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Abstract

Abstract

Breast cancer is the most frequent cause of death among cancer diseases in women despite
improved treatment options, which makes new and further development of additional therapeutic
approaches urgently necessary. Immunotherapy, in particular CAR - based T cell therapy, became an
increasingly important therapeutic tool in recent decades due to great success in the treatment of
hematological diseases. However, this approach proved to be very challenging in the treatment of solid
tumors due to the lack of tumor specific antigens and inefficient persistence and infiltration of CAR*
T cells into these tumors. The breast cancer antigen NY-BR-1, which is overexpressed in more than
70 % of breast cancer tumors and metastases, might serve as a target antigen for CAR - based
immunotherapy. The feasibility of this hypothesis was investigated in this study using three different
CAR candidates varying in their binding sites within the NY-BR-1 protein. During this process, the
efficacy and safety of the individual CAR candidates was evaluated using various in vitro and in vivo
experiments. At the beginning of this work, human and murine NY-BR-1 - expressing cell lines were
successfully generated by lentiviral transduction. However, surface expression of the NY-BR-1 protein
decreased over time, mainly due to the dependency of NY-BR-1 expression on the G1 cell cycle phase
and degradation by proteasomes. For the generation of murine CAR* T cells, a novel transfection
strategy based on S/MAR DNA vectors (pS/MARter, NanoCMARter) was established. This innovative
technology enabled a cost-efficient, fast and very effective generation of CAR - expressing murine
T cells and was also successfully applied to human (CAR*) T cells. Indeed, all three CAR candidates,
expressed in lentivirally transduced or (S/MAR vector) electroporated T cells, proved to be very
effective in eliminating NY-BR-1 - expressing cell lines and primary pleural effusion cells isolated from
breast cancer patients. Additional cross-reactivity analyses with the NY-BR-1.1 protein, which exhibits
a high homology to NY-BR-1 and is expressed in the breast tissue and brain, revealed a high safety risk
for the application of one particular CAR candidate in clinical trials. The same CAR additionally caused
strongly increased blood cytokine levels in NY-BR-1% mice displaying low NY-BR-1 expression levels in
the organs. In C57BL/6 wild-type mice, however, all CAR candidates proved to be safe. The CAR* T cell
treatment of tumor bearing mice resulted in significantly delayed tumor growth and prolonged overall
survival, but the CAR* T cells differed in their infiltration efficiency depending on the CAR type. This
work demonstrated that NY-BR-1 is an attractive target antigen for CAR - based immunotherapy in
breast cancer patients. A direct comparison of the CAR candidates presented here revealed that one
of these three candidates is particularly suitable for use in clinical trials due to its safety profile and

high effectiveness.




Zusammenfassung

Zusammenfassung

Brustkrebs stellt trotz verbesserter Therapiemoglichkeiten die haufigste Todesursache unter den
Krebserkrankungen bei Frauen dar, was die Weiter- und Neuentwicklung zusatzlicher Therapieansatze
notwendig macht. Die Immuntherapie, insbesondere die CAR* T Zelltherapie, gewann in den letzten
Jahrzehnten aufgrund der groBen Erfolge bei der Behandlung hamatologischer Erkrankungen
zunehmend an Bedeutung. Jedoch erwies sich dieser Ansatz bei der Behandlung von soliden Tumoren
wegen mangelnder tumorspezifischer Antigene und ineffizienter Infiltration der CAR* T Zellen in das
Tumorgewebe als sehr schwierig. Das Brustkrebsantigen NY-BR-1, das in {ber 70 % der
Brustkrebstumore und Metastasen Uberexprimiert wird, konnte als Zielantigen fiir eine CAR basierte
Immuntherapie dienen. Die Umsetzbarkeit dieser Hypothese wurde in der vorliegenden Arbeit anhand
drei verschiedener CAR Kandidaten, die sich in ihren Binderegionen innerhalb des NY-BR-1 Proteins
unterscheiden, untersucht. Wahrend dieses Prozesses sollte vor allem die Effektivitat und Sicherheit
der CARs unter Einsatz verschiedener in vitro und in vivo Versuche evaluiert werden. Zu Beginn dieser
Arbeit wurden mittels lentiviraler Transduktion humane und murine NY-BR-1 exprimierende Zelllinien
generiert. Die Oberflachenexpression des NY-BR-1 Proteins verringerte sich jedoch mit der Zeit, was
vor allem auf einer Abhangigkeit der NY-BR-1 Expression von der G1 Zellzyklusphase und dem Abbau
durch Proteasome beruhte. Fiir die Generierung von murinen CAR* T Zellen wurde eine neuartige
Transfektionsstrategie, die auf S/MAR DNA Vektoren (pS/MARter, NanoCMARter) basiert, etabliert.
Diese Technologie ermoglichte eine kostenglinstige, schnelle und effektive Generierung von murinen
CAR exprimierenden T Zellen, die auch erfolgreich auf humane (CAR*) T Zellen angewandt wurde.
Tatsachlich erwiesen sich alle drei CAR Kandidaten, die in lentiviral transduzierten oder (S/MAR Vektor)
elektroporierten T Zellen exprimiert wurden, als sehr effektiv bei der Eliminierung von NY-BR-1
exprimierenden Zelllinien und priméaren Pleurazellen, die aus Brustkrebspatienten isoliert wurden.
Zusatzliche Analysen zur Kreuzreakivitat gegeniiber des NY-BR-1.1 Proteins, das eine hohe Homologie
zu NY-BR-1 aufweist und neben dem Brustgewebe auch im Gehirn exprimiert wird, offenbarten ein
hohes Sicherheitsrisiko fiir den Einsatz eines bestimmten CAR Kandidaten in klinischen Studien. Dieser
CAR fiihrte zudem zu stark erhéhten Cytokinkonzentrationen in NY-BR-1®" Mausen, die geringe
NY-BR-1 Expressionslevel in den Organen aufweisen. In C57BL/6 Wildtyp Mausen erwiesen sich jedoch
alle CAR Kandidaten als sicher. Die CAR* T Zellbehandlung von tumortragenden Mausen fihrte zu
einem signifikant verzégerten Tumorwachstum und einem verlangerten Gesamtiiberleben, wobei sich
die CAR* T Zellen in ihrer Infiltrationseffizienz unterschieden. Die Ergebnisse der vorliegenden Arbeit
zeigten, dass NY-BR-1 ein attraktives Zielantigen fiir CAR basierte Immuntherapien bei
Brustkrebspatienten darstellt. Beim direkten Vergleich der hier vorgestellten CAR Kandidaten wurde
ersichtlich, dass sich vor allem einer der drei Kandidaten aufgrund seines Sicherheitsprofils und hoher

Effektivitat fir einen Einsatz in klinischen Studien eignet.
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Introduction

1 Introduction

Despite improved therapies and prevention strategies, cancer incidence and mortality are growing
worldwide. 17.0 million new cancer cases and 9.5 million cancer deaths were reported worldwide in
2018 1. Moreover, it is expected that there will be a worldwide increase to over 27.5 million new cancer
cases and 16.3 million cancer deaths by 2040, predicting cancer might become the leading cause of
death worldwide. The reasons are manifold and include not only aging and growth of population but
also the failure of established treatments for cancer recurrence, which necessitates the development

of new treatment approaches 3

1.1 Breast cancer

Breast cancer is the second most common cause of cancer death (after lung cancer) worldwide and
is the most commonly diagnosed cancer in women, accounting for over 25 % of all cancers . Next to
family and genetic predispositions (e.g. BRCA1/2, p53, or PTEN mutations) °> or general lifestyle factors
such as excessive alcohol consumption, smoking or overweight, age is one important risk factor for
breast cancer, which is reflected in higher incidence rates with increasing age >®. Most breast cancer
diagnoses are made in women after the age of 45. In addition, an increased “hormonal load”,
influenced by different factors such as hormone treatments, pregnancy, long nursing periods, early
menarche or later menopause, belongs to the main risk factors for developing breast cancer >2.
However, different studies demonstrated that risk factors, especially genetic factors, vary depending
on the molecular subtype of breast cancer °.

Due to the heterogeneity of this malignancy, breast cancer is divided into different types on the
basis of tumor grade as well as histological and molecular biological analysis >3, A basic distinction is
made between non-invasive and invasive breast carcinoma. The latter, representing over 80 % of all
breast cancer diagnoses !, means that tumor cells infiltrate surrounding breast tissue. These types are
further classified into a wide range of subtypes according to the cells of origin, whereby breast duct —
derived cancers, so-called ductal carcinoma, represent the majority of both non-invasive (83 %) ! and
invasive (80 %) breast cancers 3 (see Figure 1.1.1). The second most common type of invasive breast

cancer (15 %) arises from lobules of the breast and is known as lobular carcinoma 3.
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Figure 1.1.1: Anatomy of the female breast including ductal structures

[A] Each female breast exhibits lobes, which are further divided into smaller milk-producing glands (lobules), and ducts to
carry milk from the lobules to the nipple. [B] Ducts and lobules compose of (inner) luminal epithelial and (outer) myoepihelial
(basal) cells. Both cell types can serve as cells of origin for breast cancer. Non-invasive ductal carcinoma, also known as ductal
carcinoma in situ, means that cancerous cells remain inside the milk ducts, whereas invasive ductal carcinoma is defined by
spreading of cancerous cells into surrounding breast tissue.

Based on molecular analysis and expression profiles of hormone and proliferation-related genes,
for example, breast cancers are further classified into five intrinsic subtypes: luminal A, luminal B,
HER2-enriched, triple negative, and basal-like **°. These in turn differ in their histological features,
responses to chemotherapies, clinical outcomes and relapse rates. The most commonly diagnosed (40
— 60 %) subtype, luminal A, is defined as estrogen receptor positive (ER*), human epidermal growth
factor receptor 2 negative (HER2) and / or progesterone receptor positive (PR*) and exhibits low
expression rates of the proliferation marker Ki-67 1. In general, patients suffering from luminal A
tumors have a low recurrence risk and a good prognosis compared to other subtypes 7,

In contrast, 10 to 20 % of breast cancers belong to the luminal B subtype, which is divided into two
groups depending on the HER2 expression profile 19, While the HER2 luminal B subset is defined as
ER*, HER2, Ki-67"&" and / or PR* with Ki-67 expression levels of over 14 %, the HER2* type displays an
ER*and / or PR* phenotype &1°, Besides, luminal B tumors have a higher mutational burden and worse
prognosis with higher recurrence rates compared to luminal A 1419

In contrast to the luminal subtypes, HER2 - enriched tumors are negative for both hormone
receptors ER and PR, have lower expression of luminal genes and exhibit very high expression rates of
HER2 4. In addition, these tumors are characterized by high mutational burden, high risk of recurrence
and lead to metastasis in brain and visceral organs 1420-22,

Triple negative breast cancer (TNBC), which is characterized by the absence of ER, PR and HER2
expression, is much less common (10 — 17 % of breast cancer cases), but represents a very
heterogeneous and aggressive subgroup with early age of outcome %4, The heterogeneity of this
subclass is reflected in distinct patterns of molecular alterations, somatic mutations and copy-number

variations leading to seven different clusters: basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory
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(IM), mesenchymal (M), mesenchymal-stem-like (MSL), luminal androgen receptor (LAR), and an
unstable cluster within TNBC *. The majority (71 %) of TNBC tumors have a basal-like phenotype %,
which means that these tumors express basal markers such as cytokeratin 5 (CK5), CK6, CK14, CK17
and / or the epidermal growth factor receptor (EGFR) 2 . However, TNBC and basal-like breast cancer
cannot be used as synonyms because not all basal-like tumors are triple negative and vice versa . In
fact, various studies showed that only 70 — 90 % of molecular basal-like tumors are triple-negative,
whereas the rest shows high expression of ER or HER2 2*?5?7_ Nevertheless, in addition to the
expression of basal markers, basal-like and TNBC show further similarities such as high frequency of

BRCA1 mutations, distant metastasis and poor prognosis 232628,

Table 1.1: Gene expression profiles in breast cancer subtypes

Subtypes ER PR HER2 Ki-67 Luminal marker Basal marker
Low
Luminal A + + /- - CK8, CK18
(< 14 %)
Luminal B High
+ +/- - CK8, CK18
(HER2)) (>14 %)
Luminal B
+ +/- + Any CK8, CK18
(HER2Y)
HER2- )
or low - + Any CK7, CK8, CK18
enriched
level
Triple- ~ 71 % basal-like:
negative - - - Any CK5, CK6, CK17 and
(TNBC) / or EGFR
) CK5, CK6, CK17 and
Basal-like or low or low or low Any
/ or EGFR
level level level

There are diverse hypothetical models for the development of different breast cancer subtypes, so
that the general question arises whether certain breast cancer phenotypes are already present in the
originally transforming tumor cell or if different phenotypes develop during tumorigenesis . In
general, the cancer stem cell concept proposes that a small subpopulation of cancer cells has the ability
to renew and differentiate, and to exhibit clonal and tumorigenic potentials *°. Indeed, Al Hajj et
al.(2003)*! identified a subpopulation of breast cancer cells with a stem cell-like CD44*CD247°% ESA*

(epithelial surface antigen) phenotype, which was capable to reconstituting tumors on serial
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transplantation in immunodeficient NOD SCID mice with a phenotypic heterogeneity found in the
initial tumor. This breast cancer stem cell theory was confirmed by further studies. For example, breast
cancer stem cells were identified and isolated from breast cancer lesions as well as established breast
cancer cell lines and showed the ability to renew, to extensively proliferate as clonal non-adherent
spherical clusters and to differentiate along different mammary epithelial lineages (ductal and
myoepithelial) in vitro 332,

The findings from several studies on the development of various breast cancer subtypes led to two
hypothetical models summarized in Figure 1.1.2. According to the “one cell of origin” theory (Figure
1.1.2 A), all breast cancer subtypes derive from the same breast cancer stem cells by subset specific
genetic and epigenetic mutations of the same mammary epithelial or progenitor stem cell 82%3,
However, the other and most accepted hypothesis implies that each tumor subtype arises from distinct
cell types (stem cell, progenitor cell or differentiated cell) (Figure 1.1.2 B) #29333% Here, gradual
accumulation of random mutations might result in transformation into tumor cells when sufficient
mutations have accumulated 8. While both luminal A and B breast cancers show gene expression
profiles similar to differentiated inner luminal epithelium 3>, triple-negative and basal-like tumors are
suspected to be derived from basal or luminal progenitor cells 3¥3637, whereby the latter seem to
express basal-specific genes 3¢. The precursor population for HER2-enriched cancer might be late
luminal progenitor cells 3°.

There are several hypotheses about the roles of cancer stem cells, stromal microenvironment and
genetic profiles in the formation of breast cancer metastases. All of the following have been suggested
by traditional models of breast cancer metastasis: (1) only a small subset of tumors cells acquires the
metastatic capacity during late tumorigenesis, (2) all tumor cells can form metastasis through
spontaneous metastasis spread, or (3) metastatic variants or subclones arise within the primary tumor
1038 According to the model from Weigelt et al. (2005) 1°, metastatic “poor prognosis” breast tumors
might develop when oncogenic mutations occur in breast stem cells, whereas non-metastatic “good
prognosis” breast cancers might arise from mutations in differentiated progenitor cells. Moreover,
different studies indicate that tissue-specific genetic profiles differ between various breast cancer stem
cells, which might explain the tissue selectivity for metastasis (e.g. lung, liver, bone, pancreas, adrenal
glands, skin, gastrointestinal) 1°. At the site of metastasis, required stromal responses and formation

of blood vessels are again initiated by disseminated breast cancer stem cells °.
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Figure 1.1.2: Hypothetical models for the development of different breast cancer subtypes

[A] The cancer stem cell theory proposes that all breast cancer subsets derive from the same mammary epithelial or
progenitor stem cell by subtype-specific genetic or epigenetic mutations. [B] The tumor subtype specific hypothesis suggests
that each tumor subset derives from a different cell type (single stem or progenitor cells) by gradually accumulation of
random mutations, whereby the exact intermediate transforming steps are unknown so far.

Various studies have focused on determining the risk of developing metastases by using prognostic
markers. In general, lymph-node metastasis, large-size tumors and loss of histopathological
differentiation enhance the risk of metastasis formation °. In addition to molecular prognostic marker
such as over-expression of HER2 or increased levels of PAI1 / uPA 1°, 70 genes were identified in order
to classify patients into good and poor prognosis groups 3%°. Depending on breast cancer subtype and

prognosis, different treatment options are applied (see chapter 1.1.1).

1.1.1 Treatment options for breast cancer

The primary therapy for breast cancer consists of surgical procedures that include removal of the
primary tumor (along with a rim of normal tissue in order to decrease the risk of local recurrence) and
axillary lymph nodes, followed by radio therapy *. Additional systematic therapy such as

chemotherapy might be applied preoperative (neoadjuvant), postoperative (adjuvant) or both %2
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Depending on the breast cancer subtype, stage and prognosis, different systemic therapies are
utilized. Hormone-receptor positive breast cancers (luminal A and B) are treated with endocrine
therapies by taking advantage of the fact that estrogen plays a key role for tumor growth %44,
Tamoxifen and Toremefine are selective estrogen receptor modulators (SERMs), which competitively
inhibit estrogen’s binding to ER and, thus, act anti-estrogenic in breast tissue but estrogenic in other
tissues such as liver, uterus or bone **4>%_ Using Tamoxifen, the cancer recurrence rate was decreased
by 50 % in the first five years post diagnosis compared to control group without endocrine therapy #4.
However, resistance to Tamoxifen was observed in 30 % of women after prolonged exposure to the
drug %, Various causes for resistance development have been hypothesized and include, among
others, loss of ER expression, ER gene mutation, abnormal splicing, abnormal expression of co-
regulatory proteins such as “amplified in breast cancer 1” AIB1 or interaction with growth factor
signaling pathways %%, Therefore, inhibition of the aromatase (Al), which converts androgens to
estrogens, is applied in case of Tamoxifen resistant tumors in women after menopause *°° ., Another
alternative treatment approach for Tamoxifen-resistance cancer in postmenopausal women is the
selective degradation of estrogen receptors with Fulvestrant, which induces degradation and
downregulation of ER at protein level as well as depletion of ER transcriptional activation >%°2, In
addition to endocrine therapies, CDK4/6 inhibitors were proved to be beneficial for patients with ER*
HER2™ advanced (metastatic) breast cancer. The blockage of CDK4/6, whose activity is increased in
cancer cells, results in a cell cycle block in mid-G1 phase, which in turn impedes proliferation of breast
cancer cells >3,

In contrast, HER2 (also known as ERBB2) enriched breast tumors are treated with drugs targeting
the HER2 molecule. Common therapies include Trastuzumab or Pertuzumab in combination with
chemotherapy (or hormone therapy for ER* HER2* tumors) %°°. Trastuzumab, a humanized
monoclonal antibody directed against the juxtamembrane region HER2, might act by the induction of
an antibody dependent cellular cytotoxicity (ADCC) °¢. However, several studies also proposed that
Trastuzumab inhibits dimerization and activation / phosphorylation of HER2 >>°¢, By comparison,
Pertuzumab is a recombinant humanized antibody that binds to the extracellular dimerization domain
Il of HER2, which in turn provokes ADCC as well as inhibition of HER2 heterodimerization. Preclinical
studies suggest that a combination therapy of Pertuzumab and Trastuzumab is more potent than
either monotherapy **.

Due to the lack of hormone receptors in triple negative breast cancers (TNBC), therapeutic
approaches are limited and primarily include Anthracycline- and / or taxane-based chemotherapies
5758 However, immune checkpoint blockade therapy represents an additional treatment option for a
variety of cancers, including hormone receptor positive and triple negative breast cancers %,

Immune checkpoints are generally important to prevent autoimmunity and excessive immune
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reactions but they often impede efficient anti-tumor immune responses %2%2, For example, CTLA-4 is
upregulated on activated T cells and attenuates TCR signaling by rivalising with the co-stimulatory
molecule CD28 for the B7 ligands B7-1 (CD80) and B7-2 (CD86) ®. The combination of Tremelimumab,
a CTLA-4 antibody, and Exemestane led to an increase in peripheral ICOS (inducible costimulator)
expressing CD4* and CD8* T cells relative to regulatory T cells (Trg cells) in patients suffering from ER*
metastatic breast cancer ®*. In addition, stable disease (SD) (for at least 3 months) was observed in 42
% of patients ®*. Further ongoing trials evaluate PD-1 / PD-L1 inhibitors (in combination with anti-CTLA-
4 antibodies) for ER*, HER2* and triple negative breast cancers ®>%. PD-1 is upregulated on activated
T cells and acts as a negative costimulatory signal upon binding to its ligand PD-L1, which is widely
expressed in tumor-infiltrating immune cells and nonlymphoid tissues including breast cancer cells
6667 |n fact, the FDA and EMA approved a checkpoint-inhibitor, Atezolizumab, in combination with
Nab-paclitaxel, a novel formulation of Paclitaxel, for the treatment of PD-L1 positive TNBC. Phase Il
clinical trial (NCT02425891) demonstrated median progression-free survival of 7.4 months and
complete response in 9 % vs. 4.8 months and 1 % in the control group *’°8. Moreover, clinical trials are
investigating combinations of the anti-HER2 therapy with checkpoint inhibitors using Trastuzumab and
Pembrolizumab (NCT03747120, NCT02901301).

Nevertheless, the problem of many standard therapies is that they act on rapidly dividing cells and
usually fail in complete eradication of breast cancer stem cells, which often remain in a quiescent state
6870 |n fact, chemotherapies lead to increased frequencies of tumorigenic CD44*/CD247°% cells ®°.
Moreover, different trials indicate that breast cancer stem cells might play a key role or rather be the
origin for resistance to endocrine therapies %7, Therefore, many trials are focusing on the treatment
of breast cancer stem cells. Possible therapeutic approaches, among others, include the application of
nanoparticles encapsulating chemotherapeutic agents or DNA hypermethylation inhibitors 7>7® and
the use of anti-CD44 3% or anti-CD133 antibodies 7. Safety and effectiveness of both nanoparticle
(NCT03749850, NCT02425891) 7>7> and antibody based therapies (NCT02254005) 7° are evaluated in
clinical trials.

Other therapeutical approaches, which are focusing on the improvement of T cell mediated
anti-tumor immune responses by vaccinations, such as tumor cell or lysate, recombinant viral vectors,
heat shock proteins, tumor peptides, DNA, RNA or DC-based vaccines, are under development 7”78, For
example, treatment of hormone receptor positive breast cancer patients with NeuVax, a breast cancer
vaccine that recognizes the HER2 - derived peptide E75 (nelipepimut-S) combined with the immune
adjuvant granulocyte macrophage colony stimulating factor (GM-CSF), provoked improved overall
survival and was well tolerated in clinical trials ”’. Peptide-based vaccines with Mucl, a protein that is
overexpressed in the majority of breast cancers, or Mucl tumor-associated antigens are tested in

clinical trials 8. Both HER2 and Mucl are also widely used for DC-based vaccine strategies . In
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addition, several studies are ongoing for personalized RNA vaccinations, especially for triple-negative
breast cancer patients 787°,

Next to vaccinations, different preclinical and clinical trials with ex vivo expanded tumor-infiltrating
T cells or CAR* T cells directed against HER2, Mucl, Mesothelin or cMet are ongoing and will be further

explained in chapter 1.2.1.1. 881,

1.1.2 The breast cancer associated antigen NY-BR-1

Tumor associated antigens (TAAs) are proteins, glycoproteins, glycolipids or carbohydrates, which
represent attractive targets for diagnostic and therapeutic approaches %% However, in contrast to
tumor specific antigens, TAAs are not selectively expressed in tumor tissues and are classified
according to their expression patterns 8223, For example, differentiation antigens are defined by the
expression in tumors in a lineage-associated pattern and in normal healthy tissues (or at differentiation
stages of special cell types) of the same origin. In contrast, tumor germline (“tumor-testis”) antigens
can only be found in cancers, gametes and trophoblasts but not in normal healthy tissues . Antigens
which are overexpressed in tumors compared with normal cells or tissues represent another class of
TAAs and might be useful vaccine targets 8224,

The breast cancer associated antigen NY-BR-1 (New York Breast 1), also known as Ankyrin repeat
domain-containing protein 30A, was identified by applying the strategy of “serological identification
of antigens by recombinant expression cloning” (SEREX) &. This technology was developed by Sahin et
al. (1995)%¢ and is based on tumor cDNA expression libraries, which are cloned into A phage expression
vectors for subsequent transfection of E.coli. Afterwards, diluted autologous sera from breast cancer
patients are screened using phage plaques containing nitrocellulose membranes. Positive clones,
which are usually detected by secondary anti-human IgG antibodies, are isolated and sequenced %%,

Different SEREX and computational analysis revealed that the NY-BR-1 gene is located on
chromosome 10p11-p12, has an open reading frame of 4.2 kb and consists of 37 exons, whereby
multiple repetitive sequences were found ®. In addition, the NY-BR-1 protein exhibits a bipartite
nuclear localization signal, five tandem ankyrin repeats and a bZIP site (DNA-binding site followed by
leucine zipper motif) 8. Moreover, four estrogen receptor response elements (EREs) nearby the
promoter region of NY-BR-1 were identified . Additionally, a 54% amino acid homology to a protein
(NY-BR-1.1) expressed in brain, breast and testis was found . However, the exact function of NY-BR-1
could not be defined so far

Specific feature of this protein is its restricted expression to epithelium of normal healthy breast,

testis and prostates as well as its over-expression in over 70 % of primary breast tumors (non-invasive
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and invasive ductal / lobular carcinoma) and metastasis 3!

. RNA microarray - based studies,
performed by Radvanyi et al. (2005)%?, compared gene expression profiles of 54 breast cancers with
289 normal tissue samples and even demonstrated an average overexpression of NY-BR-1 by a factor
of 52 fold over normal tissues 2. Further immunohistochemistry and bioinformatic analyses showed
that this 158 kDa protein is located in both the membrane and cytoplasm °*%3, In fact, bioinformatic
analyses suggest that the membrane-bound NY-BR-1 protein has two transmembrane domains close
to the N terminus site but extracellular N and C terminal sites °. Nevertheless, breast cancer cell lines
seem to be negative for NY-BR-1 (surface) expression 89 ,

Diverse expression analyses of breast tumors suggest the presence of alternative splice variants.
Theurillat et al. (2008)®® demonstrated that NY-BR-1 expression was significantly stronger and more
frequently detected by probes binding within exons 30 — 33 than by exons 4 — 7 by using in situ
hybridization experiments. Moreover, NY-BR-1 protein expression directly correlates with the grade
(grade 1: 82 %, grade 2: 69 %, grade 3: 46) **, estrogen receptor 8% and HLA class | expression %. In
fact, 70 % of ER positive tumors exhibit NY-BR-1 expression and tumors showed reduced NY-BR-1
expression levels after tamoxifen treatment expression 8%, In contrast, HER2-gene and EGFR status
inversely correlate with NY-BR-1 expression %,

Another important aspect of this differentiation TAA is its immunogenicity, since NY-BR-1 induces
both humoral and cellular immune responses. 7 % out of 43 tested patients with NY-BR-1* breast
cancers exhibited NY-BR-1 specific antibodies °°. Furthermore, diverse NY-BR-1 specific CD8" and CD4*
T cell restricted epitopes were found by co-cultivation of patient derived T cells with NY-BR-1 proteins
9,97 or NY-BR-1 specific DNA immunization of HLA transgenic mice %8 .

Thus, the overexpression of NY-BR-1, with its simultaneously limited expression pattern and

immunogenic properties, make this protein a promising target for antibody or Tcell - based

immunotherapies.
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1.2 Cancer immunotherapy

Immunotherapy is defined as the “fifth pillar” of cancer therapy along with surgery, chemotherapy,
radiation and targeted therapy. Basis for cancer immunotherapy is the capability of the immune
system to detect and kill nascent transformed cells, as depicted in the “immune surveillance” theory
(first described from Paul Ehrlich) *°. However, due to new findings, such as the fact that the immune
system exerts both host-protecting and tumor-sculpting effects, the “immune surveillance” theory was
replaced with the term “cancer immunoediting” ®. Cancer immunoediting includes three processes:
elimination / immune surveillance, equilibrium and escape °>1%. During the elimination process, both
the innate and adaptive immune system recognize transformed cells due to the expression of tumor-
specific or stress induced antigens %1%, However, surviving tumor cells enter the equilibrium phase,
in which remaining tumor cells are under selection pressure leading to tumor cell variants with greater
capacity for immune evasion. The following escape phase is characterized by the induction of immune
tolerance and survival or rather outgrowth of tumors %1%l The underlying mechanisms are very
diverse and include, among others, decreased expression levels of human leukocyte antigens (HLA)

101 or the loss of antigens %1%l Moreover, an

class | 199101 adhesion and costimulatory molecules
immunosuppressive tumor microenvironment occurs because of increased expression of
immunosuppressive components (e.g. PD-L1) or release of immunosuppressive cytokines and
metabolites 1%, Therefore, cancer immunotherapies are aiming to activate immune cells or to affect
the tumor itself or its microenvironment by monoclonal antibodies, oncolytic viruses, vaccines,
immune checkpoint inhibitors, cytokines or adoptive cell therapies, many of which are currently

applied in breast cancer treatment (see chapter 1.1.1) 1%,

1.2.1 Adoptive cellular therapy

Although targeted therapy or checkpoint blockade achieved great results for different cancer types,
a large proportion of patients develop disease progression. Therefore, the adoptive immunotherapy is
a promising approach for cancer treatment in which naturally occurring or gene-engineered antigen-
specific lymphocytes, especially T cells, are expanded ex vivo and transferred back to the patient 1%
105 Adoptive cell therapy (ACT) is classified into three different types: tumor-infiltrating lymphocytes
(TILs), T cell receptor (TCR) — engineered and chimeric antigen receptor (CAR) modified T cells 1%,
Adoptive TIL therapy was originally developed for patients with metastatic melanoma and is based on
the ex vivo expansion of TILs with subsequent adoptive transfer into the patient 19319, |ndeed, clinical

trials demonstrated that 50 % of those melanoma patients treated with TILs and high doses of IL-2
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after lymphodepleting chemotherapy exhibited objective response rates and 24 % showed complete
remission %1% Moreover, TILs can be isolated from solid tumors such as breast, renal, non-small cell
lung or cervical cancers and represent a promising source for ACT 1%, Nevertheless, the therapeutic
use of TILs is limited due to usually low cell yield and weak cytolytic activity of the obtained T cells
110111 Therefore, the real impact on solid tumors is investigated in many pre- and clinical trials 1%4. A
disadvantage of TIL based immunotherapies is the heterogeneity of the administered TIL population,
which contains both non-tumor and tumor reactive T cells of unknown specificities, so that an
expansion and reinfusion into the patient lead to auto reactivities or weakened anti-tumor responses
112 The identification of tumor-reactive populations by using different markers (e.g. PD-1, LAG-3, TIM-
3, CD137) improve this therapeutic approach but the problem of unknown specificity remains 112114,
Single cell sequencing or RT-PCR analysis helps to identify the TCR clonotypes, which allows the
generation of gene-engineered TCR* T cells 113115,

In general, TCR based gene therapies had great success in the treatment of various types of cancers
such as metastatic melanoma, synovial sarcoma or colorectal cancers ', However, the HLA restricted
antigen recognition by TCRs represents a fundamental problem since HLA presentation is often
deregulated in tumors due to defects in antigen processing or the downregulation of HLA molecules
17119 Fyrthermore, HLA molecules are highly polygenic and polymorphic. In fact, the HLA family
consists of more than 200 genes, which are characterized by extraordinary polymorphism with >1,980
unique known alleles, leading to a high diversity of HLA molecules and HLA-peptide complexes
between individuals 12%12!, As a consequence, TCR therapies have to be individualized to ensure
recognition of epitopes presented by HLA complexes and to prevent cross- and allo-reactivities 22,
Moreover, numerous tumor specific carbohydrates or glycolipid structures are not presented via HLA
molecules. In addition, TCR mispairing, which can occur between endogenous and exogenous TCR
heterodimers following viral transfer of TCR genes, represents an appreciable risk of autoreactivity and
reduced therapeutic efficacy 1312°, Various strategies are being worked on to minimize this risk of TCR
mispairing. These include genomic knockout of the endogenous TCR !**, murinized TCRs (mouse

127

constant domains) %, fusion of TCR chains to CD3C transmembrane and sighaling subunits or

addition of interchain disulfide bonds within the constant domain of the introduced TCR 23128,

1.2.11 Chimeric antigen receptor therapy: design, strategy and challenges

Chimeric antigen receptors are synthetic immune receptor composed of distinct modules derived
from antibodies, TCRs and T cell derived co-stimulatory domains. Such antibody based recombinant

receptors consist of the antigen binding domain, which is linked to an extracellular spacer, and
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transmembrane and intracellular signaling domains (see Figure 1.2.1) 12131, For the generation of HLA
independent antigen recognizing receptors, TAA specific single chain variable fragments, derived from
the variable portions of both the light and heavy chains of a monoclonal antibody, are fused via a
flexible linker (e.g. Gly4Ser3) and enable the recognition of a wide range of antigens, including
carbohydrates, proteins, gangliosides and HLA presented antigens '2°13!, However, CARs are not

2 adnectins 3,

limited by available antibodies. Alternative binding domains derive from ligands 3
nanobodies!3 or extracellular parts of a receptor, such as the NKp-30 CAR, which was developed by
Zhang et al. (2012) 1**. The antigen binding region is usually bound to an IgG-(CH2/CH3) derived spacer
domain 3%, Alternatively, hinge regions derived from the extracellular domains of CD8 and CD28,
lacking FcyR binding activity, have been used %, The spacer domain provides flexibility and stability
for efficient CAR expression, whereby the length is very crucial for optimal formation of immunological
synapses 3%, Moreover, the spacer domain can be used for the detection of CARs on T cells’ surfaces.
The transmembrane (TM) region consists of a hydrophobic a helix, mainly derived from CD3, CD4, CD8
or CD28, and affects surface CAR expression levels and receptor aggregation 2131, The intracellular
domains of the earliest CARs just consisted of cytoplasmic tails derived from TCRs 1%, The incorporation
of a single CD3Z endodomain was an important improvement for CAR functionality ¥’ but these first
generation CARs led to T cell anergy and low proliferation rates 38, Further development of CARs
resulted in second and third generation CARs with one or two additional co-stimulatory domains,
which provide the required, additional activation signals and led to enhanced clinical responses and
persistence (see Figure 1.2.1) 2%13% |atest developments have led to TRUCKs (T cells redirected for
universal cytokine killing), which were engineered in order to produce and release special, mostly pro-
inflammatory cytokines upon CAR activation, and represent CARs of the fourth generation °.

The choice of co-stimulatory domains is a very important consideration for the functional and
metabolic properties of CAR - expressing T cells 131140141 ' A wide variety of co-stimulatory molecules
such as CD27, CD28, CD134 (0X40), CD137 (4-1BB) or CD154 (CD40L) have been successfully tested,
whereby most studies to date are being conducted with CD28 and 4-1BB based CARs *. Various
studies demonstrated that CD28 co-stimulation promotes the development of a short lived, effector
memory phenotype with enhanced glycolysis and IL-2 secretion, whereas 4-1BB bearing CAR* T cells
show characteristics of a central memory phenotype, increased oxidative metabolism and decreased

exhaustion 141142,
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Figure 1.2.1: Architecture of chimeric antigen receptors of different generations

[A] Chimeric antigen receptors consist of linked scFvs derived from variable regions of both the light and heavy chains of a
mAb, a spacer domain often derived from the IgG CH2/CH3 domain, a transmembrane region mainly derived from CD3, CD4,
CD8 or CD28 and the intracellular CD37 endodomain. [B] CARs of the first generation exhibited one intracellular signaling
domain (CD3Y). The addition of one or two co-stimulatory domains (e.g. CD28, 4-1BB, OX40) led to CARs of second and third
generations. The fourth generation of CARs can induce the production and release of cytokines in T cells following antigen
binding via activation of downstream transcription factors.

In general, activation of CAR* T cells occurs upon ligation of scFvs to antigen, which provokes
aggregation of CAR polypeptides 1*3. Due to the integration of the CD3{ endodomain, which contains
three immunoreceptor tyrosine-based activation motifs (ITAMs), the intracellular activation pathway
proceeds via the classical ZAP70 mediated pathway 4. First, ITAMs are phosphorylated by src-kinases
(Lck and Fyn). ZAP70/Syk protein tyrosine kinases then bind to the phosphorylated ITAMs, which in
turn leads to full activation of ZAP70. Afterwards, the adapter proteins LAT and SLP-67 are
phosphorylated, which provokes recruitment and activation of further kinase families and enzymes.
One of the most important signaling pathways is the phospholipase C-IP3 pathway, which finally ends
in activation of different transcription factors such as NF-kB *>%¢, The co-stimulatory domains support
the activation of T cells by initiating different signaling pathways such as the PI3/Akt pathway (in case
of CD28), which results in expansion and high IL-2 production, or the TRAF/Erk or MAPK/Erk (in case
of 4-1BB) pathways leading to T cell activation and differentiation 24>147,

In order to eliminate cancer cells upon formation of the immunological synapse, CAR* T cells mainly

use the exocytosis of cytotoxic granules containing perforin and granzymes without the need for death
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receptor molecules on the target surface #8149, Perforin is a glycoprotein that forms pores with a size
of 5 to 20 nm in target cells by polymerization in a Ca** dependent manner, facilitating the entry of
pro-apoptotic granzymes %8, Furthermore, different studies revealed the existence of an antigen-

independent bystander killing mechanism that is based on the Fas/FasL pathway *.

FasL is
upregulated upon CAR* T cell activation and can lead to the trimerization of Fas receptors, which in
turn results in the activation of caspase 8 and final cell death 1%°.

Generation of the first CARs was reported over 30 years ago %437, Since then, there has been a
continuous development until first successful clinical trials with CAR* T cells were reported. The
treatment options for hematological diseases especially have been revolutionized by CAR* T cell
therapy °%151, Here, the best investigated target is CD19 as it is expressed on the surface of B cells at
most stages of their development as well as on most B cell malignancies including acute lymphoblastic
leukemia (B-ALL), chronic lymphocytic leukemia (B-CLL), diffuse large B-cell lymphoma (DLBCL) and B-
cell non-Hodgkin lymphoma (NHL) %12, Different clinical trials for B-ALL demonstrated impressive
outcomes with response rates of up to 60 - 90 % and complete remission rates of 70 —90%, depending
on the different therapeutic processes, patients’ age and usage of various co-stimulatory domains
150,151,153,154 '1n 2017, the FDA approved the first CAR* T cell therapy for children and young adults with
refractory B-ALL. However, despite high response rates, many patients suffer from relapses (30 to 60
% of ALL patients) because of antigen loss (10 to 20 % of ALL patients develop CD19 negative relapse),
T cell exhaustion or limited persistence of CAR* T cells 1. Therefore, strategies such as the expression
of several CARs (CD19, CD20, CD22) in one T cell, the use of CAR* T cells with central memory / stem
cell like memory phenotypes or a combination therapy with checkpoint inhibition are pursued **°.

Nevertheless, critical point and challenge of CAR* T cell therapy is the balance between efficiency
and risk. It is important to prevent unwanted or excessive CAR" T cell responses, as these can
contribute to dangerous side effects. In general, the most common side effect of CAR* T cell therapy is
cytokine release syndrome (CRS) ¢!’ This toxicity occurs in almost 70 - 90 % of patients treated with
anti-CD19" CAR-T cells and is associated with fever, fatigue, headache, arthralgia, myalgia and malaise
156157 The release of high levels of inflammatory cytokines such as IFNy and GM-CSF by CAR* T cells
and IL-6 by macrophages, monocytes and endothelial cells leads to systemic inflammatory responses
156,158,159 "\which can be treated with Tocilizumab (a humanized anti-human IL-6R monoclonal antibody)
or immunosuppressive agents (e.g. corticosteroids) **°.

Despite the success of CAR - based T cell therapies for hematological malignancies, prevention of
toxic side effects is also one of the major challenges in translating CAR* T cell therapies for treatment
of solid tumors. Here, the major obstacles are the heterogeneity of solid tumors and lack of tumor
specific antigens, since the expression of the target antigen in healthy tissue increases the risk of on-

target/off-tumor toxicity . B cell aplasia can be accepted in the case of CD19 CAR* T cell therapy 1,
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whereas targeting of many other non-tumor specific antigens can be fatal in the treatment of solid
tumors. For example, a patient suffering from malignant colon carcinoma died after treatment with
anti-HER2 CAR* T cells, as HER2 was also expressed at low levels in epithelial cells of the lung %2
Furthermore, CAR* T cell trafficking and infiltration into the tumor are often impeded by tumor-
associated fibroblasts, myeloid cells forming extracellular matrix (ECM) and an immunosuppressive
tumor microenvironment €,

There is currently no approved CAR* T cell therapy for the treatment of breast cancer, but many
clinical studies are ongoing. In fact, one promising clinical trial evaluates the functionality and safety
of the huMNC2-CAR44, which binds to the cleaved form of Mucl (called Mucl*). Mucl* acts as a
growth factor receptor and is associated with a high percentage of solid tumors, including breast
cancer (NCT04020575). Further promising clinical studies have been conducted or are currently
ongoing with anti-EGFRVIII CARs (NCT01454596, NCT03726515). EGFRVIII is an oncogenic variant of
EGFRV 3, which has been particularly identified in a high proportion of glioblastoma multiforme
(GBM) brain tumors 4, Several studies suggest that EGFRVIII is also involved in tumorigenicity,
invasiveness, and metastasis in breast cancer %1% so that anti-EGFRVIII CAR therapy could possibly

be applied to breast cancer patients.

1.2.1.2 Three different anti-NY-BR-1 CAR candidates

Overexpression of the NY-BR-1 protein in more than 70 % of breast cancer tumors %> makes NY-BR-1
an interesting target for CAR - based immunotherapy (see chapter 1.1.2). Three different CAR
candidates were designed on the basis of the mAbs clone2, 10D11 and clone3 in our group. The mAbs
clone2 and clone3 were generated by NY-BR-1 peptide (aa 851-928) immunization of BALB/c mice ¢/,
whereas the 10D11 antibody was identified by NY-BR-1 full length immunization (unpublished). All
three mAbs recognize different epitopes within the NY-BR-1 protein, which were identified by

PEPperPRINT or group internal analyses (unpublished data; see Figure 1.2.2).

10D11 clone3 clone2
™ ™
N\ N I\
A - - - 73
1 (aa) 51-60 147 - 167 208 - 228 748 - 764 989 - 909 1397 (aa)

Figure 1.2.2: Binding sites of the anti-NY-BR-1 mAbs clone2, 10D11 and clone3
The 10D11 antibody binds close to the N-terminus (aa 51 — 60) of NY-BR-1 protein, whereas the epitopes of clone3 (aa 748 —
764) and clone2 (aa 989 -909) antibodies are located in the middle or next to the C-terminus. The two predicted
transmembrane (TM) regions are displayed at aa 147 — 167 and aa 208 — 228.

24



Introduction

Furthermore, BLAST analyses demonstrated high similarities between the NY-BR-1 and NY-BR-1.1
proteins within the CAR / antibody epitopes (see Figure 1.2.3). In fact, the two proteins differ only in
one amino acid within the clone2 epitope and in three or more than 10 aa within the epitope
sequences of the 10D11 and clone3 CARs.

These preliminary results suggested that this thesis should focus on both efficiency and safety

analyses of all three anti-NY-BR-1 CARs, especially with regard to cross-reactivity.

10D11

Query 1 MEEISAAAVKVVPGPERPSPFSQLVYTSNDSYIVHSGDLRKIHKAASRGQVRKLEKMTKR 60
M+ + AAA K V GPE P+PFS+ VYT D  ++ GDL KIH AASRGQV+KLEKMT

Sbjct 1 MKRLLAAAGKGVRGPEPPNPFSERVYTEKDYGTIYFGDLGKIHTAASRGQVQKLEKMTVG 60

Clone3

Query 740 KALELMDMQTFKAEPPEKPSAFEPAIEMQKSVPNKALELKNEQTLRADEILPSESKQKDY 799
KALEL D +T KAE P+K +P + S+PNKALELK+ +TL+A ++ PSESKQKD

Sbjct 783 KALELKDRETLKAESPDKDGLLKPTCVRKVSLPNKALELKDRETLKAAQMFPSESKQKDD 842

Clone2
Query 847 KAPCRMKVSIPTKALELMDMQTFKAEPPEKPSAFEPAIEMQKSVPNKALELKNEQTLRAD 906

EKPSAF+PA+EMQK+VPNKA ELKNEQTLRA
sbjct 527 - EKPSAFKPAVEMQKTVPNKAFELKNEQTLRAA 558

Query 907 QMFPSESKQKKVEENSWDSESLRETVSQKDVCVPKATHQKEMDKISGKLE 956

QMFPSESKQK EENSWDSES ETVSQKDV +PKATHQKE D +SGKLE
Sbjct 559 QMFPSESKQKDDEENSWDSESPCETVSQKDVYLPKATHQKEFDTLSGKLE 608

Figure 1.2.3: Similarities of the NY-BR-1 and NY-BR-1.1 proteins within the epitopes of the mAbs clone2, 10D11 and clone3
BLAST analysis of the NY-BR-1 and NY-BR-1.1 proteins. The epitopes of the mAbs 10D11, clone3 and clone2 are given.
Matching amino acids are colored red, while different amino acids are marked blue within the epitope sequences.
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1.2.2 Current methods for the generation of genetically modified mammalian

cells

Genetic modification is an important technique for the generation of stably protein expressing cells.
In particular, genetically modified immune cells expressing, for example, TCRs or CARs are already
successfully applied in adoptive cellular therapies. The most widespread technologies for genetic
modifications are based on viral (retro- or lentiviral) transduction systems 1% (see chapter 1.2.2.1).
However, due to the oncogenic potential of viral vectors, non-viral approaches such as the

171

CRISPR/Cas9 genome editing system %9170 Sleeping Beauty transposons 17! or electroporation with

172(

innovative S/MAR based vector systems '7*(see chapter 1.2.2.2) moved more and more into the focus

for the generation of genetically modified mammalian cells.

1.2.2.1 Lentiviral transduction system

Lentiviruses belong to the family of Retroviridae, group VI, single-stranded RNA. Their genome
consists of at least three basic genes gag, pol and env for survival, replication and functionality 18173,
In fact, gag encodes for capsid proteins, pol for replication enzymes such as the reverse transcriptase
and integrase and env for envelope glycoproteins %813, Human immunodeficiency virus (HIV) also has
two regulatory genes (tat, rev) for initiation of viral replication and four accessory genes (vif, vpr, vpu,
nef) that are crucial for in vivo replication, virus budding and pathogenesis 4. On the basis of
lentiviruses (primarily HIV), lentiviral gene delivery DNA vectors were developed in order to produce
non-replicating, transducing particles 1’3, Production of these lentiviral vector particles is usually
performed by co-transfection of a lentivirus producer cell line (e.g. HEK 293T) with a minimum of three
plasmids: transfer (harbouring the LTR flanked gene of interest), envelope (harbouring env) and
packaging vector (harbouring gag and pol) Y>>, According to the natural lentivirus life cycle, the
lentivirus-like particle binds to its target cell and viral proteins such as the reverse transcriptase and
integrase as well as viral RNA encoding for the gene of interest are released into the cytoplasm of the
target cell (see Figure 1.2.4). Subsequently, viral RNA is reversely transcribed to pro-viral DNA,
imported into the nucleus and randomly integrated into the genome using viral proteins 73175, To
minimize the risk of self-replication, genes encoding for viral packaging and transduction machineries
are expressed from separate plasmids in 2" and 3™ generation lentiviral systems (see above).
Furthermore, so-called self-inactivating vectors (SIVs) were designed by deletion of 3'-LTR elements

(including TATA-box) 1>178, The abolished LTR promoter activity reduces the risk of spontaneously
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produced replication-competent viruses but does not impair viral titers 15177 or lentiviral transduction
efficiency 7>177,

Lentiviral transduction generally offers many advantages such as the infection of both non-dividing
and dividing cells 17>17%18 |ong term gene expression and capability to transduce a broad range of cell
types 73175181182 Although lentiviruses, in contrast to other retroviruses, favor active transcriptional

units for integration 17>18, the integration site is random and uncontrolled to a certain extent, which

might affect the clinical outcomes and implies a certain risk of integration-mediated oncogenesis

175,184,185
’
Ny '
- @ Binding e
| @ Protein expression
Receptor & 5 : (e.8. CAR)
O (7O Fusion and release of Cytoplasm
/ viral RNA & proteins
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RNA

T YROX Wgration

Figure 1.2.4: Schematic representation of lentiviral transduction

Lentiviral vector particle binds to the target cell via interactions between its viral envelope glycoprotein and the specific target
antigen. Upon membrane fusion of the lentivirus-like particle with the host cell, viral RNA and proteins are released into the
cytoplasm of the target cell. The RNA is reversely transcribed to cDNA that is in turn transported into the nucleus and
randomly integrated into the host genome. Finally, the gene of interest is transcribed and translated with the host machinery
leading, for example, to surface expression of chimeric antigen receptors.

1.2.2.2 DNA vector technologies

Transfection of mammalian cells with plasmid DNA (pDNA) is transient and transgene expression is
often lost after a few days, since the gene of interest is not stably integrated into the host genome and
therefore diluted by cell division 8187 Moreover, the co-occurrence of epigenetic events and immune

responses against bacterial sequences might impair gene expression or even contribute to gene
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silencing ¥, Therefore, stable episomal vectors are required. The attempt to generate such vectors by
integrating genetic elements of viral plasmid replicons such as the Similian virus 40 (SV40) or Epstein-
Barr virus (EBV) was successful to a certain extent 887 Those vectors are transfected as naked DNA
and contain a viral origin of replication and viral early genes. However, SV40 derived episomal vectors
often led to cell death due to high replication rates and associated increasing copy numbers per cell
186,188 |n addition, they require viral proteins such as the large T antigen for initiation of replication,
which represents a safety problem 818, By comparison, EBV based vectors led to the greatest
progress in the development of virus-based episomal vectors. They demonstrated retention and

190192 yia interactions

replication in different cell types such as human epithelial **° and lymphoma cells
of the origin of replication (oriP) and trans-acting factor EBNA1 (EBV nuclear antigen-1) (see Figure
1.2.5) 188187 Nevertheless, EBV-based episomes do not have a retention rate of 100 % in the absence
of antibiotic selection, whereas integration of the plasmid into the host genome can be provoked by
continuous selection ¥, Furthermore, safety concerns remain due the need of viral proteins (EBNA1)
193,194.

Due to risks associated with virus-based episomal vectors, other approaches focused on finding
chromosomal DNA elements that might support episomal existence and replication of pDNA. One of
these chromosomal DNA elements are scaffold matrix attachment regions (S/MARs), which are
responsible for the attachment of chromatin to nuclear matrix proteins during interphase 1°°>. The exact
effect of AT rich S/MAR domains on gene expression is not clear but looped domains, which are formed
by binding of S/MARs to the nuclear matrix, play a key role in many cellular processes, including DNA
replication, transcription, DNA repair, RNA processing and signal transduction ¥71%_ |ndeed, different
studies suggest that S/MARs might act as insulators and augment transcription by insulating coding
regions from methylation effects 1°7-1%, enabling access of transcriptions factors to promoters and
enhancers ¥29 interacting with chromatin remodeling proteins (such as Bright, SAF-A and p300)

201,202 5 nyclear matrix proteins such as SAF-B and SATB1 7,
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Figure 1.2.5: Schematic representation of episomal retention and replication of S/MAR and EBV based vectors

In contrast to EBV, S/MAR derived vectors do not need viral proteins for episomal retention and replication. It is suggested
that S/MAR binds to mitotic chromosomes via interactions with the nuclear scaffold attachment factor A (SAF-A) and
recruiting of nuclear components, which results in helix destabilization and opening of chromatin domains at the origin of
replication. EBV based vectors are replicated via a “piggy back” mechanism initiated by association between EBNA1, the viral
origin of replication (oriP), and the host ORC. Figure derived from Wong et al. (2015)1¢7,

The first episomal maintaining S/MAR vector (pEPI) containing only mammalian sequences for its
replication was described in 1999 2%, This vector provided long term gene expression in different cell

lines such as CHO 2%, Hela 2%, pluripotent p19 embryonic carcinoma 2% and human hematopoietic

207

stem cells *’ in vitro. Further development of this vector type by, for example, replacing lentiviral with

208

tissue-specific promoters or integration of insulators led to more stable and longer-lasting

expression of transgenes in vitro and in vivo *¥”. However, several studies demonstrated that transgene
expressions were very low in pEPI transfected cells 172187209,

Removal of fl Ori, use of Kanamycin resistance gene, and decoupling of S/MAR functionality from
transgene expression and linkage to Puromycin resistance gene expression led to the so-called
pS/MART vectors, which, indeed, resulted in enhanced transgene expression levels compared to
appropriate pEPI vectors'’? (see Figure 1.2.6). To further optimize the pS/MART vector system,
genomic insulators (e.g. anti-repressive element 40) were introduced before the mammalian promoter
and the R-globulin derived S/MAR domain was replaced with the Apolipoprotein L (ApolL) MAR motif

172 These pS/MARter vectors were much more efficient than their predecessors 72,
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As bacterial sequences in plasmids can be responsible for triggering inflammation or gene silencing
by de novo methylation at CpG sites ¥:21% ' minimally sized DNA vectors, so-called minicircles, were
designed. In fact, several groups demonstrated that minicircles provoke higher and prolonged levels
of gene expression 8211212 Based on this technology, NanoCMARter vectors were designed
(unpublished; patent W02019/060253Al). In contrast to pS/MARter vectors, NanoCMARter vectors no

longer contain bacterial antibiotic resistance genes and have a minimally sized bacterial backbone (see

Figure 1.2.6).
promoter ote 2
) <%
K
% 5
k]
3
£
- pUC Ori - pUC Ori - pUC Ori - R6K Ori
- fl SV40 Ori - Mammalian promoter - Mammalian promoter - Mammalian promoter
- Viral promoter - Kan resistance - Kan resistance - Genomic Insulator
- Kan/Neo resistance - 3-globin S/MAR - Genomic Insulator - ApoL S/MAR
- 3-globin S/MAR - Transgene + Puro - ApoL S/MAR - Transgene + Puro

- Transgene + Puro - Splicing sites

Figure 1.2.6: Schematic representation of the “next generation” S/MAR based vector systems
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1.23 Mouse models for preclinical studies

In order to evaluate the effectiveness and safety of new cancer therapies, preclinical studies in
appropriate animal models are still indispensable. In particular, the mouse has proven to be suitable
for preclinical cancer research as this low cost and easy-to-handle model exhibits many similar
anatomical, cellular and molecular characteristics to humans 2%3. However, it is difficult to emulate the
whole process of tumorigenesis in mice. Therefore, the critical point is the examination of the most
suitable mouse model. Since chronic exposure of carcinogens is a time intensive and expensive
approach, which is not suitable for all cancer types, syngeneic, xenograft and genetically engineered
mouse models represent the most common models 2*24  |mplanting of mouse cells into
immunocompetent mice of the same genetic background describes the syngeneic model
(allotransplantation), whereas implanting of human derived cells into immunodeficient or humanized
mice defines the xenograft model. In both cases, tumor cells are injected ectopically (most
subcutaneously), which means that the transplantation site is not the origin of the tumor cells, or
orthotopically to induce tumor progression at the same site / organ of origin 214,

Genetically engineered mouse (GEM) models represent the second most common type of mouse
model in oncology research and offer opportunities, among others, to study the role of a specific gene
or cooperation of individual mutations in tumor development, to model familial cancer predisposition
syndromes, and to image molecular, cellular or anatomical changes using reporters 2*4, Another benefit
of GEM modeling, with respect to immunotherapy, is that fully immunocompetent mice can be used.
GEM models are generated by using different strategies: retroviral vector infection of mouse embryos,
microinjection of DNA into the pronuclei of fertilized mouse oocytes and genetic manipulation of
embryonic stem cells 21>, Several mutation techniques, including site-specific recombinase (SSR) (e.g.
Cre-loxP, Flp-FRT) and transposon systems, gene silencing by short hairpin RNA, genome editing with
programmable endonucleases (CRISPR/CAS9, Zinc-finger nucleases) and random integration of
oncogenes under the control of a tissue-specific promoter, are currently available to generate the

required knock-in, knock-out or transgenic mouse models 214215,

1.23.1 NY-BR-1 transgenic mouse model

The NY-BR-1%" mouse model was generated by microinjection of NY-BR-1 - encoding DNA into
fertilized oocytes from C57BL/6 mice via cooperation between the IBF Heidelberg and our group (see
Figure 1.2.7). Random integration of this transgene into the mouse genome resulted in transgenic

offsprings that were heterozygous for NY-BR-1 (unpublished). A homozygous transgenic mouse line
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could only be generated to a limited extent by crossing the offspring. The mouse mammary tumor
virus long terminal repeat (MMTV-LTR) promoter was originally chosen for its tissue specificity, which
was demonstrated in several transgenic mouse models such as the MMTV-PyMT mouse. In this model
the polyomavirus middle T antigen (PyMT) is selectively expressed in the mammary glands leading to
transformation of the mammary epithelium and development of metastatic lesions in lymph nodes
and lungs 2127, However, NY-BR-1%¥" mice do not show development of mammary adenocarcinomas
or metastatic lesions and, additionally, the expression of NY-BR-1 is not restricted to mammary glands.
Different RNA based analyses revealed NY-BR-1 expression in various organs, especially in mammary
and salivary glands as well as in the uterus, thymus, lung and colon (unpublished). Nevertheless, the
presence of NY-BR-1 expression in various organs makes this mouse model suitable for safety and

efficiency analyses of the three anti-NY-BR-1 CAR candidates.
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Figure 1.2.7: Generation strategy of the NY-BR-1!8- mouse model

MMTV-NY-BR-1 encoding DNA (MMTV-LTR_NY-BR-1full_SV40polyA) was injected into fertilized oocytes from C57BL/6 mice
leading to randomly integration of the transgene into the mouse genome. The injected embryos were transferred into
pseudopregnant C57BL/6 mice. Transgenic offsprings were heterozygous for NY-BR-1.
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1.3 Aim of the study

Breast cancer is the most common cancer in women and is expected to account for 30 % of all new
cancer diagnoses in women. Despite improved prevention and treatment options, patients suffering
from advanced or metastatic breast cancer currently have low chances of recovery. While
immunotherapies, especially CAR* T cell - based therapies, are playing an increasingly important role
in the treatment of cancer and had already achieved great success in the treatment of hematological
malignancies, translating this treatment option to solid tumors still remains challenging. The main
reasons include the lack of tumor specific antigens, weak trafficking to the tumor site and hampered
tumor infiltration. However, the breast cancer associated antigen NY-BR-1 might be a useful target for
CAR - based immunotherapies due its over-expression in over 70 % of primary breast tumors and its
restricted expression patterns to normal healthy breast, testis and prostates.

Therefore, the principle aim is to evaluate NY-BR-1 as a target molecule for CAR — based
immunotherapies using three different CAR candidates (clone2, 10D11, clone3) varying in their scFvs.
In this process, the optimal anti-NY-BR-1 scFv and CAR backbone shall be examined with respect to
efficiency and safety in both human and murine T cells using different in vitro and in vivo assays. With
regard to a possible clinical application of these immune receptors, the investigations shall be carried
out with both NY-BR-1 expressing cell lines and primary material from breast cancer patients. Since no
NY-BR-1 expressing breast cancer cell lines are available, the goal will be the generation of stable
NY-BR-1 expressing cell lines. Furthermore, possible cross-reactivities with the homolog protein
NY-BR-1.1, which is expressed in the brain, shall be studied. In the later portion of this thesis, the
already existing NY-BR-1'" mouse model will be utilized to test both effectivity and safety of the three
anti-NY-BR-1 CAR candidates. Moreover, subcutaneous tumor mouse models shall be established in
order to assess anti-tumor reactivities in an appropriate in vivo setting.

Aside from the anti-NY-BR-1 CAR constructs themselves, a new principle of CAR* T cell generation,
the electroporation with a S/MAR based vector system, shall be evaluated against lentiviral
transduction.

In addition, as with any target antigen, the question of its biological function arises. Therefore, this
project will also focus on the expression pattern of NY-BR-1 in more detail.

Thus, these investigations are intended to contribute to the therapeutic questioning of NY-BR-1 as
a possible target for CAR — based immunotherapies and to evaluate a possible CAR candidate for

clinical studies.
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2 Material

2.1 Instruments and equipment
Equipment Manufactured/ distributed by
BioPhotometer plus Eppendorf
Bond-MAX Leica
CryoStarNX70 ThermoScientific
FACSanto™ I BD Biosciences
GentleMACS Dissociater Miltenyi Biotec
Heraeus Multifuge X1R Centrifuge Thermo Scientific
Light Cycler © 480 Il Roche
Microm EC 350-2 ThermoScientific
Microm STP420D ThermoScientific
Neon™ pipette Invitrogen
Neon™ Transfection system Invitrogen
Photometer BioTek
T3000 Thermocycle Biometra
XCELLigence Real Time Cell Analysis Instrument ACEA Biosciences Inc.

2.2 Consumables

Item

0.45 um membrane filter

100 pum cell strainer (EASYstrainer)

12 well plate

14 mL round buttom polypropylene tubes
15 mL Falcon™ tubes

24 well plate

250 mL polycarbonate bottles

45 um cell strainer

50 mL Falcon™ tubes

6 well plate

Manufactured/ distributed by

Millipore
Greiner
Greiner
Greiner
Greiner
Greiner
Beranek
Greiner
Greiner

Greiner
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96 well electronic microtiter plates (E-Plate 96)
96 well ELISA plate (half well)

96 well plate

96 well plate (round buttom)

Cell culture flask (50 mL, 250 mL, 550 mL)
Centricon Plus-70 30kDa

PCR Plate for LC480

ACEA Biosciences Inc.
Greiner

Greiner

Greiner

Greiner

Millipore

Steinbrenner Laborsysteme

2.3

Kits

Item

Bond Polymer Refine Detection Kit
CellTrace CFSE Cell Proliferation Kit

DNeasy Blood and Tissue Kit

EndoFree NucleoBond Xtra Maxi Kit

Human 11 Plex Cytokine Kit

In-Fusion HD cloning

Maxima H Minus First Strand cDNA Synthesis Kit
Mouse 12 Plex Cytokine Kit

Neon™ Transfection 100 pL Kit
NucleoBond® Xtra Maxi Plus Kit

Pan T cell Isolation Kit human

Pan T cell Isolation Kit Il mouse

QlAprep ® Spin Miniprep Kit

QlAquick ® Gel Extraction Kit

QIAquick® PCR Purification Kit

RNeasy Mini Kit

Bond Polymer Refine Detection Kit (DS9800)

Manufactured/ distributed by
Leica
ThermoScientific
QIAGEN
Macherey-Nagel
Ayoxxa

Takara

QIAGEN

Ayoxxa
Invitrogen
Macherey-Nagel
Miltenyi Biotec
Miltenyi Biotec
QIAGEN

QIAGEN

QIAGEN

QIAGEN

Leica Biosystems
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2.4 Chemicals and additives

24.1 Molecular biology
Item Manufactured/ distributed by
Agarose Peglab Biotechnologie
Bacto ™ Agar BD Biosciences
Bacto-Tryptone Carl Roth
Bacto-Yeast Carl Roth

BD OpEIA ™ TMB Substrate Reagent
BD Biosciences

Set
Dithiothreitol (DTT) Gerbu Biotechnik
DNase Invitrogen
DNase | Qiagen
EDTA Sigma
Ethidium bromide solution 1% Carl Roth
Gel loading Dye, purple 6x New England BiolLabs
Glycerol 87% BioChemica PanReac AppliChem
NaCl Carl Roth
SYBR-Green master mix BioSystems
2.4.2 Cell culture

Manufactured/ distributed
Item Order Nr.

by
Activation cocktail 423301 BioLegend
Aphidicolin A4487 Sigma
Brefeldin A 420601 BioLegend
EDTA E5134 Sigma
FCS P40-47500 PAN Biotech
Ficoll 17-1440-03 Thermo Fisher Scientific
Human IL-15 130-095-760 Miltenyi Biotec
Human IL-2 Pharmacy
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Human IL-7 130-095-367 Miltenyi Biotec
Lactacystin ab141411 Abcam
L-glutamine P04-80050 PAN Biotech
L-mimosine MO0253 Sigma
Monensin 420701 BioLegend
Mouse IL-15 130-094-072 Miltenyi Biotec
NaCl Carl Roth
Nocodazole SML1665 Sigma
Non-essential amino acids M11-003 Sigma
PBS (Phosphate Buffered Saline) Sigma
Pen Strep (Penicillin Streptomycin) P4333 Thermo Fisher Scientific
PhenolRed Solution P0290 Sigma
Polybrene 107689 Sigma
Polyethyleneimine, linear (PEI) 23966-2 Polysciences, Inc.
Puromycin Anti-pr-1 InvivoGen
Retronectin T100A Lonza
R-mercaptoethanol 31350010 ThermoScientific
T cell Trans Act™ human 130-111-160 Miltenyi Biotec
Thymidine T1895 Sigma
Trypan blue T8154 Sigma®
Trypsin-EDTA (1X) 0.05 % 25300-054 Thermo Fisher Scientific
2.5 Buffers and media
2.5.1 Molecular biology
Restriction enzyme and ligation buffers
CutSmart © Buffer 10 x B7204S New England BiolLabs
NEBuffer 1 New England BiolLabs
NEBuffer 2 B7002S New England BiolLabs
NEBuffer 3.1 B7203S New England BiolLabs
T4 DNA Ligase buffer 10x B0202S New England BiolLabs
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TAE - Buffer (50x)

Tris base 242 g
Glacial acetic acid 57.1 mL
EDTA 0.5 M (pH 8.3) 100 mL

Filled up to 1 L with dH,0.

Buffer TFB 1

Glycerine 75 mL
KAC 30 mM
MnCl, 50 mM
RbCl 100 mM
CaCl, 10 mM

Filled up to 500 mL with dH,0, pH 5.8

LB medium
Bacto-Tryptone 10g
Bacto-Yeast 5g
NacCl 10g
H.0 900 mL

Adjust the pH to 7.0 with 10 M NaOH

Adjust volume to 1 L with H,0, sterilize by autoclaving

LB-Agar
LB medium 1L
Bacto-Agar 15¢g

Sterilize by autoclaving

Antibiotic selection of transfected bacteria

Antibiotic Final concentration Manufactured / distributed by
Kanamycin 100 pg mL*? Roth
Carbenicillin 100 pg mL? Roth

Heat-labile antibiotics were sterile filtered and added to the autoclaved media.
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2.5.2 Cell culture

Cultivation media

Medium Manufactured / distributed by
RPMI-1640 ThermoFisher Scientific

DMEM (+GlutaMAX) ThermoFisher Scientific
RPMI-1640 (w / o phenol red) ThermoFisher Scientific

X-Vivo 20 Lonza

TexMACS GMP Miltenyi Biotec

DMEM (w / o phenol red) Invitrogen

Opti-MEM (1X) + GlutaMAX ThermoFisher Scientific

Freezing medium

FCS 90 %
DMSO 10%

Erythrocyte lysis buffer

NH4C 155 mM
KHCOs 10 mM
EDTA 0.1 mM

Filled up to 1 L with dH,0.

Coating buffer (NY-BR-1 / NY-BR-1.1 peptide coating and human, mouse IFNy ELISA)

Na,COs3 0.1M
NaHCOs; 7.13¢g
Na,COs3 1.59 g

Filled up to 1 L with dH,0, pH 9.5
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Washing buffer (NY-BR-1 / NY-BR-1.1 peptide coating and human, mouse IFNy ELISA)

PBS
Tween-20 0.05%

Blocking buffer (NY-BR-1 / NY-BR-1.1 peptide coating)

PBS
Tween-20 0.05%
Casein 0.2%

Blocking buffer (Human, mouse IFNy ELISA)

PBS
FCS 10%

2.5.3 Flow cytometry

FACS buffer (Surface staining)

PBS
FCS 1%
EDTA 2 mM

FACS buffer (Intracellular staining)

PBS
FCS 1%
NaNs 0.1%

Fixation and permeabilization solutions

Solution Manufactured / distributed by
Cytofix / Cytoperm BD Biosciences
Perm / Wash BD Biosciences

PFA (working solution 4 %PFA in PBS)
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Nicoletti buffer

dH,0

Propidium iodide 50 ug / mL
Sodium citrate 0.1 % (w/v)
Triton X-100 0.1 % (v/v)

2.6 Antibodies

2.6.1 Flow cytometry
Name Order Nr. Manufactured / distributed by
Clone2 Inhouse
10D11 (humanized) Inhouse
Clone3 (humanized) Inhouse
PE - conjugated anti-human IgG
109-116-098 Jackson Immuno Research
(Fcy fragment specific)
APC - conjugated anti-human IgG
109-135-098 Jackson Immuno Research
(Fcy fragment specific)
PE - conjugated anti-mouse IgG
115-115-205 Jackson Immuno Research
(Fcy subclass | specific)
APC - conjugated anti-mouse IgG
115-135-205 Jackson Immuno Research

(Fcy subclass | specific)
555335; clone:

APC - conjugated anti-human CD3 BD Biosciences
UCHT1

565643; clone:

APC - conjugated anti-mouse CD3 BD Biosciences
17A2
PerCP-Cy5.5- conjugated anti-mouse
104522 BiolLegend
CD69
FITC - conjugated anti-mouse CD4 100406 BiolLegend
PerCp-Cy5.5 - conjugated anti-mouse
100734 BiolLegend
CD8
APC - conjugated anti-mouse IFNy 505810 BiolLegend
PE-Cy7 - conjugated anti-mouse TNFa 506324 BiolLegend
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Pacificblue -

anti-GranzymeB

conjugated

515408 BiolLegend

2.6.2 Stimulation of murine T cells
Name Order Nr. Manufactured / distributed by
Anti-mouse CD28 130-093-183 Miltenyi Biotec
Anti-mouse CD3¢ 130-092-973 Miltenyi Biotec

2.6.3 Anti-NY-BR-1 antibody ELISA
Name Order Nr. Manufactured / distributed by
HRP - conjugated anti-mouse IgG 115-035-003 Dianova
antibody

2.6.4 Immunohistochemistry
Name Order Nr. Manufactured / distributed by
Rabbit anti-human / mouse CD3 16669 Abcam
HRP-conjugated anti-rabbit DS9800 Leica

2.7 Vectors

2.7.1

Gateway cloning vectors

Name

#35 (pENTR_attL1_clone2scFv_hFc_
hCD28_h4-1BB_CD3z_attL2)
#142 (pENTR_attL1_10D11cFv_hFc_
hCD28 h4-1BB_CD3z_attlL2)
#143 (pENTR_attL1_clone3cFv_hFc_
hCD28_h4-1BB_CD3z_attL2)

Properties

Gateway entry vector, encoding the NY-BR-1
specific CAR clone2scFv_hFc_ hCD28 h4-1BB_CD3:z
Gateway entry vector encoding the NY-BR-1
specific CAR 10D11cFv_hFc_hCD28_h4-1BB_CD3z
Gateway entry vector, encoding the NY-BR-1
specific CAR clone3cFv_hFc_hCD28 h4-1BB_CD3:z
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#187 (pENTR_attL1l_RFB4scFv_mFcA_
mCD28A_m4-1BB_CD3z_attL2)
#200

(PENTR_attL1 clone2scFv_mFcA_
mCD28A_m4-1BB_CD3z_attL2)
#205
(PENTR_attL1_10D11scFv_mFcA_
mCD28A_m4-1BB_CD3z_attL2)
#206

(PENTR_attL1 clone3scFv_mFcA_
mCD28A_m4-1BB_CD3z_attL2)

#511 (pENTR_attL1 clone2scFv_
hFcA_hCD28A h4-1BB_CD3z_attlL2)

#512 (pENTR _attL1_10D11cFv_hFcA
hCD28A_h4-1BB_CD3z_attl2)

#513 (pENTR_attLl clone3cFv_hFcA
hCD28A_h4-1BB_CD3z_attlL2)

Gateway entry vector, encoding the CD22 specific
CAR RFB4scFv_mFcA_mCD28A_m4-1BB_CD3z
Gateway entry vector, encoding the NY-BR-1
specific CAR clone2scFv_mFcA _mCD28A _
m4-1BB_CD3z

Gateway entry vector, encoding the NY-BR-1
specific CAR 10D11scFv_mFcA_mCD28A _
m4-1BB_CD3z

Gateway entry vector, encoding the NY-BR-1
specific CAR clone3scFv_mFcA _mCD28A _
m4-1BB_CD3z

Gateway entry vector, encoding the NY-BR-1
specific CAR clone2scFv_hFcA_hCD28A _
h4-1BB_CD3z

Gateway entry vector, encoding the NY-BR-1
specific CAR 10D11cFv_hFcA_hCD28A h4-1BB_CD3:z
Gateway entry vector, encoding the NY-BR-1
specific CAR clone3cFv_hFcA_hCD28A
h4-1BB_CD3z

2.7.2

Lentiviral vectors

Name

#1 (pCMV VSV-G)

#2 (pCMV dR8.74)

#44 (pRRL_hPGK_NY-BR-1_IRES_
Puromycin_WPRE)

#85 (pRRL_hPGK_attB1 clone2scFv_hFc

_hCD28_h4-1BB_CD3z _attB2)

#126 (pRRL_CMV_attR1_CmR_ccdB_
attR2_hPGK_DsRed2_WPRE)

#216 (pRRL_CMV_attB1_clone2scFv_

mFcA_mCD28A m4-1BB_CD3z_attB2_

hPGK_DsRed2_WPRE)

#217 (pRRL_CMV_attB1_10D11scFv_

mFcA_mCD28A_m4-1BB_CD3z_attB2_

hPGK_DsRed2_WPRE)

Properties

Lentiviral helper plasmid, encoding the envelope
protein VSV-G

Lentiviral helper plasmid, encoding the proteins

HIV-gag and HIV-pol

Lentivirus transfer vector, encoding the NY-BR-1
full length protein

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR NY-BR1scFv_hFc_hCD28 h4-1BB_hCD3
Lentivirus transfer vector, containing the ccdB,
chloramphenicol-resistance and DsRed2 genes
Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone2scFv_mFcA_mCD28A _
m4-1BB_CD3z and red fluorescent protein DsRed2
Lentivirus transfer vector, encoding the NY-BR-1
specific CAR 10D11scFv_mFcA_mCD28A _
m4-1BB_CD3z and the red fluorescent protein
DsRed2
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#218 (pRRL_CMV_attB1_clone3scFv_

mFcA_mCD28A_m4-1BB_CD3z_attB2_

hPGK_DsRed2_WPRE)

#240

(PRRL_mPGK_attB1_NY-BR-1(full)_att

B2_WPRE)

#241 (pRRL_mPGK_attB1_clone2scFv_
mFcA_mCD28A_m4-1BB_CD3z_attB2_

WPRE)
#268 (pRRL_CMV_attB1_10D11scFv_

mFc_mCD28 m4-1BB_CD3z_attB2_IR

ES_eGFP_WPRE)
#269 (pRRL_CMV_attB1_clone3scFv_

mFc_mCD28 _m4-1BB_CD3z_attB2_IR

ES_eGFP_WPRE)

#514 (pRRL_hPGK_clone2scFv_hFcA _
hCD28A_h4-1BB_CD3z_WPRE)

#515 (pRRL_hPGK_10D11scFv_hFcA_
hCD28A_h4-1BB_CD3z_WPRE)

#516 (pRRL_hPGK_clone3scFv_hFcA_
hCD28A_h4-1BB_CD3z_WPRE)

#537 (pRRL_hPGK_clone2scFv_hFc_
hCD28_CD3z_hOX40_WPRE)
#538 (pRRL_hPGK_10D11scFv_hFc_
hCD28_CD3z_hOX40_WPRE)
#539 (pRRL_hPGK_clone3scFv_hFc_
hCD28_CD3z_hOX40_WPRE)

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone3scFv_mFcA_mCD28A _
m4-1BB_CD3z and the red fluorescent protein
DsRed2

Lentivirus transfer vector, encoding the NY-BR-1
full length protein

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone2scFv_mFcA_mCD28A _
m4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR 10D11scFv_mFc_mCD28
m4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone3scFv_mFc_mCD28
m4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone2scFv_hFcA hCD28A
h4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR 10D11scFv_hFcA_hCD28A _
h4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone3scFv_hFcA hCD28A h
4-1BB_CD3z

Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone2scFv_hFc_hCD28_CD3z_h0OX40
Lentivirus transfer vector, encoding the NY-BR-1
specific CAR 10D11scFv_hFc_hCD28 CD3z_h0X40
Lentivirus transfer vector, encoding the NY-BR-1
specific CAR clone3scFv_hFc_hCD28 CD3z_h0X40

2.7.3 pS/MARter vectors
Name Properties
#272 pS/MARter electroporation vector encoding the

(pS/MARter_hPGK_CEAscFv_hFc_
hCD28_CD3z_hOX40_S/MAR)*
#273
pS/MARter_hPGK_clone2scFv_hFc
_hCD28_h4-1BB_CD3z_S/MAR)*

#277 (pS/MARter_mPGK_clone2scFv_

CEA specific CAR CEAscFv_hFc_hCD28 _
CD3z_h0OX40

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone2scFv_hFc_hCD28 _
h4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone2scFv_mFcA_mCD28A
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mFcA_mCD28A_m4-1BB_CD3z_S/MAR)
*

#295 (pS/MARter_ mPGK_10D11scFv_
mFcA_mCD28A_m4-1BB_CD3z_S/MAR)
o

#296 (pS/MARter_mPGK_clone3scFv_
mFcA_mCD28A_m4-1BB_CD3z_S/MAR)
*

#302
(pS/MARter_hPGK_10D11scFv_hFc
_hCD28_h4-1BB_CD3z_S/MAR)*

#303
(pS/MARter_hPGK_clone3scFv_hFc
_hCD28_h4-1BB_CD3z_S/MAR)*

#432
(pS/MARter_hPGK_clone2scFv_hFc
_hCD28_CD3z_hOX40_S/MAR)*

#433
(pS/MARter_hPGK_10D11scFv_hFc
_hCD28_CD3z_hOX40_S/MAR)*

#434
(pS/MARter_hPGK_clone3scFv_hFc
_hCD28_CD3z_hOX40_S/MAR)*

#517 (pS/MARter_hPGK_clone2scFv_
hFcA_hCD28A_h4-1BB_CD3z_S/MAR)*

#518 (pS/MARter_ hPGK_10D11scFv_
hFcA_hCD28A_h4-1BB_CD3z_S/MAR)*

#519 (pS/MARter_hPGK_clone3scFv_
hFcA_hCD28A_h4-1BB_CD3z_S/MAR)

_m4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR 10D11scFv_mFcA_mCD28A
_m4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone3scFv_mFcA_mCD28A
_m4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR 10D11scFv_hFc_hCD28
h4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone3scFv_hFc_hCD28
h4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone2scFv_hFc_hCD28
CD3z_h0OX40

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR 10D11scFv_hFc_hCD28
_CD3z_h0OX40

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone3scFv_hFc_hCD28
_CD3z_hOX40

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone2scFv_hFcA hCD28A
h4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR 10D11scFv_hFcA_hCD28A
h4-1BB_CD3z

pS/MARter electroporation vector, encoding the
NY-BR-1 specific CAR clone3scFv_hFcA hCD28A
h4-1BB_CD3z

2.7.4

NanoCMARter vectors

*pS/MARter backbone was kindly provided by Dr. Richard Harbottle’s laboratory (DKFZ, DNA Vector Research Group)

Name

#418 (CMARter_hPGK clone2scFv_
hFc_hCD28_h4-1BB_CD3z_S/MAR)*

#419 (CMARter_hPGK_10D11scFv_
hFc_hCD28_h4-1BB_CD3z_S/MAR)*

Properties

NanoCMARter electroporation vector, encoding
the NY-BR-1 specific CAR clone2scFv_hFc_hCD28
_h4-1BB_CD3:z

NanoCMARter electroporation vector, encoding
the NY-BR-1 specific CAR 10D11scFv_hFc_hCD28 _
h4-1BB_CD3z
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NanoCMARter electroporation vector, encoding
the NY-BR-1 specific CAR clone3scFv_hFc_hCD28
_h4-1BB_CD3z
NanoCMARter electroporation vector, encoding
the NY-BR-1 specific CAR clone2scFv_hFc_hCD28
_CD3z_hOX40
NanoCMARter electroporation vector, encoding
the NY-BR-1 specific CAR 10D11scFv_hFc_hCD28
_CD3z_hOXx40
NanoCMARter electroporation vector, encoding
the NY-BR-1 specific clone3scFv_hFc_hCD28
_CD3z_h0Xx40

*NanoCMARter vectors were cloned and provided by Dr. Richard Harbottle’s laboratory (DKFZ, DNA Vector Research Group)

#419 (CMARter_hPGK clone3scFv_
hFc_hCD28_h4-1BB_CD3z_S/MAR)*

#531 (CMARter_hPGK_clone2scFv_
hFc_hCD28_CD3z_h0OX40_S/MAR)*

#532 (CMARter_hPGK_10D11scFv_
hFc_hCD28_CD3z_hOX40_S/MAR)*

#533 (CMARter_hPGK clone3scFv_
hFc_hCD28_CD3z_hOX40_S/MAR)*

2.8 Oligonucleotides

Name Sequence 5’ - 3’ Description

Rev primer for cloning of murine CAR
#5 GATTTTGAGACACGGGCCAGA backbone (#187) into vector #35,
resulting in vector #200
gPCR primer specific for the NY-BR-1
gene and RNA transcript
gPCR primer specific for the NY-BR-1
gene and RNA transcript

#22 CCTATGCTGCTCTTCGATTCTTCC

#60 CAAGAGCTCTGCAGTGTGAGATTG

Fwd primer for cloning of murine

#35, resulting in vector #200

In-Fusion fwd primer for cloning of
#150 TTGATTATTGACTAGTCCACTATGATATCAA mPGK (#240) into vector #272;

TTCTACCGGGTAGG .
resulting in vector #277

In-Fusion rev primer for cloning of
#151 TTTAAACGCTTCCCGAAAGGCCCGGAGATG mPGK (#240) into vector #272;

AGG L
resulting in vector #277

In-Fusion fwd primer for cloning of
CCTTTCGGGAAGCGTTTAAACTTAAGCTTG murine CAR gene cassette (#241)

#152 . L
CCG into vector #272; resulting in vector
#277
In-Fusion rev primer for cloning of
#153 GGCTCTCCGGTAGGCCTCGAGAGATTATCT murine CAR gene cassette (#241)
AGGGGCCAGTGTCTG into vector #272; resulting in vector
#277
4370 ACTTGTTTATTGCAGCTTATAATGG APCR primer for the SV40 poly A -

encoding gene
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#371

#531

#532

#534

#535

#552

#553

#562

#563

#564

CAAACCACAACTAGAATGCAGTG

ACTGGAAATCAAACGTGC

ATATACTCGAGTTAGCGAGGGGGCA

CTCCCCAGGGGGATCCAGCGTTTAAACTTA
AGCTTGCCG

GAGGTTGATTGTCGACTCTAGATTAGCGAG
GGGGC

ATATGGATCCAGCGTTTAAACTTAAGCTTG
CC

ATATGTCGACTCTAGATTAGCGAGGGGGC
A

CTCCCCAGGGGGATCCGGCTAGCGCCACC
ATGGTTC

GAGGTTGATTGTCGACCTCGAGCTAGATT
TTAGCCAGGG

CTCCCCAGGGGGATCCGCCGAAGCCGCTA
GCCGC

gPCR primer for the SV40 poly A -
encoding gene

Fwd primer for cloning of human
CAR backbone (#68) into vectors
#273 and #303, resulting in vectors
#517, #519

Rev primer for cloning of human CAR
backbone (#68) into vectors #273
and #303, resulting in vectors #517,
#519

In-Fusion fwd primer for cloning of
human CAR gene cassette (#511) into
vector #85; resulting in vector #514
In-Fusion rev primer for cloning of
human CAR gene cassette (#511) into
vector #85; resulting in vector #514
Fwd primer for cloning of human
CAR gene cassette (#512, 513) into
vector #514, resulting in vectors
#515 and #516

Rev primer for cloning of human CAR
gene cassette (#512, 513) into vector
#514, resulting in vectors #515 and
#516

In-Fusion fwd primer for cloning of
human CAR gene cassette (#432) into
vector #514; resulting in vector #537
In-Fusion rev primer for cloning of
human CAR gene cassette (#432,
#433, #434) into vector #514;
resulting in vectors #537, #538 and
#539

In-Fusion fwd primer for cloning of
human CAR gene cassette (#433,
#434) into vector #514; resulting in
vectors #538 and #539
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2.9 Size standards

In order to size and quantify DNA fragments by agarose gel electrophoresis, the 100 bp DNA Ladder
(NEB; N3231S) and 1 kB DNA Ladder (NEB; N3232L) were applied (see Figure 2.9.1).

A B

Base Pairs Mass (ng) Kilobases Mass (ng)
-1517 45 02
42
50
42
33

-1200 35

- 1,000 95

- 900 a
- 800 24
- 700 2 125
- 600 13
- 5005517 97 48
- 400 38

36
- 300 29
- 200 25

a2
- 100 48

Figure 2.9.1: Applied DNA ladders for gel electrophoresis
Banding patterns of the applied 100 bp DNA Ladder [A] and 1 kB DNA Ladder [B] (source: https://international.neb.com).

2.10 Enzymes

2.10.1 Restriction enzymes
Name Manufactured/ distributed by
Avrll NEB
BamH| NEB
BstEIll NEB
EcoRl NEB
Hindlll NEB
Ncol NEB
Nhel NEB
Notl! NEB
Pme | NEB
Sacl NEB
Sall NEB
Scal NEB
Smal NEB
Spel NEB
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Sphl NEB
Xbal NEB
Xcml NEB
Xhol NEB
Xmal NEB
2.10.2 Other enzymes for DNA manipulation
Name Manufactured/ distributed by
T4 DNA Ligase NEB
Gateway cloning LR clonase enzyme ThermoScientific
mix

2.11 Cell lines and primary cells

HEK 293T
The human embryonic kidney (HEK) 293T cell line is derived from HEK 293 cells and constitutively
expresses the simian virus 40 (SV 40) large T antigen, conferring the capacity to amplificate vectors

containing the SV 40 ori with high efficiency 8%,

Bosc23
The Bosc23 cell line is derived from HEK 293T cells by stable transfection with two retroviral (M-

MuLV derived) packaging plasmids: pCRIPenv” (expressing gag, pol) and pCRIPgag-2 (expressing env)?%

Jurkat
The Jurkat cell line is an human immortalized T lymphocyte cell line, originally derived from a child

suffering from T cell leukemia 222,

EO771
Murine breast cancer (adenocarcinoma) cell line originally isolated from a spontaneous tumor in

C57BL/6 mouse %22
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NIH/3T3

The NIH/3T3 cells were originally established from mouse embryonic fibroblast cells 223

Pleural effusion cells

Pleural effusion cells were isolated from breast cancer patients (informed consent: Ethics vote S-
207/2005) in cooperation with the Department of Obstetrics and Gynecology at Medical Faculty
Heidelberg and the Department for Diagnostic and interventional Radiology with Nuclear Medicine of

the Thoraxklinik Heidelberg.

Pleural effusion cells Provided by

HD-A-185 Prof. Dr. Claus Peter Heul3el,
Thoraxklink Heidelberg
HD-A-213 Prof. Dr. Claus Peter Heulel,

Thoraxllinik Heidelberg

The protocol is described in chapter 3.2.3.

Human T cells
Peripheral blood T cells were isolated from healthy donors according to the protocol described in

chapter 3.2.8.1.

Murine T cells
Murine T cells were isolated from mouse spleens according to the protocol described in chapter

3.2.8.2.
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3 Methods

3.1 Molecular biology

3.1.1 Bacterial culture

3.1.1.1 Generation of chemically competent E.coli bacteria

E.coli bacteria (Stbl3, ccdB, XL-1) were subcultured in 5 mL LB-medium in 14 mL round buttom
polypropylene tubes (Greiner) overnight. Two 1.5 mL subcultures were transferred to 200 mL LB-
medium and shaken until an optical density of 0.4 to 0.6 measured at a wavelength of 600 nm
(Eppendorf, BioPhotometer plus) was achieved. Then, bacterial cultures were transferred to 250 mL
polycarbonate bottles (Beranek) and left on ice for 10 min. After one centrifugation step at 4500 rpm
for 10 min, pellets were resuspended in 30 mL of sterile filtered buffer TFB 1 (75 mL glycerine, 30 mM
KAC, 50 mM MnCl,, 100 mM RbCl, 10 mM CaCl;, add to 500 mL dH20, ph 5.8). Following incubation on
ice for 10 min, bacterial suspension was pelleted (4500 rpm, 10 min) and resuspended in 5 mL of sterile
filtered TFB 2 (30 mL glycerine, 10mM MOPS-Na, 75 mM CaCl;, 10 mM RbCl, add to 200 mL dH,0, pH

7). Finally, bacterial suspension was aliquoted (100 pL / tube) and stored at -80 °C.

3.1.1.2 Growth and storage of chemically competent E.coli bacteria

Liquid cultures of XL1, Stbl3 or ccdB chemically competent E.coli bacteria were grown in Lysogeny
broth (LB) medium with the appropriate antibiotic at 37° C in a shaking incubator. Culture volumes
varied between 5 mL for small scale (Miniprep) and 400 mL for large scale (Maxiprep) production (see
chapters 3.1.5.1 and 3.1.5.2). Bacteria were stored at -80° C following addition of 240 uL glycerol (87
%) to 420 L of bacterial culture.

3.1.13 Transformation of chemically competent E.coli bacteria

In order to replicate the plasmids of interest, a transformation of XL1, Stb/3 or ccdB chemically
competent E.coli bacteria was performed. The chemically competent E.coli bacteria, stored at - 80 °C,

were thawed on ice and mixed with 100 ng to 200 ng of plasmid DNA. The bacteria / plasmid mixture
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was placed on ice for 30 min. To improve the uptake of plasmid DNA, a heat shock was performed for
90 sec at 42 °C. Next, bacteria were incubated on ice for 2 min, mixed with 500 pL LB-medium and
shaked at 37°C for 1.5 h. Finally, transformed bacterial clones were plated and selected on a 10 cm LB
agar plate containing the appropriate antibiotic. Next day, single clones were selected to inoculate

liquid bacterial cultures followed by plasmid purification via miniprep (see chapter 3.1.5.1).

3.1.2 Agarose gel electrophoresis

Gel electrophoresis was performed with 0.5, 1 or 2 % agarose gel, which allows the separation of
DNA fragments of different sizes due to their migration in a given time. The agarose solution was
prepared from Ethidium bromide and TAE buffer (1x) at a ratio of 1:10,000. DNA samples (6 volumes)
were mixed with 1 volume of 6 x loading dye and loaded into the wells of the dried gel. Depending on
gel size, a voltage of 90 or 130 V was applied for 30 to 40 min. The 1 kb DNA Ladder (NEB, N3232) or
100 bp DNA Ladder (NEB N3231) were used as size standard. DNA fragments were visualized by a UV-

transilluminator (Quantum-ST4, peglab Biotechnologie GmbH).

3.1.3 Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify relevant CAR and NY-BR-1 encoding DNA
sequences. PCRs were carried out in the thermocycler (Biometra, T3000). For the design of
oligonucleotide primers, the software SnapGene was used. The amplification reaction had a final
volume of 25 pL containing 12uL master mix (GoTaq long PCR master mix, Promega), 10 uM primers
and 1 to 25 ng template.

For PCR reaction, the annealing (Ta) and melting temperatures (Tm) directly correlate with length
and composition of the applied primer pair.

Tm=2°C*(A+T)+ 4°C*(C+G)
A: adenine
T: thymine

C: cytosine
G: guanine
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Table 3.1: Conditions of the PCR reactions

PCR step Temperature [°C] Time [sec] Cycles
Initial denaturation 95 300 1
Denaturation 95 30

Annealing Tm-2to5°C 30 35
Elongation 72 60 sec for 1kbp

Final elongation 72 300

Cooling 4 oo

PCR products were analyzed by gel electrophoresis (see chapter 3.1.2). The purification of DNA
fragments was performed by using the QlAquick Gel extraction Kit (QIAGEN, see chapter 3.1.5.3) or
QIAquick PCR Purification Kit (QIAGEN; see chapter 3.1.5.4).

3.1.4 Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (real-time gPCR) was used for the detection and
guantification of DNA copy number and gene expression. By using the fluorescent reporter SYBR-green
and primer pairs specific for the gene of interest, DNA / cDNA amplification was monitored at each
cycle of PCR. PCRs were carried out in the LightCycler 480 (Roche). The amplification reaction had a
final volume of 10 pL containing 5 uL master mix (SYBR-Green master mix, BioSystems), 0.2 uL of each
primer [100 uM], 2 ul gDNA/cDNA and 2.5ul dH,0. The quantitative analysis of DNA copy number was
performed using a standard curve of plasmid dilutions of known copy number and analysis type
“quantification/2nd derivative max”. For quantification of gene expression, relative changes in target
gene expression were calculated relative to control cells and a reference gene (B-actin) using the 225¢

method.

Table 3.2: Conditions of the gPCR reactions

PCR step Temperature [°C] Time [sec] Cycles
Initial denaturation 95 300 1
Denaturation 95 30

Annealing Tm-2to5°C 20 40
Elongation 72 60 sec for 1kbp

Melting curve step 1 95 15 1
Melting curve step 2 55 15 1
Melting curve step 3 95 oo 1
Cooling 15 oo 1
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3.1.5 DNA isolation

3.1.5.1 Small scale isolation of plasmids via Miniprep

Following transformation of ccdB, Stbi3 or XL1 competent E.coli bacteria with the plasmid of
interest (see chapter 3.1.1.3), bacteria were grown in 5 mL liquid LB-medium with the appropriate
antibiotic. Plasmid DNA was isolated using the QlAprep Spin Miniprep Kit from Qiagen. After one
centrifugation step (12,000 rpm for 5 min), bacterial pellet was resuspended in 250 L of resuspension
buffer (+RNAse A) enabling the degradation of RNA. Thereafter, 250 pL of lysis buffer were added and
the solution was inverted for four to six times. In order to neutralize and precipitate proteins and DNA
of lysed bacterial cells, 350 pL of neutralization buffer were added and the mixture was inverted
immediately. To isolate plasmid DNA, the mixture was centrifuged (13,000 rpm for 10 min) and the
supernatant was transferred to spin columns. Following two washing steps, DNA was eluted in 20 pL
elution buffer or dH,0.The spectrophotometer (BioTek Epoch), was used to determine the
concentration of purified DNA. The presence of the correct plasmid has been validated by analytical

digestions (see chapter 3.1.9.1).

3.1.5.2 Large scale isolation of plasmids via Maxiprep

For isolation of larger quantities of DNA, the NucleoBond Xtra Maxi kit from Machery-Nagel was
used. In case of pS/MARter vectors, the EndoFree NucleoBond Xtra Maxi kit (Machery-Nagel) was
applied according to the manufacturer’s instructions. Mini- and Maxipreps differ basically in the
upscaling of volumes. Bacteria were grown in 400 mL liquid LB-medium with the appropriate antibiotic.
After that, bacteria were pelleted by centrifugation at 4500 rpm for 15 min and resuspended in RNase
A containing resuspension buffer. After 5 min incubation with lysis buffer, neutralization buffer was
added and the lysate was loaded onto the equilibrated column with an ion-exchange resin. Following
several washing steps, elution was carried out at pH 9 and under high salt conditions allowing the
charge neutralization of resin and release of plasmid DNA. For precipitation of plasmid DNA, 0.7
volumes room temperature isopropanol were added, immediately mixed by vortexing and pelleted at
4500 g for 30 min. After an ethanolic washing step, plasmid DNA was air-dried and resuspended in
dH,0 or endotoxin-free elution buffer. The spectrophotometer (BioTek Epoch) was used to determine
the concentration of isolated plasmid DNA (see chapter 3.1.8). The presence of the correct plasmid

has been validated by analytical digestions (see chapter 3.1.9.1).
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3.15.3 Agarose gel purification

After separation of DNA fragments by agarose gel electrophoresis, the desired DNA bands were cut
out under UV light and isolated with the QlAquick Gel extraction Kit from Qiagen according to the
manufacturer’s instructions. Briefly, 3 volumes pH indicator containing buffer QG were added to 1
volume gel and incubated at 50°C for 10 min. The tube was vortexed every 2 to 3 minutes until the gel
slice had dissolved completely. Since pH <7 is required for optimal DNA adsorption, 1 to 10 uL of 3 M
sodium acetate (pH 5) were added in case of basic pH values. DNA was precipitated with 1 gel volume
room temperature isopropanol and applied to the column. Afterwards, columns were washed with
buffers QG and PE. Finally, DNA was eluted in 10 to 20 pL dH,0 or buffer EB. The spectrophotometer

(BioTek Epoch), was used to determine the concentration of isolated DNA (see chapter 3.1.8).

3.1.5.4 Purification of PCR products

PCR products with a size of 100 bp to 10 kbp were purified with the QlAquick PCR Purification Kit
(QIAGEN) according to the manufacturer’s instructions. Briefly, 5 volumes buffer PB were added to 1
volume PCR mixture. The loading mixture should have a pH < 7 for optimal DNA adsorption indicated
by a yellow color. Otherwise, 1 to 10 pL of 3 M sodium acetate (pH 5) were added to the solution. DNA
was bound by columns, washed with buffer PE and eluted in 10 to 20 uL dH,0 or buffer EB. If the
purified PCR products had to be analyzed on an agarose gel, 1 volume of 6 x loading dye was added to
6 volumes of PCR samples (see chapter 3.1.2). The spectrophotometer (BioTek Epoch) was used to

determine the concentration of isolated DNA (see chapter 3.1.8).

3.1.5.5 DNA isolation from mouse tissues

For the isolation of DNA from mouse tissue the DNeasy Blood and Tissue Kit (QIAGEN) was used
according to the manufacturer’s instructions. Briefly, small pieces (up to 10 mg) of the thawed tissues
were transferred to 1.5 mL tubes and incubated with the provided buffer ATL (180 pL) and proteinase
K at 56 °C until lysis was completed. Following addition of the provided buffer AL (200 pL) and 200 pL
ethanol (96 - 100 %), the mixture was loaded into a DNeasy column and centrifuged at 8000 rpm for 1
min. Diverse washing steps were performed and, finally, DNA was eluted with 50 to 200 uL of dH,0.
The concentration of isolated DNA was determined with the spectrophotometer (BioTek Epoch), as

described in chapter 3.1.8.
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3.1.6 RNA isolation

The purification of RNA from cells was performed with the RNeasy Mini Kit (QIAGEN) according to
the manufacturer’s instructions. Here, a minimum of 1x10° cells was pelleted (1500 rpm, 5 min) and
resuspended in the appropriate amount of RLT buffer, which was supplemented with dithiothreitol
(DTT) (20 uL of 2 M DTT to 1 mL RLT buffer). Following adding one volume of 70 % EtOH, the lysate was
transferred to an RNeasy Mini spin column and centrifuged at 8000 rpm for 1 min. After several
washing steps, 80 uL of DNase | (Qiagen, 79254) mixture (10 puL DNase | mixed with 70 uL buffer RDD)
were added to the column and incubated for 15 min at room temperature in order to minimize the
residual risk of DNA contaminations. After additional washing steps with the buffers RW1 and RPE,
RNA was eluted with 20 pL of dH,0. Finally, a second DNAse digestion step was performed by adding
7 uL of DNAse (Invitrogen, 18068-015) mixture (5 pL 10xDNase buffer mixed with 2 uL DNase) for 15
min at room temperature. The reaction was stopped by adding 5 puL of 5 mM EDTA solution. After an
incubation period of 10 min at 65 °C, RNA concentration was measured with the spectrophotometer
(BioTek Epoch), as described in chapter 3.1.8. RNA was stored at - 80°C until reverse transcription was

performed (see chapter 3.1.7).

3.1.7 cDNA synthesis by reverse transcription

In order to synthesize cDNA from RNA templates, the Maxima H Minus First Strand cDNA Synthesis
Kit (ThermoScientific) was applied according to the manufacturer’s instructions. First strand cDNA was
generated by adding primers (random hexamers, 100 pmol) and 1 pL of 10 mM dNTP mix to 50 - 100
ng RNA. Nuclease-free water was added to a final volume of 15 uL. Subsequently, 4 uL of 5 x RT buffer
and 1 pL of Enzyme mix were added, gently mixed and centrifuged. Afterwads, samples were incubated
for 10 min at 25°C followed by 30 min at 50 °C by using the thermocycler (Biometra, T3000). The
reaction was terminated at 85 °C for 5 min. cDNA was stored at -80°C and used for real-time

quantitative PCR (see chapter 3.1.4).

3.1.8 Photometric analysis of DNA and RNA concentration

To measure the concentration and purity of recovered DNA and RNA, the spectrophotometer
(BioTek Epoch) was used. The concentration of dsDNA or ssRNA was determined my measuring the

absorbance at OD 260. Here, 1.25 L of purified DNA or RNA and dH,0 / buffer EB as blanks were
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applied. The degree of purity was estimated by the absorbance ratio of A260 / A280. A ratio of ~ 1.8 is

generally accepted as “pure” DNA, whereas a ratio of ~ 2.0 is generally valid as “pure” RNA.

3.19 Enzymatic reactions with double stranded DNA

3.1.9.1 Digestion with restriction enzymes

Restriction enzymes cleave DNA at defined recognition sites, which normally consist of four to eight
base pairs, resulting in blunt or sticky ends. For optimal enzymatic conditions, 1 to 3 units of each
appropriate restriction enzyme were used per pg DNA (plasmid DNA, PCR product), whereby one unit
is defined as the required amount of enzyme to digest 1 ug of DNA in 1h (at usually 37°C). Moreover,
10 x digestion buffers supplied by the manufacturer and dH,0 were added to a final volume of 20 uL
to create optimal conditions for various restrictions enzymes. Finally, the digested DNA was analyzed
by gel electrophoresis (see chapter 3.1.2) and was used for further enzymatic reactions (see chapters

3.1.9.2 t0 3.1.9.4).

3.1.9.2 Ligation with T4 DNA ligase

Ligation of inserts (e.g. digested PCR product) and linearized plasmid DNA was usually performed
at a molar ratio of 3:1 or 5:1. Therefore, 30 to 50 ug of insert were mixed with the appropriate amount
of linearized plasmid, 2 uL of T4 DNA Ligase reaction buffer and 1 pL of T4 DNA Ligase in a final volume
of 20 uL. The reaction mixture was incubated at 16°C overnight or at room temperature for 2 h and
was subsequently used for transformation of chemically competent E.coli bacteria (see chapter

3.1.1.3)

3.1.9.3 In-Fusion cloning strategy

The In-Fusion technology from Takara allows a fast, directional cloning of one or more fragments
into one DNA vector via the In-Fusion enzyme that recognizes and fuses 15 bp overlaps at the end of
DNA fragments (e.g. linearized vector and PCR fragments). Here, the In-Fusion HD cloning kit (Takara)

was used according to the manufacturer’s instructions. Briefly, a linearized vector of interest was
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generated by using restriction enzymes (see chapter 3.1.9.1) and was purified according chapters 3.1.2
and 3.1.5.3. The insert was usually generated by PCR (see chapters 3.1.3, 3.1.5.4). It should be noted
that 15 bases at the 5’ end of every primer must be homologous to 15 bases at one end of the linearized
vector. In addition, the 3’ end of every primer must be gene (insert) specific and should have a length
of 18-25 bases. Depending on the length of the insert compared to the vector, molar ratios of 1:1, 3:1
or 5:1 were applied. The final cloning mixture consisted of 2 pL 5x In-Fusion Enzyme Premix, 30 to 50
ug of insert, the appropriate amount of linearized vector and dH,0 in a final volume of 10 uL. After a
15 minute incubation at 50°C and subsequent cooling on ice for 2 min, the mixture was used to

transform chemically competent E.coli bacteria (see chapter 3.1.1.3).

3.1.94 Gateway cloning strategy

The Gateway cloning technology (Invitrogen) allows the transfer of DNA fragments by
recombination reactions. The so-called entry vector encodes the gene of interest that is flanked by attL
sites, whereas the destination vector harbours the ccdB gene flanked by attR sites. LR reaction
performed with the LR clonase enzyme results in two plasmids: the expression vector containing the
gene of interest that is now flanked by attB sites and the toxic byproduct harbouring the ccdB gene. In
order to perform LR gateway cloning 200 ng of entry vector DNA, 200 ng of destination vector DNA
and 1 plL LR clonase enzyme mix were mixed and incubated at 25 °C for 1 h. Finally, the reaction was
stopped by addition of 0.5 pL proteinase K [2mg / mL] and an incubation period of 10 min at 37°C.

Finally, transformation of Stb/3 E.coli bacteria was performed (see chapter 3.1.1.3).

3.2 Cell culture

Cell culture work was carried out under sterile benches in laboratories of safety levels | or Il. Cells

were incubated at 37°C under 5 % CO,and 95 to 100 % humidity.

3.2.1 Growth and maintenance of mammalian cell lines

HEK 293T and Bosc23 cells were cultured in Dulbecco’s Modified Eagle medium (DMEM) with the

addition of 10 % FCS (fetal calf serum) and 1 % P / S (Penicillin/Streptomycin). These adherent cells
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were split every three to four days in case of 70 - 80 % confluency (see chapter 3.2.5). The basic
medium for Jurkat cells was RPMI-1640 medium supplemented with 10 % FCS and 1 % P /S. These

suspension cells were split every 3 to 4 days.

3.2.2 Growth and maintenance of murine cell lines

Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10 % FCS (fetal calf serum) and 1
% P / S (Penicillin/Streptomycin) was used for the cultivation of NIH/3T3 cells. EO771 cells were
cultured in RPMI-1640 supplemented with 10 % FCS (fetal calf serum) and 1 % P / S. In case of 70 - 80

% confluency, these adherent cell lines were split according to chapter 3.2.5.

3.23 Isolation and cultivation of patient cancer derived pleural effusion cells

The pleural effusion cell containing punctate was divided among 50 mL Falcon™ tubes and
centrifuged at 1500 rpm for 10 min. Supernatants were collected and stored at room temperature
until further processing, while pelleted cells were resuspended in erythrocyte lysis buffer and
incubated for 10 min at room temperature. Afterwards, cells were resuspended in RPMI-1640 without
supplements and transferred into T175 cell culture flasks. For the macrophage adherence step, cells
had to be cultivated at 37 °C for 1.5 h. Afterwards, non-adherent cells were transferred to 50 mL
Falcon™ tubes. After centrifugation at 1500 rpm for 10 min, cells were resuspended in “conditioned”
medium (RPMI-1640 mixed with supernatant of punctate at a 1:1 ratio) and cultivated at 37 °C. On the
next days, cells were tested for the presence of tumor cells by flow cytometric and microscopic
analyses.

The stored supernatants of punctuates were transferred to 50 mL Falcon™ tubes and pelleted at
3500 rpm for 10 min. The supernatant was used for preparing the conditioned medium (see above). In
addition, pelleted cells were also cultured in conditioned medium and tested for the presence of tumor

cells by flow cytometric and microscopically analyses.
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3.24 Determination of cell cumber

To determine cell concentration and absolute cell number, cells were detached (if necessary),
harvested, centrifuged and resuspended in a known volume of cell culture medium. 20 pL of this cell
suspension were mixed with 20 pL trypan blue, which passes through the membrane of dead cells. 10
uL of this dilution were transferred to a cell counting chamber (Neubauer) and viable cells of four large

squares were counted using a light microscope. The cell concentration was calculated with following

formula:
B cell number in four squares o
cellsmL™ = 2 x 2 (dilution factor) x 10*
3.25 Splitting of adherent cells

Adherent cells had to be split in case of high confluency (70 - 80 %). Therefore, growth medium was
aspirated and the monolayer was washed with PBS. Cells were detached with Trypsin / EDTA solution
at 37°C for 5 min. With the addition of fresh culture medium, the reaction was stopped and the cells

were split at a ratio of 1:5 or 1:10 and transferred into a new culture dish.

3.2.6 Freezing and thawing

For long term storage, murine and human cell lines were detached with Trypsin / EDTA solution if
necessary, pelleted at 1500 rpm for 5 min and resuspended in freezing medium consisting of 90 % FCS
and 10 % DMSO. 500 uL to 1 mL volumes were aliquoted into cryotubes and frozen slowly at - 80 °C.
After 24 to 48 h, vials were transferred into liquid nitrogen. In contrast, mouse tissues and isolated
tumors (with the exception of spleens or blood) were shock frozen in liquid nitrogen and stored at -
80°C. Isolated splenocytes were pelleted at 1500 rpm for 5 min, resuspended in medium consisting of
90 % FCS and 10 % DMSO and frozen slowly at — 80 °C. Murine blood and plasma were frozen without
any additives at — 80 °C

For thawing of murine and human cells, cryotubes were warmed up in a 37°C water bath. Warm
culture medium was quickly added and cells were centrifuged (1500 rpm for 5 min) immediately to
remove toxic DMSO of the freezing medium. Following one additional washing, cells were resuspended

in the appropriate culture medium and seeded in a cell culture flask.
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3.2.7 Puromycin selection

As the lentiviral NY-BR-1 - encoding vector #44 (hPGK_NY-BR-1_IRES_Puromycin_WPRE) confers
puromycin resistance to successfully transduced cell lines, the antibiotic puromycin was used for the
selection and cultivation of positive cells. Therefore, the medium of NY-BR-1 transduced EOQ771,

HEK293T and Bosc23 cells was supplemented with puromycin at a final concentration of 5pug mL?.

3.2.8 Isolation of human und murine T cells via magnetic cell separation

3.2.8.1 Isolation and cultivation of human T cells

For the isolation of human T cells, Peripheral Blood Mononuclear Cells (PBMCs) had to be isolated
from human blood using density gradient centrifugation at first. This procedure is based on the
different densities of the blood components. The blood is layered over a high molecular fluid (Ficoll-
Paque), in which blood cells divide into different, density-dependent phases after centrifugation. The
PBMCs are found at the interface between the plasma and Ficoll-Paque layer. For this purpose, blood
(each 27 mL) was diluted with PBS (up to 35 mL) and thoroughly added to a 15 mL Ficoll-Paque layer.
Next, tubes were centrifuged at 2200 rpm for 20 min at room temperature without break. In order to
isolate lymphocytes from erythrocytes, monocytes, granulocytes and plasma constituents, the
interphase, predominantly consisting of PBMCs, was transferred into a new 50 mL Falcon™ tube. The
following washing step was performed by refilling the new tube with PBS to a final volume of 50 mL
and a renewed centrifugation step (1800 rpm, 10 min, with break). In case of residual erythrocytes,
the cell pellet was resuspended in 5 mL erythrocyte lysis buffer. After 10 min, a second washing step
was performed and cells were counted, as described in 3.2.4, for the further isolation of human T cells
with the Pan T cell Isolation Kit (Miltenyi) according to the manufacturer’s instructions.

The principle of the Pan T cell Isolation Kit is based on a magnetically labeling of non-target cells
e.g. monocytes, neutrophils, B cells, dendritic cells, NK cells, granulocytes by using a cocktail of biotin-
conjugated antibodies against CD14, CD15, CD16, CD19, CD34, CD36, CD56, CD123 and CD235a. This
negative selection enables the passing of the CD3* faction through the magnetic field without being
stopped or activated. Finally, isolated T cells were transferred to TexMACS medium (max. 2x10° cells

per mL) supplemented with TransAct™ (diluted 1:100), IL-7 (5 ng / mL) and IL-15 (5 ng / mL).
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3.2.8.2 Isolation and cultivation of murine T cells

For the isolation of murine T cells the Pan T cell Isolation Kit I, mouse (Miltenyi) was used according
to the manufacturer’s instructions. At first, spleens were taken from mice, squeezed through a 100 um
cell strainer and washed with PBS (1500 rpm, 5 min). The erythrocytes were successfully lysed by
adding 5 mL of blood lysis buffer for 10 min. After an additional washing step, splenocytes were
counted and subjected to T cell isolation using the Pan T cell Isolation Kit Il. The procedure is based on
the depletion of magnetically labeled non-target cells, as already described in chapter “isolation and
cultivation of human T cells”. Here, biotin-conjugated antibodies against CD11b, CD11c, CD19, CD45R
(B220), CD49b (DX5), CD105, Anti-MHC-class Il, and Ter-119 were applied.

For the optimization of the cultivation protocol different media supplemented with diverse and
differently concentrated supplements were tested. According to the final, optimized protocol murine
T cells were cultivated in 12 well plates (5x10° cells / well) with RPMI-1640 medium supplemented with
10 % FCS, 1% P / S as well as anti-CD3 antibody (2 pug / mL), anti-CD28 antibody (1 pug / mL), IL-2 (100

IU / mL), L-glutamine (2mM), B-mercaptoethanol (50 pM) and non-essential amino acids (1x).

3.2.9 Lentiviral transduction

3.2.9.1 Co-transfection of HEK 293T cells

Lentiviral particles were produced by co-transfecting HEK 293T cells with two helper plasmids (VSV-
G — encoding envelope plasmid #1 (pCMV_VSV_G); HIV Gag-Pol - encoding packaging plasmid #2
(PCMVRS8.74)), the lentiviral (transfer) plasmid and cell transfection reagent Polyethyleneimine (PEl).
PEl, a cationic polymer, forms positively charged complexes with DNA that bind to negatively charged
cell membranes of eukaryotic cells, which in turn facilitates the endocytic uptake of the DNA:PEI
complex.

Two days prior to transfection, 6 x 10° HEK 293T cells were plated into 15 c¢m cell culture dishes in
22.5 mL DMEM supplemented with 10 % FCSand 1 % P / S. For transfection the appropriate amounts
(see below) of the lentiviral transfer plasmid and two helper plasmids (#1, #2) were mixed in Opti-
MEM and incubated for 5 min at room temperature. Next, the required amount of PEl was added to
the DNA master mix. After an incubation time of 20 min at room temperature, the transfection mixture
was added dropwise to HEK 293T cells (60 - 70 % confluent). The next day, the cell culture medium

was replaced with 14 mL fresh DMEM (without phenol red) supplemented with 1 % P / S. After
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additional 24 h, the lentiviral supernatant was harvested and concentrated by using centricon
centrifugal filters (Merck). First, the supernatant was centrifuged at 1800 rpm for 5 min in order to
pellet and remove detached HEK 293T cells. Afterwards, the supernatant was filtered by using
membrane filters (0.45 um pore size), transferred to centricon centrifugal filters and centrifuged at
3500 g for 30 min. An additional centrifugation step with inverted centricon centrifugal filters at 1000
g for 2 min followed. The concentrated lentiviral particles were transferred into 1.5 mL tubes. These
centrifugation steps were repeated until the entire viral supernatant was concentrated. Finally,
concentrated viral supernatants were stored at - 80 °C.

The titer of harvested and concentrated lentiviral particles was determined by transduction of HEK
293T cells. One day prior to transduction, HEK 293T cells (1 x 10° / well) were seeded in 24 well plates
and incubated in 1 mL DMEM supplemented with 10 % FCS and 1 % P / S. For lentiviral transduction,
different volumes of concentrated viral supernatant (e.g. 1, 3 or 10 pL) and Polybrene (cfinal 8 ug / mL)
were added to seeded HEK 293T cells. The transduction efficiency was determined by flow cytometric
analysis 72 h after transduction (see chapter 3.2.18). The lentiviral titer was calculated from the

frequency of positive tested cells.

15 cm cell culture dish

Opti-MEM [pL] 1500
Transfer vector [pg] 22.5
Packaging vector (pCMV-MLV-g/p) [ngl 14.6
Envelope vector (pCMV VSV-G) [ug] 7.9
PEI [1 mg/ mL] [pL] 132
3.2.9.2 Lentiviral transduction of Bosc23, EO771, HEK 293T and NIH / 3T3 cells

For lentiviral transduction of the adherent cell lines Bosc23, EO771 and NIH / 3T3, lentiviral
supernatants of co-transfected HEK 293T cells (see chapter 3.2.9.1) were used. First, adherent cells
were detached with Trypsin / EDTA, pelleted at 1500 rpm for 5 min, counted (see chapters 3.2.4, 3.2.5)
and seeded (1 x 10° cells / well) in 12 well plates with fresh DMEM medium supplemented with 10 %
FCSand 1 % P / S. The next day, cells were transduced at an MOI of 5 to 10 under the addition of
Polybrene (cfinal 8 pg / mL). Polybrene, a positively charged polymer, increases infection efficiency by
neutralizing the charge repulsion between virions and cell surfaces. 24 to 48 h post transduction, the
medium was changed. Finally, the transduction efficiency was determined by flow cytometric analysis

48 to 72 h after transduction (see chapter 3.2.18)
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3.2.9.3 Lentiviral transduction of Jurkat cells

For transduction of Jurkat cells, thawed lentiviral supernatants of co-transfected HEK 293T cells (see
chapter 3.2.9.1) as well as Polybrene (cfinal 8 ug / mL) were added to 2 x 10° Jurkat cells (MOI 2 to 10)
cultivated in a T25 cell culture flask with RPMI 1640 medium (with 10 % FCS and 1 % P / S). Due to
possible cytotoxic effects of high polybrene concentration, medium was changed 24 h after
transduction. The success of transduction was evaluated by flow cytometric analysis (see chapter

3.2.18).

3.2.94 Lentiviral transduction of human T cells

Prior to lentiviral transduction of human T cells, they had to be activated by cultivation in TexMACS
medium supplemented with TransAct™ (diluted 1:100), IL-7 (5 ng / mL) and IL-15 (5 ng / mL) (see
chapter 3.2.8.1) for a minimum of 48 h. Afterwards, activated T cells were washed, transferred to 12
well plates (2 —3 x 108 cells / well in 1.5 mL TexMACS +IL7 +IL15) and transduced with the concentrated,
lentiviral supernatants of co-transfected HEK 293T cells (see chapter 3.2.9.1) under the addition of
Polybrene (8 pug/mL) at an MOI of 2 to 5. Two days after transduction, medium was changed and

transduction efficiency was determined by flow cytometric analysis (see chapter 3.2.18).

3.2.9.5 Lentiviral transduction of murine T cells

An efficient activation of murine T cells is essential for successful transduction. Therefore, diverse
protocols with different time points of transduction, various cell culture media and concentrations of
activation cytokines were tested. Therefore, murine T cells were cultivated in X-Vivo 20 medium
supplemented with anti-CD3 Ab (100 ng /mL), anti-CD28 Ab (100 ng / mL), human IL-2 (100 1U/ mL)
and mouse IL-15 (5 ng /mL) for two days. In the same time, 24 well plates were coated with retronectin.
Therefore, retronectin was diluted to 16 pg / mL (from a 1 mg / mL stock concentration, stored at -
20°C) in PBS and added on non-tissue culture 24 well plates (350 uL / well). Following incubation at 37
°C for 2 h, retronectin was removed and activated T cells were seeded at a density of 5 x 10° cells / mL
medium (X-Vivo20 supplemented with human IL-2 (50 IU / mL) and mouse IL-15 (2.5 ng / mL)) onto
retronectin coated plates. The concentrated lentiviral supernatant (see chapter 3.2.9.1) was added at

an MOI of 5. Finally, a spinoculation step at 2000 g and 32 °C was performed for 1.5 h. The frequency
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of successfully transduced murine T cells was evaluated by flow cytometric analysis 48 h after

transduction.

3.2.10 Electroporation of T cells

Electroporation of both human and murine Tcells was performed with pS/MARter or
NanoCMARter based systems, kindly provided by Dr. Richard Harbottle and Dr. Matthias Bozza from
the DKFZ (DNA Vector Research Group), by using the Neon Transfection System from ThermoFisher
Scientific. The advantage of this system is the generation of a uniform high electric field, less ion
formation and minimal pH changes in the reaction chamber (Neon Tip), generated by two electrodes

with minimized surface areas but maximized gap between both.

3.2.10.1 Electroporation of human T cells

Human T cells were activated by cultivation in TexMACS medium supplemented with TransAct™
(diluted 1:100), IL-7 (5 ng / mL) and IL-15 (5 ng / mL) (see chapter 3.2.8.1) for 24 to 48 h. On the day of
electroporation, human T cells were washed twice with PBS (1500 rpm, 5 min). 5 x 10° T cells per
transfection were resuspended in 100 uL buffer T (Neon Transfection Kit, ThermoFisher) and mixed
with 10 pg of pS/MARter or NanoCMARter vectors. The DNA cell mixture was loaded into the Neon tip
and plugged into the Neon Pipette Station by using the Neon Pipette. The cell / DNA mixture was
shocked at 2200 V for 30 ms. Finally, transfected cells were transferred into 6 well plates with pre-
warmed TexMACS medium without phenol red (1 x 10’ T cells / 5 mL / well). After a recovery period
of a few hours, the cytokines IL-7 (5 ng/ mL) and IL-15 (5 ng/ mL) were added. The frequency of
successfully transduced human T cells was evaluated by flow cytometric analysis 24 to 48 h after

electroporation (see chapter 3.2.18).

3.2.10.2 Electroporation of murine T cells

An electroporation protocol for murine T cells had to be established. Therefore, different activation
protocols and all important electroporation parameters (e.g. voltage, duration, amount of pulses) had

to be optimized. At the beginning, murine T cells were cultivated in RPMI-1640 medium supplemented
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with 10 % FCS, IL-2 (100 IU / mL), L-glutamine (2 mM), non-essential amino acids (1x), anti-CD3 Ab (100
ng/ mL) and anti-CD28 Ab (100 ng/ mL) for 24 h upon isolation. Afterwards, T cells were electroporated
according to different protocols (protocol I: 1550 V, 10ms, 3 pulses; 1I: 1080 V, 50 ms, 1 pulse; lll: 1550
V, 30 ms, 1 pulse; IV: 2000V, 10 ms, 3 pulses) using the Neon Transfection System (Thermo Fisher) and
cultivated in RPMI-1640 medium (w / o Phenol red) supplemented with 20 % FCS, IL-2 (100 IU / mL)
and L-glutamine (2mM).

According to the final optimized protocol, murine T cells were cultivated / activated in 12 well plates
(5 x 10° cells / well) with RPMI-1640 medium supplemented with 10 % FCS, 1 % P / S as well as anti-CD3
antibody (2 pg / mL), anti-CD28 antibody (1 pg / mL), IL-2 (100 IU / mL), L-glutamine (2mM), R-
mercaptoethanol (50 uM) and non-essential amino acids (1x) for one day. Prior to transfection, murine
T cells had to be washed twice with PBS. Per transfection, 5 x 108 T cells were resuspended in 100 pL
buffer T and mixed with 10 pug of pS/MARter or NanoCMARter vectors. The DNA / cell mixture was
loaded into the Neon tip and plugged into the Neon Pipette Station by using the Neon Pipette. Different
electroporation protocols with various voltages (e.g. 1550, 1800, 1900 or 2000 V) and amount of pulses
(1, 2 or 3) were tested. Unless otherwise stated, T cells were electroporated according to the most
optimized protocol (1900 V, 10 ms, 3 pulses). Finally, transfected cells were transferred into 24 well
plates with pre-warmed RPMI-1640 medium (5 x 10° T cells / well) supplemented with 20 % FCS, IL-2
(100 1U / mL) and L-glutamine (2mM). The transfection efficiency was determined by flow cytometric

analysis (see chapter 3.2.18).

3.2.11 Activation and cross-reactivity analysis with NY-BR-1 and NY-BR-1.1 full

length proteins

3.2.11.1 Coating of 96 well plates with NY-BR-1 and NY-BR-1.1 full length

proteins

NY-BR-1/ NY-BR.1.1 full length peptide containing protein lysates, extracted from GST-NY-BR-1 and
GST-NY-BR-1.1 protein transfected HEK 293T cells (performed by Claudia Ziegelmeier), were coated on
96 well plates under sterile conditions. First, wells were coated with 50 pL / well glutathione casein
(100 ng / well) diluted in sterilized coating buffer (0.1M Na;Cos, 7.13 g NaHCOs, 1.59 g Na,CO5,ad 1 L
dH,0; pH to 9.5 with 10 N NaOH) overnight at 4 °C. The next day, the supernatant was discarded and
wells were blocked with 50 pL / well of sterilized blocking buffer (PBS with 0.05 % Tween-20 and 0.2 %

casein) for 1h at room temperature. Following three washing steps with 200 / well of sterilized washing
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buffer (PBS with 0.05 % Tween-20), wells were coated with 30 pL of GST tagged NY-BR-1 or NY-BR-1.1
protein containing cell lysates (cfinal 3.75 pg / well in sterilized blocking buffer). Following
centrifugation (2000 rpm, 1 min), the plate was shaken for 1 h at room temperature. Finally, wells were
washed three times with 200 / well of sterilized washing buffer (PBS with 0.05 % Tween-20) and filled
with 100 pL of sterilized washing buffer. The NY-BR-1 and NY-BR-1.1 coated plates were stored at 4 °C

for several weeks.

3.2.11.2 Co-cultivation of CAR* T cells with NY-BR-1 and NY-BR-1.1 full length

proteins

The specific activation of anti-NY-BR-1 CAR - expressing T cells was investigated by using NY-BR-1
full length proteins coated on a 96 well plate (see chapter 3.2.11.1). For this assay, 3 x 10* CAR* T cells
were washed twice with PBS (1500 rpm, 5 min), resuspended in RPMI-1640 (10 % FCS, 1% P / S) and
transferred to NY-BR-1 coated wells. Following incubation period of 24 h, supernatants were analyzed
for released IFNy by using IFNy ELISA (see chapter 3.2.12).

In order to estimate or rather investigate possible cross-reactivities of anti-NY-BR-1 CARs with the
NY-BR-1.1 peptide, CAR" T cells were co-cultivated with NY-BR-1.1 full length proteins coated on 96
well plates. This assay was performed in the same way as the activation assay with NY-BR-1 proteins,

described above. These assays were performed in triplicates.

3.2.12 Enzyme-linked Immunosorbent Assays (ELISASs)

3.2.12.1 Human and murine IFNy ELISA

Enzyme-linked Immunosorbent Assays (ELISAs) were mainly utilized for the detection and
guantification of human or murine IFNy in cell culture supernatants by using the Human or Mouse IFNy
ELISA Sets from BD Pharmingen. Briefly, 96 well plates were coated with 30 pL of human or murine
capture antibody (purified anti-human or anti-mouse IFNy antibody) diluted 1:250 in coating buffer
(0.1M sodium carbonate, 7.13 g NaHCO3, 1.59 g Na2C03, ad 1 L dH,0; pH to 9.5 with 10 N NaOH) at
37 °C for 2 h or overnight at 4 °C. Following five washing steps with washing buffer (PBS with 0.05 %
Tween-20; 200 uL / well), free binding sites were saturated by the addition of 150 pL of assay diluent

(PBS with 10 % FCS) per well at room temperature for 1 h. Next, the wells were washed five times with
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washing buffer and 30 pL / well of the cell culture supernatants to be tested were added. Moreover, a
known concentration series of IFNy, provided by BD, was prepared according to the manufacturer’s
instructions. After an incubation period of 2 h at 37 °C, within which cytokines secreted in the
supernatants were bound to the solid phase, wells were washed five times with washing buffer and 30
uL / well of working detector (Biotinylated detection antibody against human or mouse IFNy plus SAv-
HRP reagent; diluted 1:250 in assay diluent) were added and incubated for 1 h at room temperature.
Now, wells were washed seven times with washing buffer (with 1 min soaks) and samples were
incubated with 50 pL / well of the TMB substrate solution (BD OptEIA) for 30 min at room temperature
in the dark. Finally, 25 pL of stop solution (2 N H,SO4) were pipetted per well and the absorbance was
determined at 450 nm within 30 min with a reference wavelength of 570 nm by using the
spectrophotometer (BioTek Epoch). The quantitative evaluation was carried out by a regression line

created from cytokine standards.

3.2.12.2 Anti-NY-BR-1 antibody ELISA

For the detection of anti-NY-BR-1 antibodies in murine plasma, a specially designed ELISA was
performed. Therefore, 96 well plates were coated with glutathione casein and 30 pL of GST-NY-BR-1
containing cell lysates (cfinal 3.75 pg / well in sterilized blocking buffer), as described in chapter
3.2.11.1. Following last washing step with washing buffer (PBS with 0.05 % Tween-20), 30 uL of
undiluted murine plasma were added per well. The monoclonal antibody clone2 served as a positive
control. After an incubation period of two hours, wells were washed with 150 uL of washing buffers
three times. Afterwards, 30 uL of the secondary HRP - conjugated anti-mouse IgG antibody (Dianova,
115-035-003, pre-diluted 1:10000 in blocking buffer) were added and incubated for 1 h. After washing
the wells with 150 uL of washing buffers three times, 50 uL / well of the TMB substrate solution (BD
OptEIA) were added. Following short incubation for 15 min at room temperature in the dark, the
reaction was terminated with 25 pL / well of stop solution (2N H,SO,). The absorbance was measured

at 450 nm with a reference wavelength of 570 nm by using the spectrophotometer (BioTek Epoch).

3.2.13 xCELLigence killing assay

Cytolysis assays were mainly done with the xCELLigence RTCA instrument (ACEA Biosciences),
enabling a noninvasive monitoring of cell proliferation, attachment and morphology change. The

principle is based on the real-time measurement of cellular impedance which is measured by gold
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microelectrodes on the bottom surface of the used 96 well electronic microtiter plates (E-Plate 96,
ACEA Biosciences). Since the current flows through the bulk solution (e.g. culture medium, PBS), the
flow of electrons is affected by adherent cells which in turn can be determined by the change of
impedance. Consequently, the destruction and killing of adherent cells by CAR* T cells can be easily
monitored and calculated.

Adherent target cells were resuspended in RPMI-1640, supplemented with 10 % FCSand 1% P /S,
and seeded into 96 well electronic microtiter plates (30.000 cells / well) 6 to 24 h prior to the addition
of mock or CAR* T cells. Once target cells were adherent, CAR* T cells were added at a ratio of 1:1. Real-
time monitoring occurred for at least 40 h. The killing capacity was calculated on the basis of a unit
less parameter called Cell Index (Cl), which describes the impedance at time point n (impedance in the
absence of cells / nominal impendence value). In order to calculate the proportion of viable cells, cell
indices were normalized to the time point of effector cell addition and, subsequently, the normalized
Cls of mock and CAR* T cell - treated target cells were considered in relation to normalized Cls of
untreated target cells. Moreover, surface expression levels of the target protein (NY-BR-1) were
analyzed by flow cytometry (see chapter 3.2.18.1) and the concentration of IFNy in cell culture

supernatants was determined by IFNy ELISAs (see chapter 3.2.12).

3.2.14 CFSE based killing assay of EO771 cells

Prior to cytolysis assays of EO771 cells, cells were labeled with CFSE by using the CellTrace CFSE Cell
Proliferation Kit (ThermoFisher Scientific). Both EO771 and Lactacystin-treated NY-BR-1* EO771 cells
(see chapter 3.2.17) were seeded into 6 well plates (1.5 x 10° cells / well) and cultivated as described
in chapter 3.2.2. The next day, cells were detached with Trypsin / EDTA, washed and resuspended in
PBS (2 mL PBS / well). 1 uL of DMSO / CellTrace CFSE staining solution (18 uL DMSO mixed with 1 pL
Cell Trace) was added per mL PBS. Following incubation at 37 °C for 30 min, cells were washed twice
with fresh medium and incubated for one additional day at 37 °C. Six hours after seeding 20,000 to
30,000 CFSE labeled cells per well (96 well plate), CAR* T cells (and the appropriate amount of mock
T cells ) or splenocytes, isolated from CAR*T cell - treated C57BL/6 and NY-BR-1"¥ mice, were added
at a ratio of 1:1 and co-cultivated in RPMI-1640 (10 % FCS, 1 % P / S) for 24 h. The proportion of living
CFSE labeled cells was determined by DAPI staining and flow cytometric analysis (see chapter 3.2.18).
Moreover, the concentration of IFNy in cell culture supernatants was determined by IFNy ELISAs (see

chapter 3.2.12).
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3.2.15 Functional analysis of mouse persisting CAR* T cells

In order to determine the remaining activation and efficiency potential of murine CAR* T cells which
persisted in C57BL/6 and NY-BR-1% mice over a period of two weeks (see chapter 3.2.19.2), spleens
were isolated, dissociated by using the gentleMACS Dissociater (Miltenyi) and pressed through the 100
um cell strainer (Greiner). A washing step with PBS (1500 rpm, 5 min) followed and the erythrocytes
were successfully lysed by adding 5 mL of blood lysis buffer for 10 min. Following analysis of persisting
CAR* T cells by flow cytometry (see chapters 3.2.19.2 and 3.2.18.1), 3 x 10* splenocytes were co-
cultivated with (NY-BR-1*) EO771 cells in RPMI-1640 supplemented with 10 % FCSand 1% P /S at a
ratio of 1:1 (96 well format) for 24 h. Afterwards, the activation of splenocytes or rather persisted
T cells was analyzed by intracellular staining for different activation-associated cytokines (see chapter
3.2.18.2) and, additionally, the concentration of released IFNy was calculated by using IFNy ELISA (see
chapter 3.2.12). The proportion of killed (NY-BR-1*) EO771 cells was determined by flow cytometric
analysis using DAPI staining (see chapter 3.2.18.1). Splenocytes from C57BL/6 wt and NY-BR-1%/ mice

treated with untransfected (mock) T cells, originally derived from C57BL/6 wt mice, served as controls.

3.2.16 Ayoxxa Lunaris multiplex cytokine assay

The Lunaris technology from Ayoxxa enables the simultaneous detection of several cytokines in
small volumes by using antibody-coated beads attached to micro-cavities on the planar Lunaris
BioChip. The spatial separation of these beads facilitates an image-based readout. Therefore, the
Lunaris technology was used for the quantification of over eleven human (Human 11-Plex Cytokine Kit)
and twelve murine (Mouse 12-Plex Cytokine Kit) cytokines in the plasma of CAR* T cell - treated mice
(see chapter 3.2.19).

Both the human and murine multiplex assays were performed according to the manufacturer’s
instructions. Briefly, 5 uL of prepared standards and samples (undiluted mouse plasma) were added to
each prewashed well of the Lunaris BioChip. Loaded plates were incubated for 3 h at room
temperature. After washing the wells three times, 10 uL of provided detection antibody solution
(Streptavidin-Phycioerythrin mix) were added and incubated for 1 h at room temperature. In
subsequent steps, wells were washed several times and 10 pL of provided SA-PE solution were added.
Following incubation for 30 min at room temperature, wells were washed and air-dried for at least 1.5
h. Finally, imaging was performed with the Lunaris reader and analyzed by using Lunaris analysis suite

and Microsoft excel.
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3.2.17 Cell synchronization and proteasome inhibition for NY-BR-1 expression

analysis

Synchronization of (NY-BR-1*) EO771 and (NY-BR-1*) Bosc cells was achieved by using different cell
cycle blockers such as Thymidine, L-mimosine, Lactacystin or Nocodazole. Prior to the addition of cell
cycle blockers, 1.5 x 10° (NY-BR-1*) EO771 or 2.5 x 10° (NY-BR-1*) Bosc cells per well (in a 6 well plate
format) were incubated for a few hours, as described in chapters 3.2.1and 3.2.2. In addition, the cell
culture medium of NY-BR-1 expressing cells was enriched with puromycin (5 pg / mL) during the
analysis period (see chapter 3.2.7).

As high concentrations of Thymidine interrupt the deoxynucleotide metabolism pathway, a double
Thymidine block was used to synchronize cells at the G1 / S boundary. Therefore, Thymidine (2 mM)
was added a few hours after cells were seeded. Medium was changed approximately 18 h after the
first Thymidine treatment. After an additional 8 to 10 h, Thymidine treatment was repeated.
Expression and cell cycle analysis were performed the next day.

Lactacystin is a proteasome inhibitor (irreversible alkylation of subunit X of the 20S proteasome)
and blocks cell cycle progression in both the GO / G1 and G2 / M phases. Treatment with Lactacystin
(5 uM) was carried out for at least 18 h prior to expression and cell cycle analysis.

L-mimosine is a plant amino acid and can be used as a G1 cell cycle blocker by preventing the
binding of Ctf4 to chromatin. Hence, cells were treated with L-mimosine (400 uM) alone for at least 18
h or in combination with Thymidine double block.

Aphidicolin inhibits DNA synthesis by specific inhibition of the DNA polymerase a, which in turn
leads to cell cycle arrest at G1/S boundary. Therefore, Aphidicolin (5 pug / mL) was applied in
combination with Thymidine double block.

The interfering with microtubules in cells by the synthetic drug Nocodazole leads to the inhibition
of microtubule dynamics and enables a cell cycle block at the G2 / M phase. (NY-BR-1*) EO771 were
treated with final Nocodazole concentrations of 0.2 to 0.4 ug/mL, while (NY-BR-1*) Bosc cells received
an increased concentration of up to 0.8 pug / mL.

The NY-BR-1 surface expression levels as well as the cell cycle profile were studied by flow
cytometric analysis. Cells were stained with the monoclonal antibody clone2, which is directed against

NY-BR-1, and propidium iodide (Pl) (see chapters 3.2.18.1 and 3.2.18.2).

71



Methods

3.2.18 Flow cytometric analysis

Flow cytometry is a laser-based technology system, which provides rapid analysis of multiple
characteristics of a cell. This is allowed by a laser system measuring the relative size (forward scatter)
and granularity (side scatter) of passing cells, which are hydrodynamically focused with sheath fluid.
In addition, the system is able to measure fluorescence characteristics of single cells, which result from
labeled cell surface markers or labeled intracellular proteins using mAbs conjugated to fluorescent
dyes. The information obtained is both qualitative and quantitative. The evaluation of flow cytometry

based experiments was done with the FACS Canto Il device (BD) and FlowJo software.

3.2.18.1 Surface staining

For staining of extracellular cell markers, cells were trypsinized if needed (or detached with cell
scraper in case of NY-BR-1* EO771 and Bosc cells), harvested and counted. Approximately 2 x 10° cells
were transferred into flow cytometry tubes, spun at 1500 rpm for 5 min and washed with 500 to 1000
pL of FACS buffer (PBS with 1 % FCS and 2mM EDTA). The supernatant was discarded and cells were
stained with fluorochrome-conjugated mAbs (with the manufacturer’s concentration specifications) in
100 pL FACS buffer for 30 min at 4 °C in the dark. In case of staining with non-conjugated primary
antibodies such as the anti-NY-BR-1 mAbs (clone2 (cfinal 3ug/mL), 10D11 (cfinal 5 pg/mL), clone3
(cfinal 5 ug/mL)), the incubation period was prolonged to 60 min. In order to remove unbound mAbs,
cells were washed twice with 2 mL FACS buffer. If the addition of secondary fluorochrome-conjugated
mAbs was necessary, a second staining step was performed with the appropriate secondary antibodies
(APC / PE — conjugated anti-human or anti-mouse 1gG, and the manufacturer’s concentration
specifications) in 100 pL FACS buffer for 30 min at 4 °C in the dark, followed by two washing steps.
Finally, cells were resuspended in 200 uL FACS buffer. For the distinction between living and dead cells,
1 ul of DAPI solution (cfinal 3 uM) was added. Since several fluorescent dyes have overlapping emission
spectra, controls stained with one fluorescent-conjugated mAb were applied for compensation.
Moreover, isotype controls were used to evaluate the intensity of non-specific binding events and
unstained samples were utilized as negative controls.

For the flow-cytometry based CFSE cytolysis assay or functional analysis of mouse persisting CAR*
T cells (see chapters 3.2.14 and 3.2.15), co-cultivated CAR* T cells / splenocytes and target cells were
transferred into flow cytometry tubes and washed (see above). In some cases, cells were additional
stained for CD3 — as described above — to differentiate between T cells and target cells in an even

better way. The frequency of living target cells was determined by the addition of DAPI. For the final
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evaluation, the proportion of survived T cell / splenocyte treated target cells, identified by CFSE or /
and CD3 negative and DAPI labeling, was calculated in relation to the proportion of survived untreated
target cells (control).

The flow-cytometry based analysis of cell cycle and proteasome dependent NY-BR-1 expression
(see chapter 3.2.17) was performed with two different kinds of staining. Therefore, cells from the same
well were transferred to two different flow cytometry tubes (one for surface expression analysis of
NY-BR-1, one for cell cycle analysis with Pl staining). The analysis of NY-BR-1 expression was performed
with anti-NY-BR-1 mAbs as described above. In contrast, the cell cycle profile was examined by PI
staining. Here, cells were washed (as described above) and resuspended in 300 pL of Nicoletti buffer
(50 pg/ mL PI, 0.1 % (w/v) NasCe¢HsO7, 0.1 % (v/v) Triton X-100). Following incubation for at least 15

min at room temperature, cells were vortexed and analyzed with the FACS Canto Il device (BD).

3.2.18.2 Intracellular staining

Next to the analysis of surface markers, the detection of intracellular proteins plays a key role for
the assessment of Tcell activation or (intracellular) protein expression levels. For intracellular
stainings, positive controls were treated with an activation cocktail (Biologend, #423301; diluted 1:500
in RPMI medium) for 1 h at 37 °C. Subsequently, all cells were treated with the Golgi stops Brefeldin A
(cfinal 5 pg / mL) and Monensin (cfinal 2 mM) for 5 h at 37 °C. If cells were tested for both surface
markers and intracellular proteins, surface staining was done as described in chapter 3.2.18.1.
Afterwards, cells were transferred to a 96 well plate and centrifuged at 2000 rpm for 3 min. Next,
pellets were resuspended in 200 pL of FACS buffer (PBS with 1 % FCS and 0.1 % NaN3) and centrifuged
at 2000 rpm for 3 min. This washing step was done two times, followed by a fixation step with 100 uL
of Cytofix / Cytoperm solution (BD). After an incubation period of 15 min at 4 °C, 200 pL of Perm /
Wash solution (BD) were added to each well and plate was spun at 2000 rpm for 3 min. Following one
additional washing step with Perm / Wash solution, the appropriate mAbs were diluted in Perm / Wash
buffer (according to the manufacturer’s instructions) and added to each well (50 puL / well). The staining
was incubated for 20 min at 4 °C. Thereafter, the cells were washed two times with Perm / Wash

solution (2000 rpm, 3 min) and finally resuspended in 200 pL of FACS buffer and stored at 4 °C.
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3.2.19 Mouse experiments and preparation

For all mouse experiments, C67BL/6 wild-type (Taconic or IBF Heidelberg), NOD.CB17-Prkdcs“
(Taconic), NSG (Taconic or DKFZ animal house) or NY-BR-1% (IBF Heidelberg) mice of different ages
were used. Mice were kept in the animal house of the IBF Heidelberg at room temperature (22-23 ° C)

and an artificial day / night rhythm of 12 h.

3.2.19.1 CAR' T cell treatment of tumor-bearing mice

Tumor cells (2 x 10° NY-BR-1* EO771 or NY-BR-1* Bosc23 cells in 100 puL PBS per mouse) were
injected subcutaneously into the flank of C57BL/6 wt, NY-BR-1'%®, NOD.CB17-Prkdc*“® or NSG mice.
CAR - expressing human (1x10°) or murine T cells (5x10°) were injected intravenously in a final volume
of 100 uL PBS per mouse eight days post tumor engraftment. Untreated mice and mice treated with
the appropriate amount of mock T cells served as controls. Mice engrafted with subcutaneous tumors
were sacrificed by carbon dioxide at a tumor diameter of 15 mm or tumor volumes of 200 mm3 (EQ771
in C57BL/6), 450 mm? (NY-BR-1* EO771 in NOD.CB17-Prkdc™) or 300 mm? (NY-BR-1* Bosc23 in NSG),
whatever occurred first. Tumor volumes were calculated with the ellipsoid formula (1/6*n* length x
width x depth).

Tumors, spleens and blood were removed for further analyses. Tumors were divided by using a
scalpel. One part was shock frozen in liquid nitrogen for subsequent cryosectioning (see chapter
3.2.19.3). The other part was dissociated by a gentleMACS Dissociator (Miltenyi) for flow cytometric
analysis, whereby the tumor supernatants were frozen and used for further analysis with the Ayoxxa
multiplex cytokine assays (see chapter 3.2.16). Due to remaining cell clumps in the dissociated tumor
cell suspension, these cells were additionally filtered by using 100 um cell strainer (Greiner).
Afterwards, the dissociated tumor cells were transferred to flow cytometry tubes to stain for NY-BR-1
expressing tumor cells and tumor-infiltrated T cells, as described in chapter 3.2.18.1. Spleens were also
dissociated by using the gentleMACS Dissociator (Miltenyi) and pressed through a 100 um cell strainer
(Greiner). A washing step with PBS (1500 rpm, 5 min) followed and the erythrocytes were lysed by
adding 5 mL of blood lysis buffer for 10 min. After one additional washing step, one part of the
splenocytes was cryoconserved (see chapter 3.2.6), whereas the other part was analyzed for persisting
CD3* Tcells by using flow cytometric analysis (see chapter 3.2.18.1). Blood was mixed with the
anti-coagulant heparin. Next, approximately 10 pL of the isolated blood were transferred to flow
cytometry tubes and stained for (CAR*) CD3"* cells (chapter 3.2.18.1). The rest was cryoconserved, as

described in chapter 3.2.6, or used for the isolation of plasma. Here, blood was carefully added to flow
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cytometry tubes which were already filled with 500 uL Ficoll-Plaque. As already explained in chapter
3.2.8.1, blood cells are divided into different, density-dependent phases by the high molecular fluid
(Ficoll-Plague) during centrifugation. Therefore, blood / Ficoll filled tubes were centrifuged at 2200
rpm for 15 min (without break) and mouse plasma was obtained from the top layer and cryoconserved
without any additives. Finally, mouse plasma was used for further analysis such as the Ayoxxa multiplex

cytokine assays (see chapter 3.2.16).

3.2.19.2 CAR T cell treatment of C57BL/6 and NY-BR-1%¥/ mice

Safety analyses of murine CAR* T cells were performed by intravenous injection of 5 x 10° CAR*
T cells (T cells originally derived from C57BL/6wt mice) in C57BL/6 wt and NY-BR-1® mice. Mice were
examined daily for visible side effects such as weight loss. Two weeks after T cell engraftment, nearly
all tissues (e.g. stomach, brain, kidney, lung, heart, liver, skin, spleen, blood and more) were isolated
and examined for abnormalities or visible inflammation. Tissues were shock frozen in fluid nitrogen for
subsequent cryosectioning and isolation of DNA according to chapters 3.2.19.3 and 3.1.5.5 or fixed in
4 % buffered formalin. In addition, isolated spleens and blood were analyzed for persistent CAR* T cells
by flow cytometry, as also described in chapters 3.2.18.1 and 3.2.19.1. In order to detect changes in
blood cytokine levels, plasma was isolated by using Ficoll-Plaque, as also described in chapter 3.2.19.1.,
and analyzed with the Ayoxxa multiplex cytokine assays (see chapter 3.2.16). Moreover, isolated

spleens were used for co-cultivation with NY-BR-1 expressing target cells (see chapter 3.2.15).

3.2.19.3 Cryosectioning of tumors and organs

Cyopreserved tumors and organs were embedded in Tissue-Tek OTC-Mounting medium and
sectioned in slices of 3 to 5 pum using the cryomicrotome (CryoStarNX70, ThermoScientific). These

sections were stored at -80 °C and used for immunohistochemical staining (see chapter 3.2.19.5).

3.2.19.4 Sectioning of paraffin-embedded tissues

Formalin-fixed tissues were embedded in paraffin with the modular paraffin embedding center

(Microm ES 350-2, Thermo Scientific) and sectioned in slices of 4 to 6 um using a freezing microtome.
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Subsequently, formalin-fixed paraffin embedded (FFPE) tissues were analyzed for infiltrated T cells by

immunohistochemical staining (IHC) (see chapter 3.2.19.6).

3.2.19.5 Immunohistochemistry staining (IHC) of cryosectioned tissues

Cyrosectioned tissues were analyzed for T cell infiltration by using immunohistochemical stainings
(IHC). First, tissues were fixed with 4 % PFA for 20 min and subsequently washed twice with PBS. IHC
stainings were performed by Rosa Eurich (DKFZ, AG Halama/Jager) according to the full automated

protocol (Bond Polymer Refine Detection Kit (Leica); Microm STP420D, Thermo Scientific):

Step Solution / Program Time Repeats Temperature

[min]
1 BOND Wash Solution 3 1 RT
2 Peroxide Block 20 1 RT
3 BOND Wash Solution 3 RT
4 Serum block (PBS with 10 % goat serum) 15 1 RT
5 BOND Wash Solution 3 RT
6 Primary antibody (anti-CD3 (ab16669 Abcam)

30 RT

in TBS / 10%FCS)

7 BOND Wash Solution 3 RT
8 Secondary antibody (poly-HRP-anti-rabbit 1gG) 8 1 RT
9 BOND Wash Solution 2 2 RT
10 Deionized water 1 RT
11 Mixed DAB Refine 1 RT
12 Mixed DAB Refine 10 1 RT
13 Deionized water 3 RT
14 Hematoxylin 10 1 RT
15 Deionized water 3 RT
16 BOND Wash Solution 5 1 RT
17 Deionized water ~ 1 RT
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3.2.19.6 Immunohistochemistry staining (IHC) of sectioned FFPE tissues

The immunohistochemical stainings of sectioned FFPE tissues were performed by Rosa Eurich
(DKFZ, AG Halama/léger) according to the full automated protocol (Bond Polymer Refine Detection Kit
(Leica); Microm STP420D, Thermo Scientific):

Step Solution / Program Time Repeats Temperature
[min]

1 BOND Dewax Solution 0.5 72 °C
2 BOND Dewax Solution 0.5 72°C
3 BOND Dewax Solution 0.5 RT
4 99 % Ethanol 3 RT
5 BOND Wash Solution 2 RT
6 BOND Wash Solution 5
7 BOND ER Solution 1 2 RT
8 BOND ER Solution 1 20 100°C
9 BOND ER Solution 1 12 RT
10 BOND Wash Solution 3 37°C
11 BOND Wash Solution 3 1 RT
12 Peroxide Block 20 1 RT
13 BOND Wash Solution 3 RT
14 Serum block (PBS with 10 % goat serum) 15 1 RT
15 BOND Wash Solution 3 RT
16 Primary antibody (anti-CD3 (ab16669 Abcam)

in TBS / 10%FCS) 3 "
17 BOND Wash Solution 3 RT
18 Secondary antibody (poly-HRP-anti-rabbit IgG) 8 1 RT
19 BOND Wash Solution 2 2 RT
20 Deionized water 1 RT
21 Mixed DAB Refine 1 RT
22 Mixed DAB Refine 10 1 RT
23 Deionized water 3 RT
24 Hematoxylin 10 1 RT
25 Deionized water 3 RT
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26
27

BOND Wash Solution

Deionized water

RT
RT
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4 Results

4.1 Generation of NY-BR-1 expressing human and murine cell lines

As this thesis focuses primarily on the investigation of the efficacy and pre-clinical safety of both
human and murine anti-NY-BR-1 CARs, NY-BR-1 expressing cell lines were required. Due to the facts
that no NY-BR-1 expressing breast cancer cell line was available and that previous experiments
demonstrated that NY-BR-1 transduced breast cancer cell lines stop growing and lose NY-BR-1 surface
expression (unpublished data) 93°%224 | first challenge was the generation of NY-BR-1 expressing target
cell lines. To address this issue, different cell lines such as the human Bosc23 and HEK 293T cell lines
as well as the murine medullary breast adenocarcinoma cell line EO771, originally isolated from a
spontaneous tumor in C57BL/6 mouse 2?2, were engineered to express the NY-BR-1 full length protein

and evaluated for possible cell cycle - dependent NY-BR-1 expression profiles.

4.1.1 Lentiviral transduction of Bosc23 and HEK 293T cells

The human Bosc23 and HEK 293T cell lines have been examined for the ability to express the breast
cancer associated protein NY-BR-1 on the cell surface. Both cell lines were lentivirally transduced with
the NY-BR-1 - encoding expression vector #44 (hPGK_NY-BR-1_IRES_Puromycin_WPRE) at an MOI of
5, as described in chapter 3.2.9.2 (see also Supplementary Figure 6.1). Surface expression levels of
NY-BR-1, determined by flow cytometric analysis with the monoclonal anti-NY-BR-1 clone2 and
secondary APC or PE - conjugated anti-mouse IgG antibodies, differed widely between transduced
Bosc23 and HEK 293T cells 72 h post transduction (see Figure 4.1.1). Over 40 % of transduced Bosc23
cells tested positive for NY-BR-1, whereas only 20 % of HEK 293T cells exhibited surface NY-BR-1
expression. These different expression rates were confirmed by further analyses on the following days.
Although transduced cells were cultivated under puromycin pressure in order to select positive clones,
the surface NY-BR-1 expression rates of selected cells remained low. In fact, the proportion of NY-BR-1*
HEK 293T cells even decreased to less than 10 % after four weeks (see Figure 4.1.1). In contrast, over
40 % of transduced Bosc23 were still positive for NY-BR-1. In addition, it should be noted that a strong
variation in the expression rates of NY-BR-1 was observed over several days in both transduced Bosc23
and HEK293T cells (see Figure 4.1.1; see Figure 4.1.2 B). Therefore, the role of cell density and different

cell cycle phases for NY-BR-1 expression was further investigated (see chapter 4.1.1.1).
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Figure 4.1.1: Surface expression levels of NY-BR-1 in lentivirally transduced Bosc23 and HEK 293T cells

Both Bosc23 and HEK 293T cells were engineered to express the full length NY-BR-1 protein. [A] Schematic representation of
the expression vector #44 (hPGK_NY-BR-1_IRES_Puromycin_WPRE) encoding the NY-BR-1 full length protein and puromycin
N-acetyltranferase under the control of the human phosphoglycerate kinase 1 promoter (hPGK). [B] 72 h post lentiviral
transduction of Bosc23 and HEK 293T cells with vector #44, NY-BR-1 expression was examined by using flow cytometric
analysis. Following four week cultivation under puromycin pressure, cells were analyzed again for the surface expression of
NY-BR-1. Stainings were performed with the primary monoclonal antibody (mAb) clone2, directed against NY-BR-1, in
combination with the secondary APC or PE - conjugated anti-mouse I1gG antibody. Transduced Bosc23 and HEK 293T cells
stained only with the anti-mouse IgG antibody (grey) were used as controls.

4.1.1.1 NY-BR-1 expression analysis depending on cell cycle and cell density

Since it was shown that NY-BR-1 expression does not reach high expression rates despite selection
pressure and also varies greatly from day to day, the next approach was used to examine more closely
whether different cell cycle phases as well as cell density affect NY-BR-1 expression.

Different cell cycle blockers (e.g. Thymidine, Nocodazole) were applied to synchronize transduced
Bosc23 cells. Hence, Bosc23 cells (2.5 x 10°cells / well) were cultivated in 6 well plates and treated with
Thymidine double block for G1 arrest or Nocodazole for G2 / M blockage (see chapter 3.2.17). The
different cell cycle profiles were examined using propidium iodide (Pl) and flow cytometric analysis as

follows: After treatment with a cell cycle blocker, the contents of each well were divided into two
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samples which were independently stained, one for NY-BR-1 and the other with propidium iodide. The

resulting relationship between cell cycle and NY-BR-1 expression rate was then mapped (see Figure

4.1.2 A).
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Figure 4.1.2: NY-BR-1 expression levels in transduced Bosc23 cells depending on cell cycle profile, proteasome activity and
cell density

[A] NY-BR-1 transduced Bosc23 cells were synchronized with different cell cycle blockers (e.g. Thymidine, Nocodazole) over
a few days. Afterwards, cells were analyzed for NY-BR-1 expression by the mAb clone2, directed against NY-BR-1, and
secondary APC or PE labeled anti-mouse 1gG antibody. Cell cycle profiles were determined by PI staining. Cell debris were
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gated out using the FSC / PI channels (n = 12). Lines indicate the linear regression curves. The corresponding R? values are
given. [B] NY-BR-1 expression profile of transduced, Lactacystin treated Bosc23 cells was compared with non-treated and
Lactacystin treated cells (with exchanged medium upon d+1) over a period of five days. Expression levels of NY-BR-1 were
determined, as described in [A]. Transduced cells only stained with the secondary antibody served as controls (grey). [C]
Different amounts of transduced Bosc23 cells (5x10%, 1x10%, 2x105, 4x105 cells / well) were seeded in 6 well plates to achieve
varied cell densities between 30 and 80 % after several days. Expression levels of NY-BR-1 were determined as described in
[A]. No statistically significant differences according to one-way ANOVA.

Indeed, different cell cycle blockages exhibited different effects on surface expression levels of
NY-BR-1. With rising numbers of G1 arresting cells, the proportion of NY-BR-1 - expressing cells
increased (see Figure 4.1.2 A). The opposite effect was observed for G2 arrest, which provoked
decreasing NY-BR-1 expression levels. However, no clear statement can be made about the effects of
S Phase on NY-BR-1 expression.

In addition to the cell cycle, degradation of the NY-BR-1 protein via proteasome may also play an
important role in the modulation of NY-BR-1 surface expression, and should therefore be investigated
in more detail with the use of Lactacystin as a proteasome inhibitor. To address this issue, NY-BR-1
expression was examined daily under Lactacystin treatment by using flow cytometric analysis. As the
blockage of the proteasome is irreversible, NY-BR-1 surface expression was additionally investigated
in Lactacystin treated cells with exchanged medium (see Figure 4.1.2 B). An initial important
observation was the fluctuating surface expression of NY-BR-1 in untreated, transduced Bosc23 cells.
Here, expression levels increased from 9 % on day d+1 to over 38 % on day d+4. Similar effects were
observed in transduced Bosc23 cells under Lactacystin treatment. While the NY-BR-1 expression rate
in Lactacystin-treated cells was around 9 % on day d+1, it had risen to over 33 % by day d+2 and 55 %
by day d+4. In fact, Lactacystin treated cells always demonstrated higher NY-BR-1 expression levels
than untreated or Lactacystin treated cells with exchanged medium. All these data indicate important
roles of both the cell cycle profile and proteasome activity for surface expression of NY-BR-1.

Since longer cultivation periods of transduced Bosc23 cells led to increasing NY-BR-1 expression
levels, as shown in Figure 4.1.2 B, the impact of cell density on NY-BR-1 expression was examined more
closely. Hence, different cell densities of transduced Bosc23 cells were seeded in 6 well plates in order
to achieve confluence rates between 30 and 80 % after several days. The average NY-BR-1 expression
rates, calculated from several independently performed experiments with the use of flow cytometric
analysis, are shown as bar charts in Figure 4.1.2 C and illustrate differences in the frequencies of
NY-BR-1 expressing cells depending on cell density. While an average NY-BR-1 expression rate of 14 %
was achieved at low cell densities, high cell densities led to elevated expression levels of approximately
30 %. Strikingly, among all tested cell densities, the largest increase of NY-BR-1 expression levels was
observed from a cell density of 60 %, which, however, did not rise significantly with further increases

in cell density.
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4.1.2 Lentiviral transduction of the murine breast cancer cell line EO771

Due to immunological compatibility, the murine NY-BR-1 expressing tumor cell line needed to fulfil
the requirement of being a murine breast cancer cell line with a C57BL/6 background. The medullary
breast adenocarcinoma cell line EQ771, derived from a spontaneous tumor of C57BL/6 mice, has
already proved to be adapted for immune-based therapies 2%>??’, Hence, the EO771 cell line was
lentivirally  transduced with the NY-BR-1 - encoding expression vector #44
(hPGK_NY-BR-1_IRES_Puromycin_WPRE) at an MOI of 5 (see also Supplementary Figure 6.1).
Puromycin selection gave rise to one single cell clone which tested positive for both intracellular and
surface expression of NY-BR-1 four weeks post transduction with the use of all three primary
anti-NY-BR-1 antibodies (murine clone2, humanized 10D11 and humanized clone3) followed by
secondary APC - conjugated anti-mouse or anti-human IgG antibodies (see Figure 4.1.2). Especially
striking were the significantly elevated intracellular NY-BR-1 expression levels of up 90 %, compared
to surface expression levels of only 27 % to 30 %. It was equally surprising that the mAb clone2
detected significantly higher intracellular NY-BR-1 expression levels than the mAb clone3. However,
this effect was not observed on the cell surface. Eight weeks post transduction, transduced EO771 cells
no longer showed any detectable surface expression of NY-BR-1. Intracellular NY-BR-1 expression
levels were also significantly reduced compared to four weeks before and differed again depending on

the detection antibodies used (clone2: 54.5 %; 10D11: 38.3 %; clone3: 6.83 %).
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Figure 4.1.3: Intracellular and surface expression levels of NY-BR-1 in lentivirally transduced EOQ771 cells

The murine medullary breast adenocarcinoma cell line EO771 was lentivirally transduced with expression vector #44
(hPGK_NY-BR-1_IRES_Puromycin_WPRE) encoding the NY-BR-1 full length protein and puromycin N-acetyltranferase under
the control of the human phosphoglycerate kinase 1 promoter (hPGK). NY-BR-1 was detected both intracellularly and on the
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cell surface using three different primary monoclonal anti-NY-BR-1 antibodies (murine clone2, humanized 10D11, humanized
clone3) and the corresponding secondary antibodies (APC-conjugated anti-mouse IgG or anti-human 1gG). Untransduced
EOQ771 cells were used as controls (grey). Percentages indicate the proportion of NY-BR-1 expressing cells of the total number
of lentivirally transduced EO771 cells four and eight weeks post transduction and puromycin selection.

4.1.2.1 NY-BR-1 expression analysis in transduced EO771 cells depending on

proteasome activity and cell cycle profiles

Having observed that NY-BR-1 transduced EO771 cells exhibit decreasing NY-BR-1 expression levels,
especially on cell surface, a possible degradation of this protein as well as the role of different cell cycle
phases were explored in more detail.

NY-BR-1 transduced EO771 cells were synchronized by different cell cycle blockers (e.g. Thymidine,
L-mimosine, Aphidicoline, Nocodazole). The addition of Thymidine, L-mimosine and Aphidicoline to
(NY-BR-1%) EO771 cells cultivated in 6 well plates (1.5 x 10° / well) induces a G1 arrest, whereas
Nocodazole leads to a G2 / M blockage, as described in chapter 3.2.17. The resulting cell cycle and
NY-BR-1 expression profiles of the differently treated cells were examined by flow cytometric analysis
using propidium iodide (P1) as well as the mAb clone2 in combination with secondary APC or PE labeled
anti-mouse IgG antibodies (see Figure 4.1.4).

Indeed, G1 arrest had a positive effect on NY-BR-1 expression rates (see Figure 4.1.4 A). Similar
observations were made with cells arresting between late G1 and early S phase. However, cell
populations indicating low frequencies of S phase-arrested cells showed both high and low amounts
of NY-BR-1-expressing cells in independently performed experiments. In contrast, an increasing
proportion of G2 arrested cells resulted in greatly reduced amounts of NY-BR-1 expressing cells.

To explore the possible role of NY-BR-1 degradation by proteasomes, (NY-BR-1*) EO771 cells were
treated with the proteasome inhibitor, Lactacystin, and were examined regarding their surface
expression levels of NY-BR-1 by flow cytometric analysis over a period of five days. Untreated cells
were used as controls and exhibited almost no detectable surface expression levels of NY-BR-1 in this
representative example in Figure 4.1.4 B. In contrast, Lactacystin treated cells displayed increasing
NY-BR-1 surface expression levels of over 18 %, particularly in the first two days after treatment.
Strikingly, a medium change 24 h after Lactacystin treatment, had a positive impact on NY-BR-1
expression. However, these surface expression levels did not remain constant even in treated cells. On
day 3, almost no NY-BR-1 proteins were detectable on Lactacystin and untreated EO771 cells’ surfaces
via flow cytometry. Surprisingly, on day 4, the levels increased again up to 19 or 15 % in Lactacystin
treated cells with or without exchanged medium. However, it was generally observed that the

fluorescence intensities were very weak (see Figure 4.1.3), suggesting a low protein density.
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Figure 4.1.4: Analysis of NY-BR-1 expression levels in transduced EO771 cells treated with a proteasome inhibitor and
different cell cycle blockers

[A] NY-BR-1 transduced EOQ771 cells were treated with different cell cycle blockers (e.g. Thymidine, Nocodazole, L-mimosine,
Aphidicolin) over a few days. Cell cycle profiles and NY-BR-1 expression levels of synchronized cells were determined by flow
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cytometric analysis. Therefore, cells were stained with Pl or the mAb clone2 in combination with PE / APC labeled anti-mouse
IgG antibodies. Cell debris were gated out using the FSC / Pl channels (n = 24). Lines indicate the linear regression curves. The
corresponding R2 values are given. [B] NY-BR-1 expression profile of transduced, Lactacystin treated (NY-BR-1*) EO771 cells
was compared with non-treated and Lactacystin treated cells (with exchanged medium upon d+1) over a period of five days.
NY-BR-1 was detected by using flow cytometric analyses, as described in [A]. Untransduced cells served as controls (grey). [C]
NY-BR-1 expression analysis at RNA level. Following RNA isolation of synchronized NY-BR-1 transduced EQ771 cells, cDNA
was synthesized via reverse transcription and analyzed for NY-BR-1 expression by using real-time quantitative polymerase
chain reaction (QPCR) with the primers #22 and #60, which generate an amplicon of 117 bps within the NY-BR-1 RNA/cDNA
transcript. The log, based fold change of NY-BR-1 expression was calculated relative to untreated transduced EQ771 cells
using the 24Ct method. B-actin was used as the reference gene. [D] Overlayed cell cycle profiles of Nocodazole and
Lactacystin treated (NY-BR-1*) EO771 cells generated by PI staining and flow cytometric analysis, as described in [A]. The
identified cell cycle phases are given.

In addition to the flow cytometric analysis of synchronized cells, NY-BR-1 expression levels were
also investigated at RNA level by using relative quantification of real-time qPCR. The log; based fold
changes in NY-BR-1 expression, shown in Figure 4.1.4 C, were calculated relative to untreated
transduced EO771 cells and indicated increasing expression levels under Thymidine and decreasing
levels under Nocodazole treatment.

The combined effect of Lactacystin, as a proteasome inhibitor and cell cycle blocker (GO/G1 and
G2/M), and Nocodazole was further evaluated with flow cytometric and RNA analyses. Here, cells were
treated with Lactacystin for 24 h followed by the addition of Nocodazole, as described in chapter
3.2.17. Particularly noteworthy are the high NY-BR-1 expression levels in Lactacystin treated
transduced EOQ771 cells, which were increased by a factor of 13 compared to Thymidine treatment. A
combined treatment of Nocodazole and Lactacystin resulted in higher NY-BR-1 expression levels
compared to a single treatment with Nocodazole (see Figure 4.1.4 C). In fact, the sole treatment with
Nocodazole resulted in a G2 arrest in both wild-type EO771 and NY-BR-1 transduced EOQ771 cells (see
Figure 4.1.4 D). However, the combined treatment led to different cell cycle profiles. Both cell lines
(wild-type and transduced EQ771) showed increased proportions of G1 arrested cells under double
treatment compared to Nocodazole alone, but this effect was much more pronounced in transduced
than in wild-type EO771 cells, indicating again a correlation between G1 phase and NY-BR-1
expression.

Overall, these data show that the G1 phase plays a key role for the expression of NY-BR-1 in
transduced EO771 cells. Moreover, Lactacystin treatment improves NY-BR-1 expression at both the

protein and RNA level.
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4.2 Generation of anti-NY-BR-1 chimeric antigen receptors

4.2.1 Cloning of murine lentiviral vectors

To generate murine anti-NY-BR-1 chimeric antigen receptor (CAR) expressing T cells, different
lentiviral vectors encoding the three different anti-NY-BR-1 CARs (clone2, 10D11, clone3) consisting of
anti-NY-BR-1 single chain variable fragments (scFvs), which were derived from the mAbs clone2, 10D11
and clone3, as well as the murine Fc, transmembrane, co-stimulatory domains and CD3z were
required. Since at the beginning of this work only human anti-NY-BR-1 CAR - encoding vectors were
available, the human Fc (hlgG1), transmembrane and co-stimulatory domains had to be exchanged
with murine counterparts. For this purpose, DNA encoding the mFcA mCD28A m4-1BB_CD3:z
fragment, which contained mutations in the Fc (mlgG1l) (TVPEV > NILGG) and CD28
(TRKPYQPYAPARDF - TRKAYQAYAAARDF) domains, was amplified from vector #187
(PENTR_attL1_RFB4scFv_mFcA _mCD28A m4-1BB_CD3z_attlL2) by PCR with the primers #5 and #85.
In this process, the restriction sites for the restriction endonucleases Not/ and Xbal were attached to
the ends of this fragment (see Figure 4.2.1). Subsequently, the amplified fragment was cut with the
aforementioned enzymes to create overhanging cohesive ends. The human Fc, co-stimulatory domains
and CD3z - encoding DNA segments were removed from plasmid #35
(PENTR_attL1 clone2scFv_hFc_hCD28 h4-1BB_CD3z_attlL2) by using the restriction enzymes Not/ and
Xbal. Next, the linearized vector DNA was ligated with the digested PCR fragment by the T4 DNA ligase
resulting in vector #200 (pENTR_attL1_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_attL2), which was
checked for its accuracy by analytical digestion with restriction enzymes (EcoR! and Hindlll). The
subsequent electrophoretic separation resulted in two bands of the expected sizes of 3300 base pair
(bp) and 1100 bp. Afterwards, clone2scFv - encoding DNA segments from vector #200 were exchanged
with those encoding the 10D11scFv or clone3scFv. For this purpose, 10D11scFv and clone3scFv -
encoding DNA sections were excised from pre-existing vectors #142
(PENTR_attL1_10D11cFv_hFc_hCD28_h4-1BB_CD3z_attl2) and #143
(PENTR_attL1_clone3cFv_hFc_hCD28 h4-1BB_CD3z_attlL2) by using the restriction enzymes Ncol /
Notl and were ligated to the Ncol / Notl sliced vector #200. The resulting ligation products #205
PENTR_attLl 10D11scFv_mFcA _mCD28A m4-1BB_CD3z_attl2) and #206
PENTR_attLl clone3scFv_mFcA _mCD28A m4-1BB_CD3z_attL2) were verified by analytical digestion
with the restriction enzyme Xbal, which in both cases led to the expected band sizes of 2100 bp and

2200 bp after electrophoretic separation.
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Figure 4.2.1: Cloning strategy of vectors #200, #205 and #206
encoding DNA fragment in vector #35 was exchanged with the

The hFc_hCD28_h4-1BB_CD3z -

mFcA_mCD28A_m4-1BB_CD3z encoding DNA segment from vector #187 with aid of PCR and restriction digestion, resulting

in vector #200. Afterwards, clone2scFv - encoding DNA segments were exchanged with those encoding the 10D11scFv or
clone3scFv. The final vectors #200, #205 and #206 were verified by analytical digestion.
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The final lentiviral transfer vectors were generated by the gateway cloning technology, which allows
the transfer of DNA fragments by recombination reactions. CAR - encoding segments, flanked by attL
sites, were transferred from vectors #200, #205 and #206 into vector #126
(pPRRL_CMV_attR1_CmR_ccdB_attR2_hPGK_DsRed2_ WPRE) by the enzyme LR clonase, as described
in chapter 3.1.9.4 (see Figure 4.2.2). The resulting lentiviral transfer vectors #216
(PRRL_CMV_attB1_clone2scFv_mFcA_mCD28A m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE), #217
(pPRRL_CMV_attB1_10D11scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE) and
#218  (pRRL_CMV_attB1l clone3scFv_mFcA mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE)
showed the expected band patterns after analytical digestion with the restriction enzyme EcoRI
(#216/#217/#218: 1100 bp, 1800 bp, 7200 bp). The final lentiviral vectors encode the different murine
anti-NY-BR-1 CARs (clone2, 10D11, clone3) under the control of the cytomegalovirus (CMV) promoter

and allow the quantification of CAR expression by the DsRed2 protein.
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Figure 4.2.2: Cloning strategy of murine lentiviral transfer vectors #216, #217 and #218
The murine lentiviral transfer vectors #216, #217 and #218 were generated by the gateway cloning technology and were
finally verified by analytical digest with the restriction enzyme EcoRl.
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4.2.2 Cloning of murine pS/MARter vectors

Next to lentiviral transduction, a novel method for the generation of murine CAR* T cells was
established in the further course of this work (see chapter 4.4.2). This technology is based on the
electroporation of murine T cells with S/MAR derived vectors — so called pS/MARter vectors — which
were kindly provided by Dr. Richard Harbottle and Dr. Matthias Bozza (DKFZ, DNA Vector Research
Group).

Starting  from the anti-CEA  CAR - encoding pS/MARter  vector  #272
(pS/MARter_hPGK_CEAscFv_hFc_hCD28_CD3z_hOX40_S/MAR), provided by Dr. Richard Harbottle’s

laboratory, the murine anti-NY-BR-1 CAR - encoding pS/MARter vectors #277
(pS/MARter_mPGK_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_S/MAR), #295
(pS/MARter_mPGK_10D11scFv_mFcA_mCD28A_m4-1BB_CD3z_S/MAR) and #296

(pS/MARter_mPGK_clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_S/MAR) were generated (see Figure
4.2.3). The required mMPGK - encoding sequence was amplified from vector #240
(PRRL_mPGK_attB1_NY-BR-1(full)_attB2_WPRE) by PCR (primers 150 & 151). DNA segments encoding
the murine clone2 CAR were amplified from plasmid #241  (pRRL_mPGK-
attB1_clone2scFv_mFcA_mCD28A m4-1BB_CD3z_attB2-WPRE) by PCR with primers #152 and #153.
For both PCR reactions, special primers were created that meet the requirements for subsequent In-
Fusion cloning, as described in chapter 3.1.9.3. By using the In-Fusion technology, both PCR amplicons
were cloned into the pS/MARter backbone of the sliced (BstX! and Xhol) vector #272 in just one step.
Thereafter, the clone2scFv - encoding DNA sequence of the resulting pS/MARter vector #277 was
exchanged with 10D11scFv and clone3scFv - encoding DNA sequences from vectors #268
(pPRRL_CMV_attB1_10D11scFv_mFc_mCD28_m4-1BB_CD3z_attB2_IRES_eGFP_WPRE) and #269
(PRRL_CMV_attB1_clone3scFv_mFc_mCD28 m4-1BB_CD3z_attB2_IRES_eGFP_WPRE) by restriction
digest with the enzymes Pmel and Notl and subsequent ligation by T4 ligase. Finally, they were verified
by analytical digestion with the restriction enzymes EcoRl, Spel, Xcml or Xmal, which led to the
expected band sizes of 200 bp, 1300 bp and 4900 bp for vector #277, of 600 bp and 6000 bp for vector
#295 and of 1600 bp and 4900 bp for vector #296. The resulting pS/MARter vectors #277, #295 and
#296 encode three different murine anti-NY-BR-1 CARs (clone2, 10D11, clone3) under the control of

the murine phosphoglycerate kinase (mPGK) promoter.
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Figure 4.2.3: Cloning strategy of murine pS/MARter vectors #277, #295 and #296

The murine clone2CAR - encoding pS/MARter vector #277 was generated from vectors #240, #241 and #272 by using the In-
Fusion technology. Thereafter, clone2scFv - encoding DNA segments in vector #277 were exchanged with those encoding
10D11 and clone3scFvs from vectors #268 and #269, resulting in the pS/MARter vectors #295 and #296, which were finally
verified by analytical digest with the restriction enzymes EcoRl, Spel, Xcml or Xmal.
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4.2.3 Cloning of human pS/MARter vectors

At the beginning of this thesis, pS/MARter vectors encoding human anti-NY-BR-1 CARs of the 3™
generation were already available. However, in addition to the hCD28 and h4-1BB co-stimulatory
domains, vectors encoding anti-NY-BR-1 CARs with incorporated hCD28 CD3z_h0OX40 domains were
still missing. Therefore, the required vectors were cloned from the pS/MARter vectors #272
(pS/MARter_hPGK_CEAscFv_hFc_hCD28_CD3z_hOX40_S/MAR), #273
(pS/MARter_hPGK_clone2scFv_hFc_hCD28 h4-1BB_CD3z_S/MAR) and #302
(pS/MARter_hPGK_10D11scFv_hFc_hCD28 h4-1BB_CD3z_S/MAR) (see Figure 4.2.4).

First, the hPGK and CEAscFv - encoding DNA sequences in vector #272 were removed by restriction
digest with Hindlll and Notl. The required hPGK, clone2scFv and 10D11scFc - encoding DNA sequences
were cut from vectors #273 and #302 by enzymatic digest with Hindlll and Not/ and were subsequently
ligated with the cut vector #272 by T4 |ligase. The resulting vector #432
(pS/MARter_hPGK_clone2scFv_hFc_hCD28_ CD3z_hOX40_S/MAR) was used to generate vector #434
(pS/MARter_hPGK_clone3scFv_hFc_hCD28 CD3z_hOX40_S/MAR) by replacing the clone2scFv -
encoding sequence with the clone3scFv - encoding sequence from vector #303
(pS/MARter_hPGK_clone3scFv_hFc_hCD28 h4-1BB_CD3z_S/MAR) by enzymatic digest (Nhel, Notl)
and subsequent ligation by T4 ligase. The final analytic digest of all three resulting vectors #432, #433
(pS/MARter_hPGK_10D11scFv_hFc_hCD28 CD3z_hOX40_S/MAR) and #434 with the restriction
enzymes Avrll, Nhel or BstEll demonstrated the expected banding patterns of 2000 bp and 4700 bp
(#432, #433) or 1500 bp and 5200 bp (#434).
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Figure 4.2.4: Cloning strategy of human pS/MARter vectors #432, #433 and #434

pS/MARter vectors encoding the three different human anti-NY-BR-1 CARs, incorporating both the hCD28 and hOX40
domains, were cloned from vectors #272, #273, #302 and #303 by replacing the scFv - encoding DNA fragments by restriction
digests (Hindlll, Nhel, Notl) and subsequent T4 ligase - based ligation reactions. The final vectors #432, #433 and #434 were
verified by analytic digestion with the endonucleases Avrll, BstEll or Nhel.

The next step was the generation of pS/MARter vectors encoding human anti-NY-BR-1 CARs with
mutated hFc (PELLGG - PPVAG; ISR = IAR) and hCD28 / Lck (PYAPA - AYAAA) domains. To address
this issue, DNA sequences encoding the unmutated hFc_hCD28 h4-1BB domains were removed from
vectors #273  (pS/MARter_hPGK_clone2scFv_hFc_hCD28 h4-1BB_CD3z_S/MAR) and #303
(pS/MARter_hPGK_clone3scFv_hFc_hCD28_ h4-1BB_CD3z_S/MAR) by restriction digest with Not/ and
Xhol (see Figure 4.2.5). At the same time, the hFcA_hCD28A _h4-1BB_CD3z - encoding DNA sequence
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was amplified from vector #68 (pENTR_attL1 TS7.3scFv_hFcA_hCD28A_h4-1BB_CD3z_attL2) by PCR
(primers #531 and #532). Since the restriction site for the endonuclease Xhol was attached to one end
of the PCR fragment during this process, the PCR amplicon was subsequently cut with the enzymes
Notl and Xhol to generate cohesive ends. Afterwards, the cut PCR fragment was ligated to the sliced
vectors #273 and #303 resulting in vectors #517
(pS/MARter_hPGK_clone2scFv_hFcA hCD28A h4-1BB_CD3z_S/MAR) and #519
(pS/MARter_hPGK_clone3scFv_hFcA hCD28A h4-1BB_CD3z_S/MAR). Vector #518, which should
encode for the 10D11scFv_hFcA_hCD28A h4-1BB_CD3z CAR fragment, was generated by exchanging
the clone2scFv - encoding DNA sequence in vector #517 with the 10D11scFv - encoding DNA segment
from vector #433 (pS/MARter_hPGK_10D11scFv_hFc_hCD28 CD3z_hOX40_S/MAR) by restriction
digest (Nhel, Notl) and subsequent T4 ligase — based ligation. All generated vectors were verified by
analytical digest with different restriction enzymes such as Hindll, Ncol, Sacl and Sphl leading to
expected banding patterns of 2500 bp and 4200 bp (#517), 2800 bp and 4000 bp (#518) as well as 1800
bp, 2000 bp and 2900 bp (#519).

94



Results

#68
PENTR_attL1_TS7.3scFv
scFv_hFeA_hCD28A_

#273
PS/MARter_hPGK_
clone2scFv_hFc_
hCD28_h41BB_CD3z_
S/MAR

h41BB_CD3z_attL2

6.7kb

Xhol
Restriction digest with
Notl, Xhol

l

Not!

PCR with primers
#531 & #532

#303
pS/MARter_hPGK_
clone3scFy_hFc_
hCD28_h41BB_CD3z_
S/MAR

Not!

6.7kb Xho!

Restriction digest with
Notl, Xhol

!

Xhol

5’ #68hFcA_hCD28A h41BB_CD3z 3

[z

G|

1.4kb

l

273
PpS/MARter_hPGK_
clone2scFv__
S/MAR

5.3kb

Restriction digest with
Notl, Xhol

#303
pS/MARter_hPGK_
clone3scFv___
S/MAR

5.3kb

- '\J\ //
5'#68hFcA_hCD28A_h41BB_CD3z EF

Ligation [ 3

5 Ligation

1.4kb

Nhel

#517
pS/MARter_hPGK_
clone2scFv_hFea_
hCD28A_h41BB_
CD3z_S/MAR

Analytic digest with
Neol

Notl

6.7 kb

Nhel

#433 \
pS/MARter_hPGK_
10D11scFy_hFe_
hCD28_CD3z_hOX40_
S/MAR

Restriction digest with

Nhel, Not! Not!

6.7kb

#517
PS/MARter_hPGK_
__hFed_
hCD28A_ha18B_
CD3z_S/MAR

Nhel, Not!
5.9kb

\N

Ligation
5" #433 10D1isclv___ 3]

5
0.8kb

#518
pS/MARter_hPGK_
10D11scFy_hFed_
hCD28A_ha18B_
CD3z_S/MAR

6.8kb

#519
pS/MARter_hPGK_
clone3scFv_hFe_
hCD28A_h41BB_
CD3z_S/MAR

Analytic digest with
Hindlll, Sacl

3kb—p
2kb —p

6.8kb

Restriction digest with

Sphi

Figure 4.2.5: Cloning strategy of human pS/MARter vectors #517, #518 and #519

The pS/MARter vectors #517, #518 and #519, encoding three different anti-NY-BR-1 CARs with mutated hFc and hCD28
domains, were generated by replacing the hFc_hCD28_h4-1BB_CD3z fragments in vectors #273 and #303 with the
hFcA_hCD28A_h4-1BB_CD3z fragment from vector #68 by PCR amplification and restriction digest (Notl, Xhol; Nhel, Notl).
Finally, the resulting vectors were verified by analytic digest with the endonucleases Hindll, Ncol, Sacl and Sphl.

4.2.4 Cloning of human lentiviral vectors

Next to pS/MARter vectors, the corresponding lentiviral vectors encoding human anti-NY-BR-1
CARs with mutated hFc and hCD28 domains were generated in this section. Several intermediate
cloning steps starting from vectors #200, #205 and #68 led to the pENTR vectors #511

(PENTR_attL1_clone2scFv_hFcA_hCD28A_h4-1BB_CD3z_attL2) #512

95



Results

(PENTR_attL1_10D11cFv_hFcA_hCD28A_h4-1BB_CD3z_attl2) and #513
(PENTR_attL1 clone3cFv_hFcA hCD28A h4-1BB_CD3z_attL2) (cloning strategy not shown). Since
gateway cloning did not work efficiently with these vectors (data not shown), the In-Fusion technology
should be applied for the generation of the lentiviral transfer vectors #514
(pRRL_hPGK_clone2scFv_hFcA_hCD28A_h4-1BB_CD3z_WPRE), #515
(pRRL_hPGK_10D11scFv_hFcA_hCD28A_h4-1BB_CD3z_WPRE) and #516
(PRRL_hPGK_clone3scFv_hFcA_hCD28A_h4-1BB_CD3z_WPRE) (see Figure 4.2.6).

The attB1l_clone2scFv_hFc_hCD28 h4-1BB_CD3z_attB2 - encoding fragment was removed from
lentiviral transfer vector #85 by restriction digest with BamHI and Sall. Using PCR, the
clone2scFv_hFcA hCD28A h4-1BB CD3z - encoding DNA segment was amplified with specially
designed In-Fusion primers (#534 and #535) from vector #511 and fused into the linearized vector #85
by using the In-Fusion technology, as described in chapter 3.1.9.3. Since the same In-Fusion reaction
did not work for vectors #515 and #516, an alternative cloning strategy had to be used. Therefore, the
10D11scFv_hFcA_hCD28A _h4-1BB _CD3z and clone3scFv_hFcA _hCD28A h4-1BB_CD3z - encoding
fragments were amplified from vectors #512 and #513 by using PCR (primers #552 and #553). During
this process, the restriction sites for the endonucleases BamHI and Sall were added to the ends of the
PCR fragments. Following restriction digest of the PCR amplicons and vector #514 with the
aforementioned enzymes, the sliced vector and amplicons were ligated by T4 ligase. The final ligation
products were verified by analytical digests with the endonucleases Smal, Spel and Xbal. The resulting
banding patterns with sizes of 600 bp, 1200 bp and 7100 bp (#514), 2100 bp and 6700 bp (#515) as
well as 1000 bp and 7800 bp (#516) met the expectations.
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Figure 4.2.6: Cloning strategy of human lentiviral transfer vectors #514, #515 and #516
The lentiviral transfer vector #514 was generated from the lentiviral transfer vector #85 and pENTR vector #511 by exchanging
the whole CAR - encoding sequences with the In-Fusion technology. The 10D11scFv_hFcA_hCD28A_h4-1BB_CD3z and
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clone3scFv_hFcA_hCD28A_h4-1BB_CD3z - encoding DNA segments were amplified by PCR from the pENTR vectors #512 and
#513 and ligated with the BamHI / Sall cut lentiviral transfer vector #514. Finally, the resulting vectors were verified by analytic
digest with the endonucleases Smal, Spel and Xbal.

In the following section, lentiviral transfer vectors which encode for the three different human
anti-NY-BR-1 CARs with hCD28 CD3z_h0X40 domains were generated (see Figure 4.2.7). For this
purpose, the lentiviral transfer vector #514 was cut with the restriction enzymes BamH!I and Sall in
order to remove the clone2scFv_hFcA_hCD28A_h4-1BB_CD3z - encoding DNA fragment. The required
DNA segments encoding the clone2/10D11/clone3scFv_hFc_hCD28 CD3z_hOX40 fragments were
amplified from the pS/MARter vectors #432, #433 and #434 by PCR (In-Fusion primers #562, #563,

#564). The linearized lentiviral transfer vector #514 was fused to the different PCR fragments using the

In-Fusion technology, resulting in the lentiviral transfer vectors #537
(PRRL_hPGK_clone2scFv_hFc_hCD28_CD3z_hOX40_WPRE), #538
(pPRRL_hPGK_10D11scFv_hFc_hCD28_CD3z_hOX40_WPRE) and #539

(PRRL_hPGK_clone3scFv_hFc_hCD28 CD3z_hOX40_WPRE). Finally, they were verified by analytical
digest with the restriction enzymes Scal, Xbal and Xhol, which led to the expected band sizes of 2300
bp, 2700 bp and 3700 bp for vector #537, 2700 bp and 6100 bp for vector #538 and 2100 bp and 6700
bp for vector #539.
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Figure 4.2.7: Cloning strategy of human lentiviral transfer vectors #537, #538 and #539

The lentiviral transfer vectors #537, #538 and #539 were generated by using the In-Fusion technology. Here, the
clone2scFv_hFcA_hCD28A_h4-1BB_CD3z - encoding DNA fragment in vector #514 was removed by restriction digest and
exchanged with the PCR amplicons clone2/10D11/clone3scFv_hFc_hCD28_CD3z_h0OX40, derived from vectors #432, #433
and #434. Finally, the resulting vectors were verified by analytic digest with the endonucleases Smal, Spel and Xbal.
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4.3 Functional characterization of human anti-NY-BR-1 chimeric antigen receptors

in vitro

Experiments of this section were focusing on the expression of newly cloned anti-NY-BR-1 CAR
constructs in lentivirally transduced or electroporated human T cells. In this context, the influence of
different intracellular domains on CAR expression levels were examined in more detail. Furthermore,
the specificity of the three different anti-NY-BR-1 CARs (clone2, 10D11, clone3) for the NY-BR-1 protein
as well as possible cross reactivities with the NY-BR-1.1 protein were evaluated. Moreover, it was of
great interest to find out whether anti-NY-BR-1 CAR* T cells detect and kill NY-BR-1 expressing target

cells.

4.3.1 Expression analysis of human anti-NY-BR-1 CARs in lentivirally

transduced HEK293T and human T cells

The lentiviral productions of expression vectors encoding the anti-NY-BR-1 CAR constructs
clone2scFv_hFcA_hCD28A_h4-1BB_hCD3z (#514), 10D11scFv_hFcA_hCD28A_h4-1BB_hCD3z (#515),
clone3scFv_hFcA _hCD28A h4-1BB_hCD3z (#516) as well as clone2scFv_hFc_hCD28 hCD3z_h0X40
(#537), 10D11scFv_hFc_hCD28 hCD3z_hOX40 (#538) and clone3scFv_hFc_hCD28 hCD3z_h0OX40
(#539) were performed by co-transfection of HEK 293T cells, as described in chapter 3.2.9.1. To test
whether these CAR constructs can be expressed in human cells and to quantify the titer of the
produced lentiviral particles, HEK 293T cells were transduced with 1 pL of freshly harvested,
concentrated viral supernatant. Figure 4.3.1 A shows representative flow cytometry data of HEK
293T cells stained for anti-NY-BR-1 CARs with the PE or APC - conjugated anti-human IgG antibody 72
h post transduction. Indeed, all synthetically produced anti-NY-BR-1 CARs were successfully expressed
in HEK 293T cells with different efficiencies, indicating differences in the lentiviral titers.

To examine the expression levels of different anti-NY-BR-1 CARs in human T cells, peripheral T cells
were isolated from the same donor (LDAO1), activated for 48 h, as described in chapter 3.2.9.4, and
lentivirally transduced with all above mentioned CAR constructs at an MOI of 2. Two days post
transduction, transduced T cells were tested for CAR expression by flow cytometric analysis with the
APC - conjugated anti-human CD3 (UCHT1) and PE - conjugated anti-human IgG antibodies (see Figure
4.3.1 B). As already observed in HEK 293T cells, all CAR constructs were successfully expressed in
human T cells. However, the expression levels of the various CAR constructs differed significantly.

Anti-NY-BR-1 CARs incorporating the hOX40 domain (in a terminal position) achieved higher expression
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levels with all three different scFvs (clone2: 23.8 %, 10D11: 22.8 %, clone3: 18.1 %) compared with
CARs containing hFc_hCD28_h4-1BB domains (clone2: 15.8 %; 10D11: 9 %, clone3: 4.9 %). In addition,
the frequency of CAR - expressing T cells differed slightly depending on the scFvs. In fact, lentiviral
transductions with clone2 and 10D11 CAR constructs resulted in slightly increased CAR expression

levels in T cells compared to clone3 CARs.
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Figure 4.3.1: Expression analysis of human anti-NY-BR-1 CARs in lentivirally transduced HEK 293T and T cells

Flow cytometric - based quantification of CAR expression levels in [A] HEK 293T cells 72 h after lentiviral transduction with 1
uL of concentrated lentivirus (with unknown titer) in order to determine the lentiviral titers and to study the expression of
human anti-NY-BR-1 CARs in an easily transducible cell line; and in [B] human T cells (isolated from the same donor LDAO1)
48 h after lentiviral transduction at an MOI of 2. In [A] and [B] cells were lentivirally transduced with expression vectors
encoding the anti-NY-BR-1 CAR constructs clone2scFv_hFcA_hCD28A_h4-1BB_hCD3z (#514),
10D11scFv_hFcA_hCD28A_h4-1BB_hCD3z (#515), clone3scFv_hFcA_hCD28A_h4-1BB_hCD3z (#516) as well as
clone2scFv_hFc_hCD28_hCD3z_hOX40 (#537), 10D11scFv_hFc_hCD28_hCD3z_hOX40 (#538) and
clone3scFv_hFc_hCD28_hCD3z_hOX40 (#539). For flow cytometric analysis, both transduced and untransduced cells were
stained with the PE or APC-conjugated anti-human IgG antibody, which binds to the human Fc domain of the anti-NY-BR-1
CARs. Human T cells were additionally stained with the APC - conjugated anti-human CD3 antibody (UCHT1). Percentages
indicate the proportion of CAR expression HEK 293T or T cells of the total number of lentivirally transduced HEK 293T or
T cells.
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4.3.2 Expression analysis of human anti-NY-BR-1 CARs in pS/MARter and

NanoCMARter electroporated T cells

In addition to lentiviral transduction, a novel method - the electroporation of human T cells with
pS/MARter and NanoCMARter vectors - was used for the generation of anti-NY-BR-1 CAR - expressing
T cells. Both vector systems were kindly provided by Dr. Richard Harbottle and Dr. Matthias Bozza
(DKFZ, DNA Vector Research Group) and have so-called scaffold/matrix attachment region (S/MAR)
domains, which induce an interaction between chromatins (or DNA vectors) and the nuclear matrix by
binding to matrix proteins 20208228 Therefore, experiments of this section focused on the question
whether electroporation with anti-NY-BR-1 CAR - encoding pS/MARter and NanoCMARter vectors can
induce effective and stable CAR expression in human T cells.

Prior to electroporation with different pS/MARter vectors encoding the anti-NY-BR-1 CAR
constructs clone2scFv_hFc_hCD28 h4-1BB CD3z (#273), 10D11scFv_hFc_hCD28 h4-1BB_CD3:z
(#302), clone3scFv_hFc_hCD28 h4-1BB CD3z (#303), clone2scFv_hFcA_hCD28A_h4-1BB CD3:z
(#517), 10D11scFv_hFcA_hCD28A_h4-1BB_CD3z (#518), clone3scFv_hFcA_hCD28A_h4-1BB_CD3z
(#519), clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28 CD3z_hOX40 (#434), peripheral T cells were isolated from different donors
and activated for 24h at least, as described in chapter 3.2.10.1. One day after electroporation (2200 V,
30 ms, 1 pulse) of human T cells via the Neon Transfection System (ThermoFisher), T cells were
examined for CAR expression by surface staining with the PE - conjugated anti-human IgG and APC -
conjugated anti-human CD3 (UCHT1) antibodies followed by flow cytometric analysis (see Figure
4.3.2). The average and maximal expression levels of the different anti-NY-BR-1 constructs varied
significantly. While CARs containing the endodomain hOX40 demonstrated expression levels of up to
46 % (mean: clone2scFv: 21 %, 10D11scFv: 23 %; clone3scFv: 24%), hFc_hCD28 h4-1BB and
hFcA_hCD28A h4-1BB - containing CARs showed maximum expression levels of only 9 % and 7 %,
respectively (see Figure 4.3.2).

Further optimizations of pS/MARter vectors such as a strongly minimized bacterial backbone and

the resulting reduced molar mass led to so-called NanoCMARter vectors 172

(patent
W02019/060253Al). Electroporation of human T cells with those vectors encoding the anti-NY-BR-1
CAR constructs clone2scFv_hFc_hCD28 h4-1BB_CD3z (#418), 10D11scFv_hFc_hCD28 h4-1BB_CD3z
(#419), clone3scFv_hFc_hCD28 h4-1BB_CD3z (#420), clone2scFv_hFc_hCD28 CD3z_h0OX40 (531),
10D11scFv_hFc_hCD28 CD3z_hOX40 (#532) and clone3scFv_hFc_hCD28 CD3z_hOX40 (#533)
resulted in high CAR expression levels, which, however, again varied depending on the intracellular

domains (Figure 4.3.3 A). As already observed with pS/MARter vectors, CARs incorporating the hOX40

endodomain demonstrated higher expression levels with all three different anti-NY-BR-1 scFvs than
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CARs containing hFc_hCD28_h4-1BB domains (see Figure 4.3.3). A direct comparison of pS/MARter
and NanoCMARter vectors indicated no statistically significant differences in the expression patterns
of hOX40 CARs. In contrast, hFc_hCD28 h4-1BB - containing CARs encoded by NanoCMARter vectors
led to significantly higher expression levels than those encoded by pS/MARter vectors (see Figure
4.3.3).

Overall, these data illustrated that the hOX40 domain has a positive effect on the expression of
anti-NY-BR-1 CARs in human T cells, regardless of the type of generation. In general, electroporation
with pS/MARter and NanoCMARter vectors proved to be a well suited method to generate
CAR - expressing T cells in a fast and cost-effective way, which, additionally, yielded CAR expression

levels similar to those of lentiviral transduction.
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Figure 4.3.2: Expression analysis of human anti-NY-BR-1 CARs in pS/MARter electroporated T cells

Human T cells, isolated from different donors, were activated for at least 24 h and electroporated with pS/MARter vectors
encoding the anti-NY-BR-1 constructs clone2scFv_hFc_hCD28 h4-1BB_CD3z(#273), 10D11scFv_hFc_hCD28_h4-1BB_CD3z
(#302), clone3scFv_hFc_hCD28_h4-1BB_CD3z (#303), clone2scFv_hFcA_hCD28A_h4-1BB_CD3z (#517),
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10D11scFv_hFcA_hCD28A_h4-1BB_CD3z (#518), clone3scFv_hFcA_hCD28A_h4-1BB_CD3z (#519),
clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#434). One day post electroporation with the Neon Transfection System,
electroporated and untransfected (mock) T cells were analyzed for surface expression of different CAR constructs by flow
cytometric analysis. Here, T cells were stained with the PE-conjugated anti-human IgG antibody, which binds to the human
Fc domain of anti-NY-BR-1 CARs, and the APC - conjugated anti-human CD3 antibody (UCHT1). [A] Representative flow
cytometric analysis of CAR expression levels and [B] average achieved CAR expression levels in pS/MARter electroporated
T cells in independently performed experiments (hOX40: n=9; BBz: n=3; AABBz: n=5). Percentages indicate the proportion of
CAR - expressing T cells of the total number of electroporated T cells (mean values £ sem ;*, p < 0.05; **, p < 0.01; ***, p <
0.001; two-way ANOVA followed by Tukey’s multiple comparison test).
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Figure 4.3.3: Expression analysis of human anti-NY-BR-1 CARs in NanoCMARter electroporated T cells

Human T cells, isolated from different donors, were activated for at least 24 h and electroporated with NanoCMARter vectors
encoding the anti-NY-BR-1 constructs clone2scFv_hFc_hCD28_h4-1BB_CD3z (#418), 10D11scFv_hFc_hCD28_h4-1BB_CD3z
(#419), clone3scFv_hFc_hCD28_h4-1BB_CD3z (#420), clone2scFv_hFc_hCD28_CD3z_h0OX40 (531),
10D11scFv_hFc_hCD28 CD3z_hOX40 (#532), clone3scFv_hFc_hCD28_CD3z_hOX40 (#533). One day post electroporation
with the Neon Transfection System, electroporated and untransfected (mock) T cells were analyzed for surface expression
levels of different CAR constructs by flow cytometric analysis. Here, T cells were stained with the PE-conjugated anti-human
IgG antibody, which binds to the human Fc domain of anti-NY-BR-1 CARs, and the APC - conjugated anti-human CD3 antibody
(UCHT1). [A] Representative flow cytometric analysis of CAR expression levels and [B] average achieved CAR expression levels
in NanoCMARter and pS/MARter electroporated T cells in independently performed experiments (pS-CD3z_hOX40: n=9;
Nano-CD3z_h0OX40: n=4; pS-CD28_4-1BB_CD3z: n=3; Nano-CD28_4-1BB_CD3z: n=3). Percentages indicate the proportion of
CAR - expressing T cells of the total number of electroporated T cells (mean values + sem; *, p <0.05; **, p < 0.005; unpaired
two-tailed Student’s t-test).
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433 Specific activation and cross-reactivity analysis of human anti-NY-BR-1

CAR T cells with NY-BR-1 and NY-BR-1.1 peptides

After successful generation of human anti-NY-BR-1 CAR - expressing T cells, the cytokine ELISA was
used to evaluate the specificity of anti-NY-BR-1 CAR constructs by co-cultivation with the NY-BR-1 full
length protein. In terms of specificity, it was also examined whether anti-NY-BR-1 CAR* T cells are
activated by the related NY-BR-1.1 protein, which is expressed in the brain and has 54% amino acid
homology to NY-BR-1 %,

Peripheral T cells were isolated from one healthy donor and lentivirally transduced with the
anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28 hCD3z_h0X40 (#537),
10D11scFv_hFc_hCD28 hCD3z_hOX40 (#538) and clone3scFv_hFc_hCD28 hCD3z_hOX40 (#539).
Following successful determination of CAR expression levels by flow cytometric analysis, CAR* T cells
were cultivated in NY-BR-1 and NY-BR-1.1 coated plates (96 well plate, 3x10* CAR* T cells / well) for
24h. Untransduced (mock) T cells were used as controls. Subsequently, the level of T cell activation
was evaluated by determining the concentration of secreted IFNy in cell culture supernatants (see
Figure 4.3.4). All three tested anti-NY-BR-1 CAR constructs led to the activation of T cells following
incubation with the NY-BR-1 full length protein (3.75 pg / well). Interestingly, both 10D11 and clone3
CAR" T cells secreted lower levels of IFNy upon antigen specific activation compared with clone2 CAR*
T cells.

Moreover, strong T cell responses to the NY-BR-1.1 full length protein were also detected by clone2
(but not by 10D11) CAR - expressing T cells. Similarly, clone3 CAR* T cells showed a slight increase in
IFNy release (see Figure 4.3.4 C). Similar to the findings with NY-BR-1 protein co-cultivation, clone2
CAR' T cells exhibited the strongest activation levels with an average IFNy concentration of 1300 pg /
mL (in cell culture supernatant), whereas the activation levels of clone3 CAR* T cells were significantly
lower with only 450 pg / mL.

A direct comparison of NY-BR-1 and NY-BR-1.1 co-cultured CAR* T cells illustrated that the
activation levels of clone2 CAR* T cells were very similar (see Figure 4.3.4 D), whereas the measured
IFNy concentrations in the supernatants of 10D11 and clone3 CAR* T cells co-cultivated with NY-BR-1
protein doubled when compared to NY-BR-1.1 co-cultivation.

Overall, these data proved both the NY-BR-1 specificity of all three tested CAR constructs, whereby
clone2 CAR led to the strongest activation of CAR* T cells, and the strong cross-reactivity of clone2

CAR" T cells with the NY-BR-1.1 protein.
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Figure 4.3.4: Activation of human anti-NY-BR-1 CAR - expressing T cells by NY-BR-1 and NY-BR-1.1 peptides

[A] Schematic representation of a NY-BR-1 / NY-BR-1.1 coated 96 well plate. GST-tagged NY-BR-1 / NY-BR-1.1 full length
peptide - containing protein lysates, extracted from cell lysates of GST-tagged NY-BR-1 / NY-BR-1.1 transfected HEK 293T cells,
were used to coat a 96 well plate. The final concentration of NY-BR-1 or NY-BR-1.1 peptides were 3.75 pg per well. [B], [C],
[D] Human T cells were lentivirally transduced with the anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28_hCD3z_hOX40
(#537), 10D11scFv_hFc_hCD28 hCD3z_hOX40 (#538) and clone3scFv_hFc_hCD28 hCD3z_hOX40 (#539) and were
subsequently cultivated in NY-BR-1 [B] or NY-BR-1.1 [C] coated 96 well plates (3x10* CAR* T cells / well) for 24 h. Afterwards,
the activation levels of CAR* T cells were evaluated by the measurement of IFNy concentrations in cell culture supernatants
by human IFNy ELISA. All experiments were performed in triplicate. [B], [C] Mean values £ sem; *, p < 0.05; **, p < 0.01; ****,
p < 0.0001; one-way ANOVA followed by Holm-Sidak’s multiple comparison test. [D] Mean values * sem; *, p < 0.05, **, p <
0.01; unpaired two-tailed Student’s t-test.
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4.3.4 Elimination of NY-BR-1 expressing Bosc23 cells by human anti-NY-BR-1
CAR - expressing T cells

To assess the cytolytic and NY-BR-1 specific activity of human anti-NY-BR-1 CAR - expressing T cells,
the killing efficacy of pS/MARter electroporated T cells was determined by performing a xCELLigence -
based killing assay with the NY-BR-1" Bosc23 cell line. This assay allows a real-time monitoring of cell
proliferation and cell viability by permanent measurement of cellular impedance (see chapter 3.2.13).

Upon successful electroporation of peripheral T cells with the human anti-NY-BR-1 CAR constructs
clone2scFv_hFc_hCD28 CD3z_hOX40  (#432), 10D11scFv_hFc_hCD28 CD3z_hOX40  (#433),
clone3scFv_hFc_hCD28 CD3z_hOX40 (#434), Lactacystin-treated (NY-BR-1*) Bosc cells were co-
cultivated with untransfected (mock) and CAR* T cells in 96 well electronic microtiter plates (E-Plate
96, ACEA Biosciences) at a ratio of 1:1. Real-time monitoring of cell viabilities of (NY-BR-1*) Bosc cells
demonstrated significantly reduced viabilities rates of NY-BR-1* target cells when co-cultured with
CAR* T cells. The highest cytotoxicity effects were observed with clone3 CAR* T cells leading to the
lowest cell viability rates (app. 50 %) of NY-BR-1* Bosc23 cells, followed by the treatment with 10D11
(app. 59 %) and clone2 CAR* T cells (app. 71 %). In contrast, co-cultivation of wild-type Bosc23 cells
with anti-NY-BR-1 CAR* T cells did not lead to significantly decreased cell viabilities compared to mock
treated cells. With regard to activation levels of NY-BR-1" Bosc23 co-cultivated T cells, CAR* T cells,
especially 10D11 CAR* T cells, released higher amounts of IFNy than untransfected T cells. This suggests
a specific NY-BR-1 or rather CAR-mediated activation of T cells, which is confirmed by the fact that
CAR" T cells did not show significantly increased activation levels upon co-cultivation with wild-type
Bosc23 cells.

Overall, these data reflected the specificity of all three CAR candidates for the NY-BR-1 protein and
demonstrated that T cells expressing these CARs can be successfully activated by NY-BR-1 expressing

target cells.
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Figure 4.3.5: Activation of human anti-NY-BR-1 CAR - expressing T cells by NY-BR-1 expressing Bosc23 cells

XCELLigence based killing assay of NY-BR-1* Bosc23 cells by human anti-NY-BR-1 CAR - expressing T cells. Isolated peripheral
Tcells were electroporated with pS/MARter vectors encoding the anti-NY-BR-1 CAR  constructs
clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28_CD3z_h0OX40 (#434) and subsequently co-cultivated with Lactacystin-treated (NY-BR-1*) Bosc cells
at a ratio of 1:1 in 96 well electronic microtiter plates (E-Plate 96, ACEA Biosciences). Untransfected (mock) T cells were used
as controls. [A] Cytolytic activity of mock and CAR* T cells was monitored by using the xCELLigence RTCA instrument (ACEA
Biosciences), enabling a real-time measurement of cell impedance or rather cell viability of adherent (NY-BR-1*) Bosc cells.
Experiments were performed in triplicate. The given viabilities have been calculated in relation to untreated (NY-BR-1*) Bosc
cells during (upper graphs; mean values + sem) and at the end of the experiments (100 h) (lower graphs; mean values + sem;
* p<0.05; **, p <0.01; one-way ANOVA followed by Holm-Sidak’s multiple comparison test). [B] IFNy concentrations in the
cell culture supernatants of mock and CAR* T cell treated NY-BR-1* Bosc23 (left graph) and wild type Bosc23 cells (right graph)
were recorded by IFNy ELISA at the end of the experiments (100 h) (mean values + sem; no statistically significant differences
according to one-way ANOVA).
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4.3.5 Elimination of primary pleural effusion cells by allogeneic anti-NY-BR-1

CAR - expressing T cells

Since human anti-NY-BR-1 CAR" T cells demonstrated convincing killing efficiencies of NY-BR-1*
target cell lines, experiments of the next section were focusing on the elimination of NY-BR-1
expressing primary pleural effusion cells isolated from breast cancer patients. Here it should be
clarified whether NY-BR-1* pleural effusion cells of different patients are recognized and eliminated by
CAR* T cells in an allogeneic setting and if the method of CAR* T cell generation (electroporation with
pS/MARter and NanoCMARter vectors and lentiviral transduction) affects the functional properties of
those T cells.

To address this issue, pleural effusion cells were isolated from breast cancer patients and analyzed
for the expression of NY-BR-1 by flow cytometric analysis using the murine anti-NY-BR-1 clone2 and
secondary APC - conjugated anti-mouse IgG antibodies. In case of positive results, pleural effusion cells
were co-cultivated with allogeneic pS/MARter or NanoCMARter electroporated or lentivirally
transduced CAR* T cells in 96 well electronic microtiter plates (E-Plate 96, ACEA Biosciences) at a ratio
of 1:1. The viability of primary target cells was monitored by real-time measurement of cell impedance
using the xCELLigence RTCA platform. Moreover, the activation level of T cells was assessed by
determination of IFNy release via IFNy ELISA.

T cells from two different donors (CHL93, CHA90) were electroporated with pS/MARter vectors
encoding the anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28 CD3z _hOX40 (#432),
10D11scFv_hFc_hCD28_CD3z_hOX40 (#433), clone3scFv_hFc_hCD28 CD3z_h0OX40 (#434) and were
subsequently co-cultivated with pleural effusion cells, isolated from two different patients (HD-A-185
with NY-BR-1 expression levels of 34.7 % , HD-A-213 with NY-BR-1 expression levels of 14 %; see Figure
4.3.7; Supplementary Figure 6.3). In both cases, CAR* T cells exhibited significantly increased killing
efficiencies of primary target cells compared with untransfected (mock) T cells, whereas clone2 and
10D11 CAR* T cells lysed more efficiently than clone3 CAR* T cells (see Figure 4.3.6 A, B). The slightly
improved lytic activities of clone2 and 10D11 CAR* T cells were also reflected in IFNy ELISA assays. In
both cases, all CAR candidates led to increased IFNy secretions compared to respective mock T cells,
but the IFNy levels of 10D11 and clone2 CAR* T cells were slightly increased compared to clone3 CAR*
T cells. To enable a direct comparison of NanoCMARter and pS/MARter electroporated CAR* T cells,
T cells from donor CHA90 were also electroporated with the corresponding NanoCMARter vectors
encoding the anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28 CD3z_hOX40 (531),
10D11scFv_hFc_hCD28 CD3z_hOX40 (#532), clone3scFv_hFc_hCD28 CD3z_hOX40 (#533), and co-
cultured with pleural effusion cells from patient HD-A-213 in the same approach. Surprisingly,

NanoCMARter derived CAR* T cells killed the pleural effusion cells more efficiently than those derived
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from pS/MARter vectors (see Figure 4.3.6 B). In fact, primary cells exhibited viability rates of less than
10 % following co-cultivation with NanoCMARter derived CAR* T cells. This observed phenomenon was
also reflected in greatly enhanced IFNy concentrations in the cell culture supernatants of all tested
NanoCMARter CAR* T cells compared to pS/MARter CAR* T cells.

Next, the functional efficiencies of lentivirally transduced anti-NY-BR-1 CAR* T cells were
investigated by co-cultivation of pleural effusion cells from patient HD-A-213 with CAR* T cells (donor:
ERC97), generated by lentiviral transduction with the anti-NY-BR-1 CAR constructs
clone2scFv_hFc_hCD28 hCD3z_h0OX40 (#537), 10D11scFv_hFc_hCD28 hCD3z_hOX40 (#538) and
clone3scFv_hFc_hCD28 hCD3z_hOX40 (#539). Indeed, the results in Figure 4.3.6 C reveal that
lentivirally transduced clone2, 10D11 and clone3 CAR* T cells selectively killed primary target cells,
resulting in 40 % reduced viability rates compared to mock treated target cells, wherein the killing
efficiencies were very similar between the different CAR candidates. Using end point data, IFNy release
was significantly increased in all CAR* T cells compared to mock T cells.

Due to the observation that CAR" T cells selectively killed pleural effusion cells from breast cancer
patients, it should be clarified if this selectivity is based on the NY-BR-1 expression in target cells.
Therefore, the NY-BR-1 expression profile of remaining target cells was studied by flow cytometric
analysis (see Figure 4.1.2, Supplementary Figure 6.3). As a representative example, NY-BR-1 expression
levels of pleural effusion cells from patient HD-A-185 are illustrated prior and after co-cultivation with
pS/MARter electroporated CAR' T cells (donor: CHL93) in Figure 4.3.7Figure 4.1.2. The frequencies of
NY-BR-1 expressing pleural effusion cells decreased from 34.7 % to 17.6 % within a few days without
any treatment. Surprisingly, mock treated pleural effusion cells indicated an increase in NY-BR-1* cells
of up to 32.5 %. In agreement with their killing efficiencies, CAR* T cells significantly reduced the
proportion of NY-BR-1 expressing target cells (clone2scFv: 7 %; 10D11scFv: 5.6 %; clone3scFv: 10.3 %)
compared to mock and untreated target cells. Of particular note was the fact that mock-treated and
CAR* T cell-treated pleural effusion cells had NY-BR-1 expression rates of 32% and lower than 10 %,
respectively. This 20 % difference is reflected in the viability rates of the target cells, which had a 20 %
lower viability when co-cultivated with CAR* T cells compared to mock treated as shown in Figure 4.3.6
A.

Taken together, these data showed that both electroporated and lentivirally transduced human
anti-NY-BR-1 CAR - expressing T cells detect and eliminate breast cancer derived NY-BR-1" target cells

in allogeneic settings.
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Figure 4.3.6: Killing of NY-BR-1* pleural effusion cells by allogeneic anti-NY-BR-1 CAR* T cells

xCELLigence based killing assay of human anti-NY-BR-1 CAR - expressing T cells with

pleural effusion cells isolated from

different breast cancer patients (HD-A-185, HD-A-213). Allogeneic, peripheral T cells from different donors (CHL93, CHA90,
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ERC97) were [A], [B] electroporated with pS/MARter vectors encoding the anti-NY-BR-1 CAR constructs
clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#434) and NanoCMARter vectors encoding the anti-NY-BR-1 CAR constructs
clone2scFv_hFc_hCD28_CD3z_hOX40 (531), 10D11scFv_hFc_hCD28 CD3z_hOX40 (#532),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#533) or [C] lentivirally transduced with the anti-NY-BR-1 CAR constructs
clone2scFv_hFc_hCD28_hCD3z_hOX40 (#537), 10D11scFv_hFc_hCD28_hCD3z_hOX40 (#538) and
clone3scFv_hFc_hCD28_hCD3z_hOX40 (#539). Subsequently, CAR* T cells were co-cultivated with (NY-BR-1*) pleural effusion
cells in 96 well electronic microtiter plates (E-Plate 96, ACEA Biosciences) at a ratio of 1:1. Untransduced / untransfected
(mock) T cells were used as controls. Cytolytic activity of mock and CAR* T cells was monitored using the xCELLigence RTCA
instrument (ACEA Biosciences), enabling a real-time measurement of cell impedance or rather cell viability of adherent
(NY-BR-1*) target cells. Experiments were performed in triplicate. The given viabilities have been calculated in relation to
untreated (NY-BR-1*) target cells during (left graphs, mean values + sem) and at the end of the experiments (60 h, 80 h) (mean
values + sem; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001; one-way ANOVA with Holm-Sidak’s multiple
comparison test). IFNy concentrations in the cell culture supernatants were recorded by IFNy ELISA at the end of the
experiments (60 h, 80 h) (right graphs; mean values + sem; *, p < 0.05, **, p <0.01, ***, p <0.001; **** p <0.0001; one-way
ANOVA followed by Holm-Sidak’s multiple comparison test).
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Figure 4.3.7: NY-BR-1 expression profile of pleural effusion cells (HD-A-185) prior and after co-cultivation with pS/MARter
electroporated anti-NY-BR-1 CAR - expressing T cells (CHL93)

Pleural effusion cells, isolated from patient HD-A-185, were co-cultivated with allogeneic pS/MARter electroporated CAR
(clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#434)) expressing T cells in 96 well electronic microtiter plates (E-Plate 96, ACEA
Biosciences) at a ratio of 1:1 for 60 h. The frequency of NY-BR-1 positive target cells was determined by flow cytometric
analysis prior and after the xCELLigence based killing assay. Cells were stained with the monoclonal anti-NY-BR-1 antibody
clone2 and the secondary FITC or APC - conjugated anti-mouse IgG antibody. Percentages indicate the proportion of NY-BR-1
positive cells of the total number of survived pleural effusion cells.
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4.4 Functional characterization of murine anti-NY-BR-1 chimeric antigen receptors

in vitro

After successful demonstration that human anti-NY-BR-1 CAR* T cells generated by electroporation
or lentiviral transduction specifically eliminate NY-BR-1 expressing target cells, experiments of the next
chapter were focusing on the question to what extent murine CAR* T cells can be generated with

similar protocols and whether they can also be specifically activated by murine NY-BR-1" target cells.

44.1 Expression analysis of murine anti-NY-BR-1 CARs in lentivirally

transduced Jurkat, NIH/3T3, HEK 293T and murine T cells

The initial focus was on the production of lentiviral vectors encoding the murine CAR constructs
#216 (CMV_attB1_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE), #217
(CMV_attB1_10D11scFv_mFcA_mCD28A m4-1BB_CD3z_attB2_hPGK_DsRed2 WPRE) and #218
(CMV_attB1_clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE) by co-
transfection of HEK 293T cells (see chapter 3.2.9.1). The success of these productions and the
determination of lentiviral titers were investigated by transduction of HEK 293T cells with 1 pL of
purified and concentrated viral supernatant. The expression levels of these anti-NY-BR-1 CAR
constructs in HEK 293T cells were examined by expression analysis of the red fluorescent protein
DsRed2 using flow cytometric analysis (see Figure 4.4.1 A). Indeed, the lentiviral production of all three
murine CAR constructs was successful and led to expression levels between 11 % and 44 % in HEK
293T cells, indicating differences in the lentiviral titers.

To further investigate the level of anti-NY-BR-1 CAR expression in different human and murine cell
lines, Jurkat and NIH / 3T3 cells were lentivirally transduced with the aforementioned CAR constructs
at an MOI of 10. Figure 4.4.1 B demonstrates that all three murine CAR constructs were successfully
expressed in Jurkat cells upon lentiviral transduction, whereby clone2 and 10D11 CAR* Jurkat cells
exhibited two fold higher DsRed2 expression levels than clone3 CAR* Jurkat cells. In comparison,
transduced NIH / 3T3 cells even showed increased transduction efficiencies of about 95 % for clone2

and clone3 CARs, but decreased expression levels of the 10D11 CAR (30 %).
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Figure 4.4.1: Expression analysis of murine anti-NY-BR-1 CARs in lentivirally transduced HEK 293T, Jurkat and NIH/3T3 cells

Flow cytometric based quantification of CAR expression levels in HEK 293T, Jurkat and NIH/3T3 cells 72 h following lentiviral
transduction with the vectors #216 (CMV_attB1_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE),
#217 (CMV_attB1_10D11scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE) and #218
(CMV_attB1_clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE). [A] HEK 293T cells were lentivirally
transduced with 1 pL of concentrated viral supernatant in order to determine the lentiviral titers and to investigate the
expression of murine anti-NY-BR-1 CARs in an easily transducible cell line. [B] Jurkat and NIH/3T3 cells were lentivirally
transduced at an MOI of 10. In [A] and [B] CAR expression was detected by the DsRed2 signal in the PE channel. Untransduced
cells served as controls. The percentages indicate the proportion of DsRed2 expressing cells of the total number of lentivirally

transduced cells.

Upon successful lentiviral transduction of human and murine cell lines, the generation of murine
CAR - expressing T cells moved into the focus. To address this issue, murine T cells were isolated from
(C57BL/6) mouse spleen (see Supplementary Figure 6.2) and lentivirally transduced with the vectors
#216, #217 and #218 at an MOI of 5 upon two days of activation. In detail, two distinct protocols,

differing in the amount of lentiviral transductions (protocol | one time on day 3, protocol Il two times
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on day 3 and day 4), were compared regarding CAR expression levels and viability rates by flow
cytometry. Since the DsRed2 signal was too weak in murine T cells for flow cytometric analysis, it was
necessary to stain T cells with the APC - conjugated anti-mouse IgG antibody, which binds to the Fc
domain of the murine CARs, 48 h after transduction.

Repetitions of protocol | and protocol Il resulted in different CAR expression and viability rates in
independently performed experiments (see Figure 4.4.2). Viability rates between 0.5 and 27 % (clone2
CAR), 0.5 and 40 % (10D11 CAR) or 1 and 48 % (clone3 CAR) were achieved with protocol I. The CAR
expression levels varied only slightly between 0 % and 5 %. Using protocol Il, lower viability rates
(clone2 CAR: 0.2 — 21%; 10D11 CAR: 1.2 — 17 %; clone3 CAR: 0.3 — 16.8 %) but higher CAR expression
levels were achieved. In fact, CAR expression levels fluctuated strongly between 2 % and 86 % for all
CAR constructs, whereby it should be noted that the different CAR constructs demonstrated similar
expression patterns during the same run (see Figure 4.4.2 A, B). Further optimizations such as extended
or shortened activation periods or medium compositions did not lead to a significant improvement in
expression and viability rates (data not shown).

Thus, lentiviral transduction of murine and human cell lines with murine anti-NY-BR-1 CARs (#216,
#217 and #218) led to strong CAR expression levels. However, since murine T cells proved to be difficult
to transduce and cultivate, an alternative to lentiviral transduction was required. Therefore, the
establishment of a pS/MARter vector based electroporation protocol for murine T cells was considered

as another possible approach (see chapter 4.4.2).
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Figure 4.4.2: Expression analysis of murine anti-NY-BR-1 CARs in lentivirally transduced T cells
lentivirally transduced
(CMV_attB1_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE),

(CMV_attB1_10D11scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE)

(CMV_attB1_clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE) according to two different protocols.
In both protocols, murine T cells were stimulated for 48 h prior to lentiviral transduction on day 3 (Protocol I) or two lentiviral
transductions on day 3 and day 4 (Protocol Il) with an MOI of 5 under the usage of retronectin-coated plates. [A]
Representative flow cytometric data of lentivirally transduced T cells, stained with the APC - conjugated anti-mouse IgG
antibody, 48 h after transduction. Percentages indicate the proportion of CAR - expressing T cells. Untransduced (mock) T cells
served as controls. [B] Lentivirally transduced T cells were stained with both DAPI and the APC - conjugated anti-mouse 1gG
antibody in order to calculate the CAR expression levels and viability rates 48 h after transduction (lines indicate the medians;

Murine Tcells were isolated from

protocol I: n=3; protocol II: n=4).

mouse spleens

and

with the vectors #216
#217
and #218
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4.4.2 Establishment of a pS/MARter based electroporation system for murine

T cells

As the pS/MARter based electroporation system proved to be an effective alternative to lentiviral
transduction for the generation of human CAR* T cells, it should now be applied to murine T cells,
which have been particularly resistant to cultivation and lentivirally transduction in the past (see
chapters 4.3.2, 4.4.1). However, the establishment of a suitable protocol included the optimization of
the cultivation medium, time point for electroporation and electroporation in itself.

At the beginning, murine T cells were isolated from (C57BL/6) mouse spleens and cultivated in
RPMI-1640 medium supplemented with 10 % FCS, IL-2 (100 IU / mL), L-glutamine (2 mM), non-essential
amino acids (1x), anti-CD3 Ab (100 ng / mL) and anti-CD28 Ab (100 ng/ mL) for 24 h prior to
electroporation with the pS/MARter construct #277 (clone2scFv_mFcA_mCD28A m4-1BB_CD3z)
using the Neon Transfection System (ThermoFisher) according to different protocols varying in voltage,
number of pulses and pulse length. Following electroporation, T cells were cultivated in RPMI-1640
medium (w / o Phenol red) supplemented with 20 % FCS, IL-2 (100 IU / mL) and L-glutamine (2mM) for
24 h. Subsequently, the medium was exchanged with the standard cultivation medium, as described
above, but without anti-CD3 and anti-CD28 antibodies. The efficiency of electroporation and the
corresponding viability rates of CAR* T cells were determined by flow cytometric analysis one, two and
six days after electroporation. Here, T cells were stained with DAPI and the APC - conjugated
anti-mouse IgG antibody. Untransfected (mock) T cells served as controls.

As shown in Figure 4.4.3 A, all tested protocols led to surface expression of anti-NY-BR-1 clone2
CAR in murine T cells. However, different protocols provoked different CAR expression levels and
viability rates. One day after electroporation, protocol IV showed the best results with CAR expression
levels of about 22 %, followed by protocol Il with 10 %, protocol | with 5 % and protocol Il with 1 %.
With the exception of protocol I, the CAR expression levels continued to rise to almost 30 % or more
until the following day. On day 6, high frequencies of CAR - expressing T cells were still detectable
when protocol Ill or IV were applied, suggesting a stable CAR transfection of murine T cells. In terms
of viability rates of electroporated T cells, all protocols (except protocol Il) resulted in a strong
reduction in viability 24 and 48 h post electroporation compared to untransfected T cells (see Figure
4.4.3 B). On day 6, the viability levels of electroporated T cells were almost similar to those of
untransfected cells. Surprisingly, CAR* T cells electroporated according to protocol IV exhibited even
higher viability levels than untransfected cells on day 6. Overall, protocol Ill and IV seemed most
suitable for the generation of murine CAR* T cells. In particular, protocol IV stood out with high CAR
expression levels but simultaneously low viability rates one day post electroporation. However,

electroporation with 2000 V combined with one or two pulses led to higher viability but lower
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expression rates (data not shown). Based on these first electroporation experiments, the composition
of the cultivation medium and the electroporation process were optimized in the further course of
protocol establishment.

Since both electroporated and untransfected murine T cells showed very low viability rates after
long cultivation periods (see Figure 4.4.3 A), it was investigated whether an exchange of IL-2 with IL-
15 or increased concentrations of the anti-CD3 and anti-CD28 antibodies influences the survival of
murine T cells. Therefore, untransfected T cells were cultivated in RPMI-1640 medium supplemented
with anti-CD3 Ab (100 ng/ mL), anti-CD28 Ab (100 ng / mL), L-glutamine (2 mM) and non-essential
amino acids (1x). In addition, different ingredients were added such as IL-2 (100 IU / mL), IL-15 (5 ng /
mL) and B-mercaptoethanol (50 uM) or/and increased concentrations of the anti-CD3 (2 pug / mL) and
anti-CD28 (1 pg / mL) antibodies were used. After a cultivation period of 48 h, the viability rates of
untransfected T cells were determined by flow cytometric analysis. As summarized in Figure 4.4.3 C,
an exchange of IL-2 with IL-15 had a negative impact on cell viability rates, whereas, simultaneous
application of IL-2 and B-mercaptoethanol improved the viability of murine T cells compared to those
cultivated with IL-2 only. After testing several combinations of cytokines and additives, the best results
were achieved under increased anti-CD3 and anti-CD28 concentrations combined with the application

of IL-2 and B-mercaptoethanol.
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Figure 4.4.3: Generation of murine anti-NY-BR-1 CAR - expressing T cells by electroporation with pS/MARter vectors

Different electroporation protocols had to be evaluated and compared with lentiviral transductions. Following activation,
murine T cells were electroporated with the pS/MARter vectors #277 (clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295
(10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) by using the Neon

Transfection system (ThermoFisher) or lentivirally transduced with the vectors #216
(CMV_attB1_clone2scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE), #217
(CMV_attB1_10D11scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE) and #218

(CMV_attB1_clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_WPRE). [A] Data represent the CAR
expression levels in murine T cells one, two or six days upon electroporation with the pS/MARter vector #277. Four different
electroporation protocols (Protocol I: 1550 V, 10ms, 3 pulses; 1I: 1080 V, 50 ms, 1 pulse; Ill: 1550 V, 30 ms, 1 pulse; IV: 2000
V, 10 ms, 3 pulses) were compared. Untransfected (mock) T cells served as controls. T cells were cultivated in RPMI-1640
medium supplemented with IL-2 (100 IU / mL), L-glutamine (2 mM), non-essential amino acids (1x), anti-CD3 Ab (100 ng /
mL) and anti-CD28 Ab (100 ng / mL) prior to electroporation. Following electroporation, T cells were cultivated in RPMI-1640
medium (w / o Phenol red) supplemented with 20 % FCS, IL-2 (100 IU / mL) and L-glutamine (2mM) for 24 h. Subsequently,
the medium was exchanged with the standard cultivation medium but without anti-CD3 and anti-CD28 antibodies [B]
Corresponding viability rates are illustrated as bar graphs. [C] Viability rates of untransfected (mock) T cells after 48 h
cultivation in RPMI-1640 medium (+ L-glutamine (2 mM), non-essential amino acids (1x)) supplemented with normal or high
concentrations of anti-CD3 (100 ng / mL; 2 ug / mL) and anti-CD28 (100 ng / mL; 1 ug / mL) antibodies, B-mercaptoethanol
(50 uM) and IL-2 (100 IU / mL) or IL-15 (5ng / mL) (mean values + sem; +IL-2: n = 2; +IL-15: n = 2; +RB-ME/IL-2: n = 7; +RB-
ME/IL2/CD3/CD28high: n = 13). [D] T cells were cultivated in RPMI medium supplemented with R-mercaptoethanol (50 uM),
IL-2 (100 IU / mL), anti-CD3 (2 pg / mL) and anti-CD28 (1 ug / mL) antibodies, L-glutamine (2 mM) and non-essential amino
acids (1x) for 24 h. Electroporation was performed according to different protocols (1550V, 1800V, 1900 V or 2000 V; always
10ms and 3 pulses per transfection) with the pS/MARter vector #277. Following electroporation, T cells were cultivated in
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RPMI-1640 medium (w / o Phenol red) supplemented with 20 % FCS, IL-2 (100 IU / mL) and L-glutamine (2mM) for 24 h.
Viability and CAR expression rates were determined 24 h after electroporation. The statistically significant differences are
indicated by asterisks (mean values + sem; 1500 V: n = 3; 1800 V: n = 2; 1900 V: n = 15; 2000 V: n = 6; **, p < 0.01; *** p <
0.0005; one-way ANOVA followed by Tukey’s multiple comparison test). Data display the viability [E] and CAR expression
rates [F] of T cells two days after lentiviral transduction with the vectors #216, #217 and #218 according to protocol Il (grey)
and one day post electroporation (1900 V, 10ms, 3 pulses) with the vectors #277, #295 and #296 (blue) (electr. clone2, 10D11
CAR: n =11; electr. clone3 CAR: n = 10; Lent. transd: n = 4), as described in [D]. [E] The statistically significant differences are
indicated by asterisks (means + sem; *, p < 0.05, unpaired two-tailed Student’s t-test). Lines in [F] indicate the medians. [A] —
[F] CAR expression levels were determined by staining with APC or PE - conjugated anti-mouse 1gG antibodies. Viability rates
were calculated by DAPI staining and flow cytometric analysis.

Next, the influence of different voltages on viability and CAR expression levels in murine T cells was
explored in more detail. In these experiments, the variables of pulse length and pulse quantity were
held constant at 10ms and 3, respectively. To address this issue, murine T cells were cultivated with
the best optimized, above mentioned cultivation medium for 24 h, electroporated with the pS/MARter
vector #277 by using different voltages (between 1550 V and 2000 V) and examined with respect to
cell viability and CAR expression rates 24 h after electroporation by flow cytometry (see Figure 4.4.3
D, E). As already observed in preliminary experiments in Figure 4.4.3 A, increasing voltages led to lower
survival but improved CAR expression levels. The optimal ratio of CAR expression and survival rates
was achieved at 1900 V (see Figure 4.4.3 D, E; Supplementary Figure 6.5). To confirm these results,
murine T cells were electroporated with 10D11 and clone3 CARs at 1900 V as well and, indeed,
demonstrated similar CAR expression and survival rates as clone2 CAR* T cells (see Figure 4.4.3 E).
However, the viability of CAR* T cells decreased within a few days after electroporation, so that murine
T cells should be used as soon as possible for further assays (see Supplementary Figure 6.5).

Finally, the two different approaches — lentiviral transduction vs electroporation — were compared
in terms of transfection efficiency and cell viability (see Figure 4.4.3 E, F). The comparison of both
methods (with the respective best protocols) revealed that electroporation led to significantly
improved viability as well as increased or rather more reliable CAR expression rates compared to
lentiviral transduction. In addition, electroporated T cells exhibited CAR expression already one day

post electroporation, in contrast to two days for lentivirally transduced T cells.
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4.4.3 Elimination of NY-BR-1* EO771 cells by murine anti-NY-BR-1

CAR - expressing T cells

Following successful generation of murine CAR - expressing Tcells by electroporation, the
functional efficiencies of murine clone2, 10D11 and clone3 CARs against NY-BR-1 expressing target
cells was investigated in this chapter.

First, NY-BR-1 transduced EQ771 cells (see chapter 4.1.2) were pre-treated with Lactacystin for 24
to 48 hiin order to increase NY-BR-1 surface expression (see chapter 4.1.2.1). Subsequently, (NY-BR-1%)
EOQ771 cells were labeled with CFSE, as described in chapter 3.2.14, and co-cultivated with murine
untransfected (mock) or CAR* T cells, generated by electroporation with pS/MARter vectors encoding
the anti-NY-BR-1 CAR constructs #277 (clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295
(10D11scFv_mFcA_mCD28A _m4-1BB_CD3z) and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z),
at a ratio of 1:1 for 24 h. The killing efficiency was determined by DAPI staining and flow cytometric
analysis (see Figure 4.4.4).

The exemplary flow cytometric data in Figure 4.4.4 A and summarized viability rates of CAR* T cell
co-cultivated (NY-BR-1*) EO771 cells in Figure 4.4.4 B illustrated significantly reduced viability rates of
NY-BR-1* EO771 but not wild-type EO771 cells upon co-cultivation with CAR* T cells, whereby the killing
efficiencies of all three CAR candidates were nearly equal. In fact, the viability rates of NY-BR-1" EO771
cells, co-cultured with CAR* T cells, were decreased by an average of 25 % compared to those co-
cultivated with mock T cells, which corresponded to the average proportion of NY-BR-1 expressing
EO771 cells (5 — 30 %) upon Lactacystin treatment (see chapter 4.1.2.1). In order to assess the
activation level of murine CAR* T cells after co-cultivation with NY-BR-1" EO771 cells, various analyses
including investigation of CD69 expression as well as the determination of IFNy concentrations in the
cell culture supernatant were performed (see Supplementary Figure 6.6). However, following
electroporation, murine CAR* T cells showed such high levels of activation, independent of co-
cultivation, that no statistically significant differences were detectable between monocultured and
(NY-BR-1*) EO771 co-cultured CAR* T cells.

Nevertheless, these data demonstrated that all three murine CAR candidates detected and

eliminated NY-BR-1 expressing target cells.
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Figure 4.4.4: NY-BR-1* EQ771 cells were eliminated by murine anti-NY-BR-1 CAR - expressing T cells

CFSE based killing assay of murine anti-NY-BR-1 CAR - expressing T cells. Isolated murine T cells were electroporated with
pS/MARter vectors encoding the anti-NY-BR-1 CAR constructs #277 (clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295
(10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) and subsequently co-
cultivated with CFSE labeled, Lactacystin pre-treated (NY-BR-1*) EO771 cells at a ratio of 1:1 in 96 well plates for 24 h.
Untransfected (mock) T cells were used as controls. [A] Representative flow cytometric data of CFSE labeled (NY-BR-1*) EO771
cells after 24 h co-cultivation with murine CAR* T cells. Percentages indicate the proportion of living (DAPI") and dead (DAPI*)
cells of the total number of CFSE labeled cells. [B] Viability rates of (NY-BR-1*) EO771 cells upon co-cultivation with murine
CAR* T cells in independently performed experiments. Viability rates were calculated in relation to untreated (NY-BR-1*)
EO771 cells (mean values + sem; EO771: n = 3; NY-BR-1* EO771: n = 4; *, p < 0.05; one-way ANOVA followed by Holm-Sidak’s
multiple comparison test).
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4.5 Preclinical safety and persistence of murine anti-NY-BR-1 CARs in vivo

The results of the last chapters demonstrated that human and murine anti-NY-BR-1 CAR constructs
initiated immune responses against NY-BR-1 expressing target cells in diverse in vitro experiments. The
following experiments were focusing on the questions whether these CAR constructs persist in
C57BL/6 wild-type (wt) and NY-BR-1'- mice and to what extent they might contribute to toxic immune
responses. In addition to the safety aspect, the remaining functionality of those CAR* T cells was

further examined in ex vivo assays.

4.5.1 pS/MARter electroporated murine anti-NY-BR-1 CAR - expressing T cells
persist in C57BL/6 and NY-BR-1'8/- mice without toxic side effects and

remain functional

Murine T cells were isolated from C57BL/6 wt mice, electroporated with the pS/MARter vectors
#277 (clone2scFv_mFcA_mCD28A m4-1BB_CD3z), #295 (10D11scFv_mFcA_mCD28A m4-1BB_CD3z)
and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) and injected intravenously in C57BL/6 wt and
NY-BR-1%" mice (5x10° CAR* T cells / mouse), which were subsequently monitored for any side effects
such as behavioral abnormalities and weight loss over a period of 14 days, as illustrated in Figure 4.5.1
A. Subsequently, flow cytometric analysis of spleens and blood were performed in order to detect
persisting CAR* T cells by co-staining with the APC - conjugated anti-mouse CD3 (17A2) and PE -
conjugated anti-mouse IgG antibodies. Moreover, plasma cytokine concentrations were measured by
using the Mouse 12-Plex Cytokine Kit (Ayoxxa) and different organs were examined for inflammatory
processes or T cell infiltration by immunohistochemistry analysis.

Indeed, murine CAR* T cells were detected in spleens of CAR* T cell - treated C57BL/6 wt and
NY-BR-1'- mice (see Figure 4.5.1 B, C), whereby the latter exhibited significantly higher frequencies of
CAR* T cells. Additionally, clone2 and 10D11 CAR* T cell - treated C57BL/6 wt and NY-BR-1'%®" mice
demonstrated higher proportions of CAR* T cells than those treated with clone3 CAR* T cells. Enhanced
accumulation of CAR' T cells was also found in the blood of clone2 but not 10D11 or clone3 CAR' T cell
treated NY-BR-1%" mice (see Figure 4.5.1 D). However, the peripheral blood of two mice each in 10D11

and clone3 C57BL/6 wt group evidenced low to moderate proportions of CAR* T cells.
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Figure 4.5.1: Murine anti-NY-BR-1 CAR* T cells persist in C57BL/6 wt and NY-BR-1'%/- mice

[A] Murine Tcells were isolated from C57BL/6 wt mice, electroporated with the pS/MARter vectors #277
(clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295 (10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296
(clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) and injected intravenously into C57BL/6 and NY-BR-1%/- mice (5x10° CAR*
T cells / mouse) one day after electroporation. 14 days post CAR* T cell engraftment [B], [C], [D] spleens and [E] blood were
analyzed for persistence of CAR* T cells by flow cytometric analysis. Cells were stained with the PE - conjugated anti-mouse
IgG and APC - conjugated anti-mouse CD3 (17A2) antibodies. [C], [D] Percentages indicate the proportion of CAR* T cells after
gating on living CD3* splenocytes (lines indicate the medians; C57BL/6: untreated, clone2 CAR n=7; 10D11 CAR, clone3 CAR:
n = 5; NY-BR-1t%/-: untreated n = 4; clone2scFv, 10D11scFv, clone3scFv n=5; * , p < 0.05; **, p < 0.005; Kruskal-Wallis test
followed by Dunn’s multiple comparison test in [C]; * , p < 0.05; two-tailed Mann-Whitney-U-test in [D]. [E] Percentages
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indicate the proportion of CAR* T cells after gating on living CD3* blood cells (lines indicate the medians; C57BL/6: untreated,
10D11 CAR, clone3 CAR: n =5, clone2 CAR n = 7; NY-BR-1t%/": untreated n = 2; clone2, 10D11, clone3 CAR n= 5; no statistically
significant differences according to two-tailed Mann-Whitney-U-test).

In addition, strongly enhanced levels of pro-inflammatory cytokines such as IL-1R, IL-2, IFNy, TNFa,
IL-6 and IL-12 and of anti-inflammatory cytokines such as IL-4, IL-10 or IL-13 were detected in the
plasma of clone2 CAR* T cell - treated NY-BR-1%/ mice compared to both untreated NY-BR-1%/ mice
and clone2 CAR* T cell - treated C57BL/6 wt mice (see Figure 4.5.2 A). However, plasma cytokine levels
remained always below toxic thresholds. In comparison, two 10D11 CAR* T cell - treated NY-BR-1%®"
mice showed occasionally slightly increased levels of IL-18, IFNy, IL-2, IL-4, IL-6, IL-10 and IL-12, while
similarly treated C57BL/6 wt mice showed almost no changes. With the exception of the cytokine IL-
10, the clone3 CAR* T cell treatment did not result in significantly elevated cytokine levels in C57BL/6
wt and NY-BR-1%¥mice compared to untreated mice.

In addition to the examination of plasma cytokine levels, the body weights and condition of all
organs were examined during and post CAR* T cell therapy. The body weights of all CAR* T cell - treated
mice remained almost constant during the observation period of 14 days and the organs (e.g. lung,
heart, mammary gl., salivary gl., brain, stomach, small intestine, large intestine, skin, kidney, thymus,
spleen) did not show any sights of inflammatory processes (data not shown). Nevertheless, due to the
strongly enhanced plasma cytokine levels in clone2 CAR* T treated NY-BR-1% mice, the organs of one
mouse, which indicated highly increased cytokine levels, were examined for excessive T cell infiltration
by immunohistochemical stainings. At DNA level, the NY-BR-1 transgene was detected in nearly all
organs of transgenic mice (see Supplementary Figure 6.7). Since previous attempts have shown that
high NY-BR-1 RNA expression levels were especially detectable in the mammary glands, lung or salivary
glands of NY-BR-1'% mice (unpublished data), these organs were of particular interest. A selection of
the investigated organs is given in Figure 4.5.2 B. Surprisingly, clone2 CAR* T cell therapy did not
provoke increased T cell infiltrations into the investigated organs (e.g. lung, heart, mammary gl.,
salivary gl., brain, stomach, small intestine, large intestine, skin, kidney, thymus, spleen) compared to
untreated NY-BR-1% mice (see Figure 4.5.2 B). Unfortunately, a protocol for the detection of NY-BR-1
protein in the organs of NY-BR-1® mice using immunohistochemical stainings and the monoclonal
antibodies clone2, 10D11 or clone3 was not successfully established (data not shown).

Overall, these experiments demonstrated that murine anti-NY-BR-1 CAR - expressing T cells,
generated by electroporation with pS/MARter vectors, persisted in C57BL/6 wt and especially in

NY-BR-1%"mice without inducing any toxic side effects.
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Figure 4.5.2: Plasma cytokine concentrations and T cell infiltration in different organs of C57BL/6 wt and NY-BR-1t/
upon CAR* T cell engraftment

C57BL/6 wt and NY-BR-1'%/- mice were engrafted with anti-NY-BR-1 CAR* T cells (5x105 CAR* T cells / mouse) which were
generated by electroporation with the pS/MARter vectors #277 (clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295
(10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z). [A] 14 days after CAR*
T cell injection, cytokine concentrations in mouse plasma were determined by using the Mouse 12-Plex Cytokine Kit (Ayoxxa)
(lines indicate the medians; untreated: n = 3; clone2, 10D11, clone3 CAR: n =5; * , p < 0.05; ** , p < 0.01; two-tailed Mann
Whitney-U-test). [B] Additionally, paraffin-embedded sections from different organs of untreated and clone2 CAR*
T cell - treated NY-BR-1'8- mice were prepared and, subsequently, analyzed for T cell infiltration by staining with the rabbit
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anti-mouse CD3 (Abcam, 16669) and HRP - conjugated anti-rabbit IgG antibodies (staining was performed by Rosa Eurich).
Scale bars present 100 pum.

To confirm the persistence and antigen specific activation of those CAR* T cells, an ex vivo killing
assay was designed. In this assay, splenocytes of C57BL/6 wt and NY-BR-1"®" mice, engrafted with
pS/MARter (#277, #295, #296) electroporated murine CAR* T cells (5x10°> CAR* T cells / mouse) or
untransfected (mock) T cells, were isolated, analyzed for CAR* T cell persistence and co-cultivated with
both EO771 and NY-BR-1* EO771 cells at a ratio of 1:1 for 24 h (see chapter 3.2.15; Figure 4.5.3 A).
Subsequently, the killing efficiency was determined by DAPI staining and flow cytometric analysis. The
cells were additionally stained with the APC - conjugated anti-mouse CD3 antibody (17A2) in order to
distinguish murine T cells and EO771 cells. Moreover, the activation level of co-cultivated murine
T cells was analyzed by intracellular staining for IFNy, TNFa and GrB combined with extracellular
staining for CD4 and CDS8.

Indeed, splenocytes / CAR* T cells from both CAR* T cell - treated C57BL/6 wt and NY-BR-1'® mice
induced efficient killing of NY-BR-1* EO771 cells (see Figure 4.5.3 B). As the killing efficiency of
splenocytes isolated from CAR*T cell treated C57BL/6 wt did not differ from those isolated from CAR*
T cell treated NY-BR-1% mice, their killing efficiencies were summarized in the appropriate scatter
plots in Figure 4.5.3 B. In particular, splenocytes / CAR* T cells from 10D11 CAR* T cell - treated mice
led to significantly reduced viability rates of NY-BR-1* EO771 cells compared to mock treated cells.
Similarly, splenocytes / CAR* T cells from three out of four clone2 CAR* T cell — treated mice provoked
decreased viability rates of NY-BR-1" EO771 cells. These effects were not observed in co-cultivation
with EQ771 cells, reflecting again the specificity of anti-NY-BR-1 (clone2, 10D11) CAR* T cells for the
NY-BR-1 protein. In contrast, splenocytes containing the persisted clone3 CAR* T cells provoked slightly
decreased viability rates of both EO771 and NY-BR-1* EQ771 cells, which, however, did not differ
significantly from mock treated (NY-BR-1*) EO771 cells (see Figure 4.5.3 B).

Despite highly increased mortality of NY-BR-1" EO771 cells following co-cultivation with clone2 and
10D11 CAR*" Tcell containing splenocytes, those Tcells did not exhibit significantly increased
intracellular expression levels of IFNy, TNFa and GrB compared to co-cultivation with wild-type EO771
cells, according to the Wilcoxon matched-pairs signed ranked test (see Figure 4.5.3 C). Nevertheless,
CD4* T cells derived from 10D11 CAR* T cell - treated mice showed slightly increased frequencies of
TNFa, IFNy and GrB producing cells after co-cultivation with NY-BR-1* EO771 cells compared to co-
cultivation with EO771 cells. In addition, the proportion of CD8* GrB* cells was also slightly increased
in those T cell populations. By comparison, T cells derived from clone2 CAR* T cell - treated mice
showed lower frequencies of activated T cells, which is consistent with the different killing efficiencies

shown in Figure 4.5.3 B. In contrast, T cells derived from clone3 CAR* T cell - treated mice did not
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exhibit elevated activation potentials upon co-cultivation with wild-type EO771 and NY-BR-1" EO771
cells compared to mock T cells.

Taken together, these experiments demonstrated that persistent murine pS/MARter
electroporated anti-NY-BR-1 CAR* T cells, especially 10D11 CAR* T cells, remained functional and

capable of specifically eliminating NY-BR-1 expressing target cells ex vivo.

pS-clone2scFv-FcA-mCD28A-m41BB-mCD3z
T cell isolation & pS-10D11scFv-FcA-mCD28A-m41BB-mCD3z
activation pS-clone3scFv-FcA-mCD28A-m41BB-mCD3z
/& ﬂ Analysis
ce7BL/6wt 40 d1 d2
% /e S Isolation of — Co-cultivation with
/Q | | splenocytes (NY-BR-1*) EO771 cells
F T
ce7BL/6wt 90 d14
and
NY-BR-1t8/-
® EO771
_. 150 . 150 B NY-BR-1"EO771
§. ns :'54 n
- ns - *
= —ns = ns
g 100 = g w00y
o b 1 —.—.. —.'— m L)
S L Sgm 8 - " )
= 50 n - > 50 M
z E L
> S
0 T T T T 0
Mock ! 2scFv 10D11scFv cly Mock clone2scFv 10D11scFv clone3scFV

® EO771
B NY-BR-1*EO771

6]

g g
. > o
3 = )
g = &
= + 9
+ <
. 2 P
8 6 8
Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv done3scFv
10
10
-~ 8
X . — 5
X T 5
3 6 L] = X
o - -
g [] = o 4
4 & o
-] Py o 3
- ©
=] =]
2 ra 8 8 2
e gy L * ==} 1
0 == T T
Mock  clone2scFv 10D11scFv clone3scFv 0
Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv

Figure 4.5.3: Functional analysis of anti-NY-BR-1 CAR* T cells obtained from the spleens of treated C57BL/6 wt and NY-BR-1t#
mice

[A] Splenocytes were isolated from C57BL/6 wt and NY-BR-1t8/- mice 14 days after engraftment with anti-NY-BR-1 CAR* T cells
(5x10° CAR* Tecells/ mouse) generated by electroporation with the pS/MARter vectors #2277
(clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295 (10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296
(clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) and analyzed for CAR* T cell persistence via flow cytometry. Afterwards, CAR*
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T cell containing splenocytes of each mouse were co-cultivated with both EO771 and NY-BR-1* EO771 cells at a ratio of 1:1
for 24 h. Splenocytes from mock treated mice were used as controls. [B] Viability rates of splenocyte / CAR* T cell co-cultivated
(NY-BR-1*) EO771 cells was analyzed by using flow cytometric analysis. The discrimination between (NY-BR-1*) EO771 and
splenocytes / T cells was done by staining with the APC - conjugated anti-mouse CD3 antibody (17A2). The viability was
determined by DAPI staining. Percentages correspond to the proportion of living CD3 negative cells in relation to untreated
(NY-BR-1*) EO771 cells. Lines indicate the medians (mock, clone2, 10D11 CAR: n = 4; clone3 CAR: n = 5; *, p < 0.05; Kruskal
Wallis test followed by Dunn’s multiple comparison test). [C] Intracellular cytokine production of splenocytes / CAR* T cells
co-cultivated with Lactacystin-treated (NY-BR-1*) EO771, determined by using flow cytometric analysis. Cells were stained
with the FITC - conjugated anti-mouse CD4, PerCp-Cy5.5 - conjugated anti-mouse CD8, APC - conjugated anti-mouse IFNy,
PE-Cy7 - conjugated anti-mouse TNFa and the Pacificblue - conjugated anti-GranzymeB (GrB) antibodies. Percentages indicate
the proportions of TNFa*, IFNy* and GrB* cells upon gating on CD4* or CD8* T cells (lines indicate the medians; mock, clone2,
10D11 CAR: n =4; clone3 CAR: n = 5; no statistically significant differences according to Wilcoxon matched-pairs signed ranked
test).
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4.6 Establishment of NY-BR-1 subcutaneous mouse models

In order to confirm the anti-NY-BR-1 specificity of both human and murine CAR* T cells under

physiological conditions, NY-BR-1* tumor bearing mouse models had to be established.

4.6.1 Rejection of NY-BR-1 expressing EO771 cells by both C57BL/6 and
NY-BR-1%/- mice

Since the results of previous chapters showed that pS/MARter electroporated murine CAR* T cells
persist and remain functional in both C57BL/6 wt and NY-BR-1%" mice, the initial focus was on the
establishment of subcutaneous C57BL/6 wt and NY-BR-1% tumor mouse models using the murine
NY-BR-1" EO771 cell line.

Surprisingly, subcutaneous injection of 2x10°% NY-BR-1* EQ771 cells led to tumor formation in only
three out of seven C57BL/6 wt mice (Figure 4.6.1 A). However, two out of the three mice completely
rejected NY-BR-1* EO771 derived tumors within 11 to 14 days upon tumor engraftment. Furthermore,
the only remaining tumor showed a decrease in tumor volume from 20 mm3 to less than 10 mm?3 after
14 days. These phenomenons were not observed in C57BL/6 wt mice engrafted with 2x10°EQ771 cells
(see Figure 4.6.1 A). In fact, seven out of seven C57BL/6 wt mice showed a constant outgrowing of
EO771 derived tumors leading to tumor volumes of over 200 mm? within 14 to 27 days and a median
survival rate of 24 days (see Figure 4.6.1 C). The differences in the volumes of EO771 and NY-BR-1*
EO771 derived tumors were also reflected by significantly different tumor weights illustrated in Figure
4.6.1 B. For clarification, two images of EO771 (left) and NY-BR-1* EO771 (right) derived tumors are
additionally presented in Figure 4.6.1 B.

In order to enable an evaluation of the functionality of murine CAR* T cells in immunocompetent
mice despite rejection of NY-BR-1* EO771 derived tumors in C57BL/6 wt mice, five NY-BR-1% and two
NY-BR-1%*¢ mice were also tested for the persistence of NY-BR-1* EO771 derived tumors by
subcutaneous injection of 2x10° NY-BR-1* EO771 cells. Surprisingly, only four out of five NY-BR-1%/ and
one out of two NY-BR-1%¢ mice showed an outgrowth of NY-BR-1* EO771 derived tumors, which,

however, were ultimately rejected after a short time (see Figure 4.6.1 D).
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Figure 4.6.1: Growth analysis of (NY-BR-1*) EO771 derived tumors in C57BL/6 and NY-BR-1'%/- mice

[A] EO771 and NY-BR-1* EO771 cells were injected subcutaneously in C57BL/6 wt mice (2x106 cells / mouse). Tumor sizes
were measured every three to four days. Each line represents one mouse. Tumor engrafted mice were sacrified at a tumor
diameter of 15 mm or a tumor volume of 200 mm?3, whatever occurred first. Tumor volumes were calculated with the ellipsoid
formula (1/6 x 1t x length x width x depth). [B] The resulting tumor weights of EO771 and NY-BR-1* EO771 derived tumors are
displayed (lines indicate the means; n = 7; *** p < 0.0001; unpaired one-tailed Student’s t-test). In addition, pictures of one
EO771 (left) and the only remaining NY-BR-1* EO771 (right) tumor are shown. [C] The corresponding survival rates are
illustrated as Kaplan-Meier survival curves. [D] NY-BR-1* EO771 cells were injected subcutaneously in both NY-BR-1t¢/- and

NY-BR-1'%/t€ mice (2x10° cells / mouse). Tumor volumes were measured every three to four days according to the formula
described in [A].
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To examine the contribution of T cells and antibodies to the rejection of NY-BR-1* EO771 derived
tumors in immunocompetent C57BL/6 wt and NY-BR-1'®" mice, those mice were analyzed for changes
in plasma cytokine levels and the presence of anti-NY-BR-1 antibodies. Moreover, the only remaining
NY-BR-1* tumor was investigated for T cell infiltration by immunohistochemistry analysis.

Indeed, the only remaining NY-BR-1" EQO771 derived tumor, isolated from C57BL/6 wt mouse,
showed a strong infiltration of murine T cells (see Figure 4.6.2 A) according to immunohistochemistry
analysis. This suggested T cell - based immune response against NY-BR-1 expressing EO771 tumors was
confirmed by further analysis of plasma cytokine levels. In fact, the cytokine levels, detected by the
Mouse 12-Plex Cytokine Kit (Ayoxxa), were compared between untreated, EO771 and NY-BR-1* EO771
tumor bearing C57BL/6 wt mice. An additional distinction was made between the one NY-BR-1* EO771
tumor bearing C57BL/6 wt mouse with remained tumor and those showing complete tumor rejection
(see Figure 4.6.2 B). Remarkable, the comparison of the mentioned tumor bearing mice revealed big
differences in the plasma cytokine levels. In detail, the C57BL/6 wt mouse with remained NY-BR-1*
EO771 tumor showed highly elevated concentrations of T cell, B cell and macrophage associated pro-
and anti-inflammatory cytokines. Particularly noteworthy were the strongly increased concentrations
of IL-2 up to 650 pg/mL, IL-13 up to 400 pg/mL and IL-12 up to 250 pg/mL, whereas the cytokine levels
of GM-CSF and IL-6 showed the smallest changes. Nevertheless, slightly increased levels of diverse pro-
and anti-inflammatory cytokines were also found in C57BL/6 wt mice upon several days post complete
rejection of NY-BR-1" EO771 tumors. In contrast, except for TNFa, untreated and EO771 tumor bearing
mice exhibited a similar cytokine profile.

To further investigate the question of B cell associated immune responses, the plasma of EO771
and NY-BR-1* EO771 tumor bearing C57BL/6 wt as well as of untreated and NY-BR-1* EO771 tumor
bearing NY-BR-1%" mice were tested for the presence of anti-NY-BR-1 antibodies by using the special
designed anti-NY-BR-1 antibody ELISA (see chapter 3.2.12.2). Since no standard was available in order
to determine the exact concentration of anti-NY-BR-1 antibodies in murine plasma, only the
differences in the absorption values, determined at a wavelength of 450 nm, could be compared (see
Figure 4.6.2 C). Indeed, incubation of murine plasma, obtained from NY-BR-1* EO771 tumor bearing
C57BL/6 wt and NY-BR-1%" mice, in NY-BR-1 coated plates followed by the addition of the HRP -
conjugated anti-mouse 1gG antibody and incubation with the TMB substrate solution (BD OptEIA)
provoked significantly enhanced absorbance values. Strikingly, all NY-BR-1* tumor-bearing C57BL/6 wt
mice exhibited nearly the same absorbance levels (0 to 0.3), whereas large variations (between 0.05
and 0.9) were observed within the NY-BR-1* tumor bearing NY-BR-1®- mouse group.

Thus, these experiments demonstrated that both T cell and anti-NY-BR-1 antibodies are involved in
the rejection of NY-BR-1* EO771 tumors, so that immunodeficient mouse models, which do not exhibit

mature T and B cells, had to be examined for their suitability.
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Figure 4.6.2: Analysis of tumor rejection in C57BL/6 and NY-BR-1/- mice

[A] The only remaining NY-BR-1* EO771 tumor in C57BL/6 wt mice was investigated for Tcell infiltration by
immunohistochemistry analysis with the rabbit anti-mouse CD3 (Abcam, 16669) and HRP - conjugated anti-rabbit 1gG
antibodies (staining was performed by Rosa Eurich). [B] The plasma cytokine concentrations of untreated (control) as well as
EO771 and NY-BR-1* EO771 tumor engrafted C57BL/6 wt mice were analyzed by using the Mouse 12-Plex Cytokine Kit
(Ayoxxa) (mean * sem; control: n = 1; EO771: n = 6; NY-BR-1* EO771 (remained): n = 1; NY-BR-1* EO771 (tumor rejection): n
= 6). [C] Plasma of untreated and tumor engrafted C57BL/6 wt and NY-BR-1'¢/- mice were analyzed for the presence of
anti-NY-BR-1 antibodies by applying the anti-NY-BR-1 antibody ELISA (lines indicate the medians; C57BL/6 wt: EO771,
NY-BR-1* EO771 n = 7; NY-BR-1t%/: untreated: n = 3; NY-BR-1* EO771: n = 5;.* , p < 0.05; one-tailed Mann Whitney-U-test).
The given absorptions were measured at 450 nm.

4.6.2 Analysis of tumor growth in NOD.CB17-Prkdc““and NSG mice

Due to the T cell and antibody based rejections of NY-BR-1* EO771 tumors in C57BL/6 mice, the
following section was focusing on the question whether these tumors grow and persist in
immunodeficient NOD.CB17-Prkdc® mice. Besides the required murine tumor model, the evaluation
of human anti-NY-BR-1 CAR* T cells in a corresponding tumor mouse model was also of great interest.
Therefore, both the established human NY-BR-1 expressing Bosc23 cell line and pleural effusion cells

should be examined for their abilities to form subcutaneous tumors in NSG mice.
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4.6.2.1 NY-BR-1 expressing EO771 cells form tumors in the NOD.CB17-Prkdc*

ectopic mouse model

Following subcutaneous injection of 2x10° NY-BR-1* EQ771 cells into the flank of nine NOD.CB17-
Prkdc® mice, all mice actually indicated formation of subcutaneous tumors only four to eight days
after injection and demonstrated very uniform growth kinetics (see Figure 4.6.3 A). In fact, tumors
achieved volumes of over 400 to 500 mm? after three weeks leading to median and overall survival
rates of 21 days (Figure 4.6.3 B). Due to the very uniform growth kinetics of NY-BR-1* EO771 derived
tumors in NOD.CB17-Prkdc*®, this ectopic mouse model was utilized to evaluate the killing efficiency

of murine anti-NY-BR-1 CAR* T cells in different in vivo assays (see chapter 4.8).

NOD.CB17-Prkdcs
NY-BR-1* EO771

600+ 600
E 500 £ 500
E 1 £ :
o 400+ o 400+
£ 1 £ 1
= 3004 S 3001
[} ] ° ]
> >
5 200 5 200
£ )l £ ]
E 100-_ E 100-
0+ —T—— T T L e B S B
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Days post tumor injection Days post tumor injection
n=9/9
100
80+
'§ 4
— 60
©
2 1
2 40
3
a 1
20+
0 M T T T T T T T 1
0 10 15 20 25 30

Days post tumor injection

Figure 4.6.3: Growth analysis of NY-BR-1* EO771 derived tumors in NOD.CB17-Prkdcscd mice

[A] 2x106 NY-BR-1* EQ771 cells were injected subcutaneously in nine NOD.CB17-Prkdcscd mice. Tumor sizes were measured
every three to four days. Tumor engrafted mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 450 mm?,
whatever occurred first. Tumor volumes were calculated with the ellipsoid formula (1/6 x 1t x length x width x depth). Each
line indicates one mouse (left graph). The average tumor growth rates are displayed in the right graph. [B] The corresponding
survival rates are illustrated as a Kaplan-Meier survival curve.
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4.6.2.2 NY-BR-1 expressing Bosc23 cells form tumors in the NSG xenograft

model

The transfer of 2x10° pleural effusion cells, isolated from breast cancer patients, into NSG mice did
not lead to the formation of subcutaneous tumors in different approaches (data not shown).

However, the subcutaneous injection of 2x10° NY-BR-1* Bosc23 cells into the flank of seven NSG
mice resulted in the development of subcutaneous tumors with different growth kinetics (see Figure
4.6.4 A). Even though all mice showed palpable tumors eight days post injection, tumor volumes
differed considerably with 54 to 300 mm?3 after 21 days. The corresponding median and overall survival
rates were 27 days, as illustrated in Figure 4.6.4 B. Due to the facts that the NY-BR-1* Bosc cell line was
eliminated by human CAR* T cells in various in vitro assays and that these cells were now able to form
tumors in NSG mice, this xenograft model was used for further functional analysis of human CAR*

T cells (see chapter 4.7).
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Figure 4.6.4: Growth analysis of NY-BR-1* Bosc23 derived tumors in NSG mice

[A] 2x106 NY-BR-1* Bosc cells were injected subcutaneously in seven NSG mice. Tumor sizes were measured every three to
four days. Tumor engrafted mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm3, whatever
occurred first. Tumor volumes were calculated with the ellipsoid formula (1/6 x t x length x width x depth). Each line indicates

one mouse (left graph). The average tumor volumes are displayed in the right graph. [B] The corresponding survival rates are
illustrated as a Kaplan-Meier survival curve.
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4.7 Functional characterization of human anti-NY-BR-1 chimeric antigen receptors

in vivo

After having shown that the successfully generated lentivirally transduced and pS/MARter /
NanoCMARter electroporated human anti-NY-BR-1 CAR - expressing T cells achieved efficient
anti-target reactivity in different in vitro assays, their potential of persistence and anti-tumoral efficacy

should now be further investigated in the established NSG xenograft model.

4.7.1 Lentivirally transduced human anti-NY-BR-1 CAR* T cells mediate a

delay in tumor progression in the NSG xenograft model

Anti-NY-BR-1 CAR - expressing T cells (donor: ERC97), generated by lentiviral transduction with the
CAR constructs clone2scFv_hFc_hCD28_hCD3z_h0OX40 (#537), 10D11scFv_hFc_hCD28 hCD3z_h0X40
(#538) and clone3scFv_hFc_hCD28 hCD3z_hOX40 (#539) upon two days of activation, or
untransduced (mock) T cells were injected intravenously into NY-BR-1* Bosc tumor bearing NSG mice
(1x108 CAR* T cells / mouse) eight days after tumor engraftment (2x10° NY-BR-1* Bosc cells / mouse)
(see Figure 4.7.1 A). Each group consisted of seven mice. Tumor sizes were measured every three to
four days over a period of 33 days.

The treatment of tumor-bearing NSG mice with CAR* T cells resulted in significantly delayed or even
absent tumor growth compared to untreated and mock T cell treated mice (see Figure 4.7.1 B, C). In
fact, four mice of clone2, two mice of 10D11 and three mice of clone3 CAR group had no tumors or
rather tumors with volumes of less than 20 mm3 at the end of the experiment, which resulted in
significantly prolonged overall and median survival rates (10D11scFv: 31 days; clone3scFv: 27 days)
compared to mock and untreated mice (mock: 24 days; untreated: 21 days) (see Figure 4.7.1 D).

Since the persistence of CAR* T cells plays a key role for efficient and prolonged anti-tumor immune
responses, blood, spleens and tumors (with volumes over 10 mm?3) were analyzed for persisting T cells
by staining with the APC - conjugated anti-human CD3 antibody (UCHT1) and flow cytometric analysis.
Indeed, T cells were found in the spleens of two clone2, three 10D11 and two clone3 CAR* T cell but
also of one mock treated mice. Additionally, blood and remaining tumors of CAR* T cell and mock
treated mice showed small amounts of persisting T cells (see Figure 4.7.1 E, F). These results were
confirmed by immunohistochemistry analysis showing that some remaining tumors from mock and
CAR" T cell treated mice were infiltrated by T cells, whereby the infiltration rates did not differ

significantly between mock and CAR* T cell - treated mice.
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Figure 4.7.1: Effect of lentivirally transduced human anti-NY-BR-1 CAR* T cells on outgrowth of NY-BR-1* Bosc23 derived
tumors in NSG mice

[A] Following two days of activation, human peripheral T cells (donor: ERC97) were lentivirally transduced with the
anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28_hCD3z_h0OX40 (#537), 10D11scFv_hFc_hCD28_hCD3z_hOX40 (#538)
and clone3scFv_hFc_hCD28_hCD3z_hOX40 (#539). Eight days post tumor engraftment of NSG mice (2x106 NY-BR-1* Bosc23
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cells / mouse), lentivirally transduced anti-NY-BR-1 CAR* T cells (1x10° CAR* T cells / mouse) or untransduced (mock) T cells
were injected intravenously. Untreated mice served as controls. Each group consisted of seven mice. [B], [C] Tumor volumes
were measured every three to four days. [B] Each line indicates one mouse. The average tumor volumes are illustrated in [C]
(mean values £ sem; *, p <0.05; ***, p <0.001; Two-way ANOVA with Bonferroni post test for comparison with mock group).
Tumor engrafted mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm?3, whatever occurred first.
Tumor volumes were calculated with the ellipsoid formula (1/6 x 1t x length x width x depth). [D] The corresponding survival
rates are illustrated as Kaplan-Meier survival curves. Survival rates were compared with control group by using Log-rank
(Mantel-cox) test (**, p < 0.005). [E] Isolated spleens and blood were examined for T cell infiltration by flow cytometric
analysis. Cells were stained with the APC - conjugated anti-human CD3 antibody (UCHT1). Percentages indicate the proportion
of CD3* cells after gating on all living (DAPI) cells (lines indicate the medians; no statistically significant differences according
to Kruskal-Wallis test followed by Dunn’s multiple comparison test). [F] Tumors were investigated for T cell infiltration by
flow cytometric analysis (upper graph; lines indicate the medians; mock: n = 7; clone2scFv: n=4; 10D11scFv: n = 5; clone3scFv:
n = 6; no statistically significant differences according to Kruskal-Wallis test followed by Dunn’s multiple comparison test), as
described in [E], and immunohistochemical stainings (lower graph) with the rabbit anti-human CD3 (Abcam, 16669) and HRP
- conjugated anti-rabbit I1gG antibodies (staining was performed by Rosa Eurich). The calculated T cell densities are given (lines
indicate the medians; mock: n =5; clone2scFv: n=4; 10D11scFv: n = 5; clone3scFv: n = 6; no statistically significant differences
according to Kruskal-Wallis test followed by Dunn’s multiple comparison test).

To assess whether the remaining tumor cells express NY-BR-1 on their surface, tumors were
examined with both flow cytometric and immunohistological analysis using the three monoclonal
anti-NY-BR-1 antibodies clone2, 10D11 and clone3. Unfortunately, these analyses did not yield reliable
results (data not shown).

Despite substantial prolonged survival rates and significant suppression of tumor growth, analysis
of plasma cytokine concentrations, using the Human 11-Plex Cytokine Kit (Ayoxxa), did not reveal
enhanced cytokine levels in CAR* T cell - treated mice (see Supplementary Figure 6.8). In contrast,
analysis of the tumor milieu showed slight differences in the cytokine levels depending on CAR* T cell
treatment (see Figure 4.7.2). Increased concentrations of pro-inflammatory cytokines such as IFNy, IL-
1R, IL-2 and IL-12 were detected in some remaining tumors of clone2 and 10D11 CAR* T cell - treated
mice, while the absolute concentrations of anti-inflammatory cytokines such as IL-10 and IL-4
remained very low. Strikingly, two mock treated mice also showed highly elevated cytokine levels,
which is consistent with the increased persistence of Tcells in these mice (see Figure 4.7.1).
Furthermore, among all tested cytokines, IL-8 in particular stood out with strongly enhanced levels in
both mock and CAR* T cell - treated mice. Unfortunately, the cytokine levels in tumors with volumes
below 10 mm3 could not be reliably determined using this method (data not shown).

Based on these data, it can be assumed that lentivirally transduced anti-NY-BR-1" CAR T cells are
similarly effective in anti-tumor responses in vivo as in vitro, whereby the different anti-NY-BR-1 CAR
candidates did not vary significantly in their anti-tumoral reactivities. Nevertheless, spleens of 10D11
CAR* T cell - treated mice showed the highest accumulation of persisting T cells and, additionally,
tumors of those mice displayed the highest average increase in T cell activation - associated cytokine

levels.
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Figure 4.7.2: Cytokine levels in NY-BR-1* Bosc23 derived tumors isolated from NSG mice upon CAR* T cell therapy

NSG mice were engrafted with NY-BR-1* Bosc23 derived tumors (2x10® NY-BR-1* Bosc23 cells / mouse) and treated with
lentivirally transduced anti-NY-BR-1 CAR (#537, #538, #539) expressing T cells (1x10% CAR* T cells / mouse) or untransduced
(mock) T cells. Tumor engrafted mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm?3, whatever
occurred first. Subsequently, isolated tumors were assessed for their cytokine profile by using the Human 11-Plex Cytokine
Kit (Ayoxxa) (lines indicate the medians; mock: n = 7; clone2scFv: n = 4; 10D11scFv: n = 5, clone3scFv: n =6; no statistically
significant differences according to Kruskal Wallis test followed by Dunn’s multiple comparison test).

4.7.2 pS/MARter electroporated human anti-NY-BR-1 CAR* T cells mediate a

delay in tumor progression in the NSG xenograft model

After several in vitro studies showed that the hOX40 domain has a positive impact on the expression
of anti-NY-BR-1 CARs in electroporated T cells (see chapter 4.3.2), its effect on anti-tumor effectiveness

should be further assessed in the established NSG xenograft model. Hence, human T cells (donor:
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CHA90) were electroporated with the pS/MARter vectors clone2scFv_hFcA_hCD28A h4-1BB_CD3z
(#517), 10D11scFv_hFcA hCD28A h4-1BB_CD3z (#518) and clone3scFv_hFcA hCD28A h4-1BB_CD3z
(#519) (see Figure 4.7.3) as well as clone2scFv_hFc_hCD28 CD3z_hOX40 (#432),
10D11scFv_hFc_hCD28 CD3z_hOX40 (#433) and clone3scFv_hFc_hCD28 CD3z_hOX40 (#434) (see
Figure 4.7.4 A) after an one-day activation phase and were subsequently injected intravenously into
tumor-bearing NSG mice (1x10° CAR* T cells / mouse) eight days post tumor engraftment (2x10°
NY-BR-1* Bosc cells / mouse). Untreated mice or mice treated with untransfected (mock) T cells served
as controls. Each group consisted of seven mice. Tumor sizes were measured every three to four days

over a period of 27 or 42 days.
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Figure 4.7.3: Effect of pS/MARter electroporated human T cells, engineered with hFcA_hCD28A_h4-1BB_hCD3z signaling
anti-NY-BR-1 CARs, on outgrowth of NY-BR-1* Bosc23 derived tumors in NSG mice

[A] Following one day of activation, human peripheral T cells (donor: CHA90) were electroporated with the pS/MARter vectors
clone2scFv_hFcA_hCD28A_h4-1BB_hCD3z (#517), 10D11scFv_hFcA_hCD28A_h4-1BB_hCD3z (#518) and
clone3scFv_hFcA_hCD28A_h4-1BB_hCD3z (#519). Eight days post tumor engraftment of NSG mice (2x10 NY-BR-1* Bosc23
cells / mouse), anti-NY-BR-1 CAR* T cells (1x10° CAR* T cells / mouse) or untransfected (mock) T cells were injected
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intravenously. Untreated mice served as controls. Each group consisted of seven mice. [B] Tumor volumes were measured
every three to four days. The average tumor volumes are given (mean values + sem; no statistically significant differences
according to Two-way ANOVA with Bonferroni post test for comparison with control or mock group). Tumor engrafted mice
were sacrified at a tumor diameter of 15 mm or at a tumor volume of 300 mm?3, whatever occurred first. Tumor volumes
were calculated with the ellipsoid formula (1/6 x 1 x length x width x depth). [C] The corresponding survival rates are
illustrated as Kaplan-Meier survival curves. No statistically significant differences according to Log-rank (Mantel-cox) test. [D]
Isolated spleens, blood and tumors were examined for T cell infiltration by flow cytometric analysis. Cells were stained with
the APC - conjugated anti-human CD3 antibody (UCHT1). Percentages indicate the proportion of CD3* cells after gating on all
living (DAPI") cells (n = 7; no statistically significant differences according to Kruskal Wallis test followed by Dunn’s multiple
comparison test).

Indeed, the transfer of electroporated anti-NY-BR-1 CAR* T cells into tumor-bearing mice resulted
in delayed progression of NY-BR-1" Bosc derived tumors, but the efficacy appeared much higher for
hOX40 containing CARs (see Figure 4.7.3; Figure 4.7.4 ). While mice treated with #517, #518 or #519
CAR* T cells did neither show significantly reduced tumor volumes nor prolonged overall survival or
persistence of T cells (in spleen, tumors or blood), #432, #433 and #434 CAR* T cells had very strong
suppressive effects on tumor outgrowth, which provoked greatly prolonged overall survival rates
(clone2scFv: 42 days; 10D11scFv: 42 days; clone3scFv: 38 days) compared to mock (31 days) and
control (27 days). These results were confirmed by flow cytometric analysis of spleens, tumors and
blood demonstrating high amounts of persisting and infiltrating T cells (see Figure 4.7.4). In fact, two
each of the 10D11 and clone3 CAR* T cell - treated mice exhibited large amounts of tumor infiltrated
T cells of over 150 to 300 T cells / mm? according to immunohistochemistry analysis (see Figure 4.7.5).

The strong antitumoral immune responses and T cell persistence in the peripheral blood were also
reflected in elevated plasma cytokine levels, calculated by the Human 11-Plex Cytokine Kit (Ayoxxa).
In particular, 10D11 CAR* T cell - treated mice displayed enhanced plasma levels of T cell activation-
associated cytokines such as GM-CSF, IFNy, IL-2, IL-4 and TNFa. By contrast, clone2 and clone3 CAR*
T cell - treated mice had a very similar cytokine profile, with the exception of increased GM-CSF levels,
compared to that of mock treated mice.

Overall, in agreement with the in vitro results, pS/MARter electroporated T cells expressing
anti-NY-BR-1 CARs incorporating the hOX40 domain persist in NSG xenograft model and attack NY-BR-1
expressing tumor cells, whereby the best anti-tumoral immune responses were achieved with 10D11
followed by clone2 and clone3 CAR* T cells. In fact, pS/MARter electroporated CAR* T cells led to lower
overall survival rates but displayed similar or even better T cell persistence profiles than lentivirally
transduced CAR* T cells (see chapter 4.7.1). However, it should be noted that in both approaches T cells

from different donors were used.
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Figure 4.7.4: Effect of pS/MARter electroporated human T cells, engineered with hFc_hCD28_CD3z_hOX40 signaling
anti-NY-BR-1 CARs, on outgrowth of NY-BR-1* Bosc23 derived tumors in NSG mice

[A] Following one day of activation, human peripheral T cells (donor: CHA90) were electroporated with pS/MARter vectors
clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28 CD3z_h0OX40 (#433) and
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clone3scFv_hFc_hCD28_CD3z_hOX40 (#434). Eight days post tumor engraftment of NSG mice (2x10° NY-BR-1* Bosc23 cells /
mouse), electroporated anti-NY-BR-1 CAR* T cells (1x10° CAR* T cells / mouse) or untransfected (mock) T cells were injected
intravenously. Untreated mice served as controls. Each group consisted of seven mice. [B], [C] Tumor volumes were measured
every three to four days. [B] Each line indicates one mouse. The average tumor volumes are illustrated in [C] (mean values
sem; *, p < 0.05; **, p < 0.01; Two-way ANOVA with Bonferroni post test for comparison with mock group). Tumor engrafted
mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm?3, whatever occurred first. Tumor volumes
were calculated with the ellipsoid formula (1/6 x m x length x width x depth). [D] The corresponding survival rates are
illustrated as Kaplan-Meier survival curves. No statistically significant differences according to Log-rank (Mantel-cox) test. [E]
Isolated spleens, blood and tumors were examined for T cell infiltration by flow cytometric analysis. Cells were stained with
the APC - conjugated anti-human CD3 antibody (UCHT1). Percentages indicate the proportion of CD3* cells after gating on all
living (DAPI) cells (lines indicate the medians; n = 7; *, p < 0.05; **, p < 0.01; Kruskal Wallis test followed by Dunn’s multiple
comparison test).
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Figure 4.7.5: Immunohistochemistry analysis of NY-BR-1* Bosc23 tumor - infiltrating T cells

NY-BR-1* Bosc23 derived tumors, isolated from NSG xenograft mice upon CAR* T cell (#432, #433, #434) treatment, were
analyzed for infiltrated T cells via immunohistochemistry analysis. Cryosections were stained with the rabbit anti-human CD3
(Abcam, 16669) and HRP - conjugated anti-rabbit 1gG antibodies (staining was performed by Rosa Eurich). [A] The absolute
numbers or rather densities of infiltrated T cells are illustrated as a scatter dot plot. Each dot represents one mock or CAR*
T cell - treated mouse (lines indicate the medians; mock: n = 5; clone2scFv, 10D11scFv, clone3scFv: n = 7; no statistically
significant differences according to Kruskal Wallis test followed by Dunn’s multiple comparison test). [B] Representative
examples of tumors stained for CD3* cells. Scale bars present 250 um.
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Figure 4.7.6: Plasma cytokine profile of tumor-bearing NSG mice upon treatment with pS/MARter electroporated CAR* T cells
NSG mice were engrafted with NY-BR-1* Bosc23 derived tumors (2x10% NY-BR-1* Bosc23 cells / mouse) and treated with
anti-NY-BR-1 (#432, #433, #434) CAR* T cells (1x10°% CAR* T cells / mouse) or untransfected (mock) T cells. Tumor engrafted
mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm?3, whatever occurred first. Tumor volumes
were calculated with the ellipsoid formula (1/6 x 1t x length x width x depth). Subsequently, the cytokine concentrations in
murine blood were assessed by using the Human 11-Plex Cytokine Kit (Ayoxxa) (lines indicate the medians; mock, clone2scFv,
10D11scFv: n = 6; clone3scFv: n = 7; no statistically significant differences according to Kruskal Wallis test followed by Dunn’s

multiple comparison test).
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4.7.3 NanoCMARter electroporated human anti-NY-BR-1 CAR* T cells

mediate a delay in tumor progression in the NSG xenograft model

An important property of NanoCMARter vectors is its minimized bacterial backbone compared to
pS/MARter vectors, which might affect the functional properties of CAR* T cells in vivo. Therefore, the
antitumoral efficacy of NanoCMARter vectors was assessed in the established NSG xenograft model by
using T cells from the same donor (CHA90) as before and electroporated them with the NanoCMARter
vectors clone2scFv_hFc_hCD28 CD3z_h0OX40 (531), 10D11scFv_hFc_hCD28 CD3z_h0OX40 (#532) and
clone3scFv_hFc_hCD28 CD3z_h0X40 (#533). One day post electroporation, CAR* T cells were injected
intravenously into tumor-bearing NSG mice (1x10° CAR* T cells / mouse) eight days after tumor
engraftment (2x108 NY-BR-1* Bosc cells / mouse) (see Figure 4.7.7 A). Each group, except for mock
(n = 6), consisted of seven mice. Tumor sizes were measured every three to four days over a period of
38 days.

Indeed, NanoCMARter anti-NY-BR-1 CAR* T cells exhibited suppressive effects on tumor outgrowth
(see Figure 4.7.7). In fact, treatment with all three different anti-NY-BR-1 CARs led to decelerated
tumor expansion compared to mock, whereby in particular one clone2, five 10D11 and five clone3
CAR* T cell - treated mice showed extremely delayed tumor progressions (see Figure 4.7.7 B), which in
turn resulted in significantly prolonged median survival (clone2scFv: 31 days, 10D11scFv: 33 days,
clone3scFv: 31 days, mock: 22.5 days, control: 21 days) and overall survival rates (clone2scFv: 38 days,
10D11scFv: 33 days, clone3scFv: 33 days, mock: 27 days, control: 24 days) (see Figure 4.7.7 D).
Although spleens of CAR* T cell-treated mice, especially those treated with clone2 CAR* T cells, showed
an accumulation of persisting T cells, additional flow cytometric analyses of tumors and blood revealed
only low amounts of residual and infiltrating T cells (except for two tumors of clone2 CAR* T cell treated
mice), which was accompanied by plasma cytokine concentrations below the detectable range (data
not shown). This draws a sharp contrast to the convincing blood and tumor infiltration by pS/MARter
10D11 and clone3 CAR* T cells in the previous experiment. Immunohistochemistry analysis of isolated
tumors confirmed the fact of low amounts of tumor - infiltrating T cells despite delayed tumor growth
rates (see Figure 4.7.7 F).

Nevertheless, these data confirm the in vitro results showing that the three different NanoCMARter
derived anti-NY-BR-1 CAR candidates (clone2, 10D11, clone3) induced strong anti-tumoral T cell
responses in the NSG xenograft model. Despite low frequencies of tumor - infiltrating T cells, both

median and overall survival rates were significantly extended by clone2, 10D11 and clone3 CAR* T cells.
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Figure 4.7.7: Effect of NanoCMARter electroporated human T cells, engineered with hFc_hCD28 CD3z_h0X40 signaling
anti-NY-BR-1 CARs, on outgrowth of NY-BR-1* Bosc23 derived tumors in NSG mice

[A] Following one day of activation, human peripheral T cells (donor: CHA90) were electroporated with NanoCMARter vectors
encoding the anti-NY-BR-1 CAR constructs clone2scFv_hFc_hCD28_CD3z_h0OX40 (#531),
10D11scFv_hFc_hCD28_CD3z_hOX40 (#532) and clone3scFv_hFc_hCD28_CD3z_hOX40 (#533). Eight days post tumor
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engraftment of NSG mice (2x106 NY-BR-1* Bosc23 cells / mouse), electroporated anti-NY-BR-1 CAR* T cells (1x10° CAR*
T cells / mouse) or untransfected (mock) T cells were injected intravenously. Untreated mice served as controls. Each group,
except the mock (n = 6), consisted of seven mice. [B], [C] Tumor volumes were measured every three to four days. [B] Each
line indicates one mouse. The average tumor volumes are illustrated in [C] (mean values £ sem; **, p < 0.01; ***, p < 0.001;
Two-way ANOVA with Bonferroni post test for comparison with mock group). Tumor engrafted mice were sacrified at a tumor
diameter of 15 mm or a tumor volume of 300 mm?3, whatever occurred first. Tumor volumes were calculated with the ellipsoid
formula (1/6 x t x length x width x depth). [D] The corresponding survival rates are illustrated as Kaplan-Meier survival curves.
Survival rates were compared with mock group by using Log-rank (Mantel-cox) test (*, p < 0.05; **, p < 0.01). [E] Isolated
spleens and blood were examined for T cell infiltration by flow cytometric analysis. Cells were stained with the APC -
conjugated anti-human CD3 antibody (UCHT1). Percentages indicate the proportion of CD3* cells after gating on all living
(DAPI) cells (lines indicate the medians; mock: n = 6; clone2scFv, 10D11scFv, clone3scFv: n = 7; *, p < 0.05; Kruskal Wallis test
followed by Dunn’s multiple comparison test). [F] Tumors were investigated for T cell infiltration by flow cytometric analysis
(upper graph; lines indicate the medians; mock: n = 6; clone2scFv, 10D11scFv, clone3scFv: n = 7; no statistically significant
differences according to Kruskal Wallis Dunn’s multiple comparison test), as described in [E], and immunohistochemical
stainings (lower graph) with the rabbit anti-human CD3 (Abcam, 16669) and HRP - conjugated anti-rabbit IgG antibodies
(staining was performed by Rosa Eurich). The calculated T cell densities are given (lines indicate the medians; mock: n = 6;
clone2scFv, 10D11scFv, clone3scFv: n = 7; no statistically significant differences according to Kruskal Wallis test followed by
Dunn’s multiple comparisons test).
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4.8 Functional characterization of murine anti-NY-BR-1 chimeric antigen receptors

in vivo

After different in vivo studies demonstrated that human CAR* T cells induced effective anti-tumor
immune responses against NY-BR-1 expressing target cells, the focus shifted toward the functional
properties of murine CAR* T cells, which were examined in the established NOD.CB17-Prkdc™ ectopic

mouse model.

4.8.1 pS/MARter electroporated murine anti-NY-BR-1 expressing T cells
mediate a delay in tumor progression in the NOD.CB17-Prkdc* ectopic

mouse model

Murine anti-NY-BR-1 CAR - expressing T cells were successfully generated by electroporation with
the pS/MARter vectors clone2scFv_mFcA_mCD28A_m4-1BB_mCD3z (#277),
10D11scFv_mFcA_mCD28A_m4-1BB_mCD3z (#295) and clone3scFv_mFcA_mCD28A_m4-1BB_mCD3z
(#296) upon one day of activation. Eight days after subcutaneous engraftment of NOD.CB17-Prkdcs<®
mice with 2x10° NY-BR-1* EO771 cells, mice were treated with murine CAR* T cells or untransfected
(mock) T cells (5x10° CAR* T cells / mouse) (see Figure 4.8.1 A). Each group, except for control (n = 9),
consisted of seven mice. Tumor sizes were measured every three to four days over a period of 28 days.

The treatment of tumor-bearing NOD.CB17-Prkdc*® mice with murine CAR* T cells resulted in
significantly slowed tumor progressions as well as significantly extended median and overall survival
rates compared to untreated and mock treated mice (see Figure 4.8.1 B, C, D), whereby the best results
were achieved with clone3 CAR*T cells, followed by 10D11 and clone2 CAR* T cells (control: 21 days;
mock: 25 days; clone2scFv: 25 days; 10D11scFv: 27 days; clone3scFv 28 days).

Moreover, the persistence of murine CAR* T cells was investigated by flow cytometric analysis of
spleens and blood under the usage of the APC - conjugated anti-mouse CD3 (17A2) and PE - conjugated
anti-mouse IgG antibodies. Since all mice, including untreated mice, showed some cells weakly
expressing the CD3 antigen, only the CD3 strongly positive cell populations were considered to be the
injected ones (see Figure 4.8.1 E). Gating on these CD3pigh cell populations offered high frequencies of
clone2 and 10D11 CAR* T cells but low frequencies of clone3 CAR" T cells persisting in spleens.
Additional analyses of the blood revealed only low amounts of peripheral blood CAR* T cells.

However, immunohistochemistry analysis of the isolated tumors revealed significant differences in

the amount of infiltrated T cells depending on CAR* T cell therapy. While clone2 and 10D11 CAR*
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T cell - treated mice showed only slightly increased amounts of tumor - infiltrating T cells compared to
mock, all tumors of clone3 CAR* T cell - treated mice were strongly infiltrated by T cells (up to 900
T cells per mm?) (see Figure 4.8.2). Unfortunately, neither immunohistochemistry nor flow cytometric
analyses using the monoclonal antibodies clone2, 10D11 and clone3 could reliably detect NY-BR-1
surface expression in the remaining EO771 derived tumors (data not shown).

Nevertheless, increased plasma cytokine levels, determined by the Mouse 12-Plex Cytokine Kit
(Ayoxxa), confirmed the strong anti-tumoral immune reactivities in CAR* T cell - treated mice (see
Figure 4.8.3). In particular, levels of many pro-inflammatory and T cell activation-associated cytokines
such as GM-CSF, IL-18, IL-12, IL-2 and IL-6 were strongly increased upon CAR* T cell treatment.
However, elevated concentrations of anti-inflammatory cytokines such as IL-4 and IL-10 were also
found in those mice.

Overall, these data confirm the in vitro results showing that murine anti NY-BR-1 CAR" T cells,
especially clone3 and 10D11 CAR* T cells, exerted strong suppressive effects on tumor outgrowth in
the NOD.CB17-Prkdc™ ectopic mouse model, which provoked prolonged median and overall survival

rates.
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Figure 4.8.1: Effect of pS/MARter electroporated murine CAR* T cells on outgrowth of NY-BR-1* EO771 derived tumors in
NOD.CB17-Prkdcscid mice
[A] Following one day of activation, murine T cells were electroporated with pS/MARter vectors encoding the anti-NY-BR-1
CAR constructs clone2scFv_mFcA_mCD28A_m4-1BB_mCD3z (#277), 10D11scFv_mFcA_mCD28A_m4-1BB_mCD3z (#295) and
clone3scFv_mFcA_mCD28A_m4-1BB_mCD3z (#296). Eight days post tumor engraftment of NOD.CB17-Prkdcs<@ mice (2x106
NY-BR-1*EQ771 cells / mouse), electroporated anti-NY-BR-1 CAR* T cells (5x10° CAR* T cells / mouse) or untransfected (mock)
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T cells were injected intravenously. Untreated mice served as controls. Each group, except for control (n = 9), consisted of
seven mice. [B], [C] Tumor volumes were measured every three to four days. [B] Each line indicates one mouse. The average
tumor volumes are illustrated in [C] (mean values + sem; *, p < 0.05; ***, p < 0.001; Two-way ANOVA with Bonferroni post
test for comparison with mock group). Tumor engrafted mice were sacrified at a tumor diameter of 15 mm or a tumor volume
of 450 mm?3, whatever occurred first. Tumor volumes were calculated with the ellipsoid formula (1/6 x 1t x length x width x
depth). [D] The corresponding survival rates are illustrated as Kaplan-Meier survival curves. Survival rates were compared
with control group by using Log-rank (Mantel-cox) test (*, p < 0.05; **, p < 0.01; *** <0.001). [E] Isolated spleens and blood
were examined for T cell infiltration by flow cytometric analysis. Cells were stained with the APC - conjugated anti-mouse
CD3 (17A2) and PE - conjugated anti-mouse 1gG antibodies. Exemplary gating strategy for the detection of CD3* CAR* cells in
spleens of untreated or clone2 and 10D11 CAR* T cell — treated mice is displayed. Percentages indicate the proportion of CD3*
CAR* cells after gating on all living (DAPI) CD3pigh* cells (lines indicate the medians; n = 7; *,p < 0.05; ** , p < 0.01; Kruskal
Wallis test followed by Dunn’s multiple comparison test).
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Figure 4.8.2: Immunohistochemistry analysis of NY-BR-1* EO771 tumor - infiltrating T cells

NY-BR-1* EO771 derived tumors, isolated from NOD.CB17-Prkdcs<@mice upon CAR* T cell (#277, #295, #296) treatment, were
analyzed for infiltrated T cells via immunohistochemistry analysis. Cryosections were stained with the rabbit anti-mouse CD3
(Abcam, 16669) and HRP - conjugated anti-rabbit 1gG antibodies (staining was performed by Rosa Eurich). [A] The absolute
numbers or rather densities of infiltrated T cells are illustrated as a scatter dot plot. Each dot represents one mock or CAR*
T cell - treated mouse (lines indicate the medians; mock, clone2scFv: n = 7; 10D11scFv, clone3scFv: n = 6; ***, p < 0.005;
Kruskal-Wallis test and Dunn’s multiple comparisons test). [B] Representative examples of tumors stained for CD3* cells. Scale
bars present 250 pum.
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Figure 4.8.3: Plasma cytokine profile of tumor-bearing NOD.CB17-Prkdcs® mice upon treatment with murine pS/MARter
electroporated CAR* T cells

NOD.CB17-Prkdcscd mice were engrafted with NY-BR-1* EO771 tumors (2x10° NY-BR-1* EO771 cells / mouse) and treated with
anti-NY-BR-1 (#277, #295, #296) CAR* T cells (5x10°> CAR* T cells / mouse) or untransfected (mock) T cells. Tumor engrafted
mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 450 mm? at the latest, calculated with the ellipsoid
formula (1/6 x t x length x width x depth). Subsequently, the cytokine concentrations in murine blood were assessed by using
the Mouse 12-Plex Cytokine Kit (Ayoxxa) (lines indicate the medians; mock: n = 5; clone2scFv, 10D11scFv: n = 7; clone3scFv:
n=6;* p<0.05; **, p <0.01; Kruskal-Wallis test followed by Dunn’s multiple comparison test).

152



Discussion

5 Discussion

The lack of tumor specific antigens represents a big obstacle for CAR* T cell - based therapies of
solid tumors. Therefore, the aim of this work was to evaluate three CAR candidates directed against

the breast cancer associated antigen NY-BR-1 for their efficacy and safety in preclinical studies.

5.1 Current state of CAR* T cell therapies for breast cancer

The use of CAR* T cells has been particularly successful in the treatment of hematological diseases.
Indeed, CD19 CAR* T cell therapy has already been approved for certain hematological malignancies
(such as Kymriah™ for recurrent ALL and Yescarta™ for relapsed or refractory DLBCL) in the USA and
Europe 2%. However, the situation is different for solid tumors because of hampered CAR* T cell
trafficking and infiltration into the tumor as well as immunosuppressive tumor microenvironments ¢,
Moreover, the biggest problem represents the lack of targetable tumor specific antigens, so that CAR*
T cell therapies are often associated with a high risk of on target / off tumor toxicity 162230231 The breast
cancer associated antigen NY-BR-1 might represent a targetable antigen, as it is expressed exclusively
in healthy breast, testis and prostate tissue and shows strong over-expression in the majority of breast
cancer tumors (> 70 %) and metastases #%¢232, whereby the latter might play a key role for CAR - based
immunotherapy, as most breast cancer patients die due to metastases 3,

Currently, there is no approved CAR* T cell therapy for the treatment of breast cancer worldwide.
Several clinical trials targeting, for example, HER2 (NCT02547961), EpCAM (NCT02915445) ROR1
(NCT02706392), CD70 (NCT02830724), Mesothelin (NCT02792114), cMet (NCT03060356), Mucl
(NCT04025216) or Mucl* (NCT04020575) are ongoing. However, these therapies are usually limited
in their applicability or carry certain risks of toxicity. For example, anti-HER2 CAR* T cell therapies are
limited to HER2 positive breast cancer subtypes. As NY-BR-1 expression inversely correlates with HER2
status %%, anti-NY-BR-1 CAR* T cell therapies might be useful to close this gap. In addition, toxic on
target / off tumor reactivities have been observed in anti - HER2 CAR* T cell therapies 1®2. Furthermore,

234-236

the epithelial cell adhesion molecule (EpCAM) is over-expressed in many carcinomas , including

breast cancer ?*’, but is also found in normal epithelial tissues at low levels 238

, which might lead to
toxic side effects in CAR* T cell therapies. In addition, several studies demonstrated decreased EpCAM
expression levels after chemotherapies 23>?%°, in contrast to NY-BR-1 /. Mesothelin, a
glycosylphosphatidylinositol-linked cell surface antigen, is present in normal mesothelial cells and
over-expressed in several malignancies, including breast cancer 2*°. However, in contrast to NY-BR-1

894 Mesothelin is mainly over-expressed in ER or triple - negative breast cancer tumors 2°,
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Thus, breast cancer patients should be stratified for the expression of NY-BR-1, which might
represent an additional, useful CAR target that addresses or fills many of the limitations or gaps of
existing breast cancer targets. However, since the exact function of NY-BR-1 is unknown and pre-
clinical studies using anti-NY-BR-1 CAR* T cells have not been conducted so far, it was unclear to what
extent this protein would actually be suitable as a target. In the course of this work, this fundamental
question should be answered and at the same time three different anti-NY-BR-1 CARs (clone2, 10D11

and clone3) should be examined for their applicability to clinical trials.

5.2 NY-BR-1 expression depends on the cell cycle phases in transduced cell lines

Due to the facts that breast cancer cell lines generally do not show surface expression of NY-BR-1
9396224 3nd that NY-BR-1 transduction of different cell lines resulted in growth stop and loss of NY-BR-1
expression in preliminary experiments 22 (unpublished data) stable NY-BR-1 expressing target cell lines
had to be generated at the beginning of this work. The human Bosc23 and HEK 293T as well as the
murine EO771 cell lines were transduced with the HIV - derived lentiviral expression vector #44
(hPGK_NY-BR-1_IRES_Puromycin_WPRE) encoding for the full length NY-BR-1 protein and puromycin
N-acetyltransferase.

Although lentiviral transductions were successful in both human cell lines, transduced Bosc23 cells
showed generally higher NY-BR-1 surface expression levels than HEK 293T cells. In addition, NY-BR-1
expression levels decreased in both transduced cell lines after a short time and fluctuated daily despite
puromycin selection pressure (see Figure 4.1.1; Figure 4.1.2), which will be discussed later in
connection with EO771 cells. The differences in NY-BR-1 expression levels between Bosc23 and HEK
293T cells were surprising, as Bosc23 cells originally derived from HEK 293T cells by stable introduction
of two retroviral (M-MulLV derived) packaging plasmids: pCRIPenv (expressing gag, pol) and pCRIPgag-
2 (expressing env) 22°, The reason for higher NY-BR-1 expression levels in transduced Bosc23 cells
cannot be the permanent production of retroviral particles harboring the NY-BR-1 transgene, since
Bosc23 cells were originally transfected with vectors encoding for retroviral and not lentiviral
packaging genes. Lentiviral (here HIV derived) and retroviral (here MLV derived) packaging genes,
especially the packaging signals W, and LTRs are different, which leads to the fact that (HIV derived)
lentiviruses cannot be packaged by (M-MuLV derived) retroviruses 2*%?42, Therefore, one possible
reason might be the different activities of the non-receptor tyrosine kinase src, since this kinase is
inactive in Bosc23 23 but active in HEK 293T cells 2*. Possible interactions between the src kinase and
NY-BR-1 have not been studied intensively so far, but the src kinase plays an important role in many

signaling pathways via interactions with tyrosine kinases, steroid and G-protein-coupled receptors as
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well as signal transducers and activators of transcription and molecules involved in cell adhesion and
migration %24, Indeed, the src proto-oncogene has also been attributed an important role in the
development, growth and progression of many cancer types, including colon, breast, pancreas and
brain 24>247.248 |n fact, strongly increased src activities have been documented in breast tumors, which
appears to be more attributed to the deregulated protein src than to mutations in the gene %, In
particular, results of various studies revealed interactions between src and hormone receptors such as
ER or the protein HER2 2% and, indeed, several src inhibitors have been successfully tested in clinical
breast cancer trials 2*¢. Both the NY-BR-1 gene *?*and promoter region # exhibit multiple binding sites
for ER and, furthermore, positive correlations between NY-BR-1 and ER expression have already been
reported %224 However, despite these correlations between ER and src and ER and NY-BR-1
expression, it is unclear to what extent a negative correlation between src and NY-BR-1 may exist and
need to be investigated in further experiments. For example, NY-BR-1 transduced HEK 293T cells and
NY-BR-1 expressing primary cells could be treated with src inhibitors and examined for NY-BR-1
expression at both RNA and protein level. Since HEK 293T cells lack expression of estrogen receptors
20 these cells are ideal for further analysis in order to avoid additional effects of src and src inhibitors
on ER expression, which in turn could influence NY-BR-1 expression.

In addition to the mentioned human cell lines, the murine EQ771 cell line was also successfully
engineered to express the NY-BR-1 full length protein (see Figure 4.1.3). All three monoclonal
antibodies (clone2, 10D11, clone3) detected NY-BR-1 intracellular and on the cell surface, which is
consistent with results of various studies on its intracellular and transmembrane localization %%,
However, significantly more cells showed cytoplasmic rather than surface NY-BR-1 expression (see
Figure 4.1.3), which is consistent with other studies that observed a preferential cytoplasmic
localization of NY-BR-1 °*2°1, Noteworthy here was that flow cytometric analyses using the clone3
antibody revealed significantly fewer cells with cytoplasmically expressed NY-BR-1 compared to
intracellular stainings with the 10D11 and clone2 antibodies. Since this effect was not observed with
cell surface stainings, it can be assumed that the epitope of the clone3 antibody was efficiently
expressed. However, one possible reason for these different results might be that the cytoplasmic
NY-BR-1 protein was in a folded state, which results in an inaccessibility to the binding site of the clone3
antibody.

Over time, lentivirally transduced EO771 cells showed strongly decreasing NY-BR-1 expression
levels, both intracellular and on the cell surface, which was consistent with observations in transduced
Bosc23 and HEK 293T cells (see above, Figure 4.1.3). Since the expression levels fluctuated daily and
decreased to almost 0 % in NY-BR-1* EO771 or 9 % in NY-BR-1* Bosc23 cells, the influence of the cell
cycle and possible degradation via proteasomes was examined in both transduced cell lines using

various cell cycle inhibitors such as Nocodazole 22, Thymidine %3, Aphidicoline %2 and L-mimosine 2>*
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as well as the proteasome inhibitor Lactacystin %°. Indeed, positive correlations between G1 phase
and NY-BR-1 expression rates paired with simultaneous negative correlations between G2 phase and
NY-BR-1 expression rates were found at both the RNA and protein levels (see Figure 4.1.2, Figure 4.1.4).
In addition, Lactacystin treatment resulted in greatly increased NY-BR-1 surface expression levels in
both transduced EO771 and Bosc23 cells, which indicates a possible degradation of the protein and
may also explain the increased intracellular expression levels of NY-BR-1 compared to the surface in
transduced EO771 cells (see Figure 4.1.2, Figure 4.1.3, Figure 4.1.4). The positive association between
Lactacystin treatment and NY-BR-1 protein levels in transduced EO771 cells was also reported by
Krishna Das (2017) %°. However, Lactacystin acts not only on proteasome activity but also on the cell
cycle by blocking the GO/G1 and G2/M phases 2*’. Consequently, increased NY-BR-1 expression levels
might be based on both impaired protein degradation and cell cycle inhibition. This is also supported
by the 13-fold increase in NY-BR-1 expression levels in Lactacystin treated transduced EO771 cells (see
Figure 4.1.4). As the RNA expression levels were higher under Lactacystin than under Thymidine double
block, the latter leads to G1 arrest, a positive feedback loop could alternatively be conceivable, in
which increased levels of the NY-BR-1 protein have an additional positive effect on the expression
itself. In order to explore the sole effect of proteasome inhibition on NY-BR-1 protein levels,
experiments with further inhibitors that do not influence cell cycle progression should be performed.

If a closer look is taken again at the cell cycle, especially at the G1 phase, the fact that a combined
treatment of Nocodazole, as a reversible G2 blocker, and Lactacystin, as an irreversible G1 and G2
blocker (and proteasome inhibitor), led to a greater proportion of G1 phase arresting cells in NY-BR-1*
EO771thanin EO771 wild-type cells suggests that not only a G1 phase block leads to increased NY-BR-1
expression levels but also, reciprocally, increased NY-BR-1 expression levels result in enhanced
frequencies of G1 arresting cells (see Figure 4.1.4). All these results are consistent with data from Bitzer
(2015) 2%*, who demonstrated that NY-BR-1 over-expressing cell lines arrest in G1 phase and do not
undergo apoptosis. Similar observations were made for the estrogen receptor (ER), whose expression
is enhanced during G1 phase in Thymidine - synchronized MCF-7 cells %8, That ER expression is
generally positively correlated with NY-BR-1 in breast cancer tumors has already been demonstrated
in several studies #22* and might be further supported by the data shown here.

However, a direct comparison of transduced EO771 and Bosc23 cells revealed lower NY-BR-1
expression rates in EO771 cells with and without Lactacystin treatment or G1 arrest (see Figure 4.1.2,
Figure 4.1.4). To date, no murine equivalent of NY-BR-1 is known. Therefore, the reasons for different
NY-BR-1 expression profiles might be manifold and could include both gene silencing and post-
transcriptional modifications of the transgene, which has been attributed to loss of gene expression
and mosaic-like expression patterns in numerous lentivirally transduced clones and transgenic

organisms 2262 These phenomenons might be more prominent in murine EO771 cells than in human
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Bosc23 cells. In this context, it is also conceivable that high NY-BR-1 protein levels are not tolerated in
EOQ771 cells, which might lead to a protective down-regulation of NY-BR-1 expression. In addition, it is
known that promoters affect the level of transgene expression 2%32% and that the strengths of
promoters differ across various cell types %3254 However, since transduced EOQ771 cells initially
exhibited high NY-BR-1 expression levels, a direct correlation between the strength of the hPGK
promoter and loss of NY-BR-1 expression is not assumed. Moreover, the activity of the src kinase in
(NY-BR-1*) EO771 cells should be investigated in more detail in order to identify a possible relationship
between src and NY-BR-1, as suggested in transduced Bosc23 and HEK 293T cells.

G1 accumulation / arrest of NY-BR-1 expressing cells together with the mosaic-like expression

224

pattern of NY-BR-1 protein in normal breast tissue and the presence of NY-BR-1* cells in

224 suggest that this protein might be a stem / progenitor marker. However, it is also

mammospheres
known that NY-BR-1 expression is associated with “good prognosis” tumors which exhibit low
malighant potentials (tumor grade 1) 2! and usually derive from mutations in differentiated progenitor
cells 19, All these results, as well as other studies such as the performance of a soft agar experiment in
which NY-BR-1 transfected cells were able to form colonies %3, suggest that this protein might play an
important role in tumorigenesis.

Next to NY-BR-1's role in tumorigenesis and its effect on cell cycle, cell density also has a significant
impact on NY-BR-1 expression, because prolonged cultivation periods without splitting led to higher
cell densities and rising NY-BR-1 expression levels in transduced Bosc23 cells. This observation was
confirmed by further experiments in which increasing seeded cell densities caused enhancing NY-BR-1
expression levels within a few days (see Figure 4.1.2). This phenomenon could be a result of G1 arrest,
as cell proliferation, contact inhibition and cell cycle are related by different signaling pathways 266267,
Another reason might be interactions between the ankyrin (ANK) repeat motifs within the NY-BR-1
protein & and other proteins associated with cell adhesion and cell-cell contacts. The exact function of
NY-BR-1 is unknown so far, but ankyrin motifs generally mediate important protein-protein

268

interactions which regulate or induce, among others, cell-cell signaling / interactions 2°%, cell

development %, cell adhesion %%%7°, transcription of genes 2"

, cytoskeletal or membrane stability
270.272 or |inkage between the spectrin-based cytoskeleton and integral membrane proteins 279?71 so
that a role of NY-BR-1 in cell-cell interactions is also conceivable. These potential protein - protein and
cell - cell interactions as well as NY-BR-1's possible role as a stem / progenitor marker 22* suggest that

%93 ‘may even be protective for the

low NY-BR-1 expression levels, as found in healthy breast tissue
cell and important for the maintenance of the entire breast tissue. Therefore, it might be important to
avoid detection and killing of NY-BR-1 weakly expressing cells by high affinity anti-NY-BR-1 CARs (see

chapter 5.6).
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5.3 Expression analysis of human and murine anti-NY-BR-1 CARs in lentivirally

transduced and electroporated T cells

On the basis of the three monoclonal antibodies clone2 73, 10D11 (unpublished) and clone3 273,
which are directed against NY-BR-1 and differ in their corresponding epitopes (see chapter 1.2.1.2),
human CARs were generated in previous work by our group (unpublished). To test these CARs in both
human and murine systems, the human Fc (hlgG1), transmembrane and co-stimulatory domains were
successfully exchanged for corresponding murine Fc (mlgG1), transmembrane and co-stimulatory
domains by using classical cloning methods as well as the Gateway and In-Fusion technologies (see
Figure 4.2.1, Figure 4.2.2, Figure 4.2.3). The cloned fragments exhibited mutations in the murine Fc /
mlgG1 (TVPEV = NILGG) and CD28 (TRKPYQPYAPARDF - TRKAYQAYAAARDF) domains by exchanging
mlgG1l amino acids indispensable for binding FcyR with migG3 amino acids and mutating the CD28
binding domain of the Lck enzyme to prevent, on the one hand, binding of Fcy receptors to the Fc
domain causing “off target” toxicity, undesirable activation of innate immune responses 2% and ,on
the other hand, increased IL-2 secretion that usually promotes differentiation and maintenance of T
cells ?7°. The murine CAR (scFv_ mFcA_mCD28A_m4-1BB_CD3z) — encoding DNA segments were
successfully cloned into both lentiviral (pRRL) and S/MAR (pS/MARter) vector systems (the latter was
kindly provided by Dr. Richard Harbottle and Dr. Matthias Bozza (DKFZ, DNA Vector Research Group)),
to establish a new S/MAR based transfection technology for the generation of murine CAR - expressing
T cells.

The anti-NY-BR-1 scFvs were additionally cloned into diverse human CAR backbones
(hFcA_hCD28A_h4-1BB_CD3z; hFc_hCD28_ CD3z_h0X40) with or without mutations in the Fc / higG1
(PELLGG - PPVAG; ISR - IAR) and CD28 (PYAPA - AYAAA) domains by exchanging higG1 amino acids
indispensable for binding FcyR with hlgG2 amino acids and mutating the Lck binding motif in the CD28
domain for the above mentioned reasons. The different CAR backbones should allow study of the
effect of different co-stimulatory domains on CAR expression and effectiveness. During this process,
human anti-NY-BR-1 CAR — encoding DNA sequences were successfully cloned into different vector
types (pRRL, pS/MARter, NanoCMARter (kindly provided by Dr. Richard Harbottle and Dr. Matthias
Bozza (DKFZ, DNA Vector Research Group)) to compare different transfection systems regarding their

effectiveness (see Figure 4.2.4, Figure 4.2.5, Figure 4.2.6, Figure 4.2.7).
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5.3.1 Anti-NY-BR-1 CAR - expressing human T cells are reliably generated by

the pS/MARter and NanoCMARter based electroporation systems

The productions of lentiviral expression vectors encoding for the human anti-NY-BR-1 CAR
constructs with different scFvs (clone2, 10D11, clone3) and distinct intracellular signaling domains
(hFcA_hCD28A h4-1BB_CD3z; hFc_hCD28 CD3z_h0X40) were successful (see Figure 4.3.1). Upon
lentiviral gene transfer into human T cells, all tested, synthetic immunoreceptors were detected on
the cell surface via flow cytometric analyses using the fluorophore conjugated anti-human IgG
antibodies that bind to the CARs’ Fc domains. Indeed, the clone2 and 10D11 CARs were expressed with
nearly same frequencies in human T cells, whereas the clone3 CAR showed slightly reduced expression
levels (see Figure 4.3.1). The direct comparison of hCD28A_h4-1BB_CD3z and hCD28_CD3z_h0X40
CARs revealed higher CAR expression levels in lentivirally transduced human T cells when the hOX40
domain was used instead of the h4-1BB motif (see Figure 4.3.1). Similar observations were seen with
electroporated T cells. Here, pS/MARter vectors expressing different anti-NY-BR-1 CAR constructs
(scFv_hFcA_hCD28A_h4-1BB_CD3z; scFv_hFc_hCD28_h4-1BB_CD3z; scFv_hFc_hCD28_CD3z_h0OX40)
were applied for the electroporation of human Tcells using the Neon Transfection System
(ThermoFisher). This new S/MAR based system, which will be discussed in more detail later, actually
resulted in the surface expression of all tested CAR constructs in human T cells, whereby no statistically
significant differences between the scFvs were observed (see Figure 4.3.2). However,
hFc_hCD28 CD3z_hOX40 CARs showed again significantly higher expression levels than
hFcA_hCD28A_h4-1BB_CD3z and hFc_hCD28 h4-1BB_CD3z CARs. In this context, it was not surprising
that mutated and non-mutated hCD28 and Fc domains provoked similar CAR expression levels, since
this was consistent with other studies demonstrating that those mutations do not affect CAR
expression levels 276278 However, the question arises why hFc_hCD28_CD3z_hOX40 CARs showed
significantly increased expression levels upon both lentiviral transduction and pS/MARter
electroporation of human T cells despite the same transmembrane (CD28) region, length of the spacer
domain and (membrane-proximal) position of the CD28 domain, which usually all play crucial roles for
surface CAR expression levels 274277279281 Consequently, in the case of the anti-NY-BR-1 CAR constructs
tested here, the replacement of the membrane-proximal 4-1BB domain with the terminal 0X40 motif
might be of significant importance for different CAR expression levels.

CD28, 4-1BB and OX40 affect the metabolism of CAR - expressing T cells in different ways. While
T cells expressing CD28 CD3z CARs of the second generation tend to exhibit an effector memory
phenotype with increased glycolysis metabolism, 4-1BB_CD3z CAR* T cells show increased potential
for persistence and exhibit a central memory phenotype with enhanced oxidative metabolism 42,

However, by direct comparison of the expression levels in human T cells, CD28 and 4-1BB containing
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CARs of the second generation do not differ usually #2282, 0X40 belongs together with 4-1BB to the
"late" co-stimulatory domains, which are normally upregulated after T cell activation 283284, Several
studies demonstrated that OX40 generally enhance effector cytokine secretion?3?>, augment CD28

283,28 and, in case of OX40 containing CARs, leads to reduced IL-10 secretion

activated T cell responses
in CAR* T cells 2%, Nevertheless, different trials reported similar expression levels of CD28_CD3z CARs
and CD28 CD3z_0X40 or CD28_0X40_CD3z CARs despite the diverse mentioned metabolic effects
279,286,287 |n comparison to the CARs used here, some CARs of the other studies 2’°?%’ did not include
0OX40 at the terminal end, but instead between CD28 and CD3z, which might have different effects on
the CAR expression levels. An additional and perhaps decisive difference to these trials is that they
compared second generation (CD28 CD3z, 4-1BB_CD3z) and not third generation CD28_4-1BB_CD3z
CARs with corresponding third generation OX40 containing CARs as it was done in this thesis, since
third generation CARs with CD28 4-1BB_CD3z domains sometimes provoke lower expression levels
than their second generation (CD28_CD3z; 4-1BB_CD3z) counterparts 2829 Therefore, further
experiments with anti-NY-BR-1 CAR constructs containing only the individual CD28, 4-1BB and OX40
domains or combinations of these at different positions have to be carried out to allow a clear
statement on whether this discovered phenomenon is actually based on OX40 per se or the deletion
of 4-1BB. Moreover, these analyses have to be performed with different scFvs directed against other
targets (like CD19, CEA) in order to rule out that this phenomenon is not limited to anti-NY-BR-1 CARs.

Apart from pS/MARter vectors, the further developed NanoCMARter vectors, which encoded for
anti-NY-BR-1 CAR constructs with two different backbones (hFc_CD28 4-1BB_CD3z;
hFc_CD28_CD3z_0X40), were also utilized for the generation of human CAR* T cells. Indeed, these
vectors led to superior expression levels of hFc_CD28 4-1BB CD3z CARs compared with the
corresponding pS/MARter vectors, but hFc_CD28_CD3z_0X40 CAR expression levels did not differ
significantly between both vector systems (see Figure 4.3.3). Hence, the pS/MARter and NanoCMARter
based electroporation technologies yielded comparable and in some cases slightly higher expression
levels of anti-NY-BR-1 CARs than lentiviral transduction. These results are consistent with data from
further studies in which GFP, TCR or CAR - expressing T cells were successfully generated with
pS/MARter vectors and displayed high expression levels of the transgenes over several weeks 172291
(unpublished data). In fact, NanoCMARter vectors encoding for different CARs (e.g. anti-CD19 or CEA)
provoked in some cases even better CAR expression rates than the corresponding pS/MARter vectors
(unpublished), which is also in line with results presented here (see Figure 4.3.3). Both vector systems
(pS/MARter and NanoCMARter) used here encode for the hPGK promoter, Element 40, which is known
to act as an efficient anti-repressive insulator 2°2, as well as the ApoL MAR motif, which is composed of
a repetitive mosaic of ATTA-ATTTA sequences 2. Therefore, the biggest differences and reasons for

diverse expression levels might lay in the vector sizes themselves and the strongly minimized bacterial
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backbone (small bacterial ori, lack of antibiotic resistance genes) in NanoCMARter vectors, which are
therefore expanded via a so-called RNA-OUT selection system. This system allows a sucrose selection
in a specially engineered strain of E.Coli by a small interfering RNA (iRNA) motif encoded on
NanoCMARter vectors 172 (see chapter 1.2.2.2). The fact that a minimized bacterial backbone leads to
increased expression levels of the transgene has been shown for different cell types using so-called
minicircles resembling NanoCMARter vectors 2112%32% Thjs is based on the fact that bacterial
sequences, especially bacterial oris and antibiotic resistance genes, are rich in unmethylated CpG
dinucleotides, which trigger gene silencing by methylation in eukaryotic cells 212929 Furthermore,
immune cells, including T cells, react very strongly to foreign (bacterial) DNA 2627 Toll-like receptors,
such as TLR9, and the STING (Stimulator of Interferon Genes) protein play a major role in this process
297 |n fact, TLR9 recognizes unmethylated bacterial DNA 2629 whereas STING is activated by binding
to cyclic dinucleotides (CDNs) 3%, The latter are produced by bacteria themselves or by a host cyclic
GMP-AMP synthase (cGAS) upon activation by cytoplasmic dsDNA 309392 Activation of TLR9 and STING
leads to inflammatory responses including increased production of type | interferons, which contribute
to anti-bacterial and -viral responses 2°73%, |n the case of electroporated T cells, the pro-apoptotic
effects of type | interferons 3%33% might also have a negative impact on survival and transfection
efficiency of T cells. Indeed, a comparison of NanoCMARter and pS/MARter anti-CEA CAR* T cells
revealed lower expression levels of type | interferons in NanoCMARter CAR* T cells (unpublished). In
order to confirm these preliminary results and to investigate whether NanoCMARter vectors are
actually superior to pS/MARter vectors, NanoCMARter and pS/MARter electroporated anti-NY-BR-1
CAR* Tcells should also be examined for the production of these cytokines by, for example,
intracellular flow cytometric analysis, and quantification of type | interferon concentrations in the cell
culture supernatants as well as single-cell RNA analyses. Further analyses should be performed on the
expression of pro-apoptotic proteins. In addition, the proportion of T, exhausted and apoptotic
T cells upon electroporation could also provide further information about the effects of these vectors
on cytokine release as well as T cell metabolism and differentiation.

Additionally, the size of NanoCMARter vectors in respect to full length (pS/MARter) vectors might
have a positive effect on transfection efficiency. Although equimass but not equimolar amounts of
transfected pDNA of distinct lengths cause different number of DNA molecules per cell 3%, transfection
efficiency / transgene expression, mean fluorescence intensity and cell survival correlate inversely with
plasmid size in both equimolar and equimass experiments 3%>-3%8 Reasons for these effects might be
manifold and the underlying mechanisms are not completely known but they may include, among
others, prolonged permeabilization of the plasma membrane in the presence of large plasmids leading
to a need for longer recovery time in order to reseal the membrane when compared to cells

electroporated with smaller plasmids3°63%, Indeed, Lesueur et al. (2016) 3% demonstrated that a
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prolonged recovery time improves both cell survival and transfection efficiency for large plamids 306310,

In this thesis, however, pS/MARter and NanoCMARter vectors were applied at equimass
concentrations, resulting in higher copy number of the (anti-NY-BR-1) CAR transgene in NanoCMARter
transfections. Hornstein et al. (2016) 3% also reported that the amount of DNA molecules per cell
differs between minicircles and normal plasmids in equimass experiments. An additional reason for
higher anti-NY-BR-1 CAR expression levels in NanoCMARter electroporated T cells might be the lower
mobility of large plasmids, which in turn might lead to reduced DNA-membrane interactions and
slower / weaker uptake of pS/MARter vectors compared to NanoCMARter vectors. However, Leseur
et al. (2016) 3% showed that extended pulses do not positively affect the transfection efficiency of large
plasmids, which contradicts the hypothesis of slower uptake. Thus, different anti-NY-BR-1 CAR
expression profiles in pS/MARter and NanoCMARter electroporated T cells are probably caused by
both the minimized bacterial backbone and the reduced vector length itself, which leads to partially
unclear effects on transgene expression 3053%,

Overall, these results reveal that the refinement of the original famous S/MAR based pEPI vector
to pS/MARter and NanoCMARter vectors 72 (patent W02019/060253Al) created a useful tool for gene-
engineering of human T cells. Hence, these novel S/MAR based technologies represent innovative,
cheaper and simpler methods for the generation of human anti-NY-BR-1 CAR* T cells compared to the

complex and expensive production of lentiviral particles.

5.3.2 The pS/MARter based electroporation system as a new tool for the

generation of CAR - expressing murine T cells

Having successfully generated human anti-NY-BR-1 CAR - expressing T cells, the synthetically
generated murine anti-NY-BR-1 immunoreceptors should also be investigated for their expression
capacity. The lentiviral productions of expression vectors encoding for three different murine
anti-NY-BR-1 CAR constructs
(attB1_clone2/10D11/clone3scFv_mFcA_mCD28A_m4-1BB_CD3z_attB2_hPGK_DsRed2_ WPRE) were
successfully performed via co-transfection of HEK 293T cells and subsequently used for the
transduction of human (Jurkat) and murine (NIH/3T3) cell lines (see Figure 4.4.1). Flow cytometric
analysis of the dsRED signal revealed high expression levels of all tested CAR constructs in both Jurkat
and NIH/3T3 cells. However, lentiviral transduction of primary murine T cells, isolated from C57BL/6
mouse spleens, resulted in strongly fluctuating transduction efficiencies and low viability rates (see
Figure 4.4.2). It was noticeable that cultivation of murine T cells proved to be difficult even without

transduction and, additionally, neither double transductions on two consecutive days nor prolonged
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activation periods or different medium compositions led to significant improvements. These results
are confirmed by various studies, which also showed that murine T cells are hardly transducible with
HIV-based VSV-G pseutotyped vectors because of various barriers to the HIV replication cycle 311315,
Depending on the study, these barriers are based on diminished efficiency of nuclear translocation
313314 reverse transcription 3!* and chromosomal integration 312,

Since electroporation of human T cells with S/MAR based vectors proved to be a favorable
alternative to lentiviral transduction, the applicability of this method to murine T cells was examined.
As no studies on this novel approach have been published so far, a protocol for the generation of
murine CAR* T cells using this S/MAR based electroporation system had to be established first. During
this process an optimization of the culture medium was essential to improve the overall viability of
murine T cells. Initial electroporation experiments using the Neon Transfection System (ThermoFisher)
and pS/MARter vectors encoding for the murine CAR constructs
(clone2/10D11/clone3scFv_mFcA_mCD28A m4-1BB_CD3z) led to different transfection efficiencies
depending on the applied voltages as well as the number and length of pulses (see Figure 4.4.3). High
voltages of up to 2000 V led to low viability rates in the first days after transfection but high CAR
expression levels detectable for at least six days, which indicated stable transfection (see Figure 4.4.3
A). In contrast, low voltages of only 1000 V led to opposite effects. The viability rates of such T cells
transfected with a high voltage of 2000 V increased again over time, which might be attributed to
proliferation of surviving T cells. However, several repetitions of electroporation assays with 1900 V
did not confirm this observation (see Supplementary Figure 6.5). Based on these initial results and
following optimization of the cultivation medium by adding high concentrations of IL-2 and anti-CD3 /
anti-CD28 antibodies, various voltages between 1500 V and 2000 V were tested for their efficiencies.
In this context, it was particularly important to find the optimal relationship between CAR expression
level and viability rates. Using a high number of consecutive pulses at a voltage of 1900 V provided the
best achievable results (see Figure 4.4.3 D). All these data are in accordance with previous research
findings. For example, Chicaybam et al. (2013)3® also demonstrated that murine T cells must exhibit a
high activation potential in order to transfect them efficiently with low mortality rates. In addition,
various studies have shown that the voltage level required to exceed the electrical potential of the cell
membrane inversely correlates with cell size 317318 which, in turn, differs for each cell type. Moreover,
the activation of T cells is associated with an increase in cell size 319329, |n general, higher voltages lead
to enhanced transfection efficiencies 31%32! but simultaneously to greater cell damages due to the

) 317

generation of reactive oxygen species (ROS as well as irreversible damaging of the cell membrane

and intracellular organelles, leading to cell death 322, This is also reflected in the data shown here.
Furthermore, the pulse duration represents an additional key variable for the optimal protocol,

because the longer a pulse lasts, the larger the size and smaller the amount of resulting pores 31832
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325 It is further assumed that prolonged pulses induce more stable complexes between DNA and
membrane 317324326 \which in turn improves DNA transfer and transfection rates. However,
temperature increases have been reported in association with rising pulse length in electroporated

322

cells **%, which might contribute to cell death. Due to these facts, the pulse length should be reduced

with increasing voltage and vice versa 32

Nevertheless, in this thesis, murine T cells were
electroporated at 1900 V with pulse lengths of 10 ms, whereas human T cells were electroporated with
a pulse length of 30 ms at 2200 V. The decisive difference was that murine T cells had to be
electroporated with three consecutive pulses of 10 ms length at 1900 V, since a single pulse was not
sufficient to achieve high CAR expression levels one day post electroporation (data not shown). Further
studies confirm that the use of several consecutive pulses has a beneficial effect on transfection
efficiency 399327328 55 the transport of larger macromolecules (such as pDNA) is an active process or
rather based on electrophoretic forces. A single pulse enables the permeabilisation of the membrane,
but is sometimes not sufficient to transport DNA to the membrane or rather into the cells 309327,
Numerous studies showed that a combination of short high-voltage pulses and long low-voltage pulses

are advantageous for both cell viability and transfection efficiency 32332

. Since this procedure could
not be evaluated for murine T cells on the device used here, further experiments on other devices
would be useful to further improve viability and transfection efficiency of murine T cells. Furthermore,
the use of OX40 containing CAR constructs and / or NanoCMARter vectors may have a positive impact
on viability and CAR expression levels, as observed in human T cells (see Figure 4.3.2; Figure 4.3.3).
Nevertheless, significantly higher viabilities and transfection efficiencies were already achieved with
the most optimized pS/MARter based electroporation protocol than with lentiviral transduction (see
Figure 4.4.3 E, F).

Overall, the pS/MARter electroporation of murine T cells proved to be a useful, cost-effective and

reliable technique for the generation of murine CAR* T cells, because this novel technology efficiently

solves many problems associated with lentiviral transduction of murine T cells.

5.4 The clone2 CAR shows a strong cross-reactivity with the NY-BR-1.1 protein

The specificity of the different anti-NY-BR-1 CARs was initially assessed by determining the
activation level of lentivirally transduced human CAR
(clone2/10D11/clone3scFv_hFc_hCD28 hCD3z_hOX40) expressing T cells after 24 h cultivation in 96
well plates coated with NY-BR-1 full length proteins. Indeed, all three CAR constructs induced strong
immune responses in lentivirally transduced T cells evidenced by elevated IFNy releases compared to

untransduced T cells, which confirmed the specificity of all three CAR constructs for the NY-BR-1
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protein (see Figure 4.3.4). Additionally, the activation levels of clone2 CAR - expressing T cells were
markedly enhanced compared to 10D11 and clone3 CAR* T cells. Since the applied CAR constructs only
differ in their antigen binding domains (scFvs), the differences might be based on varying affinities /
avidities. Thus, low affinity CARs need higher antigen densities for being activated and to reach the
highest possible activation potential than high affinity CARs 333335, However, in order to make a clear
statement about the affinities of the different anti-NY-BR-1 CARs, the equilibrium dissociation constant
(KD) would have to be determined. In this context, it is important to note that high affinity CARs do
not necessarily contribute to better functionality but may even contribute to on-target / off tumor

333336 or prevent serial killing of tumor cells due to excessive binding forces 3%.

toxicities

In terms of specificity, affinity and cross-reactivity it was unknown whether these anti-NY-BR-1 CARs
also bind to NY-BR-1.1, as this protein has a nucleotide and amino acid homology of 62% and 54% to
NY-BR-1 and is expressed in the breast, testis and brain ®. In particular, its expression in the brain could
pose a major risk in case of cross-reactivities, as various studies have already shown that T cells can
overcome the blood-brain and blood-cerebrospinal fluid barriers under certain conditions, leading to

inflammatory diseases of the brain 337

. Especially CD19 CAR* T cell therapies often provoke so-called
neurotoxicities due to a high cytokine release, which causes disruption of the blood-brain barrier 33,
In addition, clinical studies on the treatment of brain tumors with intravenously injected CAR* T cells
have already shown that CAR* T cells overcome the blood-brain barrier and migrate into the brain 3%,
To answer this important question about possible cross-reactivities of the three NY-BR-1 CARs with
NY-BR-1.1 protein, the aforementioned lentivirally transduced CAR* T cells were also cultivated in 96
well plates coated with the full-length NY-BR-1.1 protein for 24 h. The quantity of secreted IFNy was
again highest in clone2 CAR* T cells and corresponded roughly to the activation level of clone2 CAR*
T cells cultured in NY-BR-1 coated wells (see Figure 4.3.4). In contrast, 10D11 CAR* T cells showed no
evidence of cross-reactivity with NY-BR-1.1 and clone3 CAR* T cells were activated to a low degree,
which was significantly below the level of NY-BR-1 co-cultured clone3 CAR* T cells. The strong cross-
reactivity of clone2 CAR with NY-BR-1.1 can be justified with the strong homology between the
proteins NY-BR-1 and NY-BR-1.1 within the clone2 CAR epitope, because both proteins differ only in
one amino acid within this partial sequence (see chapter 1.2.1.2). By contrast, the slight activation of
clone3 CAR' T cells was unexpected, as the amino acid sequences of both proteins differ significantly
within the clone3 CAR epitope. Only 7 out of 17 amino acids are identical in this partial sequence. Even
though only three of ten amino acids within the binding site of 10D11 CAR differ between the NY-BR-1
and NY-BR-1.1 proteins, this CAR was not activated by NY-BR-1.1 protein. In order to exclude
interactions between clone3 CAR* T cells with NY-BR-1.1, cell lines expressing this protein should be

generated and applied for further analyses.
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On the one hand, these results reveal that all three anti-NY-BR-1 CARs recognize the NY-BR-1
protein and initiate an activation of human T cells upon binding to NY-BR-1. On the other hand, these
data indicate the unsuitability of clone2 CAR for clinical trials due to strong cross-reactivities with
NY-BR-1.1. However, according to the current status and further analyses performed within our group
(unpublished), the 10D11 CAR does not exhibit any reactivities with NY-BR-1.1 and therefore displays

a decisive advantage over the other CAR candidates.

5.5 All three anti-NY-BR-1 CAR candidates induce efficient anti-target immune

responses in vitro

The functionality of human and murine pS/MARter electroporated CAR* T cells was examined in
various in vitro experiments. First of all, stable NY-BR-1 transduced Bosc23 cells were co-cultivated
with human CAR (clone2/10D11/clone3scFv_hFc_hCD28_CD3z_h0OX40) expressing T cells at a ratio of
1:1 in order to perform a real-time monitoring of the target cell viability in an xCELLigence based
system. All three anti-NY-BR-1 CAR constructs conferred T cells with the ability to specifically kill
NY-BR-1* Bosc23 cells but not wild-type Bosc23 cells (see Figure 4.3.5). The target cell mediated
activation of T cells was also reflected in increased IFNy secretion. However, the survival rates of the
target cells were still between approximately 50 and 70 % after four days of co-cultivation, whereby
10D11 and clone3 CAR* T cells led to higher mortality rates of the target cells than clone2 CAR* T cells.
Furthermore, the IFNy concentrations in the cell culture supernatants of NY-BR-1* Bosc23 co-cultured
CAR" T cells were only about twice as high as those of mock T cells. These effects are probably based
on fluctuating and mostly low NY-BR-1 surface expression levels in transduced Bosc23 cells (see Figure
4.1.2). Despite Lactacystin treatment, NY-BR-1 expression levels were usually between 30 and 50 %
and also fluctuated greatly depending on cell density. Since increasing mortality rates are associated
with decreasing cell densities, additional NY-BR-1 expression decreases in the remaining cells can be
assumed. These facts may lead to a situation where only a part of the co-cultivated T cells are
activated, which, in turn, results in the observed moderately increased IFNy levels. Furthermore, IFNy
might be consumed or degraded during the killing process, which has a significant impact on end point
data measurements and could be prevented by multiple measurements of IFNy concentrations at
different time points during the experiment.

Similar results were obtained when murine pS/MARter CAR
(clone2/10D11/clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) electroporated T cells were co-cultured
with stably transduced NY-BR-1* EO771 cells. The viabilities rates after 24 h of co-cultivation (at an

effector to target ratio of 1:1) were calculated by CFSE and DAPI staining under the usage of flow
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cytometric analyses. Again, murine CARs caused an anti-target immune response in those T cells that
were co-cultivated with NY-BR-1* EO771 but not with wild-type EQ771 cells (see Figure 4.4.4). The
average survival rates of NY-BR-1* target cells remained between 50 and 60 % after 24 h of co-
cultivation, whereby no differences in anti-target functionality were observed between the different
anti-NY-BR-1 CAR* T cells. This phenomenon can be explained again by low NY-BR-1 surface expression
levels in transduced EO771 cells, which achieved a maximum of 15 - 30 % despite Lactacystin treatment
(see Figure 4.1.4). These values correspond to the differences in the viability rates between mock and
CAR* T cell co-cultured NY-BR-1* EO771 cells. However, surprisingly, analyses of the activation level of
electroporated murine CAR* T cells by measurement of CD69 expression or secreted IFNy indicated
that even CAR* T cells cultivated alone showed a high level of activation, which was not significantly
increased with killing of NY-BR-1*EQ771 cells (see Supplementary Figure 6.6). As murine T cells had to
be stimulated very strongly via CD28, CD3 and IL-2 in order to achieve high transfection efficiencies,
the resulting increased IFNy secretions and CD69 expression levels may persist for several days 3. It
was however difficult to perform killing assays at a later time point, as the viability rates decreased
over time (see Supplementary Figure 6.5). In addition, the electroporation process itself or rather the
introduction of foreign DNA might also contribute to cell-intrinsic activation of murine T cells because
the use of pS/MARter vectors with many bacterial sequences does not rule out an immune reaction
against such vectors 3**%3, Moreover, additional analyses performed within our group demonstrated
enhanced expression levels of type | interferons in human anti-CEA CAR* T cells after electroporation
with pS/MARter vectors (unpublished), as discussed in chapter 5.3.1. These interferons play a major
role in pathogen defense in virally and bacterially infected cells 34434>, The application of NanoCMARter
vectors could possibly avoid this problem. Nevertheless, the high activation level of murine CAR* T cells
did not cause an unspecific killing of wild-type EO771 cells (see Figure 4.4.4).

Established cell lines do not provide sufficient evidence for a possible clinical use of the immune
receptors. Therefore, pleural effusion cells from breast cancer patients were analyzed for NY-BR-1
expression and co-cultured with both pS/MARter / NanoCMARter electroporated and lentivirally
transduced CAR (clone2/10D11/clone3scFv_hFc_hCD28 CD3z_hOX40) expressing T cells in allogeneic
settings. Regardless of the method of CAR" T cell production, the target cells were eliminated
depending on their NY-BR-1 expression profiles, whereby 10D11 CAR* T cells mostly contributed to the
highest mortality rates of target cells and the second highest IFNy levels in cell culture supernatants
compared to clone2 and clone3 CAR* T cells (see Figure 4.3.6). In contrast to mock T cell - treated cells,
those target cells co-cultivated with CAR* T cells, especially with 10D11 CAR* T cells, exhibited no or
only a small proportion of remaining NY-BR-1" cells at the end of the experiments (see Figure 4.3.7;

Supplementary Figure 6.3).
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In one exemplary case, however, high mortality rates of mock T cell - treated target cells were
recorded (see Figure 4.3.6 A), which can be attributed, among others, to allogenic immune reactions.
Since the breast cancer patients and healthy Tcell donors were not HLA-matched, foreign HLA
molecules or HLA-peptide complexes are recognized by TCRs leading to elimination of those target

ceI |S 346,347

. In addition, tumor cells usually have a high mutation load probably leading to the
presentation of mutated / foreign peptides on HLA molecules. Since HLA matching does not
automatically prevent allogeneic immune responses because of the presence of minor

) 36347 which derive from polymorphic proteins, an autologous

histocompatibility antigens (mHAgs
approach should be used to optimize the experimental setting.

The direct comparison of human pS/MARter and NanoCMARter electroporated CAR* T cells in the
same experimental approach revealed that NanoCMARter CAR* T cells accounted for a nearly 100 %
killing of the target cells, whereas pS/MARter CAR* T cells eliminated a maximum of 60 % (see Figure
4.3.6 B). In addition, the released IFNy levels were more than twice as high with NanoCMARter as with
pS/MARter CAR* T cells. Given that NY-BR-1 expression levels of these pleural effusion cells were very
weak (about 14 %), the reasons for these results are manifold. The so-called bystander killing of CAR*
T cells has been reported for various antigens. This phenomenon is based on CAR* T cells that kill
surrounding antigen negative cells via a cell-cell contact dependent Fas/FasL interaction after prior
antigen-dependent activation 149348349 Fasl is upregulated on activated CAR* T cells and leads to
trimerization of the Fas receptor on target cells, which in turn, causes downstream activation of
caspase 8 and a perforin independent apoptotic death of the target cells ¥93%, However, Fas
expression levels were not studied for the pleural effusion cells used here. Furthermore, the
proportion of CAR expressing T cells was significantly higher upon electroporation with NanoCMARter
vectors compared to pS/MARter vectors this time (see Supplementary Figure 6.4), although no
statistically significant differences in the OX40 CAR expression patterns of both electroporation
systems were observed in multiple experiments (see Figure 4.3.3). In addition, the density of CAR
expression, represented by mean fluorescence intensity (MFI), was elevated in NanoCMARter
compared to pS/MARter CAR* T cells this time (see Supplementary Figure 6.4). As enhanced CAR
surface expression levels are associated with improved functionality 3, the different CAR expression
profiles in pS/MARter and NanoCMARter electroporated T cells might have affected experimental
outcomes. Furthermore, pS/MARter electroporated CAR' T cells exhibit increased expression levels of
type | interferons in contrast to NanoCMARter CAR* T cells (unpublished). These type | interferons may
have proapoptotic effects and trigger the generation of IL-10 producing T cells 3#43%! |eading to
impaired long-term efficiency of pS/MARter CAR* T cells in direct comparison to NanoCMARter CAR*
T cells. However, the generation of IL-10 - producing T cells upon electroporation with pS/MARter

OX40 CARs needs to be further investigated, as OX40 CARs have been shown to suppress IL-10
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secretion in lentivirally transduced CAR* T, cells %®. In addition, the dynamics of NY-BR-1 expression
levels pose the problem that NY-BR-1 expression levels cannot be exactly determined in real-time. For
transduced cell lines, it was shown that NY-BR-1 expression is dependent on cell cycle and cell density
(see Figure 4.1.2). To what extent this dynamic also applies to pleural effusion cells is not known
currently, but according to results shown in Figure 4.3.7 and group internal analyses, NY-BR-1
expression fluctuates in pleural cells over time as well. Nevertheless, end point analyses of NY-BR-1
expression levels demonstrated that both pS/MARter and NanoCMARter CAR* T cells eliminated all
NY-BR-1* target cells (see Supplementary Figure 6.3).

The lentivirally transduced CAR* T cells were similarly efficient as pS/MARter electroporated CAR*
T cells in killing of NY-BR-1* pleural effusion cells, but lentivirally transduced clone3 and 10D11 CAR*
T cells exhibited minimally higher lytic activities and increased IFNy secretion than clone2 CAR" T cells
(see Figure 4.3.6 C).

The different in vitro killing assays, however, not only confirmed that stable CAR - expressing T cells
can be generated by pS/MARter and NanoCMARter vectors, but also that they are as efficient as CAR*
T cells generated by classical lentiviral transduction. In addition, it became clear in both murine and
human settings that all three CAR candidates act specifically on NY-BR-1. Using human transduced or
primary target cells, the 10D11 CAR* T cells often led to higher mortality rates than clone2 CAR*T cells,
even though clone2 CAR* T cells showed higher activation levels in NY-BR-1 protein co-cultures than
10D11 and clone3 CAR* T cells (see Figure 4.3.4). The reasons for these results are unknown up to now,
so that various hypotheses exist.

All these findings may suggest that the clone2 CAR has a higher affinity than 10D11 and clone3
CARs, but has worse functional properties due to, for example, excessive binding and resulting
impaired serial killing of target cells 3. Another hypothesis might be a more specific binding of clone2
CAR to the NY-BR-1 protein compared with 10D11 and clone3 CARs, which leads to a more specific
elimination of target cells and sparing of target negative cells. However, this is more likely the case for
low affinity CARs 335336352 |n addition, the 10D11 CAR binding site might be more accessible than the
clone2 CAR binding site in the transmembrane NY-BR-1 protein. However, surface stainings of
NY-BR-1* EO771 cells with all three antibody formats did not reveal significant differences (see Figure
4.1.3). In order to prove all these hypotheses, further in vitro experiments using primary cells or
lentivirally transduced cells with different levels of NY-BR-1 expression are necessary to investigate the
relationship between target expression level and killing efficiency of CAR* Tcells as well as the
discrimination of tumor cells from normal breast tissues expressing NY-BR-1 protein at lower levels by
the different anti-NY-BR-1 CAR types. In addition, various in vivo safety and efficiency analyses were

carried out in this thesis in order to scrutinize the question of CAR specificities (see chapters 5.6, 5.8).
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5.6 Safety and functional analyses of the anti-NY-BR-1 CARs in C57BL/6 wt and
NY-BR-1'%/"mice

One of the major hazards in CAR* T cell treatment of solid tumors is the on target / off tumor toxicity
due to potentially low levels of target expression in normal tissues 3>3. Furthermore, certain cross-
reactivities with proteins similar to the target antigen cannot be excluded 3. Due to the fact that
NY-BR-1 is slightly expressed in healthy breast tissue 8273, these risks may also exist for anti-NY-BR-1
CARs. In order to assess and preclude these threats, both CD57BL/6 wt and NY-BR-1% mice were
treated with pS/MARter electroporated CAR
(clone2/10D11/clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) expressing T cells by intravenous injection
over a period of 14 days. The significant aspect of this NY-BR-1'®- model is that NY-BR-1 expression is
not restricted to the mammary glands (unpublished, see chapter 1.2.3.1). At DNA level, the inserted
transgene was detected in almost all organs (see Supplementary Figure 6.7). Further group internal
analyses revealed NY-BR-1 expression in different tissues including mammary glands, lung and salivary
glands at RNA level as well, even though NY-BR-1 expression is controlled by the MMTV promoter
(unpublished, see chapter 1.2.3.1). These results are consistent with other studies which proved the
functionality of the MMTV long terminal repeat in several organs 3%3 However,
immunohistochemical stainings of NY-BR-1%" mouse tissues using the clone2, 10D11 and clone3
antibodies were not successfully established (data not shown). The reasons might include too low
NY-BR-1 surface expression levels or masked epitopes by formaldehyde - based fixatives. Furthermore,
only heterozygous transgenic mice were used leading to the fact that each mouse has to be tested for
the presence of the transgene.

Furthermore, the comparison of various heterozygous and homozygous transgenic animal models
demonstrated that heterozygous animals usually show significantly lower levels of transgene
expression / activity than homozygous animals 3°6362, This effect might be attributed to homozygous
cells expressing both alleles. However, in case of mosaic transgenic animals, elevated protein levels
were also associated with a higher number of homozygous cells expressing the transgene 3%,
Therefore, the generation of a homozygous NY-BR-1 transgenic mouse model might be useful to
increase NY-BR-1 expression levels. In addition, both the integration site and copy number of NY-BR-1
should be studied in the NY-BR-1%" mouse model as the former affects silencing and formation of
mosaic-like expression patterns of the transgene 3%33% and high transgene copy numbers may lead to
epigenetic modifications and transgene silencing 3.

Nevertheless, anti-NY-BR-1 CAR* T cells persisted in the spleens of NY-BR-1'%®/ mice to a higher rate
than in C57BL/6 wt mice, indicating that NY-BR-1 expression in NY-BR-1'%® mice contributed to the

persistence of pS/MARter electroporated CAR* T cells (see Figure 4.5.1). It is already known that in
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addition to many other factors including CAR design (e.g. co-stimulatory domains) 3¢ and phenotype

367 antigen density / load plays a crucial role in the persistence of CAR*

of the starter T cell population
T cells because of antigen driven expansion and memory formation 3%, To further investigate these
aspects in the case of the anti-NY-BR-1 CAR* T cells used here, phenotypic analyses on the expression
of memory and naive stem cell markers such as CD45RA, CD45R0, CD62L and CCR7 might be helpful
39 Furthermore, the increased persistence of clone2 CAR* T cells in blood and spleens of NY-BR-1%"
mice was associated with strongly elevated cytokine concentrations in the plasma, whereas, the
treatment with 10D11 and clone3 CAR* T cells did not result in significantly elevated cytokine levels in
C57BL/6 wt and NY-BR-1"% mice (see Figure 4.5.2). In fact, clone2 CAR* T cell - treated NY-BR-1% mice
exhibited elevated levels of pro-inflammatory, T cell activation - associated cytokines such as IL-2 37°,
TNFa 37 and IFNy 372, Raised concentrations of the pro-inflammatory cytokines IL-18 and IL-12, which
are mainly produced by activated macrophages and dendritic cells 373374 were also detected in those
mice. In fact, IL-12 exhibits positive effects on IFNy production in T cells and TH1 type cellular immune
responses 33375 A high release of the cytokine IL-13, which is associated with TH2 immune derived

pro- and anti-inflammatory immune responses /6378

, was also particularly noticeable. In addition to
pro-inflammatory cytokines, three out of five clone2 CAR* Tcell - treated NY-BR-1®" mice
demonstrated increased levels of IL-10, which is secreted by macrophages, mast cells, B cells as well
as regulatory and helper Tcells and is known to act immune suppressively by directly affecting

379 and cytotoxicity of CD8* T cells 37°3%_ The cytokine release

expansion and differentiation of T cells
syndrome (CRS) is characterized by increased levels of several cytokines such as IFNy, IL-18, IL-2, IL-6,
IL-8 and IL-12, whereby the cytokine IL-6 plays a key role 31382 The latter is mainly secreted by
macrophages, monocytes and endothelial cells and, at high concentrations, it causes trans-activation
of different cell types via soluble IL-6 receptors 3138 which, in turn, results in the activation of a pro-
inflammatory signaling cascade 38138, Various CRS models were established in mice and were also
associated with elevated levels of various cytokines such as IFNy, IL-2 and IL-6 as well as weight loss
384385 However, the measured cytokine levels in clone2 CAR* T cell - treated NY-BR-1%® mice were
below the toxic thresholds reported in the study by Giavridis et al. (2018)** and none of the
anti-NY-BR-1 CAR* T cell - treated mice displayed any weight changes.

To exclude additional inflammatory processes or strong T cell infiltrations in mouse tissues, all
organs of CAR* T cell - treated mice were examined for visible abnormal changes. Neither inflammatory
nor necrotic processes were seen in any organ of CAR* T cell - treated mice, which represents an
important safety aspect for the application of anti-NY-BR-1 CARs in breast cancer patients.

Furthermore, immunohistochemical analyses of clone2 CAR* T cell - treated NY-BR-1% mouse organs

did not reveal increased amounts of infiltrated T cells (see Figure 4.5.2). The results correlate with a
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report showing that anti-HER2 CAR* T cells infiltrate HER2 expressing tumors but not HER2* organs in
HER2 transgenic mice 3,

Thus, these data indicate that all three CAR candidates, apart from the cross-reactivity of clone2
CAR with the NY-BR-1.1 protein (see Figure 4.3.4), can be considered safe, at least in the pre-clinical
setting. The elevated cytokine levels as a result of clone2 CAR* T cell treatment rather seem to indicate
mediate immune responses against the NY-BR-1 protein, which represents an important functional
aspect. In addition, these findings support the hypothesis that clone2 CAR* T cells require lower levels
of NY-BR-1 protein for full activation than 10D11 and clone3 CAR* T cells. Considering the low
expression levels of NY-BR-1 in healthy breast tissue and its over-expression in primary breast cancer
tumors and metastases in breast cancer patients, the administration of 10D11 and clone3 CAR* T cells
in the patient setting might be beneficial over treatment with clone2 CAR* T cells. In addition, the
anti-tumor efficacy of these CAR* T cells has been further investigated in vivo in the course of this work

(see chapter 5.8).

In order to confirm persistence, remaining functionality and antigen specificity of those CAR* T cells,
splenocytes of NY-BR-1%® and C57BL/6 wt mice, treated with pS/MARter electroporated CAR*
(clone2/10D11/clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) T cells over a period of 14 days, were co-
cultivated with Lactacystin-treated (NY-BR-1*) EO771 cells for 24 h. The strongly reduced viability of
NY-BR-1* EO771 cells after co-cultivation with clone2 and 10D11 CAR* T cell containing splenocytes
confirmed the persistence of those CAR* T cells and their remaining functionality (see Figure 4.5.3).
Strikingly, splenocytes from clone3 CAR* T cell - treated mice led to slightly decreased viability rates in
wild-type EO771 and NY-BR-1" EO771 cells to the same extent, whereas clone2 and 10D11 CAR* T cell
containing splenocytes did not attack wild-type EO771 cells confirming their specificity. As no
functional differences between C57BL/6 wt and NY-BR-1%" mice persistent untransfected (mock) or
CAR* T cells were observed, even though the T cells were originally isolated from C57BL/6 wt mice,
electroporated and injected in both C57BL/6 wt and NY-BR-1'%®/ mice, they were summarized in the
same graphs (see Figure 4.5.3). This shows that regardless of whether the CAR* T cells have previously
bound their antigen or not, they remain functional to the same extent ex vivo.

Nevertheless, since the mortality rates between mock T cell and clone3 CAR* T cell - treated EO771
and NY-BR-1* EOQ771 cells did not differ significantly, it can be assumed that the abovementioned
slightly reduced viability rates are not attributable to clone3 CAR* T cells but rather to killing by
untransfected (mock) T cells and other immune cells. This hypothesis is supported by the fact that after
co-cultivation with EO771 wild-type and NY-BR-1* EO771 cells, clone3 CAR" T cell containing
splenocytes exhibited lower proportions proportions of CD4*TNFa*, CD8 TNFa*, CD4*IFNy*, CD4*GrB*

and CD8*GrB* T cells than splenocytes derived from mock T cell - treated mice (see Figure 4.5.3). The
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371

detection of TNFa as a very early activation marker of T cells */* and IFNy as an activation marker and

important cytokine, which promotes the cytotoxicity of T cells 32, triggers upregulation of IL-12

372 372

receptors on T cells >’ and MHCI molecules on target cells *>’%, is an effective tool to investigate the
different actual activation levels of the variously cultivated T cells. Moreover, the detection of GrB
expressing cells reveals the actual proportion of T cells involved in the elimination of target cells via
the GrB / perforin dependent pathway 3873 The highest mortality rate of NY-BR-1* EO771 cells
achieved by 10D11 CAR* T cells was reflected in moderately increased proportions of IFNy, TNFa and
GrB expressing T cells. In contrast, clone2 CAR* T cells / splenocytes displayed lower amounts of
activated T cells, consistent with the weaker killing efficiencies of those cells compared to 10D11 CAR*
T cells / splenocytes. CD4*GrB* cells were also detected, which was not surprising, as various studies
have confirmed that human CD4 CAR* T cells have cytotoxic properties and even lead to long-lasting
anti-tumor responses in vivo 39 |n the murine system, GrB expression has been reported for CD4*
helper and regulatory T cells as well 30392, However, Stalder et al. (1994) 3% reported that murine
T cells primarily resort to the Fas/FasL pathway to eliminate target cells. Furthermore, recent studies
have found negative effects of perforin and GrB on the effectiveness of murine CD4* T cells by

interfering with the calcium signaling pathway in T cells 3%

or by perforin secretion of T cells, which
inhibits B cell proliferation 3! and NK / CD8" T cell induced anti-tumor responses 3°2. In contrast,
perforin dependent murine CD4" T cell cytotoxicity has also been reported in association with
infections 3%,

Overall, it was demonstrated that pS/MARter electroporated CAR' T cells persist and remain
functional in vivo, whereby 10D11 and clone2 CAR* T cells were clearly superior to clone3 CAR* T cells.
For a further improvement of this experimental setup, expression analyses of exhaustion markers such
as TIM-3, PD-1 or LAG-3 would be helpful, as T cell exhaustion, first identified during chronic infections
and characterized by loss of IL-2 production, proliferative capacity and killing 3°¢3%7, can attribute to
the failure of long-lasting anti-tumor responses in CAR* T cell therapies 3°2% and may also have had
negative effects on killing efficiencies and activation levels of anti-NY-BR-1 CAR* Tcells in the
performed ex vivo experiments. Furthermore, the isolation of anti-NY-BR-1 CAR" Tcells from
splenocytes and subsequent co-cultivation with target cells would allow the investigation of the actual
effectiveness of CAR* T cells without the impact of macrophages, B cells or dendritic cells. Additionally,

the resulting increased number of CAR* T cells could possibly lead to more significant differences in

the activation levels of T cells depending on the presence of NY-BR-1 positive or negative target cells.
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5.7 Establishment of NY-BR-1 subcutaneous tumor models

Having shown that CAR* T cells persist and remain functional in C57BL/6 wt and NY-BR-1%/ mice,
the anti-tumor effectiveness of these CAR* T cells should also be investigated in murine tumor models.
Based on the fact that NY-BR-1" EO771 cells turned out to be useful target cells for in vitro and ex vivo
efficiency analyses, these cells were originally intended for establishing a tumor mouse model but,
surprisingly, these cells were rejected after subcutaneous injection in both C57BL/6 wt and NY-BR-1'%"
mice, whereas wild-type EO771 cells formed subcutaneous tumors (see Figure 4.6.1). The rejection of
NY-BR-1* EO771 derived tumors was mainly based on tumor - infiltrating T cells and macrophages,
which was reflected in increased levels of different cytokines including IL-1R, IL-2, IL-12, IL-13 and
TNFa, whereby significant differences were observed between mice with complete tumor rejection
and the one mouse with a small remained tumor (see Figure 4.6.2). This effect can be explained by the
fact that at the time point of plasma cytokine quantifications, NY-BR-1* EO771 tumors had already
been completely rejected by most mice 10 to 14 days before, whereas one mouse still exhibited a small
tumor. This means that cytokine levels or rather the entire anti-tumor immune response had
decreased significantly 10 to 14 days after complete rejection compared to one mouse in which the
rejection process was still ongoing. Nevertheless, as it has already been repeatedly reported that
subcutaneously injected EO771 cells can form tumors in immunocompetent mice 394% and since that
has also been observed here with EO771 wild-type cells, rejection of NY-BR-1" EO771 cells is probably
directly based on NY-BR-1 expression.

Studies by Jager et al. (2005) %, Krishna Das (2017) 2°® and Gardyan (2015) *® confirm these results
and the existence of MHCI and MHCII restricted NY-BR-1 epitopes. In fact, Krishna Das (2017) 2°®
showed that NY-BR-1* EO771 tumors grow slower than EO771 wild-type tumors in HLA-DRB1*0401 tg
mice due to increased amounts of tumor - infiltrating T cells, especially CD8* cells, and macrophages.
In this study, NY-BR-1 specific T cells were identified in splenocytes from NY-BR-1* EO771 tumor
bearing mice by co-cultivation of those splenocytes with synthetic peptides representing HLA-DR-4 and
H2-D" - restricted NY-BR-1 epitopes. The reason for complete rejection of the NY-BR-1* EO771 cells
used here in contrast to the cells tested in the work of Krishna Das (2017) 2°® might be due to different
NY-BR-1 expression levels, because Krishna Das (2017) #*® demonstrated that the growth rate of
NY-BR-1* EO771 cells negatively correlates with NY-BR-1 expression level. In addition, NY-BR-1* EO771
cells provoked a B cell induced immune response in both C57BL/6 wt and NY-BR-1%" mice, as
demonstrated by the detection of anti-NY-BR-1 antibodies in mouse plasma (see Figure 4.6.2),
indicating high surface expression levels of NY-BR-1 protein. Therefore, both strong antibody and T cell

responses led to the complete rejection of NY-BR-1* EO771 tumors in immunocompetent mice.
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The observable intolerance in NY-BR-1% mice towards NY-BR-1 is nonetheless surprising. In
general, maturing T cells undergo a so-called positive and negative selection in the thymus. Positive
selection of CD4 CD8 double positive T cells takes place in the cortex of the thymus by MHC peptide
presentation on cortical thymic epithelial cells ! . If the affinity of the TCR to the MHC:peptide
complex is insufficient, the TCRa locus is rearranged several times (receptor editing) “°2. If this does
not lead to sufficient specificity towards the MHC:peptide complexes, T cells do not receive “rescue
signals” and undergo apoptosis. Tcells that have successfully overcome positive selection,
differentiate into CD4 or CDS8 single positive T cells, depending on their affinity to MHC | or MHC I,
express the chemokine receptor CCR7 and migrate into the medulla where the CCR7 ligands CCL19 and
CCL21 are expressed on the surface of medullary thymic epithelial cells (mTECs) “°*. Due to the
interaction of T cells with mTECs and dendritic cells, autoreactive T cells, which are characterized by a
too high affinity to self-peptide MHC complexes, are eliminated or differentiate into T cells 401403,
which play an important role in peripheral immune tolerance. Similar to T cells, B cells are also selected
depending on their binding affinity of the B cell receptor (BCR) to self-antigens during their
development in the bone marrow. It is assumed that positive and negative selection processes occur
in early B cell stages (pro-/ and pre-B cell) and in pre- and immature B cell stages, respectively 0440,
Indeed, several studies have reported that over 70 % of human late pre BCRs are autoreactive leading
to the elimination of the majority of these cells “°, However, another possibility represents the down-
regulation of the BCR / surface antibody and rearrangement of the light chain %% |f the
autoreactivity of the BCR continues, apoptosis is initiated. If not, unselected immature B cells are
exposed to a renewed negative selection process after their arrival in the spleen #%*4%_ |n several
transgenic mouse models (RhHEL %%, CEAGe18FJP %% HER2 %%, Mucl *¥), immune tolerances to
appropriate transgenes were observed, so that even transgene - expressing tumors were tolerated
without inducing B cell or T cell responses “%41°, Moreover, expressions of the transgenes were proven
in the thymi of these mice at RNA or protein level 4°74% NY-BR-1 expression was also detected at low
levels in the thymi of NY-BR-1®" mice (unpublished), but, however, the antigen expression levels might
be not sufficient to develop a complete immunotolerance against this transgene. It has already been
confirmed that the expression levels of different antigens vary in the thymus 47411412 s that low
thymic expression levels allow T cells with low avidity to overcome negative selection in thymus. Since
rejection of NY-BR-1* EO771 tumors was also observed in two homozygous NY-BR-1 transgenic mice,
the problem of insufficientimmunotolerance seems to be present here as well (see Figure 4.6.1; Figure
4.6.2). However, due to a limited number of homozygous offsprings, the rejection responses in those
mice could not be studied in detail. Overall, due to the fact that no inflammation or increased T cell

infiltration in both untreated and CAR* T cell - treated NY-BR-1%" mouse organs was detected (see
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chapter 5.6), it can be assumed that a high transgene expression density, as it was the case with
NY-BR-1* EO771 tumors, was responsible for the induction of an anti-NY-BR-1 immune response.

As aresult of T cell and antibody based rejection of NY-BR-1" EO771 tumors, immunocompromised
mice were used for growth analyses of these tumors. The applied NOD.CB17-Prdkc*® mouse model
has a nonobese diabetic (NOD) background, which means that these mice are genetically predisposed
for the spontaneous development of type 1 diabetes because of the specific destruction of insulin
producing R-cells by lymphocytes 43414, but, however, NOD.CB17-Prkdc*“ mice do not develop this
autoimmune disease due to additional mutations in the Prkdc gene encoding the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) *¥°. The latter plays an important role in the
nonhomologous end-joining (NHEJ) based repair mechanism of DNA double strand breaks. As the VDI
recombination processes of TCRs and BCRs / immunoglobulins are based on the NHEJ pathway, the
non-sense mutation in the Prkdc gene in NOD.CB17-Prdkc*® mice prevents the generation of mature
T and B cells #1%*18, Nevertheless, those mice still have an innate immunity including NK, myeloid and
monocytic cells 4*°. Hence, as expected, the subcutaneous engraftment of NOD.CB17-Prdkc*“ with
NY-BR-1* EO771 cells led to an uniform tumor progression in all mice confirming the important roles
of T cells and antibodies in the rejection process of NY-BR-1* EO771 cells (see Figure 4.6.3).

To circumvent rejection of NY-BR-1* EO771 tumors in C57BL/6 mice in the future, strong
immunogens within the NY-BR-1 protein should be identified by, for example, bioinformatic analysis
419 and peptide vaccination of C57BL/6 mice. Based on these results, deletion variants of NY-BR-1,
which hopefully still contain the specific epitopes targeted by the anti-NY-BR-1 CARs, could be used to

generate a variety of NY-BR-1* EO771 cell lines for subsequent injection as subcutaneous tumors.

To examine the functionality of human anti-NY-BR-1 CAR" T cells in tumor mouse models, NY-BR-1*
Bosc23 cells were injected subcutaneously into NOD.Prkdcsc®.1L2ry™" (NSG) mice. In comparison to
NOD.CB17-Prkdc*® mice, these mice additionally carry a mutation in the gamma chain of the IL-2
receptor #9421 which prevents cytokine signaling in various receptors (IL-2, IL-4, IL-7, IL-9, IL-15, and

IL-21) 422424 gand thus, in turn, leads to the absence of functional NK cells 4%

and allows a better growth
and persistence of human lymphocytes and tumor cells 422421 |n spite of the fact that Bosc23 cells are
primarily used for the production of retroviral particles, they formed subcutaneous tumors in all NSG
mice (see Figure 4.6.4). These results were not surprising, as Bosc23 cells were originally derived from
HEK 293T cells 2% which obtained characteristics of cancer cells due to their generation by
transformation of normal human embryonic kidney cells with sheared DNA from the human
adenovirus type 5 426427 |t has been confirmed that HEK 293T cells can form tumors in different mouse

428

models 4?8 and even exhibit cancer stem cell characteristics %°.
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5.8 Functional properties of human and murine anti-NY-BR-1 CAR - expressing

T cells in different in vivo settings

The concept of anti-NY-BR-1 CAR therapy for NY-BR-1 positive breast cancer tumors has only been
investigated in vitro so far. Since treatment of solid tumors is generally challenging as CAR* T cells must
migrate to and infiltrate the tumor, subcutaneous NY-BR-1" Bosc23 and NY-BR-1" EO771 tumor models
were used to evaluate the functionality of both human and murine CAR* T cells in vivo.

Human lentivirally transduced CAR* (clone2/10D11/clone3scFv_hFc_hCD28 hCD3z_h0OX40) T cells
led to strongly delayed tumor growth rates in NY-BR-1* Bosc23 tumor-bearing NSG mice and some
mice even remained tumor-free or exhibited tumors with volumes of less than 20 mm? (clone2scFv: 4
out of 7; 10D11scFv: 2 out of 7; clone3scFv: 3 out of 7 mice), so that clone2 CAR* T cells achieved the
best overall survival rates followed by clone3 and 10D11 CAR* T cells (see Figure 4.7.1). Such tumors,
which grew out over a longer period of time, were infiltrated by T cells, mainly in clone3 and 10D11
CAR* T cell - treated mice. However, some tumors showed increased T cell infiltration rates and still
grew faster than tumors with lower T cell infiltration rates and vice versa. In addition, no clear relation
between the amount of spleen and tumor persisting T cells was found. In fact, some mice showed
increased levels of tumor - infiltrating and spleen persisting T cells, while other mice showed only one
of both or T cells did not persist at all, whereby the latter led to a shortened overall survival. In addition,
NY-BR-1* Bosc23 tumor cells were also attacked by untransfected T cells up to a certain point in mock
T cell - treated mice (most likely via TCR-MHC induced responses). All these findings and other studies
suggest that in addition to the total amount of tumor - infiltrating T cells, other factors such as the CAR
type, CAR affinity 23, T cell phenotype 3% and tumor microenvironment 22430 play important roles
for the functionality of the individual tumor - infiltrating T cells. In addition, the proportion of
bystander (CAR negative) T cells can also play an important role. In this context, it is important to note
that immunohistochemical analyses (of Bosc23 tumors) allowed detection of CD3* but not CAR* CD3*
cells as the anti-human IgG antibody required for CAR detection also binds to Fcy receptors on tumor
cells. In addition, due to insufficient image resolution, flow cytometric analyses are not well suited to
reliably detect CAR* T cells in mouse tissues such as spleens and tumors. Due to these technical
limitations and significantly different outcomesin mock and CAR* T cell treated mice, it is assumed that
the majority of persisted / infiltrated T cells in CAR* T cell treated mice were CAR expressing T cells. For
a better understanding, mainly CAR* T cells will be discussed in the context of tumor infiltrating T cells
in CAR" T cell treated mice. In order to improve the detection of CAR expressing T cells in the future,
CAR* T cells might be labeled by using reporters such as GFP (green fluorescent protein), but these

431-433

reporters are immunogenic and cause cellular damage **!. Therefore, detection of infiltrated

CAR" T cells could be achieved by the detection of anti-NY-BR-1 CAR - encoding DNA and RNA via RT-
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gPCRs. However, in order to improve visualization and quantification of persisting bystander (CAR
negative) T cells and CAR* T cells, the fluorescence in-situ hybridization (FISH) technique could be
applied. In particular, the novel single molecule FISH - based technology — HuluFish***- allows the
identification and quantification of multiple gene expressions in single cells by hybridizing multiple
fluorophore-coupled nucleotides onto the complementary sequences. In fact, single RNA molecules
are visualized as bright spots by fluorescence microscopy**, which might enable the simultaneous
visualization of CAR positive and CAR negative T cells in mouse tissues.

In general, the level of tumor - infiltrating T cells is determined by various aspects such as the
trafficking to the tumor, cytokine milieu in the tumor and quantity of antigen positive tumor cells 430435,
To direct T cells to the tumor site, expression of chemokine receptors on T cells and release of T cell -
attracting chemokines, including CCL2, CCL3, CCL4, CCL5, CXCL 9 and CXCL10 by the tumor (especially
myeloid and stromal cells) or tumor infiltrated lymphocytes is necessary . In particular, high levels

437 are

of CXCR3 expression by tumor - infiltrating lymphocytes in melanoma **®* and breast cancers
associated with improved antitumor responses **8. Also, high levels of CXCR3 ligands (such as CXCL9,
CXCL10 or CXCL11) released by the tumor, which can be induced by IFNy %43 positively influence
T cell recruitment to the tumor site #7438, so that a lack of these chemokines impairs the outcome of
T cell - based immunotherapies **8. As this could also be one reason for the weak tumor infiltration by
lentivirally transduced anti-NY-BR-1 CAR* T cells in some mice, the secretion of many important T cell
- attracting chemokines by NY-BR-1 expressing Bosc23 derived tumors will be investigated in the near
future. Nevertheless, the concentration of one chemoattractant cytokine, IL-8, naturally secreted by

440 was determined in all tumors and was

various cell types including macrophages and cancer cells
actually elevated regardless of the kind of treatment (see Figure 4.7.2). It is known that this cytokine
contributes to invasion and angiogenesis in breast cancer and correlates negatively with ERa
expression *1, To what extent IL-8 is also secreted by wild-type Bosc23 cells is unknown and would
need to be investigated in further studies. Nevertheless, it might have contributed to the chemotaxis
of anti-NY-BR-1 CAR* T cells. In addition, IL-8 has pro- and anti-inhibitory properties on T cells **° (such
as the suppression of IL-4 secretion in CD4* T cells #*?) as well as on neutrophils and granulocytes 4,
Surprisingly, the determination of T cell - associated cytokine levels in the blood of CAR*
T cell - treated tumor bearing NSG mice did not reveal significant increases in pro-inflammatory
cytokines, even not in those that remained tumor - free (see Supplementary Figure 6.8). The reason
for this might be the low number of T cells in the blood of those mice and the strong dilution of the
cytokines originally derived from the tumor or rather tumor-infiltrated T cells (see Figure 4.7.1).
However, outgrown tumors showed slightly elevated levels of pro-inflammatory cytokines such as

IFNy, IL-1RB, IL-2 and IL-12, indicating T cell, especially TH1 370443444 and CD8* T cell 37372, mediated

immune responses (see Figure 4.7.2). Although 10D11 CAR* T cell - treated mice showed sometimes
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lower quantities of tumor - infiltrating T cells than those treated with clone3 CAR* T cells, the highest
increases in pro-inflammatory cytokine levels were observed in 10D11 CAR* T cell - treated tumors,
suggesting that tumor - infiltrating human 10D11 CAR* T cells may induce stronger anti-tumor
responses than clone3 CAR* T cells at equal infiltration rates. By contrast, the concentration of IL-10, a
cytokine that is mainly secreted by T cells and negatively affects the potency of tumor - infiltrating

45 was very low to undetectable

CTLs by advancing the exhaustion of tumor - infiltrating CD8* T cells
in all tumors. This may also be related to the CAR OX40 domain, which is known to prevent induction
of Treg cells **¢. However, there are also several controversial studies showing that IL-10 has anti-tumor
properties in breast cancer %4748 and stimulatory effects on different lymphocytes including CD8* and
CD4* T cells ##84° Nevertheless, to what extent tumor cells secreted further inhibitory chemokines
and molecules %% such as TGF-R, prostaglandin E2 (PGE2), soluble Fas, adenosine, ROS and vascular
endothelial growth factor (VEGF) or express inhibitory receptors including PD-L1 or down-regulate
death-receptors (such as Fas) has to be investigated in more detail, because an immunosuppressive
tumor milieu is one of the main reasons for the failure of CAR - based immunotherapies in solid tumors
231.

Apart from the tumor microenvironment itself, antigen expression has a decisive role in the
infiltration and effectiveness of CAR* T cells. In vitro, it has already been observed that NY-BR-1
expression decreases significantly on the surface of transduced Bosc23 cells as a function of cell cycle,
cell density and protein degradation (see chapter 5.2). Therefore, it is possible that loss of expression
occurs in adult tumors over time as well. These results are consistent with the study by Krishna Das
(2017) ¢, reporting about undetectable NY-BR-1 surface expression in transduced, outgrown tumors.
The declining NY-BR-1 expression levels may have impaired the effectiveness of anti-NY-BR-1 CAR*
T cells, as several studies have shown that antigen expression levels directly correlate with tumor
growth rates and overall survival in CAR* T cell - treated mice 3*0. Moreover, antigen loss can be caused
by mutations in the tumor or the selection pressure exerted by the immune system or rather CAR*
T cells %44, Once NY-BR-1* tumor cells have been eliminated by CAR* T cells, antigen negative cells
can grow out or even overgrow antigen positive cells. In addition, CAR* T cell mediated trogocytosis
has been reported for hematological malignancies **°. In this active process, the antigen is transferred
to CAR* T cells, resulting in a lower antigen density on tumor cells *°. To what extent this process plays
a role in anti-NY-BR-1 CAR therapies is unclear.

These results indicate that lentivirally transduced anti-NY-BR-1 CAR* T cells infiltrated and attacked
NY-BR-1 expressing Bosc23 tumors. No significant differences were observed between the different
CARs, as all three candidates led to significantly prolonged median and overall survival rates. However,
most mice remained tumor - free when treated with human lentivirally transduced clone2 CAR* T cells,

which may indicate that Bosc23 tumors with very low NY-BR-1 expression levels might be better
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infiltrated and eliminated by clone2 CAR* T cells than by 10D11 and clone3 CAR" T cells. The facts that
the NY-BR-1 expression levels in transduced Boc23 cells were very variable and heterogeneous in vitro

(see chapter 5.2), and that NY-BR-1 expression in hormal breast tissue is very mosaic-like 22*

, suggest
that NY-BR-1 expression levels were not identical in all outgrowing NY-BR-1" Bosc23 derived tumors
and mice. In addition, murine clone2 CAR* T cells responded significantly more strongly to very low
NY-BR-1 expression levels in NY-BR-1%¥ mice than 10D11 and clone3 CAR* T cells (see chapter 5.6). In
contrast, the infiltration capacities of human lentivirally transduced clone2, 10D11 and clone3 CAR*
T cells probably do not differ in the case of NY-BR-1 high expressing Bosc23 tumors. In fact, human
10D11 CAR* T cells showed sometimes stronger anti-tumor immune responses than clone2 CAR* T cells
(at the same infiltration rates), which was reflected in slightly higher cytokine levels inside the tumors
and more delayed tumor growth when considering the individual tumor growth curves in the
respective mice. These hypotheses are consistent with a study by Liu et al. (2015) 33 on anti-EGFR and
anti-HER2 CARs with different affinities. In this study, effectiveness and infiltration capacity of low
affinity CARs correlated with the antigen expression profile of the tumors, while at the same time

antigen overexpressing tumors were more strongly attacked by low affinity CARs than by high affinity

CARs 33,

In addition to the basic anti-tumor functionality of human anti-NY-BR-1 CAR* T cells, the impact of
both the process of CAR* T cell generation and the choice of co-stimulatory domains on their
anti-tumor efficiency was also of great interest, and, indeed, similarities but also small differences
between electroporated and lentivirally transduced CAR* T cells were found.

In fact, it was shown that the selection of co-stimulatory domains does not only influence the CAR
expression levels (see Figure 4.3.2) but also functionality and persistence of anti-NY-BR-1 CAR* T cells
in vivo. Human pS/MARter electroporated T cells expressing the
clone2/10D11/clone3scFv_hFcA _hCD28A _h4-1BB_hCD3z CD28 4-1BB CARs were not able to persist
in tumor bearing NSG mice (see Figure 4.7.3), whereas both pS/MARter and NanoCMARter
electroporated Tcells expressing anti-NY-BR-1 CARs containing the 0OX40 domain
(clone2/10D11/clone3scFv_hFc_hCD28 CD3z_hOX40) instead of the 4-1BB domain persisted in
tumor-bearing NSG mouse spleens and infiltrated into NY-BR-1* Bosc23 tumors (see Figure 4.7.4,
Figure 4.7.7). The effect of co-stimulatory domains on the efficiency of CAR* T cells is discussed very
controversially and seems to be associated with the general architecture of the CAR. Several studies
have shown that CD28, which is generally known as an early co-stimulatory signal during T cell
activation *°¢, leads to high IL-2 secretions when incorporated as a co-stimulatory domain in CARs,
which in turn promotes the generation of T.g cells, negatively affecting anti-tumoral immune

responses 27>47_|n addition, these CAR* T cells have been shown to persist poorly in different mouse
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models because they exhibit a high activation potential independent of antigen activation, high
proliferation rates and an effector memory / effector T cell phenotype, leading to rapid cell apoptosis
142458459 ' A mutation in the Lck binding site of the CD28 domain, which is also present in pS/MARter
anti-NY-BR-1 CARs (clone2/10D11/clone3scFv_hFcA_hCD28A h4-1BB_hCD3z), has been shown to
result in lower permanent IL-2 releases and higher antigen-specific proliferation 8. Especially in the
context of solid tumors infiltrated by T cells, CARs with mutated CD28 domains are known to be
significantly more efficient 27°. However, it was also demonstrated that second generation CARs with
a mutated CD28 domain cannot persist or induce a sufficient anti-tumoral immune response due to
the lack of Lck activation, which can be compensated with an additional co-stimulatory domain such
as 4-1BB #°,

461 and induces a central

4-1BB is known to be a late co-stimulatory signal in T cell activation
memory phenotype *? in second generation CARs with sustained persistence and expansion of CD8*
Tcells and simultaneously reduced exhaustion #*%° A combination of both mutated *° and
unmutated CD28 460462463 with 4-1BB domains was therefore found to be very effective. Nevertheless,
a combination of these two co-stimulatory domains did neither lead to persistence of anti-NY-BR-1
CAR" Tcells nor to reactivity against NY-BR-1 expressing Bosc23 tumors, in contrast to
CD28_CD3z_0X40 CARs. The reason for this phenomenon is possibly based on the fact that antigen
expression in Bosc23 tumors is very weak, so that the non-mutated CD28 domain in
clone2/10D11/clone3scFv_hFc_hCD28 CD3z_hOX40 CARs might contribute to a better persistence,
stronger activation and initial expansion of those T cells by a higher IL-2 release and / or partially
antigen-independent activation **%. To further investigate the role of non-mutated CD28 domains,
anti-NY-BR-1 CARs with unmutated CD28 domains combined with 4-1BB or mutated CD28 domains in
combination with OX40 should be evaluated. However, OX40 generally exhibits a positive effect on
anti-NY-BR-1 CAR expression, as CD28 CD3z_0X40 CARs achieved higher CAR expression levels than
CARs incorporating the CD28A_4-1BB and CD28_4-1BB domains (see Figure 4.3.2, see chapter 5.3.1).

464 and

In addition, the OX40 domain is known to provide a late co-stimulatory signal in T cell activation
to reduce the release of IL-10 in CD28_0X40 CAR* T cells, negatively affecting T cells 2% and possibly
facilitating the persistence and activation of anti-NY-BR-1 CAR* T cells in vivo. Although OX40 and 4-1BB
belong to the TNFR family, they differ in their binding to various subsets of TRAFs #6545, Furthermore,
there is evidence that 4-1BB is more strongly expressed on activated CD8* T cells than OX40, whereas
the opposite may be true for CD4* T cells %748, However, both domains act via TNFR2 and contribute
to T cell survival by upregulating anti-apoptotic Bcl-2 family members following CD28 signaling 465466,
A study by Hombach et al. (2011) %? showed that anti-CEA CARs incorporating CD28_CD3z_0X40
domains were superior to anti-CEA CARs with CD28_CD3z domains both in vitro and in vivo and

promoted the persistence of CD62L negative memory T cells. However, a direct comparison to
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CD28_4-1BB_CD3z anti-CEA CAR* T cells was missing in this study 2%, In contrast to results obtained
with anti-NY-BR-1 CAR* T cells, third generation anti-GD2 CARs with CD28 0X40_CD3z domains were
significantly inferior to CD28 4-1BB _CD3z anti-GD2 CAR T cells in vivo according to a study by
Quintarelli et al. (2018) “®2, They also showed a higher antigen-independent proliferation of 0X40
anti-GD2 CAR* T cells in vitro compared to 4-1BB anti-GD2 CAR* T cells, which is probably due to a
larger cluster formation of OX40 anti-GD2 CAR* T cells on the T cell’s surface. However, the difference
to anti-NY-BR-1 CARs is the distinct arrangement of co-stimulatory domains. While anti-NY-BR-1 CARs
had a terminally positioned 0X40 domain, the OX40 domain of GD2 CARs was located between CD28
and CD3z %2, Therefore, further CAR* T cell studies with different targets and positioning of the 0X40
domain would be necessary to provide a clear statement about the role of this domain in the
anti-tumor reactivity of CAR* T cells. Moreover, these results indicate that NY-BR-1 expression levels
in breast tumors could be used as a stratification strategy to select the most appropriate CAR with
respect to its co-stimulatory domains for each patient.

A direct comparison of the functionality of pS/MARter, NanoCMARter and lentivirally transfected
human CAR* (clone2/10D11/clone3scFv_hFc_hCD28 CD3z_hOX40) T cells reveals that there was no
complete tumor regression in tumor engrafted NSG mice treated with electroporated pS/MARter and
NanoCMARter CAR* T cells in contrast to the treatment with lentivirally transduced CAR* T cells (see
Figure 4.7.1, Figure 4.7.4, Figure 4.7.7). However, electroporated CAR* T cells, especially pS/MARter
CAR* T cells, persisted in some remaining tumors and mouse blood. The reason for higher numbers of
tumor - free mice when lentivirally transduced CAR* T cells were applied, is probably caused by the
fact that a different T cell donor was used for the lentiviral experiment than for the pS/MARter and
NanoCMARter approaches. In fact, mock T cells in the lentiviral experiment even showed a stronger
persistence and anti-tumor effectiveness than mock T cells in the other two experiments, which may
affect the overall effectiveness of (CAR*) T cells and thereby make these experiments only conditionally
comparable.

Nevertheless, in contrast to lentivirally transduced and NanoCMARter electroporated CAR* T cells,
the persistence of pS/MARter CAR* T cells in mouse tumors and blood led to increased cytokine levels
in the blood (see Figure 4.7.6). In particular, the concentrations of pro-inflammatory cytokines such as
GM-CSF, IFNy, IL-2 and IL-12 were more elevated in 10D11 CAR* T cell - treated mice than in mock,
clone2 and clone3 CAR" T cell - treated mice. Compared to IFNy, however, IL-2 levels remained very
low. To what extent this could be related to the OX40 domain is questionable, since different studies
showed either negative effects or nearly no effects of the OX40 domain on IL-2 release 286462, The
concentrations of immunosuppressive cytokines such as IL-10 remained low, which might be related
to the OX40 domain and is associated with improved efficiency of CAR* T cells 2. Similarly, tumors of

mice treated with lentivirally transduced 10D11 CAR* T cells also exhibited a higher increase in pro-
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inflammatory cytokines compared to clone2 and clone3 CAR* T cell treatment. For an even better
comparison, cytokine levels in the tumors (and not only in the blood) of pS/MARter and NanoCMARter
CAR' T cell - treated mice should also be investigated.

The general impression gained from Bosc23 tumor bearing mouse experiment using lentivirally
transduced CAR* T cells and different other in vivo and in vitro studies that clone2 CAR* T cells might
be able to infiltrate NY-BR-1 low-expressing tumor cells better than 10D11 CAR" T cells (see also
chapters 5.4, 5.6), was not confirmed in pS/MARter CAR* T cell - treated mice. In fact, 10011 and clone3
CAR* T cells even showed higher tumor infiltration rates in some mice than clone2 CAR* T cells but,
nevertheless, the median survival rates were identical in clone2, 10D11 and clone3 CAR* T cell - treated
mice and, additionally, 10D11 and clone2 CAR* T cells led to better overall survival rates than clone3
CAR* T cells (see Figure 4.7.4). In contrast to pS/MARter CAR* T cell treated mice, NanoCMARter CAR*
T cell - treated mice exhibited higher tumor infiltration rates when clone2 CAR* T cells were applied
compared to 10D11 CAR* T cell treatment (see Figure 4.7.7). However, NanoCMARter 10D11 CAR*
T cells provoked delayed tumor growth in more mice than clone2 CAR* T cells, which in turn confirms
the observations of the lentiviral experiment, in which lentivirally transduced 10D11 CAR" T cells
seemed to be more effective than clone2 CAR* T cells at same / similar infiltration rates.

Although significantly more T cells infiltrated into NY-BR-1* Bosc23 tumors when using pS/MARter
compared to NanoCMARter CAR* T cells, treatment with the latter provoked significantly longer
median survival rates than pS/MARter CAR* T cells with regard to the respective mock control groups.
This could be an indication that NanoCMARter CAR* T cells do not necessarily infiltrate better in
tumors, but may act more effectively inside of NY-BR-1" tumors. This hypothesis is strengthened by
the fact that NanoCMARter CAR* T cells eliminated significantly more pleural effusion cells in vitro than
pS/MARter CAR* T cells (see Figure 4.3.6 B). These effects could be due to the reduced bacterial
backbone and decreased expression of type | interferons in NanoCMARter compared to pS/MARter
electroporated CAR* T cells (unpublished).

The reasons why the tumors were not completely eliminated despite of infiltrated pS/MARter and
NanoCMARter human CAR* T cells were already discussed in the context of lentivirally transduced CAR*
T cells and might be based on weak or lack NY-BR-1 expression, the already completed elimination of
NY-BR-1* tumor cells and an immunosuppressive tumor microenvironment, whereby the latter has to

be investigated in more detail.

In order to get an even better understanding of the functionality of anti-NY-BR-1 CARs, the optimal
approach would be the evaluation of murine CAR* T cells in wild-type mice providing a functional
immune system. However, due to rejection of NY-BR-1* EO771 cells in both C57BL/6 wt and NY-BR-1%
mice, the subcutaneous NY-BR-1* EO771 tumor bearing NOD.CB17-Prkdc*““ mouse model had to be
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used (see chapter 5.7). In contrast to human T cells, pS/MARter electroporated murine T cells
expressing anti-NY-BR-1 CARs with mFcA _mCD28A m4-1BB_mCD3z domains persisted in mouse
spleens and tumors (see Figure 4.8.1, Figure 4.8.2). The reason for this might lie in the strong activation
of murine Tcells upon electroporation with pS/MARter vectors (encoding the
clone2/10D11/clone3scFv_mFcA_mCD28A_m4-1BB_mCD3z CARs), which was not observed to this
extent in human T cells (see Supplementary Figure 6.6). This activation may have had a positive effect
on the initial expansion and persistence of murine CAR* T cells. On the basis of the results obtained
with different human anti-NY-BR-1 CAR constructs, even better results could be achieved with murine
OX40 CAR* T cells, which needs to be examined in further experiments.

Nevertheless, murine clone2 and 10D11 CAR* T cells highly persisted in the spleens, whereas clone3
CAR" T cells surprisingly infiltrated the tumors in much larger amounts than clone2 and 10D11 CAR?*
T cells. In spite of very different quantities of tumor - infiltrating T cells, no statistically significant
differences in the tumor growth curves between the CAR" T cell treatment groups were noted. Only
the overall survival was slightly extended upon treatment with clone3 CAR* T cells, closely followed by
10D11 CAR* T cells compared to mock and clone2 CAR* Tcell - treated mice. The reason for this
phenomenon might be, as already described for Bosc23 tumor-bearing NSG mice, low NY-BR-1
expression rates in outgrowing EO771 tumor, whereby the tumors probably exhibit high NY-BR-1
expression levels at initial growth leading to rejection in immunocompetent mice and allowing an
initially high infiltration with (CAR*) T cells (see chapter 5.7). In addition, CAR* T cells might have
eliminated all NY-BR-1* EO771 cells, resulting in the overgrowth of antigen negative tumor cells. These
hypotheses are supported by the facts that, as described for NY-BR-1* Bosc23 tumors,
immunohistological stainings against NY-BR-1 protein could not be established for adult tumors and
that Krishna Das (2017) 2°® also reported about the failure of NY-BR-1 detection on the surface of
outgrown NY-BR-1* EO771 tumors. On top of that, untreated NY-BR-1" EO771 cells mostly showed
lower NY-BR-1 expression levels than NY-BR-1* Bosc23 cells in vitro (see Figure 4.1.2, Figure 4.1.4),
which may lead to an even weaker anti-tumor immune response and less suppression of tumor growth
in NY-BR-1* EO771 NOD.CB17-Prkdc*“® mice compared to NY-BR-1* Bosc23 NSG mice.

Further reasons for the weak anti-tumoral immune response despite T cell infiltration might also
be related to the mouse model used. While the functionality of human T cells was evaluated in NSG
mice, which do not exhibit mature T cells, B cells, macrophages and NK cells 4?°>, NOD.CB17-Prkdc*c¢
mice show impaired but not absent function of NK and myeloid cells #1>%°, |n addition, flow cytometric
analyses of untreated and CAR* T cell - treated NOD.CB17-Prkdc*“® mouse spleens and blood revealed
CD3 weakly positive cells, which might indicate T cell leakiness %7, Macrophages, in particular, play
a critical role in the immune response to solid tumors. They polarize to the M1 phenotype in the

presence of TH1 cytokines such as IL-12 and IL-18 or by activation via TLRs #’2. These macrophages are
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generally known to act immunostimulatory by secreting pro-inflammatory cytokines including IL-1R,
IL-6 and TNFa and play a key role in the killing of tumor cells by secretion of ROS #’2. TH2 cytokines
such as IL-4, IL-10 and IL-13 trigger the polarization of macrophages into the M2 type, which secrete
anti-inflammatory cytokines such as IL-10, IL.-13 and TGF-B and thereby promoting tumor growth 472,
Despite phagocytosis by macrophages, a high intratumoral accumulation of macrophages is often
associated with a poor prognosis in many solid tumors #’>47°,|n particular, high concentrations of IL-4
and IL-6, secreted by tumor-associated macrophages and TH2 cells, contribute to resistance to
chemotherapies and radiotherapies 42476, Breast cancer tumors are generally highly infiltrated by
macrophages ¥ and Krishna Das (2017) *® also found high levels of tumor infiltrated macrophages in
EO771 and especially in NY-BR-1* EO771 derived tumors. Considering the cytokine concentrations in
the blood of NY-BR-1* CAR T cell - treated NY-BR-1* EO771 NOD.CB17-Prkdc*“® mice, it is striking that
high concentrations of the immunosuppressive cytokine IL-10 382445 were measured in all CAR* T cell
groups (see Figure 4.8.3). In addition, high concentrations of TH2 cytokines such as IL-4, IL-5 and 1L-13

478 were found in clone3 CAR* T cell - treated mice. TH2 immune responses, especially the release of

IL-4, have an antagonistic effect on TH1 polarization 4°

and promote both tumor growth and
immunosuppressive effects of T, cells *3%%8!, Breast cancer tumors in the MMTV-PyMT mouse model
were also infiltrated by IL-4 producing TH2 cells, which in turn promoted M2 macrophage
differentiation and formation of metastases *®2. Moreover, highly elevated levels of IL-6 were detected
in clone2 CAR* T cell - treated mice, which generally indicates a strong immune response “® and the

472 With regard to other pro-inflammatory cytokines, high concentrations

presence of macrophages
of IL-12 were detected in all CAR* T cell groups, but the absolute concentrations of CTL-associated
cytokines such as IFNy or IL-2 were only minimally increased, whereby the low IL-2 release is mainly
due to the mutation in the CD28 domain .

Consequently, the recorded cytokine concentrations in mouse blood suggest that high
concentrations of immunosuppressive cytokines, which were presumably released by TH2 cells, Treg
cells and M2 macrophages, reduced the immune responses of murine anti-NY-BR-1 CAR* T cells. In
particular, the high IL-10 release could possibly be reduced by using the murine OX40 endodomain. In
addition, the cytokine and chemokine concentrations as well as the amount of infiltrated macrophages
in the tumor need to be investigated in order to better examine the types and concentrations of the
cytokines released by the tumor itself or the immune cells located in the tumor.

Overall, these analyses confirmed that all three anti-NY-BR-1 CARs exhibit high reactivities against
NY-BR-1 expressing tumors. In particular, human 10D11 CAR* Tcells showed high anti-tumor
reactivities, whereby several indications appeared that human clone2 CAR* T cells possibly infiltrate

better into NY-BR-1 weakly expressing tumors. However, to prove this hypothesis, further mouse

experiments with high and low NY-NR-1 expressing tumors are necessary. Using murine CAR* T cells,
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clone3 CAR* T cells proved to be more beneficial, as they infiltrated to a higher degree than clone2 and
10D11 CAR*T cells. Nonetheless, they did not lead to a significantly better tumor response than murine
10D11 CAR* Tcells. Furthermore, it was shown that the pS/MARter and NanoCMARter based
electroporation technologies can be used for stable CAR transfections of human and murine CAR*
T cells without limiting their functionality. Further experiments with other target antigens as well as
the investigation of gene expression patterns in human and murine CAR* T cells will have to show the
extent to which NanoCMARter vectors are more suitable compared to pS/MARter vectors.

In order to generally improve the functionality of anti-NY-BR-1 CARs, combination therapies with
radiotherapy %, chemotherapy *%, checkpoint inhibitors 948> or PD-1 disruption in CAR* T cells by
genome editing *7%% might be useful. To improve tumor infiltration and trafficking to the solid tumor,
anti-NY-BR-1 CAR* T cells could be equipped with chemokine receptors %849, A further possibility is a
more detailed examination of T cell phenotypes and expression of exhaustion markers. In fact,
injection of CAR - expressing Tscm instead of a total T cell population has been shown to be beneficial

in several studies 4°%4%2,

5.9 The 10D11 CAR - a suitable candidate for clinical breast cancer studies

Basically, all three evaluated anti-NY-BR-1 CARs proved to be functional against NY-BR-1 expressing
lentivirally transduced cell lines and primary cells. However, the use of clone2 CAR for clinical trials
poses a risk in view of strong cross-reactivities to the homologous protein NY-BR-1.1. Similarly, clone3
CAR exhibited weak reactions to the NY-BR-1.1 protein as well. In addition, clone2 CAR showed a strong
immune response to NY-BR-1 weakly expressing tissues in NY-BR-1'%®/" mice, which could be beneficial
for low expressing tumor cells but also might cause strong side effects to normal breast tissue.
Furthermore, the 10D11 CAR proved to be superior to clone3 CAR in several experiments, which was
especially evident in the absence or weak expression of the NY-BR-1 protein. In fact, murine 10D11
CAR* T cells persisted better than clone3 CAR* T cells in C57BL/6 wt and NY-BR-1®mice. Furthermore,
murine 10D11 CAR* T cells retained their functionality against NY-BR-1 expressing target cells even
after two weeks of persistence, which was not observed to the same extent with clone3 CAR' T cells.
In tumor-bearing mice, human 10D11 and clone3 CAR* T cells mostly persisted to a similar extent,
whereby the 10D11 CAR often led to higher anti-tumor immune responses, which was reflected in
higher cytokine levels in blood and tumors. When expressed in murine T cells, clone3 CAR facilitated a
more strongly tumor infiltration than 10D11 CAR, but both led to similarly good outcomes.
Consequently, both 10D11 and clone3 CAR* T cells display very similar characteristics and both might

contribute to the control of NY-BR-1 tumors in patients. However, since the 10D11 CAR did not show
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any cross reactivities so far, led to better persistence of T cells than clone3 CAR in the absence of the
NY-BR-1 target, and performed equally well or better than clone3 CAR despite weaker or equally good
tumor infiltration, the 10D11 CAR represents the most suitable CAR for clinical trials according to
current research. Due to significantly higher expression levels of 0X40 CARs in human T cells as well as
better persistence and efficiencies of OX40 CAR* T cells in direct comparison to T cells expressing
CD28_4-1BB CARs, the application of 10D11scFv_hFc_CD28 CD3z_0X40 CAR — expressing T cells is

recommended.
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DNA sequence encoding the NY-BR-1 full length protein

atggaggagatctctgccgeegetgtcaaggtegtgecgggeccggagegeccgagecctttcagecagetagtctataccageaacgactc
ctacatcgtccactctggggatcttagaaagatccataaagetgectccecggggacaagtccggaagetggagaagatgacaaagaggaagaa
gaccatcaaccttaatatacaagacgcccagaagaggactgctctacactgggectgtgtcaatggecatgaggaagtagtaacatttctggtag
acagaaagtgccagcttgacgtccttgatggegaacacaggacacctctgatgaaggctctacaatgecatcaggaggcttgtgcaaatattctg
atagattctggtgccgatataaatctcgtagatgtgtatggcaacacggcetctecattatgetgtttatagtgagattttgtcagtggtggcaaaact
gctgtcccatggtgcagtcatcgaagtgcacaacaaggctagectcacaccacttttactatccataacgaaaagaagtgagcaaattgtggaat
ttttgctgataaaaaatgcaaatgcgaatgcagttaataagtataaatgecacagecctcatgettgetgtatgtcatggatcatcagagatagttg
gcatgcttcttcagcaaaatgttgacgtctttgctgcagatatatgtggagtaactgcagaacattatgetgttacttgtggatttcatcacattcatg
aacaaattatggaatatatacgaaaattatctaaaaatcatcaaaataccaatccagaaggaacatctgcaggaacacctgatgaggetgeacc
cttggcggaaagaacacctgacacagcetgaaagcettggtggaaaaaacacctgatgaggctgeacccttggtggaaagaacacctgacacggc
tgaaagcttggtggaaaaaacacctgatgaggctgeatecttggtggagggaacatctgacaaaattcaatgtttggagaaagegacatctgga
aagttcgaacagtcagcagaagaaacacctagggaaattacgagtcctgcaaaagaaacatctgagaaatttacgtggccagcaaaaggaag
acctaggaagatcgcatgggagaaaaaagaagacacacctagggaaattatgagtcccgcaaaagaaacatctgagaaatttacgtgggeag
caaaaggaagacctaggaagatcgcatgggagaaaaaagaaacacctgtaaagactggatgegtggcaagagtaacatctaataaaactaaa
gttttggaaaaaggaagatctaagatgattgcatgtcctacaaaagaatcatctacaaaagcaagtgccaatgatcagaggttcccatcagaatc
caaacaagaggaagatgaagaatattcttgtgattctcggagtctctttgagagttctgcaaagattcaagtgtgtatacctgagtctatatatcaa
aaagtaatggagataaatagagaagtagaagagcctcctaagaagecatctgecttcaagectgecattgaaatgcaaaactctgttccaaata
aagcctttgaattgaagaatgaacaaacattgagagcagatccgatgttcccaccagaatccaaacaaaaggactatgaagaaaattcttggga
ttctgagagtctctgtgagactgtttcacagaaggatgtgtgtttacccaaggctacacatcaaaaagaaatagataaaataaatggaaaattag
aagagtctcctaataaagatggtcttctgaaggctacctgeggaatgaaagtttctattccaactaaagecttagaattgaaggacatgcaaactt
tcaaagcagagcctccggggaagcecatctgecttcgagectgecactgaaatgcaaaagtctgtcccaaataaagecttggaattgaaaaatga
acaaacattgagagcagatgagatactcccatcagaatccaaagaaaaggactatgaagaaaattcttgggatactgagagtctctgtgagact
gtttcacagaaggatgtgtgtttacccaaggctgcgcatcaaaaagaaatagataaaataaatggaaaattagaagggtctectgttaaagatg
gtcttctgaaggctaactgeggaatgaaagtttctattccaactaaagcecttagaattgatggacatgcaaactttcaaagcagagectcccgaga
agccatctgecttcgagectgecattgaaatgcaaaagtctgttccaaataaagecttggaattgaagaatgaacaaacattgagagcagatga
gatactcccatcagaatccaaacaaaaggactatgaagaaagttcttgggattctgagagtctctgtgagactgtttcacagaaggatgtgtgttt
acccaaggctacacatcaaaaagaaatagataaaataaatggaaaattagaagagtctcctgataatgatggttttctgaaggctecctgeaga
atgaaagtttctattccaactaaagccttagaattgatggacatgcaaactttcaaagcagagectcccgagaagecatctgecttcgagectgec
attgaaatgcaaaagtctgttccaaataaagccttggaattgaagaatgaacaaacattgagagcagatcagatgttcccttcagaatcaaaac
aaaagaaggttgaagaaaattcttgggattctgagagtctecgtgagactgtttcacagaaggatgtgtgtgtacccaaggctacacatcaaaaa
gaaatggataaaataagtggaaaattagaagattcaactagcctatcaaaaatcttggatacagttcattcttgtgaaagagcaagggaacttca
aaaagatcactgtgaacaacgtacaggaaaaatggaacaaatgaaaaagaagttttgtgtactgaaaaagaaactgtcagaagcaaaagaaa
taaaatcacagttagagaaccaaaaagttaaatgggaacaagagctctgcagtgtgagattgactttaaaccaagaagaagagaagagaaga
aatgccgatatattaaatgaaaaaattagggaagaattaggaagaatcgaagagcagcataggaaagagttagaagtgaaacaacaacttga
acaggctctcagaatacaagatatagaattgaagagtgtagaaagtaatttgaatcaggtttctcacactcatgaaaatgaaaattatctcttaca
tgaaaattgcatgttgaaaaaggaaattgccatgctaaaactggaaatagecacactgaaacaccaataccaggaaaaggaaaataaatactt
tgaggacattaagattttaaaagaaaagaatgctgaacttcagatgaccctaaaactgaaagaggaatcattaactaaaagggcatctcaatat
agtgggcagcttaaagttctgatagctgagaacacaatgctcacttctaaattgaaggaaaaacaagacaaagaaatactagaggcagaaatt
gaatcacaccatcctagactggcttctgetgtacaagaccatgatcaaattgtgacatcaagaaaaagtcaagaacctgctttccacattgeagg
agatgcttgtttgcaaagaaaaatgaatgttgatgtgagtagtacgatatataacaatgaggtgctccatcaaccactttctgaagctcaaagga
aatccaaaagcctaaaaattaatctcaattatgecggagatgctctaagagaaaatacattggtttcagaacatgcacaaagagaccaacgtga
aacacagtgtcaaatgaaggaagctgaacacatgtatcaaaacgaacaagataatgtgaacaaacacactgaacagcaggagtctctagatca
gaaattatttcaactacaaagcaaaaatatgtggcttcaacagcaattagticatgcacataagaaagctgacaacaaaagcaagataacaatt
gatattcattttcttgagaggaaaatgcaacatcatctcctaaaagagaaaaatgaggagatatttaattacaataaccatttaaaaaaccgtat
atatcaatatgaaaaagagaaagcagaaacagaaaactcatga

Supplementary Figure 6.1: DNA sequence of vector #44 (hPGK_NY-BR-1_IRES_Puromycin_WPRE) encoding the NY-BR-1 full
length protein
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Supplementary Figure 6.2: Staining of CD3 positive murine T cells 48 h upon isolation

Murine T cells were stained with the APC - conjugated anti-mouse CD3 antibody 48 h after isolation using the Pan T cell
Isolation Kit Il (Miltenyi). Unstained cells were used as controls (grey). The percentage indicate the proportion of CD3 positive
cells of the total number of isolated cells.
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Supplementary Figure 6.3: NY-BR-1 expression profile of pleural effusion cells (HD-A-213) prior and after co-cultivation with
pS/MARter and NanoCMARter electroporated anti-NY-BR-1 CAR - expressing T cells (CHA90)

Pleural effusion cells, isolated from patient HD-A-213, were co-cultivated with allogeneic pS/MARter
(clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28_CD3z_hOX40 (#433),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#434)) and NanoCMARter (clone2scFv_hFc_hCD28 CD3z_hOX40 (531),
10D11scFv_hFc_hCD28_ CD3z_hOX40 (#532), clone3scFv_hFc_hCD28_CD3z_h0OX40 (#533)) electroporated CAR* T cells in 96
well electronic microtiter plates (E-Plate 96, ACEA Biosciences) at a ratio of 1:1 for 80 h. The frequency of NY-BR-1 positive
target cells was determined by flow cytometric analysis prior and after the xCELLigence based killing assay. Cells were stained
with the monoclonal anti-NY-BR-1 antibody clone2 and the secondary APC - conjugated anti-mouse IgG antibody. The
percentages indicate the proportion of NY-BR-1 positive cells of the total number of survived pleural effusion cells.
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Supplementary Figure 6.4: Expression analysis of human anti-NY-BR-1 CARs in pS/MARter and NanoCMARter electroporated
T cells (CHA90) prior to xCELLigence based killing assay of pleural effusion cells (HD-A-213)

pS/MARter (clone2scFv_hFc_hCD28_CD3z_hOX40 (#432), 10D11scFv_hFc_hCD28 CD3z_h0OX40 (#433),
clone3scFv_hFc_hCD28_CD3z_hOX40 (#434)) and NanoCMARter (clone2scFv_hFc_hCD28 CD3z_hOX40 (531),
10D11scFv_hFc_hCD28_CD3z_hOX40 (#532), clone3scFv_hFc_hCD28_CD3z_hOX40 (#533)) electroporated T cells (donor
CHA90) were analyzed for the surface expression levels of the different CAR constructs prior to co-cultivation with the pleural
effusion cells (HD-A-213). T cells were stained with the PE-conjugated anti-human 1gG and the APC - conjugated anti-human
CD3 antibodies. [A] The percentages indicate the proportion of CAR - expressing T cells of the total number of electroporated
T cells. Untransfected (mock) T cells were used as controls. [B] Surface CAR density reflected by mean fluorescence intensity
(MFI).
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Supplementary Figure 6.5: Viability and CAR expression rates in murine pS/MARter electroporated T cells

Murine Tcells were electroporated with the pS/MARter vectors (clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295
(10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296 (clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) at 1900 V (10ms, 3
pulses). [A] T cells were cultivated in RPMI medium supplemented with R-mercaptoethanol (50 uM), IL-2 (100 IU / mL)
anti-CD3 Ab (100ng / mL), anti-CD28 Ab (100 ng / mL), L-glutamine (2 mM) and non-essential amino acids (1x) for 24 h before
electroporation. CD3 / CD28 high means that increased concentrations of the anti-CD3 (2 ug / mL) and anti-CD28 (1 ug / mL)
antibodies were applied. Following electroporation, T cells were cultivated in RPMI-1640 medium (w / o Phenol red)
supplemented with 20 % FCS, IL-2 (100 IU / mL) and L-glutamine (2mM). Data represent the viability and CAR expression
levels 24 h after electroporation (mean values + sem; 1900 V, low: n = 5; 1900 V, high: n = 11; *, p < 0.05; Welch corrected
unpaired one-tailed Student’s t-test). [B] T cells were cultivated as described in [A] under the usage of increased
concentrations of the anti-CD3 and anti-CD28 antibodies. Data represent the viability and CAR expression levels in murine
T cells one, two and three days after electroporation (mean values * sem; d+1: n = 15; d+2: n=5; d+3: n = 2; *, p < 0.05; **,
p < 0.01; one-way ANOVA followed by Holm-Sidak’s multiple comparison test). CAR expression levels were determined by

staining with the APC or PE - conjugated anti-mouse IgG antibodies. Viability rates were calculated using DAPI staining and
flow cytometric analysis.
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Supplementary Figure 6.6: Activation level of murine pS/MARter electroporated CAR* T cells upon co-cultivation with
(NY-BR-1*) EO771 cells

Murine Tcells were electroporated with pS/MARter vectors encoding the anti-NY-BR-1 CAR constructs #277
(clone2scFv_mFcA_mCD28A_m4-1BB_CD3z), #295 (10D11scFv_mFcA_mCD28A_m4-1BB_CD3z) and #296
(clone3scFv_mFcA_mCD28A_m4-1BB_CD3z) and subsequently co-cultivated with Lactacystin-treated (NY-BR-1*) EO771 cells
at a ratio of 1:1 in 96 well plates for 24 h. Untransfected (mock) T cells were used as controls. [A] Cells were stained with the
APC - conjugated anti-mouse CD3 and PerCP-Cy5.5- conjugated anti-mouse CD69 antibodies. The percentages indicate the
proportion of living (DAPI) CD3* CD69* cells of the total number of alone or (NY-BR-1*) EO771 co-cultivated T cells. [B] The
IFNy concentrations in the cell culture supernatants were recorded by IFNy ELISA at the end of the experiment. Experiments
were performed in triplicate (mean values + sem; no statistically significant differences according to paired two-tailed
Student’s t-test).
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Supplementary Figure 6.7: Real-time gPCR based determination of transgene (NY-BR-1) copy humber in NY-BR-1t¢/-mice
Following gDNA isolation from different organs of NY-BR-1'%/-mice, absolute transgene copy numbers were determined using
real-time gPCR and primers #370 and #371, which generate an amplicon of 99 bps within the SV40 poly A — encoding DNA
sequence. Reactions were done in triplicate. The standard curve was generated by amplifying a dilution series of plasmid #44
(hPGK_NY-BR-1_IRES_Puromycin_WPRE). [A] The absolute transgene copy number per ng gDNA is given for every organ. [B]
Gel electrophoresis of the qPCR products.

193



Supplement

GM-CSF IFNy IL-10
50 50 101
— 401 40 8
£ = L =
> 30 E E
= = 30 D 61
w - 2 2
4 3
2 20 Z 2 4
o = =
10 10 2
L
il » "
0 7 — 0 o
Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv
IL-18 IL-12 IL-2
104
10+ 10
84
8- —_— 8 —
g £ " £
E 6
B 64 3 © 3
2 = =
= 4 N S 9
3 - L} -
= L]
=l 2 . 2{ = . "a .
Ll sl
u CH ’ _"_, 04
0- Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv
Mock  clone2scFv 10D11scFv clone3scFv
IL-6
IL-4 IL-5
104
10+ 104
84
8 8 =
- = E ¢
= 3 < 64
6 ab
é 6 = =
2 = © 4
T 4 2 M 2
A =
= 2
21 21
] 0
0 - 0- Mock  clone2scFv 10D11scFv clone3scFv
Mock  clone2scFv 10D11scFv clone3scFyv Mock  clone2scFv 10D11scFv clone3scFv
IL-8 TNFa
104 10
84 8
T g
3 3
= &
w0 44 2 4
= = [
-
24 2
0- o
Mock  clone2scFv 10D11scFv clone3scFv Mock  clone2scFv 10D11scFv clone3scFv

Supplementary Figure 6.8: Plasma cytokine profile of tumor-bearing NSG mice upon treatment with lentivirally transduced
CAR* T cells

NSG mice were engrafted with NY-BR-1* Bosc23 derived tumors (2x10% NY-BR-1* Bosc23 cells / mouse) and treated with
anti-NY-BR-1 (#537, #538, #539) CAR* T cells (1x106 CAR* T cells / mouse) or untransduced (mock) T cells. Tumor engrafted
mice were sacrified at a tumor diameter of 15 mm or a tumor volume of 300 mm, whatever occurred first. The tumor volumes
were calculated with the ellipsoid formula (1/6 x 1t x length x width x depth). Subsequently, the cytokine concentrations in
the murine blood were assessed by using the Human 11-Plex Cytokine Kit (Ayoxxa) (lines indicate the medians; mock: n = 6;
clone2scFv, 10D11scFv, clone3scFv: n = 7; clone3scFv: n = 7; no statistically significant differences according to Kruskal Wallis
Dunn’s multiple comparison tests).
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7 Abbreviations
°C degree Celsius
ug microgram
pL microliter
UM micromolar
ACT Adoptive cell transfer
ADCC Antibody-dependent cell-mediated cytotoxicity
ALL Acute lymphocytic leukemia
AML Acute myeloid leukemia
ANK Ankyrin
ANOVA Analysis of variance
app approximately
BCR B cell receptor
bp base pair
CAR Chimeric antigen receptor
CcD Cluster of differentiation
CK Cytokeratin
CLL Chronic lymphocytic leukemia
cMet Tyrosine-protein kinase Met
CML Chronic myeloid leukemia
cMmv Cytomegalovirus
DC Dendritic cell
dH,0 Distilled water
DLBCL Diffuse large B-cell lymphoma
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl Sulfoxide
DNA Deoxyribonucleic acid
E.coli Escherichia coli
EBNA1 EBV nuclear antigen-1
EBV Epstein-Barr virus
EC European Commission
EDTA Ethylenediaminetetraacetic acid
EGFR Epidermal growth factor receptor
ELISA Enzyme-linked Immunosorbent Assay
ER Estrogen receptor
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ERBB2
ERE
ESA
FasL
FCS
FDA
FISH
FITC

kDa
LB-medium
LTR

M

mAb

MACS
mHAg
min(s)

mL

Erb-b2 receptor tyrosine kinase 2

Estrogen receptor response elements
Epithelial surface antigen

Fas ligand

Fetal calf serum

U. S. Food and Drug Administration
Fluorescence in situ hybridization
Fluorescein isothiocyanate

gram

Genetically engineered mouse
Granulocyte—-macrophage colony-stimulating factor
Human epidermal growth factor receptor 2
Human immunodeficiency virus

Human leukocyte antigen

Human phosphoglycerate kinase 1 promoter
hour

Hematopoietic stem cell

(quantitative) Polymerase chain reaction
Inducible costimulator

Interferon

Immunoglobulin

Interleukin

Internal ribosomal entry site
Immunoreceptor tyrosine-based activation motifs
International Unit

Kilobase

Kilodaltons

Lysogeny broth medium

Long terminal repeat

Molar

Monoclonal antibody

Magnetic activated cell sorting

Minor Histocompatibility antigen

minute(s)

Milliliter
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Abbreviations

MLV
mM
MMTV-LTR
mPGK
mRNA
ms
mTEC
Mucl
Nano
ng

NK cell
NY-BR-1
ORC
ORF
ori
P/S
PBMCs
PBS
PCR
PD-1
PDK
PD-L1
PE

PEG
PFA

Pl

PR

pS
Puro
RNA

rpm

RPMI medium

RTK
S/MAR
SAF

Murine leukemia virus

Millimolar

Mouse mammary tumor virus long terminal repeat

Murine phosphoglycerate kinase
messenger RNA

milliseconds

Medullary thymic epithelial cells
Mucin 1

NanoCMARter

Nanogram

Natural killer cell

New York Breast 1

Origin replication complex

Open reading frame

Origin of replication

Penicillin / Streptomycin
Peripheral blood mononuclear cell
Phosphate buffered saline
Polymerase chain reaction
Programmed death 1
Phosphoinositide-dependent protein kinase
Programmed death ligand 1
Phycoerythrin

Polyethylene glycol
Paraformaldehyde

Propidium iodide

Progesterone receptor
pS/MARter

Puromycin

Ribonucleic acid

Rounds per minute

Roswell Park Memorial Institute Medium
Receptor tyrosine kinase
Scaffold/matrix attachment region

Scaffold attachment factor
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Abbreviations

scFv Single chain variable fragment

SD Stable disease

sec(s) Second(s)

SERMs Selective estrogen receptor modulators
shRNA Small hairpin RNA

SV40 Simian virus 40

Ta Annealing temperature

TAA Tumor associated antigen

TCR T cell receptor

TGF-B Transforming-growth factor B

Th T helper cell

TIL Tumor - infiltrating lymphocytes

Tm Melting temperature

™ transmembrane

TNBC Triple negative breast cancer

Treg Cells Regulatory T cells

TRUCK T cells redirected for universal cytokine killing
Tscm Stem cell like memory T cell

u Unit

uv Ultraviolet

\Y Volt(s)

v/v Volume per volume

VSV-G Vesicular stomatitis virus glycoprotein G
WPRE Woodchuck Hepatitis Virus (WHP) Posttranscriptional Regulatory Element
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