and Levis, M. (2011) 'FLT3 inhibitors: a story of the old and the new', Curr Opin Hematol, 18(2),
71-6.

Fauci, A., Kasper D., Longo D., Braunwald E., Hauser S., Jameson J., and Loscalzo J. (2008)
‘Harrison's Principles of Internal Medicine’.

Fuchs, R. (Hrsg). (2002) ‘Akute myeloische Leukamie, Therapie-Forschung-Perspektiven’, 16-85.

Garderet, L., Dulphy, N., Douay, C., Chalumeau, N., Schaeffer, V., Zilber, M. T., Lim, A., Even, J.,
Mooney, N., Gelin, C., Gluckman, E., Charron, D. and Toubert, A. (1998) 'The umbilical cord
blood alphabeta T-cell repertoire: characteristics of a polyclonal and naive but completely formed
repertoire', Blood, 91(1), 340-6.

Gattinoni, L., Klebanoff, C. A., Palmer, D. C., Wrzesinski, C., Kerstann, K., Yu, Z., Finkelstein, S. E.,
Theoret, M. R., Rosenberg, S. A. and Restifo, N. P. (2005) 'Acquisition of full effector function in
vitro paradoxically impairs the in vivo antitumor efficacy of adoptively transferred CD8+ T cells', J
Clin Invest, 115(6), 1616-26.

Gattinoni, L., Klebanoff, C. A. and Restifo, N. P. (2012) 'Paths to stemness: building the ultimate
antitumour T cell', Nat Rev Cancer, 12(10), 671-84.

Gattinoni, L., Lugli, E., Ji, Y., Pos, Z., Paulos, C. M., Quigley, M. F., Almeida, J. R., Gostick, E., Yu,
Z., Carpenito, C., Wang, E., Douek, D. C., Price, D. A., June, C. H., Marincola, F. M., Roederer,
M. and Restifo, N. P. (2011) 'A human memory T cell subset with stem cell-like properties', Nat
Med, 17(10), 1290-7.

Germenis, A. E. and Karanikas, V. (2010) 'Cord blood as a source of non-senescent lymphocytes for
tumor immunotherapy', J Reprod Immunol, 85(1), 47-50.

Giles, F. J., Stopeck, A. T., Silverman, L. R., Lancet, J. E., Cooper, M. A., Hannah, A. L,,
Cherrington, J. M., O'Farrell, A. M., Yuen, H. A., Louie, S. G.,, Hong, W., Cortes, J. E.,
Verstovsek, S., Albitar, M., O'Brien, S. M., Kantarjian, H. M. and Karp, J. E. (2003) 'SU5416, a
small molecule tyrosine kinase receptor inhibitor, has biologic activity in patients with refractory
acute myeloid leukemia or myelodysplastic syndromes', Blood, 102(3), 795-801.

Gilliland, D. G. and Griffin, J. D. (2002a) 'Role of FLT3 in leukemia', Curr Opin Hematol, 9(4), 274-81.

Gilliland, D. G. and Giriffin, J. D. (2002b) 'The roles of FLT3 in hematopoiesis and leukemia', Blood,
100(5), 1532-42.

Gluzman, Y. (1981) 'SV40-transformed simian cells support the replication of early SV40 mutants', Cell,
23(1), 175-82.

Goldsby, R. A., Kindt, T. J., Osborne, B. A. and Kuby, J. (2003) ‘immunology’, 5" edition. New York:
W. H. Freeman and Company,

Graf, C., Heidel, F., Tenzer, S., Radsak, M. P., Solem, F. K., Britten, C. M., Huber, C., Fischer, T. and
Wolfel, T. (2007) 'A neoepitope generated by an FLT3 internal tandem duplication (FLT3-ITD) is
recognized by leukemia-reactive autologous CD8+ T cells', Blood, 109(7), 2985-8.

Graham, F. L., Smiley, J., Russell, W. C. and Nairn, R. (1977) 'Characteristics of a human cell line
transformed by DNA from human adenovirus type 5', J Gen Virol, 36(1), 59-74.

XX



References

Graham, S. M., Jorgensen, H. G., Allan, E., Pearson, C., Alcorn, M. J., Richmond, L. and Holyoake,
T. L. (2002) 'Primitive, quiescent, Philadelphia-positive stem cells from patients with chronic
myeloid leukemia are insensitive to STI571 in vitro', Blood, 99(1), 319-25.

Gray, P. M., Parks, G. D. and Alexander-Miller, M. A. (2003) 'High avidity CD8+ T cells are the initial
population elicited following viral infection of the respiratory tract', J Immunol, 170(1), 174-81.

Greiner, J., Bullinger, L., Guinn, B. A., Dohner, H. and Schmitt, M. (2008) 'Leukemia-associated
antigens are critical for the proliferation of acute myeloid leukemia cells', Clin Cancer Res, 14(22),
7161-6.

Greiner, J., Dohner, H. and Schmitt, M. (2006) 'Cancer vaccines for patients with acute myeloid
leukemia--definition of leukemia-associated antigens and current clinical protocols targeting these
antigens', Haematologica, 91(12), 1653-61.

Greiner, J., Li, L., Ringhoffer, M., Barth, T. F., Giannopoulos, K., Guillaume, P., Ritter, G., Wiesneth,
M., Dohner, H. and Schmitt, M. (2005) 'ldentification and characterization of epitopes of the
receptor for hyaluronic acid-mediated motility (RHAMM/CD168) recognized by CD8+ T cells of
HLA-A2-positive patients with acute myeloid leukemia', Blood, 106(3), 938-45.

Greiner, J., Ono, Y., Hofmann, S., Schmitt, A., Mehring, E., Gotz, M., Guillaume, P., Dohner, K.,
Mytilineos, J., Dohner, H. and Schmitt, M. (2012) 'Mutated regions of nucleophosmin 1 elicit both
CD4(+) and CD8(+) T-cell responses in patients with acute myeloid leukemia’, Blood, 120(6), 1282-
9.

Greiner, J., Ringhoffer, M., Taniguchi, M., Li, L., Schmitt, A., Shiku, H., Dohner, H. and Schmitt, M.
(2004) 'mRNA expression of leukemia-associated antigens in patients with acute myeloid leukemia
for the development of specific immunotherapies’, Int J Cancer, 108(5), 704-11.

Greiner, J., Ringhoffer, M., Taniguchi, M., Schmitt, A., Kirchner, D., Krahn, G., Heilmann, V.,
Gschwend, J., Bergmann, L., Dohner, H. and Schmitt, M. (2002) 'Receptor for hyaluronan acid-
mediated motility (RHAMM) is a new immunogenic leukemia-associated antigen in acute and
chronic myeloid leukemia', Exp Hematol, 30(9), 1029-35.

Griffioen, M., Kessler, J. H., Borghi, M., van Soest, R. A., van der Minne, C. E., Nouta, J., van der
Burg, S. H., Medema, J. P., Schrier, P. I, Falkenburg, J. H., Osanto, S. and Melief, C. J. (2006)
'Detection and functional analysis of CD8+ T cells specific for PRAME: a target for T-cell therapy',
Clin Cancer Res, 12(10), 3130-6.

Griffith, J., Black, J., Faerman, C., Swenson, L., Wynn, M., Lu, F., Lippke, J. and Saxena, K. (2004)
"The structural basis for autoinhibition of FLT3 by the juxtamembrane domain’, Mol Cell, 13(2), 169-
78.

Grube, M., Moritz, S., Obermann, E. C., Rezvani, K., Mackensen, A., Andreesen, R. and Holler, E.
(2007) 'CD8+ T cells reactive to survivin antigen in patients with multiple myeloma', Clin Cancer
Res, 13(3), 1053-60.

Guinn, B. A., Mohamedali, A., Mills, K. I., Czepulkowski, B., Schmitt, M. and Greiner, J. (2007)
'Leukemia associated antigens: their dual role as biomarkers and immunotherapeutic targets for
acute myeloid leukemia', Biomark Insights, 2, 69-79.

Hakim, F. T., Memon, S. A., Cepeda, R., Jones, E. C., Chow, C. K., Kasten-Sportes, C., Odom, J.,
Vance, B. A., Christensen, B. L., Mackall, C. L. and Gress, R. E. (2005) 'Age-dependent
incidence, time course, and consequences of thymic renewal in adults', J Clin Invest, 115(4), 930-
9.

XXl



References

Hanley, P. J., Cruz, C. R,, Savoldo, B., Leen, A. M., Stanojevic, M., Khalil, M., Decker, W., Molldrem,
J. J,, Liu, H., Gee, A. P., Rooney, C. M., Heslop, H. E., Dotti, G., Brenner, M. K., Shpall, E. J.
and Bollard, C. M. (2009) 'Functionally active virus-specific T cells that target CMV, adenovirus,
and EBV can be expanded from naive T-cell populations in cord blood and will target a range of
viral epitopes', Blood, 114(9), 1958-67.

Hannum, C., Culpepper, J., Campbell, D., McClanahan, T., Zurawski, S., Bazan, J. F., Kastelein, R.,
Hudak, S., Wagner, J., Mattson, J. and et al. (1994) 'Ligand for FLT3/FLK2 receptor tyrosine
kinase regulates growth of haematopoietic stem cells and is encoded by variant RNAs', Nature,
368(6472), 643-8.

Harris, N. L., Jaffe, E. S., Diebold, J., Flandrin, G., Muller-Hermelink, H. K., Vardiman, J., Lister, T.
A. and Bloomfield, C. D. (1999) 'The World Health Organization classification of neoplastic
diseases of the hematopoietic and lymphoid tissues. Report of the Clinical Advisory Committee
meeting, Airlie House, Virginia, November, 1997', Ann Oncol, 10(12), 1419-32.

Herr, W., Linn, B., Leister, N., Wandel, E., Meyer zum Buschenfelde, K. H. and Wolfel, T. (1997) 'The
use of computer-assisted video image analysis for the quantification of CD8+ T lymphocytes
producing tumor necrosis factor alpha spots in response to peptide antigens', J Immunol Methods,
203(2), 141-52.

Hinrichs, C. S., Borman, Z. A., Cassard, L., Gattinoni, L., Spolski, R., Yu, Z., Sanchez-Perez, L.,
Muranski, P., Kern, S. J., Logun, C., Palmer, D. C., Ji, Y., Reger, R. N., Leonard, W. J.,
Danner, R. L., Rosenberg, S. A. and Restifo, N. P. (2009) 'Adoptively transferred effector cells
derived from naive rather than central memory CD8+ T cells mediate superior antitumor immunity’,
Proc Natl Acad SciU S A, 106(41), 17469-74.

Hiura, M., Ueno, K., Suehiro, Y., Hazama, S., Oka, M., Imai, K. and Hinoda, Y. (2007) 'A simple
immunomonitoring procedure for mRNA-loaded dendritic cell therapy', Tumour Biol, 28(6), 350-7.

Ho, W. Y., Nguyen, H. N., Wolfl, M., Kuball, J. and Greenberg, P. D. (2006) 'In vitro methods for
generating CD8+ T-cell clones for immunotherapy from the naive repertoire', J Immunol Methods,
310(1-2), 40-52.

Houtenbos, I., Westers, T. M., Ossenkoppele, G. J. and van de Loosdrecht, A. A. (2006) 'Feasibility
of clinical dendritic cell vaccination in acute myeloid leukemia', Immunobiology, 211(6-8), 677-85.

Hubbard, S. R. (2004) 'Juxtamembrane autoinhibition in receptor tyrosine kinases', Nat Rev Mol Cell
Biol, 5(6), 464-71.

Huster, K. M., Busch, V., Schiemann, M., Linkemann, K., Kerksiek, K. M., Wagner, H. and Busch, D.
H. (2004) 'Selective expression of IL-7 receptor on memory T cells identifies early CD40L-
dependent generation of distinct CD8+ memory T cell subsets', Proc Natl Acad Sci U S A, 101(15),
5610-5.

Iwai, T., Yokota, S., Nakao, M., Okamoto, T., Taniwaki, M., Onodera, N., Watanabe, A., Kikuta, A.,
Tanaka, A., Asami, K., Sekine, I., Mugishima, H., Nishimura, Y., Koizumi, S., Horikoshi, Y.,
Mimaya, J., Ohta, S., Nishikawa, K., lwai, A., Shimokawa, T., Nakayama, M., Kawakami, K.,
Gushiken, T., Hyakuna, N., Fujimoto, T. and et al. (1999) 'Internal tandem duplication of the
FLT3 gene and clinical evaluation in childhood acute myeloid leukemia. The Children's Cancer and
Leukemia Study Group, Japan', Leukemia, 13(1), 38-43.

Janeway, C. A., Jr. (2001) 'How the immune system works to protect the host from infection: a personal
view', Proc Natl Acad Sci U S A, 98(13), 7461-8.

XXII



References

Johnson, L. A., Heemskerk, B., Powell, D. J., Jr., Cohen, C. J., Morgan, R. A., Dudley, M. E.,
Robbins, P. F. and Rosenberg, S. A. (2006) 'Gene transfer of tumor-reactive TCR confers both
high avidity and tumor reactivity to nonreactive peripheral blood mononuclear cells and tumor-
infiltrating lymphocytes', J Immunol, 177(9), 6548-59.

Johnson, L. A., Morgan, R. A, Dudley, M. E., Cassard, L., Yang, J. C., Hughes, M. S., Kammula, U.
S., Royal, R. E., Sherry, R. M., Wunderlich, J. R., Lee, C. C., Restifo, N. P., Schwarz, S. L.,
Cogdill, A. P., Bishop, R. J., Kim, H., Brewer, C. C., Rudy, S. F., VanWaes, C., Davis, J. L.,
Mathur, A., Ripley, R. T., Nathan, D. A., Laurencot, C. M. and Rosenberg, S. A. (2009) 'Gene
therapy with human and mouse T-cell receptors mediates cancer regression and targets normal
tissues expressing cognate antigen’, Blood, 114(3), 535-46.

Kadowaki, N. and Kitawaki, T. (2011) 'Recent advance in antigen-specific immunotherapy for acute
myeloid leukemia’, Clin Dev Immunol, 2011, 104926.

Kahl, C., Storer, B. E., Sandmaier, B. M., Mielcarek, M., Maris, M. B., Blume, K. G., Niederwieser, D.,
Chauncey, T. R., Forman, S. J., Agura, E., Leis, J. F., Bruno, B., Langston, A., Pulsipher, M.
A., McSweeney, P. A., Wade, J. C., Epner, E., Bo Petersen, F., Bethge, W. A., Maloney, D. G.
and Storb, R. (2007) 'Relapse risk in patients with malignant diseases given allogeneic
hematopoietic cell transplantation after nonmyeloablative conditioning', Blood, 110(7), 2744-8.

Kalos, M., Levine, B. L., Porter, D. L., Katz, S., Grupp, S. A., Bagg, A. and June, C. H. (2011) 'T cells
with chimeric antigen receptors have potent antitumor effects and can establish memory in patients
with advanced leukemia', Sci Transl Med, 3(95), 95ra73.

Karanikas, V., Zamanakou, M., Soukou, F., Kerenidi, T., Gourgoulianis, K. |. and Germenis, A. E.
(2010) 'Naturally occurring tumor-specific CD8+ T-cell precursors in individuals with and without
cancer', Immunol Cell Biol, 88(5), 575-85.

Kayser, S., Schlenk, R. F., Londono, M. C., Breitenbuecher, F., Wittke, K., Du, J., Groner, S., Spath,
D., Krauter, J., Ganser, A., Dohner, H., Fischer, T. and Dohner, K. (2009) 'Insertion of FLT3
internal tandem duplication in the tyrosine kinase domain-1 is associated with resistance to
chemotherapy and inferior outcome', Blood, 114(12), 2386-92.

Kelly, L. M. and Gilliland, D. G. (2002) 'Genetics of myeloid leukemias', Annu Rev Genomics Hum
Genet, 3, 179-98.

Kim, H. G., Kojima, K., Swindle, C. S., Cotta, C. V., Huo, Y., Reddy, V. and Klug, C. A. (2008) 'FLT3-
ITD cooperates with inv(16) to promote progression to acute myeloid leukemia’, Blood, 111(3),
1567-74.

Kiyoi, H. and Naoe, T. (2002) 'FLT3 in human hematologic malignancies', Leuk Lymphoma, 43(8), 1541-
7.

Kiyoi, H., Naoe, T., Nakano, Y., Yokota, S., Minami, S., Miyawaki, S., Asou, N., Kuriyama, K., Jinnai,
l., Shimazaki, C., Akiyama, H., Saito, K., Oh, H., Motoji, T., Omoto, E., Saito, H., Ohno, R. and
Ueda, R. (1999) 'Prognostic implication of FLT3 and N-RAS gene mutations in acute myeloid
leukemia', Blood, 93(9), 3074-80.

Knuth, A., Wolfel, T., Klehmann, E., Boon, T. and Meyer zum Buschenfelde, K. H. (1989) 'Cytolytic T-
cell clones against an autologous human melanoma: specificity study and definition of three
antigens by immunoselection', Proc Natl Acad Sci U S A, 86(8), 2804-8.

Kolb, H. J., Mittermuller, J., Clemm, C., Holler, E., Ledderose, G., Brehm, G., Heim, M. and
Wilmanns, W. (1990) 'Donor leukocyte transfusions for treatment of recurrent chronic
myelogenous leukemia in marrow transplant patients', Blood, 76(12), 2462-5.

XXII



References

Kolb, H. J., Schattenberg, A., Goldman, J. M., Hertenstein, B., Jacobsen, N., Arcese, W., Ljungman,
P., Ferrant, A., Verdonck, L., Niederwieser, D., van Rhee, F., Mittermueller, J., de Witte, T.,
Holler, E. and Ansari, H. (1995) 'Graft-versus-leukemia effect of donor lymphocyte transfusions in
marrow grafted patients', Blood, 86(5), 2041-50.

Kolb, H. J., Simoes, B. and Schmid, C. (2004) 'Cellular immunotherapy after allogeneic stem cell
transplantation in hematologic malignancies', Curr Opin Oncol, 16(2), 167-73.

Kolitz, J. E. (2006) 'Current therapeutic strategies for acute myeloid leukaemia', Br J Haematol, 134(6),
555-72.

Kolumam, G. A., Thomas, S., Thompson, L. J., Sprent, J. and Murali-Krishna, K. (2005) Type |
interferons act directly on CD8 T cells to allow clonal expansion and memory formation in response
to viral infection’, J Exp Med, 202(5), 637-50.

Kondo, M., Horibe, K., Takahashi, Y., Matsumoto, K., Fukuda, M., Inaba, J., Kato, K., Kojima, S. and
Matsuyama, T. (1999) 'Prognostic value of internal tandem duplication of the FLT3 gene in
childhood acute myelogenous leukemia', Med Pediatr Oncol, 33(6), 525-9.

Kottaridis, P. D., Gale, R. E., Frew, M. E., Harrison, G., Langabeer, S. E., Belton, A. A., Walker, H.,
Wheatley, K., Bowen, D. T., Burnett, A. K., Goldstone, A. H. and Linch, D. C. (2001) 'The
presence of a FLT3 internal tandem duplication in patients with acute myeloid leukemia (AML)
adds important prognostic information to cytogenetic risk group and response to the first cycle of
chemotherapy: analysis of 854 patients from the United Kingdom Medical Research Council AML
10 and 12 trials', Blood, 98(6), 1752-9.

Kottaridis, P. D., Gale, R. E., Langabeer, S. E., Frew, M. E., Bowen, D. T. and Linch, D. C. (2002)
'Studies of FLT3 mutations in paired presentation and relapse samples from patients with acute
myeloid leukemia: implications for the role of FLT3 mutations in leukemogenesis, minimal residual
disease detection, and possible therapy with FLT3 inhibitors', Blood, 100(7), 2393-8.

Kottaridis, P. D., Gale, R. E. and Linch, D. C. (2003a) 'FIt3 mutations and leukaemia', Br J Haematol,
122(4), 523-38.

Kottaridis, P. D., Gale, R. E. and Linch, D. C. (2003b) 'Prognostic implications of the presence of FLT3
mutations in patients with acute myeloid leukemia', Leuk Lymphoma, 44(6), 905-13.

Kreiter, S., Konrad, T., Sester, M., Huber, C., Tureci, O. and Sahin, U. (2007) 'Simultaneous ex vivo
quantification of antigen-specific CD4+ and CD8+ T cell responses using in vitro transcribed RNA',
Cancer Immunol Immunother, 56(10), 1577-87.

Krishnadas, D. K., Stamer, M. M., Dunham, K., Bao, L. and Lucas, K. G. (2011) 'Wilms' tumor 1-
specific cytotoxic T lymphocytes can be expanded from adult donors and cord blood', Leuk Res,
35(11), 1520-6.

Kvistborg, P., Bechmann, C. M., Pedersen, A. W., Toh, H. C., Claesson, M. H. and Zocca, M. B.
(2009) 'Comparison of monocyte-derived dendritic cells from colorectal cancer patients, non-small-
cell-lung-cancer patients and healthy donors', Vaccine, 28(2), 542-7.

Landi, A., Babiuk, L. A. and van Drunen Littel-van den Hurk, S. (2007) 'High transfection efficiency,
gene expression, and viability of monocyte-derived human dendritic cells after nonviral gene
transfer’, J Leukoc Biol, 82(4), 849-60.

Larsen, M. V., Lundegaard, C., Lamberth, K., Buus, S., Brunak, S., Lund, O. and Nielsen, M. (2005)
'An integrative approach to CTL epitope prediction: a combined algorithm integrating MHC class |

XXIV



References

binding, TAP transport efficiency, and proteasomal cleavage predictions’, Eur J Immunol, 35(8),
2295-303.

Lee, J. B. and Chang, J. (2010) 'CD43 Expression Regulated by IL-12 Signaling Is Associated with
Survival of CD8 T Cells', Immune Netw, 10(5), 153-63.

Levis, M., Murphy, K. M., Pham, R., Kim, K. T., Stine, A, Li, L., McNiece, Il., Smith, B. D. and Small,
D. (2005) 'Internal tandem duplications of the FLT3 gene are present in leukemia stem cells',
Blood, 106(2), 673-80.

Levis, M. and Small, D. (2005) 'FLT3 tyrosine kinase inhibitors', Int J Hematol, 82(2), 100-7.

Li, L., Schmitt, A., Reinhardt, P., Greiner, J., Ringhoffer, M., Vaida, B., Bommer, M., Vollmer, M.,
Wiesneth, M., Dohner, H. and Schmitt, M. (2003) 'Reconstitution of CD40 and CD80 in dendritic
cells generated from blasts of patients with acute myeloid leukemia’, Cancer Immun, 3, 8.

Lipscomb, M. F. and Masten, B. J. (2002) 'Dendritic cells: immune regulators in health and disease’,
Physiol Rev, 82(1), 97-130.

Litzow, M. R. (2005) ‘More flitting about FLT3’, Blood. 106(10), 3331-3332.

Liu, L., Sun, M. and Wang, Z. (2012) 'Adoptive T-cell therapy of B-cell malignancies: conventional and
physiological chimeric antigen receptors', Cancer Lett, 316(1), 1-5.

Lobigs, M. and Mullbacher, A. (1993) 'Recognition of vaccinia virus-encoded major histocompatibility
complex class | antigens by virus immune cytotoxic T cells is independent of the polymorphism of
the peptide transporters', Proc Natl Acad Sci U S A, 90(7), 2676-80.

Longmate, J., York, J., La Rosa, C., Krishnan, R., Zhang, M., Senitzer, D. and Diamond, D. J. (2001)
'Population coverage by HLA class-I restricted cytotoxic T-lymphocyte epitopes’, Immunogenetics,
52(3-4), 165-73.

Lundegaard, C., Lamberth, K., Harndahl, M., Buus, S., Lund, O. and Nielsen, M. (2008a) 'NetMHC-
3.0: accurate web accessible predictions of human, mouse and monkey MHC class | affinities for
peptides of length 8-11", Nucleic Acids Res, 36(Web Server issue), W509-12.

Lundegaard, C., Lund, O. and Nielsen, M. (2008b) 'Accurate approximation method for prediction of
class | MHC affinities for peptides of length 8, 10 and 11 using prediction tools trained on 9mers’,
Bioinformatics, 24(11), 1397-8.

Lyman, S. D. (1995) 'Biology of flt3 ligand and receptor’, Int J Hematol, 62(2), 63-73.

Lyman, S. D. and Jacobsen, S. E. (1998) 'c-kit ligand and FIt3 ligand: stem/progenitor cell factors with
overlapping yet distinct activities', Blood, 91(4), 1101-34.

Mackarehtschian, K., Hardin, J. D., Moore, K. A., Boast, S., Goff, S. P. and Lemischka, I. R. (1995)
'"Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive hematopoietic
progenitors', Immunity, 3(1), 147-61.

Marchant, A., Appay, V., Van Der Sande, M., Dulphy, N., Liesnard, C., Kidd, M., Kaye, S., Ojuola, O.,
Gillespie, G. M., Vargas Cuero, A. L., Cerundolo, V., Callan, M., McAdam, K. P., Rowland-
Jones, S. L., Donner, C., McMichael, A. J. and Whittle, H. (2003) 'Mature CD8(+) T lymphocyte
response to viral infection during fetal life', J Clin Invest, 111(11), 1747-55.

XXV



References

Maroc, N., Rottapel, R., Rosnet, O., Marchetto, S., Lavezzi, C., Mannoni, P., Birnbaum, D. and
Dubreuil, P. (1993) 'Biochemical characterization and analysis of the transforming potential of the
FLT3/FLK2 receptor tyrosine kinase', Oncogene, 8(4), 909-18.

Mathers, C. D., Boschi-Pinto C., Lopez A. D., and Murray JL. C. (2001) ‘Cancer incidence, mortality
and survival by site for 14 regions of the world’, Global Programme on Evidence for Health Policy
Discussion Paper No. 13 (World Health Organization).

Matthews, W., Jordan, C. T., Wiegand, G. W., Pardoll, D. and Lemischka, I. R. (1991) 'A receptor
tyrosine kinase specific to hematopoietic stem and progenitor cell-enriched populations’, Cell,
65(7), 1143-52.

Matzinger, P. (2002) 'The danger model: a renewed sense of self', Science, 296(5566), 301-5.

McCarron, M. J. and Reen, D. J. (2010) 'Neonatal CD8+ T-cell differentiation is dependent on
interleukin-12', Hum Immunol, 71(12), 1172-9.

McCormick, S. R., McCormick, M. J., Grutkoski, P. S., Ducker, G. S., Banerji, N., Higgins, R. R.,
Mendiola, J. R. and Reinartz, J. J. (2010) 'FLT3 mutations at diagnosis and relapse in acute
myeloid leukemia: cytogenetic and pathologic correlations, including cuplike blast morphology’,
Arch Pathol Lab Med, 134(8), 1143-51.

McMichael, A., Mwau, M. and Hanke, T. (2002) 'HIV T cell vaccines, the importance of clades', Vaccine,
20(15), 1918-21.

Melenhorst, J. J., Scheinberg, P., Chattopadhyay, P. K., Gostick, E., Ladell, K., Roederer, M.,
Hensel, N. F., Douek, D. C., Barrett, A. J. and Price, D. A. (2009) 'High avidity myeloid leukemia-
associated antigen-specific CD8+ T cells preferentially reside in the bone marrow', Blood, 113(10),
2238-44.

Merindol, N., Champagne, M. A., Duval, M. and Soudeyns, H. (2011) 'CD8(+) T-cell reconstitution in
recipients of umbilical cord blood transplantation and characteristics associated with leukemic
relapse’, Blood, 118(16), 4480-8.

Merindol, N., Grenier, A. J., Caty, M., Charrier, E., Duval, A., Duval, M., Champagne, M. A. and
Soudeyns, H. (2010) 'Umbilical cord blood T cells respond against the Melan-A/MART-1 tumor
antigen and exhibit reduced alloreactivity as compared with adult blood-derived T cells', J Immunol,
185(2), 856-66.

Mescher, M. F., Curtsinger, J. M., Agarwal, P., Casey, K. A., Gerner, M., Hammerbeck, C. D.,
Popescu, F. and Xiao, Z. (2006) 'Signals required for programming effector and memory
development by CD8+ T cells', Immunol Rev, 211, 81-92.

Met, O., Buus, S. and Claesson, M. H. (2003) 'Peptide-loaded dendritic cells prime and activate MHC-
class I-restricted T cells more efficiently than protein-loaded cross-presenting DC', Cell Immunol,
222(2), 126-33.

Metzelder, S., Wang, Y., Wollmer, E., Wanzel, M., Teichler, S., Chaturvedi, A., Eilers, M., Enghofer,
E., Neubauer, A. and Burchert, A. (2009) 'Compassionate use of sorafenib in FLT3-ITD-positive
acute myeloid leukemia: sustained regression before and after allogeneic stem cell transplantation’,
Blood, 113(26), 6567-71.

Metzelder, S. K., Schroeder, T., Finck, A., Scholl, S., Fey, M., Gotze, K., Linn, Y. C., Kroger, M.,
Reiter, A., Salih, H. R., Heinicke, T., Stuhlmann, R., Muller, L., Giagounidis, A., Meyer, R. G.,
Brugger, W., Vohringer, M., Dreger, P., Mori, M., Basara, N., Schafer-Eckart, K., Schultheis,
B., Baldus, C., Neubauer, A. and Burchert, A. (2012) 'High activity of sorafenib in FLT3-ITD-

XXVI



References

positive acute myeloid leukemia synergizes with allo-immune effects to induce sustained
responses', Leukemia, 26(11), 2353-9.

Metzelder, S. K., Wollmer, E., Neubauer, A. and Burchert, A. (2010) '[Sorafenib in relapsed and
refractory FLT3-ITD positive acute myeloid leukemia: a novel treatment option], Dtsch Med
Wochenschr, 135(38), 1852-6.

Milano, F., van Baal, J. W., Rygiel, A. M., Bergman, J. J., Van Deventer, S. J., Kapsenberg, M. L.,
Peppelenbosch, M. P. and Krishnadath, K. K. (2007) 'An improved protocol for generation of
immuno-potent dendritic cells through direct electroporation of CD14+ monocytes', J Immunol
Methods, 321(1-2), 94-106.

Mohan, B. P., How, G. F., Loh, Y. and Linn, Y. C. (2011) 'Sorafenib monotherapy gives sustainable
suppression of FLT3 clone in untreated patients with FLT3-internal tandem duplication positive
acute myeloid Leukaemia', Br J Haematol.

Mommaas, B., Stegehuis-Kamp, J. A., van Halteren, A. G., Kester, M., Enczmann, J., Wernet, P.,
Kogler, G., Mutis, T., Brand, A. and Goulmy, E. (2005) 'Cord blood comprises antigen-
experienced T cells specific for maternal minor histocompatibility antigen HA-1', Blood, 105(4),
1823-7.

Moon, J. J., Chu, H. H., Pepper, M., McSorley, S. J., Jameson, S. C., Kedl, R. M. and Jenkins, M. K.
(2007) 'Naive CD4(+) T cell frequency varies for different epitopes and predicts repertoire diversity
and response magnitude’, Immunity, 27(2), 203-13.

Moosmann, A., Bigalke, I., Tischer, J., Schirrmann, L., Kasten, J., Tippmer, S., Leeping, M.,
Prevalsek, D., Jaeger, G., Ledderose, G., Mautner, J., Hammerschmidt, W., Schendel, D. J.
and Kolb, H. J. (2010) 'Effective and long-term control of EBV PTLD after transfer of peptide-
selected T cells', Blood, 115(14), 2960-70.

Morgan, R. A., Dudley, M. E., Wunderlich, J. R., Hughes, M. S., Yang, J. C., Sherry, R. M., Royal, R.
E., Topalian, S. L., Kammula, U. S., Restifo, N. P., Zheng, Z., Nahvi, A., de Vries, C. R,,
Rogers-Freezer, L. J., Mavroukakis, S. A. and Rosenberg, S. A. (2006) 'Cancer regression in
patients after transfer of genetically engineered lymphocytes', Science, 314(5796), 126-9.

Mori, M. and Sprague, J. (2012) 'The successful remission induction by sorafenib and long-term
complete remission in a FLT3-ITD-positive patient with a refractory acute erythroid leukemia and
abnormal cytogenetics', Leuk Res, 36(1), e1-3.

Mullbacher, A., Lobigs, M., Yewdell, J. W., Bennink, J. R., Tha Hla, R. and Blanden, R. V. (1999)
'High peptide affinity for MHC class | does not correlate with immunodominance’, Scand J Immunol,
50(4), 420-6.

Murphy, K., Travers, P. and Walport, M. (2008) ‘Janeway's Immunobiology’, 7th edition, Garland
Science.

Nakano, Y., Kiyoi, H., Miyawaki, S., Asou, N., Ohno, R., Saito, H. and Naoe, T. (1999) 'Molecular
evolution of acute myeloid leukaemia in relapse: unstable N-ras and FLT3 genes compared with
p53 gene', Br J Haematol, 104(4), 659-64.

Nakao, M., Yokota, S., Iwai, T., Kaneko, H., Horiike, S., Kashima, K., Sonoda, Y., Fujimoto, T. and
Misawa, S. (1996) 'Internal tandem duplication of the flt3 gene found in acute myeloid leukemia’,
Leukemia, 10(12), 1911-8.

Norde, W. J., Hobo, W., van der Voort, R. and Dolstra, H. (2012) 'Coinhibitory molecules in
hematologic malignancies: targets for therapeutic intervention', Blood, 120(4), 728-36.

XXVII



References

Norde, W. J., Overes, |I. M., Maas, F., Fredrix, H., Vos, J. C., Kester, M. G., van der Voort, R.,
Jedema, I., Falkenburg, J. H., Schattenberg, A. V., de Witte, T. M. and Dolstra, H. (2009)
'Myeloid leukemic progenitor cells can be specifically targeted by minor histocompatibility antigen
LRH-1-reactive cytotoxic T cells', Blood, 113(10), 2312-23.

Obermaier, B., Dauer, M., Herten, J., Schad, K., Endres, S. and Eigler, A. (2003) 'Development of a
new protocol for 2-day generation of mature dendritic cells from human monocytes', Biol Proced
Online, 5, 197-203.

Ochsenreither, S., Majeti, R., Schmitt, T., Stirewalt, D., Keilholz, U., Loeb, K. R., Wood, B., Choi, Y.
E., Bleakley, M., Warren, E. H., Hudecek, M., Akatsuka, Y., Weissman, I. L. and Greenberg, P.
D. (2012) 'Cyclin-A1 represents a new immunogenic targetable antigen expressed in acute myeloid
leukemia stem cells with characteristics of a cancer-testis antigen’, Blood, 119(23), 5492-501.

Oka, Y., Tsuboi, A., Taguchi, T., Osaki, T., Kyo, T., Nakajima, H., Elisseeva, O. A., Oji, Y.,
Kawakami, M., lkegame, K., Hosen, N., Yoshihara, S., Wu, F., Fujiki, F., Murakami, M.,
Masuda, T., Nishida, S., Shirakata, T., Nakatsuka, S., Sasaki, A., Udaka, K., Dohy, H., Aozasa,
K., Noguchi, S., Kawase, |. and Sugiyama, H. (2004) 'Induction of WT1 (Wilms' tumor gene)-
specific cytotoxic T lymphocytes by WT1 peptide vaccine and the resultant cancer regression', Proc
Natl Acad SciU S A, 101(38), 13885-90.

Park, K. D., Marti, L., Kurtzberg, J. and Szabolcs, P. (2006) 'In vitro priming and expansion of
cytomegalovirus-specific Th1 and Tc1 T cells from naive cord blood lymphocytes'’, Blood, 108(5),
1770-3.

Parker, K. C., Bednarek, M. A. and Coligan, J. E. (1994) 'Scheme for ranking potential HLA-A2 binding
peptides based on independent binding of individual peptide side-chains’, J Immunol, 152(1), 163-
75.

Parkhurst, M. R,, Yang, J. C., Langan, R. C., Dudley, M. E., Nathan, D. A., Feldman, S. A., Davis, J.
L., Morgan, R. A., Merino, M. J., Sherry, R. M., Hughes, M. S., Kammula, U. S., Phan, G. Q.,
Lim, R. M., Wank, S. A., Restifo, N. P., Robbins, P. F., Laurencot, C. M. and Rosenberg, S. A.
(2011) 'T cells targeting carcinoembryonic antigen can mediate regression of metastatic colorectal
cancer but induce severe transient colitis', Mol Ther, 19(3), 620-6.

Parkin, J. and Cohen, B. (2001) 'An overview of the immune system’, Lancet, 357(9270), 1777-89.

Parmar, S., Fernandez-Vina, M. and de Lima, M. (2011) 'Novel transplant strategies for generating
graft-versus-leukemia effect in acute myeloid leukemia’, Curr Opin Hematol, 18(2), 98-104.

Peng, Z. H., Sharma, V., Singleton, S. F. and Gershon, P. D. (2002) 'Synthesis and application of a
chain-terminating dinucleotide mRNA cap analog', Org Lett, 4(2), 161-4.

Ponsaerts, P., Van den Bosch, G., Cools, N., Van Driessche, A., Nijs, G., Lenjou, M., Lardon, F.,
Van Broeckhoven, C., Van Bockstaele, D. R., Berneman, Z. N. and Van Tendeloo, V. F. (2002)
'Messenger RNA electroporation of human monocytes, followed by rapid in vitro differentiation,
leads to highly stimulatory antigen-loaded mature dendritic cells', J Immunol, 169(4), 1669-75.

Ponsaerts, P., Van Tendeloo, V. F. and Berneman, Z. N. (2003) 'Cancer immunotherapy using RNA-
loaded dendritic cells', Clin Exp Immunol, 134(3), 378-84.

Porter, D. L., Roth, M. S, Lee, S. J., McGarigle, C., Ferrara, J. L. and Antin, J. H. (1996) 'Adoptive
immunotherapy with donor mononuclear cell infusions to treat relapse of acute leukemia or
myelodysplasia after allogeneic bone marrow transplantation’, Bone Marrow Transplant, 18(5),
975-80.

XXVIII



References

Porter, D. L., Roth, M. S., McGarigle, C., Ferrara, J. L. and Antin, J. H. (1994) 'Induction of graft-
versus-host disease as immunotherapy for relapsed chronic myeloid leukemia', N Engl J Med,
330(2), 100-6.

Pratz, K. W. and Levis, M. J. (2010) 'Bench to bedside targeting of FLT3 in acute leukemia', Curr Drug
Targets, 11(7), 781-9.

Quintarelli, C., Dotti, G., De Angelis, B., Hoyos, V., Mims, M., Luciano, L., Heslop, H. E., Rooney, C.
M., Pane, F. and Savoldo, B. (2008) 'Cytotoxic T lymphocytes directed to the preferentially
expressed antigen of melanoma (PRAME) target chronic myeloid leukemia', Blood, 112(5), 1876-
85.

Rammensee, H., Bachmann, J., Emmerich, N. P., Bachor, O. A. and Stevanovic, S. (1999)
'SYFPEITHI: database for MHC ligands and peptide motifs', Immunogenetics, 50(3-4), 213-9.

Rastogi, D., Wang, C., Mao, X., Lendor, C., Rothman, P. B. and Miller, R. L. (2007) 'Antigen-specific
immune responses to influenza vaccine in utero', J Clin Invest, 117(6), 1637-46.

Reiner, S. L., Sallusto, F. and Lanzavecchia, A. (2007) 'Division of labor with a workforce of one:
challenges in specifying effector and memory T cell fate', Science, 317(5838), 622-5.

Restifo, N. P., Dudley, M. E. and Rosenberg, S. A. (2012) 'Adoptive immunotherapy for cancer:
harnessing the T cell response’, Nat Rev Immunol, 12(4), 269-81.

Rezvani, K., Grube, M., Brenchley, J. M., Sconocchia, G., Fujiwara, H., Price, D. A., Gostick, E.,
Yamada, K., Melenhorst, J., Childs, R., Hensel, N., Douek, D. C. and Barrett, A. J. (2003)
'Functional leukemia-associated antigen-specific memory CD8+ T cells exist in healthy individuals
and in patients with chronic myelogenous leukemia before and after stem cell transplantation’,
Blood, 102(8), 2892-900.

Rezvani, K., Price, D. A., Brenchley, J. M., Kilical, Y., Gostick, E., Sconocchia, G., Hansmann, K.,
Kurlander, R., Douek, D. C. and Barrett, A. J. (2007) 'Transfer of PR1-specific T-cell clones from
donor to recipient by stem cell transplantation and association with GvL activity', Cytotherapy, 9(3),
245-51.

Rezvani, K., Yong, A. S., Mielke, S., Savani, B. N., Musse, L., Superata, J., Jafarpour, B., Boss, C.
and Barrett, A. J. (2008) 'Leukemia-associated antigen-specific T-cell responses following
combined PR1 and WT1 peptide vaccination in patients with myeloid malignancies', Blood, 111(1),
236-42.

Rezvani, K., Yong, A. S., Tawab, A., Jafarpour, B., Eniafe, R., Mielke, S., Savani, B. N., Keyvanfar,
K., Li, Y., Kurlander, R. and Barrett, A. J. (2009) 'Ex vivo characterization of polyclonal memory
CD8+ T-cell responses to PRAME-specific peptides in patients with acute lymphoblastic leukemia
and acute and chronic myeloid leukemia', Blood, 113(10), 2245-55.

Robbins, P. F., Morgan, R. A., Feldman, S. A,, Yang, J. C., Sherry, R. M., Dudley, M. E., Wunderlich,
J. R,, Nahvi, A. V., Helman, L. J., Mackall, C. L., Kammula, U. S., Hughes, M. S., Restifo, N. P.,
Raffeld, M., Lee, C. C., Levy, C. L., Li, Y. F., EI-Gamil, M., Schwarz, S. L., Laurencot, C. and
Rosenberg, S. A. (2011) "Tumor regression in patients with metastatic synovial cell sarcoma and
melanoma using genetically engineered lymphocytes reactive with NY-ESO-1', J Clin Oncol, 29(7),
917-24.

Robert-Koch-Institut. (2008) ‘Gesellschaft der epidemilogischen Krebsregister in Deutschland e.V.
Krebs in Deutschland 2003-2004‘, Haufigkeiten und Trends. Gesundheitsberichterstattung des
Bundes..

XXIX



References

Rosenberg, S. A. (2008) 'Overcoming obstacles to the effective immunotherapy of human cancer', Proc
Natl Acad Sci U S A, 105(35), 12643-4.

Rosenberg, S. A., Yannelli, J. R,, Yang, J. C., Topalian, S. L., Schwartzentruber, D. J., Weber, J. S.,
Parkinson, D. R., Seipp, C. A., Einhorn, J. H. and White, D. E. (1994) 'Treatment of patients with
metastatic melanoma with autologous tumor-infiltrating lymphocytes and interleukin 2', J Natl
Cancer Inst, 86(15), 1159-66.

Rosnet, O., Buhring, H. J., deLapeyriere, O., Beslu, N., Lavagna, C., Marchetto, S., Rappold, I.,
Drexler, H. G., Birg, F., Rottapel, R., Hannum, C., Dubreuil, P. and Birnbaum, D. (1996)
'Expression and signal transduction of the FLT3 tyrosine kinase receptor', Acta Haematol, 95(3-4),
218-23.

Rosnet, O., Mattei, M. G., Marchetto, S. and Birnbaum, D. (1991) 'Isolation and chromosomal
localization of a novel FMS-like tyrosine kinase gene', Genomics, 9(2), 380-5.

Rosnet, O., Schiff, C., Pebusque, M. J., Marchetto, S., Tonnelle, C., Toiron, Y., Birg, F. and
Birnbaum, D. (1993) 'Human FLT3/FLK2 gene: cDNA cloning and expression in hematopoietic
cells', Blood, 82(4), 1110-9.

Saeboe-Larssen, S., Fossberg, E. and Gaudernack, G. (2002) 'mRNA-based electrotransfection of
human dendritic cells and induction of cytotoxic T lymphocyte responses against the telomerase
catalytic subunit ("TERT)', J Immunol Methods, 259(1-2), 191-203.

Safaian, N. N., Czibere, A., Bruns, l., Fenk, R., Reinecke, P., Dienst, A., Haas, R. and Kobbe, G.
(2009) 'Sorafenib (Nexavar) induces molecular remission and regression of extramedullary disease
in a patient with FLT3-ITD+ acute myeloid leukemia', Leuk Res, 33(2), 348-50.

Saizawa, K., Rojo, J. and Janeway, C. A., Jr. (1987) 'Evidence for a physical association of CD4 and
the CD3:alpha:beta T-cell receptor', Nature, 328(6127), 260-3.

Sallusto, F. and Lanzavecchia, A. (2011) 'Memory in disguise', Nat Med, 17(10), 1182-3.

Sallusto, F., Lenig, D., Forster, R., Lipp, M. and Lanzavecchia, A. (1999) "Two subsets of memory T
lymphocytes with distinct homing potentials and effector functions', Nature, 401(6754), 708-12.

Salomo, M., Steinmann, J., Glass, B., Herwartz, C., Uharek, L., Gassmann, W. and Muller-
Ruchholtz, W. (1995) 'Leukemia-specific allogeneic donor T cells: quantification by limiting dilution
assay', Bone Marrow Transplant, 15(2), 179-86.

Saric, T., Chang, S. C., Hattori, A., York, I. A., Markant, S., Rock, K. L., Tsujimoto, M. and Goldberg,
A. L. (2002) 'An IFN-gamma-induced aminopeptidase in the ER, ERAP1, trims precursors to MHC
class I-presented peptides’, Nat Immunol, 3(12), 1169-76.

Schaft, N., Dorrie, J., Thumann, P., Beck, V. E., Muller, I., Schultz, E. S., Kampgen, E., Dieckmann,
D. and Schuler, G. (2005) 'Generation of an optimized polyvalent monocyte-derived dendritic cell
vaccine by transfecting defined RNAs after rather than before maturation', J Immunol, 174(5),
3087-97.

Scheibenbogen, C., Letsch, A., Thiel, E., Schmittel, A., Mailaender, V., Baerwolf, S., Nagorsen, D.
and Keilholz, U. (2002) 'CD8 T-cell responses to Wilms tumor gene product WT1 and proteinase 3
in patients with acute myeloid leukemia', Blood, 100(6), 2132-7.

Schessl, C., Rawat, V. P., Cusan, M., Deshpande, A., Kohl, T. M., Rosten, P. M., Spiekermann, K.,
Humphries, R. K., Schnittger, S., Kern, W., Hiddemann, W., Quintanilla-Martinez, L.,
Bohlander, S. K., Feuring-Buske, M. and Buske, C. (2005) 'The AML1-ETO fusion gene and the

XXX



References

FLT3 length mutation collaborate in inducing acute leukemia in mice’, J Clin Invest, 115(8), 2159-
68.

Schilenner, S. M., Madan, V., Busch, K., Tietz, A., Laufle, C., Costa, C., Blum, C., Fehling, H. J. and
Rodewald, H. R. (2010) 'Fate mapping reveals separate origins of T cells and myeloid lineages in
the thymus', Immunity, 32(3), 426-36.

Schmid, C., Labopin, M., Nagler, A., Bornhauser, M., Finke, J., Fassas, A., Volin, L., Gurman, G,,
Maertens, J., Bordigoni, P., Holler, E., Ehninger, G., Polge, E., Gorin, N. C., Kolb, H. J. and
Rocha, V. (2007) 'Donor lymphocyte infusion in the treatment of first hematological relapse after
allogeneic stem-cell transplantation in adults with acute myeloid leukemia: a retrospective risk
factors analysis and comparison with other strategies by the EBMT Acute Leukemia Working
Party', J Clin Oncol, 25(31), 4938-45.

Schmid, C., Schleuning, M., Tischer, J., Holler, E., Haude, K. H., Braess, J., Haferlach, C.,
Baurmann, H., Oruzio, D., Hahn, J., Spiekermann, K., Schlimok, G., Schwerdtfeger, R.,
Buechner, T., Hiddemann, W. and Kolb, H. J. (2012) 'Early allo-SCT for AML with a complex
aberrant karyotype--results from a prospective pilot study', Bone Marrow Transplant, 47(1), 46-53.

Schmidt-Arras, D. E., Bohmer, A., Markova, B., Choudhary, C., Serve, H. and Bohmer, F. D. (2005)
"Tyrosine phosphorylation regulates maturation of receptor tyrosine kinases', Mol Cell Biol, 25(9),
3690-703.

Schmitt, M., Schmitt, A., Rojewski, M. T., Chen, J., Giannopoulos, K., Fei, F., Yu, Y., Gotz, M.,
Heyduk, M., Ritter, G., Speiser, D. E., Gnjatic, S., Guillaume, P., Ringhoffer, M., Schlenk, R.
F., Liebisch, P., Bunjes, D., Shiku, H., Dohner, H. and Greiner, J. (2008) 'RHAMM-R3 peptide
vaccination in patients with acute myeloid leukemia, myelodysplastic syndrome, and multiple
myeloma elicits immunologic and clinical responses', Blood, 111(3), 1357-65.

Schnittger, S., Schoch, C., Dugas, M., Kern, W., Staib, P., Wuchter, C., Loffler, H., Sauerland, C. M.,
Serve, H., Buchner, T., Haferlach, T. and Hiddemann, W. (2002) 'Analysis of FLT3 length
mutations in 1003 patients with acute myeloid leukemia: correlation to cytogenetics, FAB subtype,
and prognosis in the AMLCG study and usefulness as a marker for the detection of minimal
residual disease', Blood, 100(1), 59-66.

Scholl, S., Salzmann, S., Kaufmann, A. M. and Hoffken, K. (2006) 'FIt3-ITD mutations can generate
leukaemia specific neoepitopes: potential role for immunotherapeutic approaches', Leuk
Lymphoma, 47(2), 307-12.

Scholl, S., Spies-Weisshart, B., Klink, A., Muegge, L. O., Fricke, H. J. and Hochhaus, A. (2011)
'‘Secondary resistance to sorafenib in two patients with acute myeloid leukemia (AML) harboring
FLT3-ITD mutations', Ann Hematol, 90(4), 473-5.

Sette, A., Alexander, J., Ruppert, J., Snoke, K., Franco, A., Ishioka, G. and Grey, H. M. (1994)
'Antigen analogs/MHC complexes as specific T cell receptor antagonists', Annu Rev Immunol, 12,
413-31.

Shih, L. Y., Huang, C. F., Wu, J. H,, Lin, T. L., Dunn, P., Wang, P. N., Kuo, M. C,, Lai, C. L. and Hsu,
H. C. (2002) 'Internal tandem duplication of FLT3 in relapsed acute myeloid leukemia: a
comparative analysis of bone marrow samples from 108 adult patients at diagnosis and relapse’,
Blood, 100(7), 2387-92.

Skipper, J. C., Hendrickson, R. C., Gulden, P. H., Brichard, V., Van Pel, A., Chen, Y., Shabanowitz,
J., Wolfel, T., Slingluff, C. L., Jr., Boon, T., Hunt, D. F. and Engelhard, V. H. (1996) 'An HLA-
A2-restricted tyrosinase antigen on melanoma cells results from posttranslational modification and
suggests a novel pathway for processing of membrane proteins', J Exp Med, 183(2), 527-34.

XXXI



References

Small, D. (2008) 'Targeting FLT3 for the treatment of leukemia’', Semin Hematol, 45(3 Suppl 2), S17-21.

Smit, W. M., Rijnbeek, M., van Bergen, C. A., Willemze, R. and Falkenburg, J. H. (1998) 'Generation
of leukemia-reactive cytotoxic T lymphocytes from HLA-identical donors of patients with chronic
myeloid leukemia using modifications of a limiting dilution assay', Bone Marrow Transplant, 21(6),
553-60.

Smits, E. L., Berneman, Z. N. and Van Tendeloo, V. F. (2009) 'Immunotherapy of acute myeloid
leukemia: current approaches', Oncologist, 14(3), 240-52.

Smits, E. L., Lee, C., Hardwick, N., Brooks, S., Van Tendeloo, V. F., Orchard, K. and Guinn, B. A.
(2011) 'Clinical evaluation of cellular immunotherapy in acute myeloid leukaemia', Cancer Immunol
Immunother, 60(6), 757-69.

Solache, A., Morgan, C. L., Dodi, A. I., Morte, C., Scott, |., Baboonian, C., Zal, B., Goldman, J.,
Grundy, J. E. and Madrigal, J. A. (1999) 'Identification of three HLA-A*0201-restricted cytotoxic T
cell epitopes in the cytomegalovirus protein pp65 that are conserved between eight strains of the
virus', J Immunol, 163(10), 5512-8.

Spiekermann, K., Bagrintseva, K., Schwab, R., Schmieja, K. and Hiddemann, W. (2003)
'Overexpression and constitutive activation of FLT3 induces STATS activation in primary acute
myeloid leukemia blast cells’, Clin Cancer Res, 9(6), 2140-50.

Spierings, E. and Goulmy, E. (2005) 'Expanding the immunotherapeutic potential of minor
histocompatibility antigens', J Clin Invest, 115(12), 3397-400.

Stams, W. A, den Boer, M. L., Beverloo, H. B., Meijerink, J. P., van Wering, E. R., Janka-Schaub, G.
E. and Pieters, R. (2005) 'Expression levels of TEL, AML1, and the fusion products TEL-AML1 and
AML1-TEL versus drug sensitivity and clinical outcome in t(12;21)-positive pediatric acute
lymphoblastic leukemia', Clin Cancer Res, 11(8), 2974-80.

Steffen, B., Muller-Tidow, C., Schwable, J., Berdel, W. E. and Serve, H. (2005) 'The molecular
pathogenesis of acute myeloid leukemia', Crit Rev Oncol Hematol, 56(2), 195-221.

Stepinski, J., Waddell, C., Stolarski, R., Darzynkiewicz, E. and Rhoads, R. E. (2001) 'Synthesis and
properties of mMRNAs containing the novel "anti-reverse" cap analogs 7-methyl(3'-O-methyl)GpppG
and 7-methyl (3'-deoxy)GpppG', RNA, 7(10), 1486-95.

Steudel, C., Wermke, M., Schaich, M., Schakel, U., llimer, T., Ehninger, G. and Thiede, C. (2003)
'‘Comparative analysis of MLL partial tandem duplication and FLT3 internal tandem duplication
mutations in 956 adult patients with acute myeloid leukemia’, Genes Chromosomes Cancer, 37(3),
237-51.

Stirewalt, D. L. and Radich, J. P. (2003) 'The role of FLT3 in haematopoietic malignancies', Nat Rev
Cancer, 3(9), 650-65.

Strobel, I., Berchtold, S., Gotze, A., Schulze, U., Schuler, G. and Steinkasserer, A. (2000) 'Human
dendritic cells transfected with either RNA or DNA encoding influenza matrix protein M1 differ in
their ability to stimulate cytotoxic T lymphocytes', Gene Ther, 7(23), 2028-35.

Sun, Q., Burton, R. L., Pollok, K. E., Emanuel, D. J. and Lucas, K. G. (1999) 'CD4+ Epstein-Barr virus-
specific cytotoxic T-lymphocytes from human umbilical cord blood', Cell Immunol, 195(2), 81-8.

Tallman, M. S., Gilliland, D. G. and Rowe, J. M. (2005) 'Drug therapy for acute myeloid leukemia’,
Blood, 106(4), 1154-63.

XXX



References

Tenzer, S., Peters, B., Bulik, S., Schoor, O., Lemmel, C., Schatz, M. M., Kloetzel, P. M., Rammensee,
H. G., Schild, H. and Holzhutter, H. G. (2005) 'Modeling the MHC class | pathway by combining
predictions of proteasomal cleavage, TAP transport and MHC class | binding', Cell Mol Life Sci,
62(9), 1025-37.

Teufel, R., Carralot, J. P., Scheel, B., Probst, J., Walter, S., Jung, G., Hoerr, I., Rammensee, H. G.
and Pascolo, S. (2005) 'Human peripheral blood mononuclear cells transfected with messenger
RNA stimulate antigen-specific cytotoxic T-lymphocytes in vitro', Cell Mol Life Sci, 62(15), 1755-62.

Thaventhiran, J. E., Hoffmann, A., Magiera, L., de la Roche, M., Lingel, H., Brunner-Weinzierl, M.
and Fearon, D. T. (2012) 'Activation of the Hippo pathway by CTLA-4 regulates the expression of
Blimp-1 in the CD8+ T cell', Proc Natl Acad Sci U S A, 109(33), E2223-9.

Thiede, C., Steudel, C., Mohr, B., Schaich, M., Schakel, U., Platzbecker, U., Wermke, M.,
Bornhauser, M., Ritter, M., Neubauer, A., Ehninger, G. and llimer, T. (2002) 'Analysis of FLT3-
activating mutations in 979 patients with acute myelogenous leukemia: association with FAB
subtypes and identification of subgroups with poor prognosis', Blood, 99(12), 4326-35.

Turner, A. M., Lin, N. L., Issarachai, S., Lyman, S. D. and Broudy, V. C. (1996) 'FLT3 receptor
expression on the surface of normal and malignant human hematopoietic cells', Blood, 88(9), 3383-
90.

Van Camp, K., Cools, N., Stein, B., Van de Velde, A., Goossens, H., Berneman, Z. N. and Van
Tendeloo, V. (2010) 'Efficient mRNA electroporation of peripheral blood mononuclear cells to
detect memory T cell responses for immunomonitoring purposes', J Immunol Methods, 354(1-2), 1-
10.

Van der Bruggen, P., Traversari, C., Chomez, P., Lurquin, C., De Plaen, E., Van den Eynde, B.,
Knuth, A. and Boon, T. (1991) 'A gene encoding an antigen recognized by cytolytic T lymphocytes
on a human melanoma', Science, 254(5038), 1643-7.

van der Bruggen, P., Stroobant, V., Vigneron, N., Van den Eynde, B. (2012) ‘Peptide database: T cell-
defined tumor antigens.’ Cancer Immun 2012. URL: http://www.cancerimmunity.org/peptide/

Van Driessche, A., Berneman, Z. N. and Van Tendeloo, V. F. (2012) 'Active specific immunotherapy
targeting the Wilms' tumor protein 1 (WT1) for patients with hematological malignancies and solid
tumors: lessons from early clinical trials', Oncologist, 17(2), 250-9.

Van Driessche, A., Gao, L., Stauss, H. J., Ponsaerts, P., Van Bockstaele, D. R., Berneman, Z. N.
and Van Tendeloo, V. F. (2005a) 'Antigen-specific cellular immunotherapy of leukemia’, Leukemia,
19(11), 1863-71.

Van Driessche, A., Ponsaerts, P., Van Bockstaele, D. R., Van Tendeloo, V. F. and Berneman, Z. N.
(2005b) 'Messenger RNA electroporation: an efficient tool in immunotherapy and stem cell
research’, Folia Histochem Cytobiol, 43(4), 213-6.

Van Driessche, A.,, Van de Velde, A. L., Nijs, G., Braeckman, T., Stein, B., De Vries, J. M.,
Berneman, Z. N. and Van Tendeloo, V. F. (2009) 'Clinical-grade manufacturing of autologous
mature mRNA-electroporated dendritic cells and safety testing in acute myeloid leukemia patients
in a phase | dose-escalation clinical trial', Cytotherapy, 11(5), 653-68.

Van Tendeloo, V. F., Ponsaerts, P. and Berneman, Z. N. (2007) 'mRNA-based gene transfer as a tool
for gene and cell therapy', Curr Opin Mol Ther, 9(5), 423-31.

Van Tendeloo, V. F., Ponsaerts, P., Lardon, F., Nijs, G., Lenjou, M., Van Broeckhoven, C., Van
Bockstaele, D. R. and Berneman, Z. N. (2001) 'Highly efficient gene delivery by mRNA

XXX



References

electroporation in human hematopoietic cells: superiority to lipofection and passive pulsing of
mRNA and to electroporation of plasmid cDNA for tumor antigen loading of dendritic cells’, Blood,
98(1), 49-56.

Vardiman, J. W., Harris, N. L. and Brunning, R. D. (2002) 'The World Health Organization (WHO)
classification of the myeloid neoplasms', Blood, 100(7), 2292-302.

Vardiman, J. W., Thiele, J., Arber, D. A., Brunning, R. D., Borowitz, M. J., Porwit, A., Harris, N. L.,
Le Beau, M. M., Hellstrom-Lindberg, E., Tefferi, A. and Bloomfield, C. D. (2009) 'The 2008
revision of the World Health Organization (WHO) classification of myeloid neoplasms and acute
leukemia: rationale and important changes', Blood, 114(5), 937-51.

Venditti, A., Buccisano, F., Del Poeta, G., Maurillo, L., Tamburini, A., Cox, C., Battaglia, A.,
Catalano, G., Del Moro, B., Cudillo, L., Postorino, M., Masi, M. and Amadori, S. (2000) 'Level
of minimal residual disease after consolidation therapy predicts outcome in acute myeloid
leukemia’, Blood, 96(12), 3948-52.

Vigneron, N., Stroobant, V., Chapiro, J., Ooms, A., Degiovanni, G., Morel, S., van der Bruggen, P.,
Boon, T. and Van den Eynde, B. J. (2004) 'An antigenic peptide produced by peptide splicing in
the proteasome’', Science, 304(5670), 587-90.

Warren, E. H., Vigneron, N. J., Gavin, M. A., Coulie, P. G., Stroobant, V., Dalet, A., Tykodi, S. S.,
Xuereb, S. M., Mito, J. K., Riddell, S. R. and Van den Eynde, B. J. (2006) 'An antigen produced
by splicing of noncontiguous peptides in the reverse order', Science, 313(5792), 1444-7.

Watts, T. H. (2005) 'TNF/TNFR family members in costimulation of T cell responses', Annu Rev Immunol,
23, 23-68.

Weber, G., Karbach, J., Kuci, S., Kreyenberg, H., Willasch, A., Koscielniak, E., Tonn, T., Klingebiel,
T., Wels, W. S., Jager, E. and Bader, P. (2009) 'WT1 peptide-specific T cells generated from
peripheral blood of healthy donors: possible implications for adoptive immunotherapy after
allogeneic stem cell transplantation’, Leukemia, 23(9), 1634-42.

Weiss, A. and Schlessinger, J. (1998) 'Switching signals on or off by receptor dimerization', Cell, 94(3),
277-80.

Weninger, W., Manjunath, N. and von Andrian, U. H. (2002) 'Migration and differentiation of CD8+ T
cells', Immunol Rev, 186, 221-33.

Wesarg E. (2008) ‘Identification of preferentially targeted tumor-associated antigens in melanoma
patients via mRNA stimulation of CD8+ blood lymphocytes’, Web link of PhD dissertation-
http://ubm.opus.hbz-nrw.de/volltexte/2009/1918/

Westermann, J., Schlimper, C., Richter, G., Mohm, J., Dorken, B. and Pezzutto, A. (2004) 'T cell
recognition of bcr/abl in healthy donors and in patients with chronic myeloid leukaemia', Br J
Haematol, 125(2), 213-6.

Whitman, S. P., Archer, K. J., Feng, L., Baldus, C., Becknell, B., Carlson, B. D., Carroll, A. J.,
Mrozek, K., Vardiman, J. W., George, S. L., Kolitz, J. E., Larson, R. A., Bloomfield, C. D. and
Caligiuri, M. A. (2001) 'Absence of the wild-type allele predicts poor prognosis in adult de novo
acute myeloid leukemia with normal cytogenetics and the internal tandem duplication of FLT3: a
cancer and leukemia group B study', Cancer Res, 61(19), 7233-9.

Whitmire, J. K., Tan, J. T. and Whitton, J. L. (2005) 'Interferon-gamma acts directly on CD8+ T cells to
increase their abundance during virus infection’, J Exp Med, 201(7), 1053-9.

XXXIV



References

Williams, M. A. and Bevan, M. J. (2006) 'Immunology: exhausted T cells perk up', Nature, 439(7077),
669-70.

Wills, M. R., Carmichael, A. J., Mynard, K., Jin, X., Weekes, M. P., Plachter, B. and Sissons, J. G.
(1996) 'The human cytotoxic T-lymphocyte (CTL) response to cytomegalovirus is dominated by
structural protein pp65: frequency, specificity, and T-cell receptor usage of pp65-specific CTL', J
Virol, 70(11), 7569-79.

Wolfel, C., Lennerz, V., Lindemann, E., Hess, G., Derigs, H. G., Huber, C., Herr, W. and Wolfel, T.
(2008) 'Dissection and molecular analysis of alloreactive CD8+ T cell responses in allogeneic
haematopoietic stem cell transplantation', Cancer Immunol Immunother, 57(6), 849-57.

Yamamoto, Y., Kiyoi, H., Nakano, Y., Suzuki, R., Kodera, Y., Miyawaki, S., Asou, N., Kuriyama, K.,
Yagasaki, F., Shimazaki, C., Akiyama, H., Saito, K., Nishimura, M., Motoji, T., Shinagawa, K.,
Takeshita, A., Saito, H., Ueda, R., Ohno, R. and Naoe, T. (2001) 'Activating mutation of D835
within the activation loop of FLT3 in human hematologic malignancies', Blood, 97(8), 2434-9.

Yokota, S., Kiyoi, H., Nakao, M., lwai, T., Misawa, S., Okuda, T., Sonoda, Y., Abe, T., Kahsima, K.,
Matsuo, Y. and Naoe, T. (1997) 'Internal tandem duplication of the FLT3 gene is preferentially
seen in acute myeloid leukemia and myelodysplastic syndrome among various hematological
malignancies. A study on a large series of patients and cell lines', Leukemia, 11(10), 1605-9.

Yotnda, P., Firat, H., Garcia-Pons, F., Garcia, Z., Gourru, G., Vernant, J. P., Lemonnier, F. A,,
Leblond, V. and Langlade-Demoyen, P. (1998) 'Cytotoxic T cell response against the chimeric
p210 BCR-ABL protein in patients with chronic myelogenous leukemia’, J Clin Invest, 101(10),
2290-6.

Youn, B. S., Mantel, C. and Broxmeyer, H. E. (2000) 'Chemokines, chemokine receptors and
hematopoiesis', Imnmunol Rev, 177, 150-74.

Youssoufian, H., Rowinsky, E. K., Tonra, J. and Li, Y. (2010) 'Targeting FMS-related tyrosine kinase
receptor 3 with the human immunoglobulin G1 monoclonal antibody IMC-EB10', Cancer, 116(4
Suppl), 1013-7.

Yu, H., Babiuk, L. A. and van Drunen Littel-van den Hurk, S. (2007) 'Immunity and protection by
adoptive transfer of dendritic cells transfected with hepatitis C NS3/4A mRNA', Vaccine, 25(10),
1701-11.

Yuan, Y., Zhou, L., Miyamoto, T., lwasaki, H., Harakawa, N., Hetherington, C. J., Burel, S. A,,
Lagasse, E., Weissman, |. L., Akashi, K. and Zhang, D. E. (2001) 'AML1-ETO expression is
directly involved in the development of acute myeloid leukemia in the presence of additional
mutations', Proc Natl Acad Sci U S A, 98(18), 10398-403.

Yun, C., Senju, S., Fujita, H., Tsuji, Y., Irie, A., Matsushita, S. and Nishimura, Y. (1999)
'Augmentation of immune response by altered peptide ligands of the antigenic peptide in a human
CD4+ T-cell clone reacting to TEL/AML1 fusion protein', Tissue Antigens, 54(2), 153-61.

Zhang, W., Konopleva, M., Shi, Y. X., McQueen, T., Harris, D., Ling, X., Estrov, Z., Quintas-
Cardama, A., Small, D., Cortes, J. and Andreeff, M. (2008) 'Mutant FLT3: a direct target of
sorafenib in acute myelogenous leukemia’, J Natl Cancer Inst, 100(3), 184-98.

XXXV



Appendix

8. Appendix

Declaration

“l hereby declare that this thesis represents my original work, without any unauthorized
assistance and only with the support that | have indicated in the thesis. All data, tables, figures
and text citations which have been reproduced from any other source, including the internet,
have been explicitly acknowledged as such. Moreover, | declare that this is a true copy of my
thesis, including any final revisions, and that this thesis has not been submitted for a higher
degree to any other University or Institution. In carrying out this research, | complied with the
rules of standard scientific practice as formulated in the statutes of the Johannes Gutenberg-

University Mainz to insure standard scientific practice.”

Vijay Kumar Singh
Place: Mainz,
Date: 18/ 04/2013

XXXVI



Acknowledgements

Acknowledgements

XXXVII



Acknowledgements

XXXVIII



Curriculum vitae

Curriculum vitae

XXXIX



