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Summary

Summary

Tumor-associated macrophages (TAMs) contribute to tumor progression and foster the
immunosuppressive tumor microenvironment. Several immunotherapeutic approaches to target
TAMs are being developed, including the blockade of monocyte recruitment to the tumor site in
order to reduce the number of pro-tumorigenic TAMs. Chemokine (C-C motif) ligand 2 (CCL2) and
semaphorin 3A (Sema3A) secreted by tumor cells have been found to play crucial roles in the
attraction of monocytes via the respective receptors C-C chemokine receptor type 2 (CCR2) and

neuropilin 1 (NRP1) expressed on monocytes.

In this project, we selected fully human CCL2- and NRP1-targeting antibody fragments by means
of phage display and further characterized them in the immunoglobulin 1 (IgG1) format. We
demonstrated antigen specificity by ELISA, surface plasmon resonance spectroscopy and flow
cytometry. Since we could not show blocking of the NRP1 — Sema3A interaction by the NRP1-
specifc antibodies, these antibodies were not developed further. In contrast, we observed blocking
of the CCL2 — CCR2 interaction by flow cytometry and confirmed the blockade of intracellular
CCR2-dependent signaling mediated by our lead candidate anti-CCL2 antibody. Moreover, we
demonstrated reduced CCL2-dependent migration of monocytes in the presence of the CCL2-

specific antibody.

In addition, since recent reports showed that systemic administration of anti-CCL2 antibodies led
to increased CCL2 production, we aimed to develop a system that allows for local and intratumoral
delivery of the CCL2-neutralizing antibody fragment. To achieve this, we designed chimeric
antigen receptor (CAR) constructs that enable simultaneous expression of the CAR and soluble
secretion of our anti-CCL2 lead candidate. We demonstrated cell-surface expression of the CAR
molecule and functionality of the CAR T cells. However, although simultaneous expression of the
CAR and secretion of anti-CCL2 scFv was successfully proved for transfected HEK293T cells, we
failed to detect scFv secretion from primary human T cells transduced with the same constructs.
We assume that the amount of secreted scFv from T cells was below the detection limit of our
assays. Thus, future work is warranted that shows that CAR T cells are able to produce sufficient
amounts of anti-CCL2 scFv within the tumor and that this way of scFv delivery is superior to

systemic administration routes.



Zusammenfassung

Zusammenfassung

Tumorassoziierte Makrophagen (TAMs) tragen zur Tumorprogression bei und fordern das
immunsuppressive Tumormikromilieu. Verschiedene TAM-gerichtete immuntherapeutische
Ansatze werden entwickelt, einschliellich der Blockade der Monozytenrekrutierung zu Tumoren,
um die Anzahl pro-tumorigener TAMs zu verringern. Es wurde festgestellt, dass von Tumorzellen
sekretierte Molekile wie C-C-Chemokinligand 2 (CCL2) und Semaphorin 3A (Sema3A) eine
entscheidende Rolle spielen bei der Anlockung von Monozyten Uber ihre jeweiligen Monozyten-

exprimierten Rezeptoren, C-C Chemokinrezeptor Typ 2 (CCR2) und Neuropilin 1 (NRP1).

In diesem Projekt wurden vollstandig humane CCL2- und NRP1-spezifische Antikdrperfragmente
mittels Phagen-Display selektiert und im Immunglobulin 1 (IgG1) -Format charakterisiert. Wir
konnten die Antigenspezifitit nachweisen mittels ELISA, Oberflachenplasmonen-
resonanzspektroskopie und Durchflusszytometrie. Da wir keine Blockierung der NRP1 — Sema3A
Wechselwirkung durch die NRP1-spezifischen Antikérper zeigen konnten, wurden diese
Antikorper nicht weiterentwickelt. In Gegenwart des CCL2-spezifischen Antikorpers beobachteten
wir eine Blockierung der CCL2 — CCR2 Interaktion sowie der intrazellularen CCR2-abhangigen

Signallibertragung und zeigten eine verringerte CCL2-gerichtete Migration der Monozyten.

Da kurzlich veroffentlichte Berichte zeigten, dass die systemische Verabreichung von anti-CCL2
Antikdrpern zu einer erhdhten CCL2 Produktion fuhrte, wollten wir ein System entwickeln, welches
die intratumorale Abgabe des CCL2-spezifischen Antikérperfragments ermdglicht. Hierfur,
generierten wir chimare Antigenrezeptor (CAR)-Konstrukte, welche die gleichzeitige Expression
des CAR und die l6sliche Sekretion des anti-CCL2 Antikérperfragments ermdglichen. Wir
demonstrierten die Expression des CAR Moleklls auf der Zelloberflache und die Funktionalitat
der CAR T-Zellen. Obwohl die anti-CCL2 scFv Sekretion fur transfizierte HEK293T-Zellen
erfolgreich gezeigt wurde, konnten wir keine Sekretion aus transduzierten T-Zellen nachweisen.
Wir gehen davon aus, dass die Menge an sekretiertem scFv durch T-Zellen unterhalb der
Nachweisgrenze unseres Assays lag. Zuklnftig soll gezeigt werden, dass CAR T-Zellen in der
Lage sind, ausreichende Mengen an anti-CCL2 scFv im Tumor zu produzieren, und dass diese

Art der scFv-Abgabe den systemischen Verabreichungswegen Uberlegen ist.
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Introduction

1 Introduction

1.1 The innate and adaptive immune system

Our environment contains a vast number of pathogens and toxins challenging our immune system
at a daily basis. Therefore, the immune system employs complex mechanisms to keep pathogens
in check and usually eliminates them to avoid disease. At the same time, it is of utmost importance
not to damage healthy tissues or beneficial microbes. There are two lines of defense for rapid and

specific pathogen clearance: the innate and adaptive immune system [1].

The innate immunity represents the first line of defense which responds within hours after antigen
contact. Pathogens share common structures, so called pathogen-associated molecular patterns
(PAMPs), which are recognized by cells of the innate immune system via pattern recognition
receptors (PRRs) [2]. Upon antigen detection, cytokines and chemokines are responsible for the
rapid recruitment of additional immune cells to the site of infection. Numerous cell types constitute
the innate immune system including macrophages, granulocytes (neutrophils, basophils,
eosinophils), dendritic cells, mast cells and natural killer (NK) cells. Macrophages, neutrophils and
dendritic cells engulf (phagocytose) and eliminate microbes. Granulocytes are additionally
equipped with granules that contain lytic enzymes and cytokines which upon release help to
defend against pathogens. Furthermore, NK cells play an important role in the lysis of virus-
infected cells through the release of perforins and granzymes [1], [3]. In addition to the cellular
components of the innate immune system, there is a network of soluble proteins that opsonize
pathogens thereby marking them for phagocytosis. This so-called complement system can

activate antigen presenting cells (APCs) of the adaptive immune system [4].

The adaptive immune system constitutes the second line of defense and sets in if the innate
immune system is unsuccessful in eliminating a pathogen. In contrast to the innate immune
response, the adaptive immune response is highly antigen-specific and it takes several days until
the cells are fully activated and ready to participate in immune responses. Cells of the adaptive
immunity include T lymphocytes (T cells) and B lymphocytes (B cells). T cells interact with
macrophages and dendritic cells which function as APCs. Upon phagocytosis of pathogens, APCs
present fragments thereof loaded onto class || major histocompatibility complex (MHC) molecules
on their cell surface and thereby stimulate the adaptive immune system [1], [3]. In contrast, class
I MHC molecules are expressed on the cell surface of all nucleated cells for identification of “self’-

tissues and are responsible for presentation of intracellular peptides [2]. Each individual T cell
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displays a unique T cell receptor (TCR) on its surface recognizing a specific peptide antigen
fragment presented on MHC molecules. T cells can be subdivided into CD8+ cytotoxic T cells and
CD4+ T-helper (Th) cells. Cytotoxic (effector) T cells have the potential to destroy infected cells or
tumor cells presenting the cognate peptide antigen via MHC | molecules. Some of these effector
cells differentiate to long-lived memory T cells that can be rapidly reactivated following subsequent
encounters with the same antigen [1], [5]. Other than cytotoxic T cells, Th cells recognize antigen
peptides presented by MHC Il molecules and regulate and direct the immune response through
the secretion of cytokines. Depending on the APC and the encountered cytokines CD4+ T cells
differentiate to specific Th cell populations which are in turn characterized by different cytokine
production and roles in the immune defense. Th1 cells kill bacteria or virus infected cells as well
as tumor cells, Th2 cells aid B cell differentiation and antibody production, Th17 cells induce
inflammatory responses at mucosal surfaces, Th9 cells mediate defense against helminths,
follicular Th cells trigger B cell activation and germinal center formation and regulatory T cells

(Tregs) dampen the immune activation.

In contrast to T cells, B cells recognize native and extracellular antigens through their surface-
exposed immunoglobulin (B cell receptor, BCR) in an MHC independent manner. Upon antigen
encounter and by the support of follicular Th cells, B cells are activated and differentiate to plasma
cells or memory B cells. Plasma cells then secrete a soluble version of their immunoglobulin
(antibody), which circulates through the blood stream and binds to antigens exposed on the
surface of pathogens or soluble toxins. Memory B cells are long-lived and can quickly differentiate

to plasma cells to produce antigen-specific antibodies upon re-encounter with the antigen [1], [5].

When antibodies bind to a pathogen, the exposed fragment crystallizable (Fc) region is recognized
by cells of the innate immune system via Fc receptors and thereby elicits effector functions
resulting in phagocytosis and destruction of the pathogens. There are five types of antibodies,
namely IgA, IgD, IgE, IgG and IgM, which differ substantially in their functions and valency
(number of antigen binding sites). The first antibodies to be produced during an immune response
are IgM molecules which are pentamers and are primarily found in the blood and to a lesser extend
in the lymph. All other antibody types are generated by class switching. IgG antibodies are the
most common class found in blood plasma and efficiently opsonize pathogens for phagocytosis
and activate the complement system. Based on structural and functional differences IgG
antibodies are subdivided into four classes, 1gG1, 1gG2, IgG3 and IgG4 (numbered in reference
to decreasing serum concentration). All IgG classes except IgG4 activate the complement

cascade. IgG1 and IgG3 bind to all classes of Fcy receptors (1, Il and Ill), whereas IgG4 binds only
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Fcy receptor Il and Il and IgG2 binds only Fcy receptor Il. During an immune response, IgG1 and
IgG3 are induced in response to protein antigen and IgG2 and IgG4 in response to polysaccharide
antigens. IgA molecules can dimerize and are the most common antibodies in mucosal secretions
and breast milk where they exert neutralizing functions. IgD is found at low levels in the serum
and the function of these molecules remains unknown. IgE antibodies are present in the lowest
serum concentration, are bound with high affinity by receptors on mast cells and play a role in

allergic reactions [1], [6], [7].

Immunoglobulins are comprised of two identical heavy chains of the a, 6, €, y or p isotype and light
chains (either k or A light chain). In contrast, a TCR consist of an o and a 3 chain expressed in a
complex with invariant CD3 chain molecules (CD3ye, CD36¢ and two CD3( chains). Each chain is
composed of an N-terminal variable domain and one or more C-terminal constant domains
(immunoglobulin heavy chains contain three C-terminal constant domains). Within the BCR and
TCR variable domains there are three hypervariable regions, called complementarity determining
regions (CDRs), that protrude into the antigen-binding site and which make most of the contacts
with an antigen. The CDR loops are flanked by less variable framework regions that are important
for maintaining the immunoglobulin fold [7]. While each individual antigen receptor recognizes a
unique antigen, the pool of all receptors together is able to detect a vast number of antigens. This
diversity results from recombination of clustered variable (V), diversity (D) and joining (J) gene
segments. During V(D)J recombination (D only present in the immunoglobulin heavy chain and
TCR B chain) one of each gene is selected from a cluster of gene segments in the germline locus,
while the addition or removal of nucleotides at the joining sites can further increase the variability
of the newly arranged antigen receptor (junctional diversification) (Figure 1) [8], [9]. In germinal
centers, which are microstructures within secondary lymphoid organs (lymph node and spleen), B
cells proliferate, differentiate and maturate. Here, an additional process called somatic
hypermutation occurs which further increases the receptor diversity through introduction of various
point mutations in the V regions. Aided by follicular dendritic cells and follicular Th cells, B cells
which have successfully gathered mutations that confer a higher specificity of their BCR to an

antigen gain a survival advantage and finally differentiate [10], [11].
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Figure 1. Antibody genetic encoding and structure. The germline (unrearranged) DNA of the
immunoglobulin (Ig) heavy and light chain locus contains clusters of variable (V), diversity (D) (only heavy
chain) and joining (J) gene segments. The variable region of the Ig heavy chain is generated by
rearrangement and joining of each a single heavy chain D and J gene segment, followed by the joining of a
single V gene segment. The variable region of the Ig « or A light chain is generated by joining of each a
single V and J gene segment. During rearrangement, additional nucleotides may be added or removed at
the joining sites (grey) in order to increase the diversity of the CDR3 loop. The constant regions of the heavy
(CH1, CH2 and CH3) and the light (CL) chain are encoded downstream and are joined to the rearranged
V(D)J genes by splicing. Figure adapted from Boyd and Joshi [12].
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1.2 Macrophages as targets for cancer therapy

1.2.1 Macrophages and their role in the innate immune response

Monocytes and macrophages are cells of the myeloid lineage and have important functions in the
innate immune response. According to the mononuclear phagocyte system, monocytes derive
from precursors in the bone marrow, circulate in the blood and migrate into tissues where they
differentiate to macrophages. During an immune response, monocytes are recruited to sites of
infection or inflammation by various chemokines [13], [14]. Apart from the mononuclear phagocyte
system, recent studies suggest the yolk sac or fetal liver as additional source of monocytes during
embryonic development and that there are pre-macrophages which reside in certain adult tissues
and can give rise to mature macrophages [15]-[17]. Macrophages phagocytose pathogens and
produce cytokines to support the immune reaction. Based on the tissue they reside in and the

environment they encounter, macrophages can exhibit different morphology and functionality [18].

Macrophages are classified into two groups: classically activated macrophages, called the M1
phenotype, and alternatively activated macrophages, called the M2 phenotype. Importantly,
macrophages show a huge plasticity with diverse states ranging between M1 and M2 phenotype,
whereby M1 and M2 macrophages can only be seen as opposite extremes. Polarization towards
the M1 phenotype is mediated by bacterial lipopolysaccharides (LPS) as well as tumor necrosis
factor (TNF) and interferon-gamma (IFNy) secreted by cells of the innate and adaptive immune
system. Upon activation, M1 macrophages support the immune response via secretion of pro-
inflammatory cytokines (IL-1, IL-6, TNF), effector molecules (reactive oxygen and nitrogen
species) and chemokines (C-X-C motif ligand (CXCL)9, CXCL10) [18]. M2 polarization of
macrophages occurs in response to IL-4 and IL-13 secreted by Th2 cells, engagement of Fcy
receptors and toll-like receptors on the macrophage surface and anti-inflammatory cytokines
including IL-10 and transforming growth factor-f (TGFB). M2 macrophages are further
subclassified into M2a, M2b, M2c and M2d according to the listed stimuli which trigger their
polarization (Table 1) [19]. These macrophages generally induce anti-inflammatory,

immunoregulatory and wound-healing processes [18], [20].
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Table 1. Characteristics of classically activated M1 and alternatively activated M2 macrophages
(Adapted from Poh and Ernst 2018 [19])

Cla_s. sically Alternatively activated

activated

M1 M2a M2b M2c M2d
Stimuli IFNy IL-4 IL-1R IL-10 IL-6
inducing LPS IL-13 TGFB LIF
polari- GM-CSF Fungal/ Glucocorti- Adenosine
zation helminth coids

infection

Markers CD40 CD163 CD86 CD163 VEGF

CD80 MHC Il MHC Il TLR1

CD68 Scavenger Mer tyrosine TLRS8

MHC Il receptor kinase

IL-1R CD206

TLR2

TLR4

SOCS3
Cytokine TNF IL-10 IL-1 IL-10 IL-10
secretion  IL-1 TGFB IL-6 TGFB IL-12

IL-6 IL-10 TNF

IL-12 TNF TGFB

IL-23
Chemo- CCL10 CCL17 CCL1 CCR2 CCL5
kine CCL11 CCL22 CXCL10
secretion  CCL5 CCL24 CXCL16

CCL8

CCL4

CXCL9

CXCL10
Function Inflammation, Allergic Anti- Anti- Tissue repair,

tissue damage, inflammation, inflammation, inflammation angiogenesis

pathogen tissue repair, tissue

clearance tissue remodeling,

remodeling, fibrosis

fibrosis
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1.2.2 Macrophages in the tumor microenvironment

Macrophages are the most abundant immune cells in solid tumors and can constitute up to 50 %
of the tumor mass [21]. Their role in the tumor microenvironment is, however, diverse and depends
on their phenotype. Some preclinical studies have shown that tumor-associated macrophages
(TAMs) can exhibit anti-tumor characteristics. For example, in tumor tissues of colorectal cancer
patients TAMs secreted pro-inflammatory cytokines thereby activating cytotoxic T cells [22]. It was
not until the 1990s when several preclinical and clinical studies correlated TAM abundance with
poor clinical prognosis. A key experiment to prove the pro-tumorigenic properties of macrophages
was performed using a breast cancer mouse model, in which ablation of the colony-stimulating
factor 1 (CSF1) gene resulted in reduction of macrophage number and concomitant suppression
of tumor progression and metastasis [23]. Remarkably, a comprehensive analysis of 55 studies of
different cancers correlated high TAM numbers with poor clinical outcome in breast, bladder,
ovarian, gastric, oral and thyroid cancers [24]. Additional meta-analyses confirmed the correlation
of TAM infiltration and poor prognosis for breast, gastric and non- small-cell lung cancer as well

as for Hodgkin lymphoma [25]-[28].

Macrophages in the tumor microenvironment (TME) have been found to be mainly polarized
towards the M2 phenotype. Apart from cytokines derived from tumor infiltrating immune cells and
tumor cells, the hypoxic environment in solid cancers plays a pivotal role in macrophage
recruitment and polarization (as discussed later) [29]. TAMs have been found to be pro-
tumorigenic by inducing cancer initiation, tumor cell proliferation, angiogenesis, immune

suppression, invasion and metastasis (Figure 2).

Chronic inflammation is linked to cancer initiation and is characterized by strong activation of
nuclear factor-xB (NF-xB). Macrophages contribute to cancer initiation by creating a mutagenic
environment through the secretion of pro-inflammatory molecules such as IL-6, tumor necrosis
factor (TNF) as well as reactive oxygen species (ROS) and nitrogen species (NO) which may
promote genomic instability [30]. Following cancer initiation, tumor cells express IL-10 and
macrophage-colony stimulating factor (M-CSF), which leads to the increased secretion of growth-
arrest-specific gene-6 (Gas6) by macrophages. Gasb6 is the common ligand for the Tyro3, Ax1
and Mer receptors on cancer cells, all of which induce proliferation and survival. Additionally,
macrophages directly promote tumor growth by production of growth factors, including epidermal
growth factor (EGF), TNF and IL-6 [31]. Furthermore, progression of tumors requires the constant
formation of new blood vessels, a process called angiogenesis. The “angiogenic swith”, a dramatic
increase in newly formed blood vessels, is support by TAMs mainly via the expression of the
7
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angiopoietin receptor TIE2 and secretion of pro-angiogenic factors such as vascular-endothelial
growth factor (VEGF) or CXCL8 and CXCL12 [19], [30]. Moreover, TAMs generally exert an
immunosuppressive function mediated by the release of IL-10, which induces Treg expansion.
Additionally, up-regulation of programmed-death ligand (PD)-L1 on TAMs inhibits cytotoxic T cells
[19], [30]. Macrophages further promote the most important cause for cancer mortality: metastasis.
CSF1 secretion by tumor cells induces the production of EGF by TAMs which promotes tumor cell
migration. Additionally, macrophages produce proteases which degrade the extracellular matrix,

thereby allowing tumor cells to detach from the cell cluster and to migrate to other sites [19].

Proliferation Angiogenesis

‘.':. TIE2, VEGF,

CXCLs,
Gas6, EGF, CXCL12
TNF, IL-6

IL-10, PD-L1

\ Immunosuppression

Tumor initiation

EGF,
proteases

Invasion and metastasis

W Tumor cell € Healthy cell % Blood vessels
‘ Metastatic tumor cell ‘ Immune cell

Figure 2. Roles of tumor-associated macrophages in the tumor microenvironment. In the tumor

microenvironment, TAMs exert several pro-tumorigenic functions. They secrete pro-inflammatory cytokines,
growth factors, pro-angiogenic and immunosuppressive factors. Thereby TAMs support cancer initiation,
tumor cell proliferation, angiogenesis, immunosuppression as well as invasion and metastasis. Figure
adapted from Schmidt et al. [31].
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1.2.3 Macrophage-modulating cancer therapy

Due to their tumor-promoting properties, TAMs have become attractive targets for cancer therapy.
Different approaches to target TAMs are currently under investigation in preclinical and clinical
studies, including TAM depletion, reprogramming of TAMs into anti-tumoral phenotypes and
inhibition of TAM recruitment (Figure 3). In the following section, the most advanced, clinically

tested treatment approaches for macrophage modulation will be discussed.

Blockade of monocte
@ @ recruitment

Anti-CCL2, anti-CCR2,
anti-CSF1R

Depletion of TAMs

—

Anti-CSF1R,
bisphosphonates, trabectedin

@ Anti-tumorigenic
. 4 M1 macrophage

Reprogramming of Pro-tumorigenic
macrophages M2 macrophage

Anti-CD47, anti-SIRPa, TLR @ pead cel

??

ligands, anti-CD40 agonists Monocyte

Tumor cell

Figure 3. Therapeutic strategies targeting tumor-associated macrophages. Clinically evaluated
treatment approaches targeting TAMs include depletion of TAMs using CSF1 receptor (CSF1R)-specific
antibodies or small molecules and induction of apoptosis via bisphosphonates or trabectedin.
Reprogramming of macrophages from a pro-tumorigenic M2 to an anti-tumorigenic M1 phenotype is
currently under investigation using anti-CD47 and anti-SIRPa antibodies or fusion proteins as well as
agonistic TLR ligands and agonistic CD40-specific antibodies. To reduce pro-tumorigenic TAMs in the tumor
microenvironment, monocyte recruitment can be blocked and is clinically evaluated using CCL2-specific
antibodies, small molecules inhibiting CCR2 or anti-CSF1R antibodies. Figure adapted from Josephs et al.
[32].
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One strategy is the depletion of macrophages to inhibit tumor progression and metastatic spread
of tumor cells. Macrophages greatly depend on CSF1 receptor (CSF1R) signaling, therefore
several antibodies and small molecules targeting CSF1R are tested in clinical trials to deplete
macrophages and block their recruitment and survival. In total, there are five small molecules
(PLX3397, JNJ-40346527, PLX7486, ARRY-382 and BLZ945) and three monoclonal antibodies
(mAbs) (RG7155, IMC-CS4 and FPA008), all targeting CSF1R, under clinical investigation [30].
In a phase | and Il study using PLX3397 in patients with tenosynovial giant cell tumors, a group of
rare tumors that form in the joints and overexpress CSF1 and CSF1R, tumor regression was
observed in 11 out of 14 patients [33]. In a phase Il study of PLX3397 in glioblastoma patients,
however, no benefit was observed in comparison to standard of care treatment [34]. Furthermore,
in a phase I/l trial using JNJ-40346527 for treatment of Hodgkin lymphoma patients, over 50 %
of patients responded with stable disease [35]. The CSF1R-targeting small molecules PLX7486,
ARRY-382 and BLZ945 are currently being tested in phase | clinical trials for treatment of
advanced-stage solid tumors [30]. Moreover, the humanized mAb RG7155 efficiently depleted
CSF1R-expressing M2 macrophages in preclinical and clinical studies and resulted in 86 %
objective response and 7 % complete response in patients with tenosynovial giant cell tumors [36].
Nevertheless, complete depletion of macrophages for a long period of time is problematic,
therefore strategies of selectively depleting TAMs have been developed. Zoledronic acid and
clodronate, belonging to the bisphosphonates, were reported to induce apoptosis in macrophages.
Current studies are aiming to improve the delivery of these molecules by encapsulation. However,
several clinical studies using zoledronic acid and clodronate reported inconsistent results.
Consequently the route of administration of the drug needs to be further optimized [30]. Moreover,
the DNA-binding agent trabectedin is an approved anti-tumor drug for soft tissue sarcoma and

induces caspase-8 expression in TAMs thereby initiating apoptosis [37].

Reprogramming of pro-tumorigenic TAMs to an anti-tumorigenic M1 phenotype is a promising
approach and for this purpose various antibodies, fusion proteins and small molecules are
currently under clinical investigation. Many tumors overexpress CD47 which interacts with signal
regulatory protein o (SIRPa) on the surface of macrophages and mediates a “do not eat me” signal
[38]. Several preclinical studies have demonstrated anti-tumor effects of CD47 inhibition by
restoring tumor cell phagocytosis and killing. Two CD47-targeting mAbs (Hu5F9-G4 and CC-
90002) as well as a SIRPa-crystallizable fragment (Fc) fusion protein (TTI-621) are currently under
phase | clinical investigation for treatment of solid and hematological tumors [30]. Furthermore,
activation of pattern recognition receptors such as toll-like receptors (TLRs) is described to
polarize macrophages towards the pro-inflammatory M1 phenotype during an innate immune
10
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response. Consequently, TLR ligands have been developed to induce a switch of TAMs towards
the anti-tumorigenic M1 phenotype [39]. Imiquimod, 852A and IMO-2055 are agonistic TLR
ligands tested in clinical trials for the treatment of different cancers to evaluate their antitumoral
and macrophage modulating effects [30]. An additional approach to reactivate the antitumoral
potential of TAMs is the activation of CD40 signaling. CD40 is expressed on macrophages and
interaction with CD40 ligand (CD40L) induces upregulation of MHC surface molecules as well as
expression of pro-inflammatory cytokines [40]. Due to promising preclinical results of anti-CD40
agonistic antibodies in distinct tumor mouse models, two CD40-specific antibodies (CP-870,893
and RO7009789) have advanced into clinical trials [30]. CP-870,893 demonstrated anti-tumor

activity when treating patients with solid tumors [41], [42].

Another strategy is to prevent formation of TAMs by inhibition of macrophage recruitment to the
tumor. This inhibition is mainly addressed by blockade of the CC-chemokine ligand 2 (CCL2) — C-
C chemokine receptor type 2 (CCR2) axis. CCL2 is the key chemoattractant for monocytes and is
released by many tumor cells [43], [44]. In a clinical phase | trial treating patients with solid tumors,
the CCL2-specific monoclonal antibody CNTO 888 (carlumab) was well tolerated. However, an
increase in CCL2 levels expressed by the tumor was observed in response to the treatment [45].
Carlumab in combination with chemotherapy in a phase Ib trial demonstrated good safety but did
not induce a significant anti-tumor response [46]. Moreover, no antitumoral response was
observed in a phase Il trial when using carlumab for treatment of patients with castration resistant
prostate cancer [47]. More promising results were obtained in a phase Ib study combining a CCR2
inhibitor (PF-04136309) and chemotherapy for treatment of pancreatic adenocarcinoma. A partial
tumor response was observed for 49 % of patients without showing increased toxicities [48].
Furthermore, an ongoing clinical trial of the CCR2 inhibitor CCX872 in the treatment of fifty patients
with pancreatic cancer reported survival of 29 % of patients receiving CCX872 and chemotherapy
at month 18. This is more favorable than overall survival rates of 18.6 % at month 18 for
chemotherapy alone. In addition, circulating and inflammatory monocyte numbers were reduced
following treatment with CCX872 [49]. Intervention of CCL2 — CCR2 signaling is challenged by
compensatory mechanisms such as increased CCL2 concentrations in response to treatment with
the CCL2 inhibitor carlumab [45]. Combinatorial therapies of CCL2 — CCR2 inhibition for example
with checkpoint inhibition may reduce therapy resistance and have synergetic effects in restoring
T cell function. Moreover, targeted delivery as opposed to systemic application of these drugs may

circumvent compensatory mechanisms.
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1.2.4 Macrophage recruitment to tumors

In order to advance the therapeutic approach of inhibiting macrophage recruitment and
entrapment in the tumor, it is important to discuss the factors supporting these processes. A key
player in monocyte recruitment to the tumor is CCL2. In addition to cytokines such as CCL2, CCL5
or CSF1 secreted by tumor cells and other cells in the TME, the hypoxic environment in solid
tumors triggers the expression of chemoattractants by tumor cells, surrounding cells or
macrophages themselves including VEGF, endothelial-monocyte-activating polypeptide I,
endothelin-2, semaphorin 3A (Sema3A), stromal cell-derived factor 1 a, oncostatin M and eotaxin
[29], [50]-[57]. Additionally, damage-associated molecular patterns such as extracellular DNA,
RNA, adenosine triphosphate, or heat-shock proteins released from necrotic cells further attract
macrophages [58]. Once inside the hypoxic tumor region, expression of CCR2, CCR5 and
neuropilin-1 (NRP1) by TAMs is reduced, slowing down TAM migration and thereby trapping them
at the tumor site [54], [59], [60]. Moreover, mitogen-activated protein kinase (MAPK) signaling,
which is linked to macrophage migration, is blocked by upregulation of MAPK phosphatase 1 [29].

1.2.4.1 CC-chemokine ligand 2 structure and function

CCL2, also known as monocyte chemotactic protein-1 (MCP-1), was first isolated in 1989 from
tumor cell supernatants and activated peripheral blood mononuclear cells (PBMCs) [43], [44].
Along this line, it has been shown that CCL2 attracts monocytes to the site of inflammation during
an acute immune response [61]. The CCL2 cDNA encodes a 99 amino acid precursor protein with
a 23 amino acid signal peptide. The mature protein is composed of 76 amino acids and has a
molecular weight of approximately 13 kDa [62]. CCL2 is secreted by fibroblasts, astrocytes, mast
cells, endothelial cells, osteoblasts, macrophages and lymphocytes in response to signals such
as pro-inflammatory cytokines [62]. Importantly, CCL2 is expressed by a huge variety of human
tumors, including prostate, breast and ovarian cancer. In most cancer cells the transcription factor
NF-kB is constitutively activated and CCL2 possesses two NF-«B binding sites in the 5
untranslated region [63], [64]. Moreover, CCL2 is further upregulated in tumor cells in response to
inflammatory molecules, such as IL-1, IL-6, TNF or TGFp [65]. CCL2 is comprised of three distinct
domains (Figure 4). First, a flexible N-terminal domain containing disulfide bonds between the N-
terminal cysteines which triggers receptor binding and activation. Second, three anti-parallel -

pleated sheets and, third, an a-helix overlying these sheets [66].
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Disulphide
P Figure 4. Schematic representation of

CCL2. CCL2 is composed of an N-terminal
loop (N-Loop) with two cysteine residues (C).
Three anti-parallel B-sheets are connected by
the 30s and 40s loops and are followed by an
a-helix. The structure is stabilized by
disulphide  bonds between conserved
cysteines. Figure adapted from Deshmane et
al. [66].
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Upon secretion of chemokines, chemokine receptor-expressing cells migrate along the chemical
ligand gradient (chemokine gradient) towards high chemokine concentrations [66]. CCL2 is bound
by its cognate receptor CCR2 which is expressed on monocytes, macrophages, lymphocytes and
non-hematopoietic cells such as fibroblasts, endothelial cells and mesenchymal stem cells [62].
CCR2 expression has been found to be down-regulated during the differentiation of monocytes to
macrophages [67]. CCR2 also interacts with other chemokines (CCL7, CCL8, CCL13), albeit not
as efficiently as with CCL2 [68]. Chemokine receptors are seven-transmembrane receptors
coupled to heterotrimeric G proteins and are therefore called G protein-coupled receptors. Upon
activation of CCR2, downstream intracellular signal transduction via the MAPK signaling cascade
results in the transmigration of monocytes [69]-[71]. Specifically, Ashida et al. have described a
model to explain CCL2-dependent cell adhesion and migration. Following binding of CCL2 to
CCR2, downstream signaling via extracellular signal-regulated kinase (ERK) results in integrin
activation which mediates cell adhesion. Moreover, signaling via Rho, Rho kinase and p38 MAPK
mediates chemotaxis [71]. Also of note, CCR2 triggers pro-inflammatory functions mediated by
antigen-presenting cells and T cells as well as anti-inflammatory effects mediated by regulatory T
cells [62].

High CCL2 expression has been correlated with high intratumoral macrophage density and poor
clinical prognosis for many tumors, including breast, prostate, ovarian and non-small cell lung
cancers [72]-[75]. Moreover, CCL2 has been found to polarize macrophages towards the pro-

tumorigenic M2 phenotype by enhancing their IL-10 expression [76]. Importantly, CCL2 also
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directly promotes tumor growth, survival and invasion [62]. Consequently, CCL2-targeted

therapies have been evaluated in preclinical and clinical studies.

Inhibition of CCL2 using monoclonal antibodies neutralizing the murine homolog of CCL2,
correlated with reduced tumor growth in mouse models representing prostate and lung cancer
[77], [78]. Moreover, metastasis was reduced in a breast cancer mouse model upon intra
peritoneal injection of a murine antibody targeting human CCL2 (MAB679, R&D Systems) [79]. In
a xenograft mouse model of renal cell carcinoma, treatment with MAB679 resulted in reduced
intratumoral TAM density [80]. Furthermore, in an in vitro experiment, inhibition of CCL2 using a
rabbit polyclonal anti-human CCL2 antibody (ab9669, Abcam) enhanced the expression of M1
phenotype markers and cytokines in human macrophages while M2 marker expression was
reduced [76]. In addition, two phage display selected human antibodies against human CCL2
(MC8 and MC32) showed in vitro inhibition of monocyte chemotaxis [81]. To date, there are two
therapeutic monoclonal antibodies to CCL2 which have advanced into clinical trials, namely
ABN912 and carlumab. ABN912 is a human anti-human CCL2 IgG4 antibody developed by
Novartis for the treatment of rheumatoid arthritis. The antibody was generated by immunization of
genetically engineered mice containing human immunoglobulin genes. In a phase Il trial in 45
patients with rheumatoid arthritis intravenous infusion of ABN912 showed no clinical improvement
and resulted in increased CCL2 serum levels following treatment [82]. Carlumab is a phage
display-derived human IgG1 antibody targeting human CCL2 and was developed by Centocor.
CCL2 blockade using carlumab increased efficacy of chemotherapy in mouse models of ovarian
cancer [83]. Clinical studies including the anti-CCL2 antibody carlumab showed less antitumoral
efficacy compared to the preclinical studies indicating that clinical translation of this treatment
approach needs further optimization [47]. Taken together, CCL2 appears as a promising target for

anti-cancer therapy especially with regard to blocking the macrophage recruitment by the tumor.

1.2.4.2 Neuropilin 1 structure and function

NRP1 is a single-pass transmembrane, non-tyrosine kinase receptor of approximately 120 kDa.
NRP1 consists of an N-terminal extracellular domain, a transmembrane domain and a short
cytoplasmic tail containing a PDZ (PSD-95, Disc-large, and ZO-1)-binding motif to mediate
protein-protein interactions (Figure 5). Within the extracellular domain there are two CUB
(complement C1r/C1s, Uegf, Bmp1) domains (al1/ a2), two factor V/VIII coagulation factor

homology domains (b1/ b2) as well as a MAM (meprin, A-5 protein, and receptor protein-tyrosine
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phosphatase mu) domain (c), that causes receptor dimerization [84], [85]. In addition to the
membrane-bound form, there are also soluble isoforms of NRP1 which potentially serve as decoy
receptors [86]. NRP1 has diverse functions depending on the interacting ligand and cellular
expression. NRP1 is expressed in the developing nervous system, lymphoid and myeloid cells,
endothelial and tumor cells, including lung, breast, prostate, pancreatic and colon carcinomas,

melanoma, astrocytoma and neuroblastoma [86], [87].

Sema3A VEGF
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I |1 I I I

CUB ; CUB m VNI | VAVIII MAM gt TM PDZ
al a2 b1 b2 C

Figure 5. Schematic representation of NRP1. NRP1 is composed of an extracellular domain, a
transmembrane (TM) domain and a cytoplasmic domain. Within the extracellular domain, two CUB domains
(a1/a2) mediate Sema3A binding, two factor V/VIII homology domains (b1/b2) mediate VEGF binding and
a MAM domain causes oligomerization. The short cytoplasmic domain contains a PDZ-binding motif which

can mediate protein-protein interactions. Figure adapted from Pellet-Many et al. [88].

NRP1 was initially described to be expressed in axons and to serve as cell-surface receptor for
class Ill semaphorins, primarily Sema3A [89]. Secreted Sema3A binds to the CUB domains of
NRP1 and forms a holoreceptor complex with PlexinA1 or PlexinA2 resulting in axonal guidance
[86]. Apart from this interaction, binding of NRP1 expressed on endothelial cells to VEGF 1es,
VEGF-B, and placental growth factor 2 (PGF2) via the b1/ b2 domains plays a role in angiogenesis
[90]. Due to the interaction with different ligands and differential expression of NRP1 the

physiological roles of this receptor are, to date, not fully understood.

Also in cancer cells, the roles of NRP1 are diverse. Many tumor cells overexpress NRP1, which
has been linked to angiogenesis and subsequently tumor progression [91]. Indeed, the anti-NRP1
antibody MNRP1685A which blocks the binding of VEGF 165, VEGF-B, and PGF2 was evaluated
in a clinical trial to treat patients with solid tumors. However, MNRP1685A did not achieve
satisfactory clinical results and resulted in high proteinuria [92]. Importantly, several preclinical
studies described a role of the NRP1 — Sema3A interaction in modulation of monocyte migration
and macrophage reprogramming [54], [93]. Casazza et al. showed that tumor-derived Sema3A
15



Introduction

recruits monocytes expressing NRP1 to the site of the tumor. Once inside the tumor, macrophages
are arrested in an NRP1-independent manner in the hypoxic environment and are consequently
polarized towards the pro-tumorigenic M2 phenotype. Interestingly, in orthotopic mouse models
of lung and pancreatic cancer it was shown that NRP1-deficient TAMs did not enter the hypoxic
tumor region and retained an anti-tumorigenic phenotype resulting in inhibition of tumor growth

and metastasis [54].

Additionally, Chen et al. discovered that NRP1 overexpression in tumor tissues of cervical cancer
patients correlated with increased intratumoral M2 macrophage density. Moreover, in a lung
cancer mouse model under hypoxic conditions they found that increased NRP1 expression
correlated with higher M2 macrophage density in the tumor and that inhibition of NRP1 expression
in hypoxic tumor cells using small interfering RNA prevented monocyte recruitment and M2
macrophage polarization [93]. Taken together, there is increasing evidence that NRP1 modulates
the migration of macrophages to the tumor site and their switch to a pro-tumorigenic phenotype,

thus classifying NRP1 as a promising target for macrophage-modulatory cancer therapy.

1.3 Therapeutic antibodies

In 1975, Koehler and Milstein first described the hybridoma technology for the development of
monoclonal antibodies which was fundamental for the development of modern therapeutic
antibodies [94]. The hybridoma technology includes the immunization of an animal with the
antigen, harvesting of splenocytes and fusion of antibody-producing B cells with an immortalized
myeloma cell line. This results in immortalized antibody-producing hybridoma cells. By single cell
selection of individual hybridoma clones, characteristics of monoclonal antibodies can be studied
and upon identification of an appropriate clone, hybridoma cell lines can be cryopreserved for a
long-lasting supply of monoclonal antibodies [94]. Furthermore, the generation of chimeric
antibodies (murine variable antibody regions fused to human constant antibody region),
humanized antibodies (murine CDR loops grafted on human framework regions and constant
domains) and human antibodies (e.g. genetically modified mice carrying human V, D, J and
constant domain gene segments) has reduced antibody immunogenicity and further accelerated

the development of therapeutic antibodies [95].

In addition, the field of monoclonal antibody generation was further extended by new in vitro
selection techniques such as phage display, which was invented by Smith and Winter in 1985 [96].

Phage display uses bacteriophages (viruses which infect bacteria) that are engineered to display
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antibody fragments on their outside while encoding the specific antibody gene on their inside.
Target antigen-specific phages can bind to immobilized antigen or antigen coupled to magnetic
beads, while non-binding phages are removed by washing. Bound phages are eluted and
amplified in bacteria. Several of these screening rounds (called biopanning) are used to enrich
antigen-specific phages. After the final round of phage display, bacteria are infected, individual
antibody fragments can be characterized and the DNA coding sequence can be recovered [96],
[97]. As starting material for phage display, naive, immune or synthetic antibody libraries may be
used. Naive libraries are generated from healthy donors and are “universal” libraries from which
antibody fragments against (theoretically) all possible antigens can be isolated. In contrast,
immune libraries are generated from immunized or diseased donors and are generally used to
select antibody fragments against a particular antigen, for example a pathogen or a tumor marker.
For the generation of these combinatorial libraries, antibody heavy and light chain variable regions
are amplified from human B cell repertoires and cloned in random combinations into a phagemid
vector system [98]. In contrast, fully synthetic antibody libraries are generated from optimized
synthetic antibody frameworks and artificially diversified CDRs [99]. Apart from using phages for
the presentation and selection of antibody fragments, other techniques like ribosome display and
display on the cell surface of bacteria, yeast and mammalian cells have been developed [100].
However, phage display has become the most commonly used display platform since it is robust,
rather inexpensive, allows automated screening and can be used to screen huge amounts of

antibodies of up to 10" clones [100].

Remarkably, these technological advances culminated in the approval of over 80 therapeutic
monoclonal antibodies by the U.S. Food and Drug Administration and/or the European
Commission, as of November 2019. Targeted immunotherapy with monoclonal antibodies is used
to treat cancer as well as inflammatory, neurodegenerative and many other diseases [101], [102].
Although most approved antibodies are in the full-length IgG format, some therapeutic strategies
require antibody formats that possess other pharmacokinetic properties or effector functions. By
means of antibody engineering, recombinant antibodies as well as functional derivatives thereof
can be generated (Figure 6). For example, full-length antibodies are characterized by long serum
half-life and mediation of effector functions via the Fc region. However, due to their large molecular
size, they show only limited tissue penetration. In contrast, single chain variable fragments (scFvs)
have only short serum half-life and do not mediate effector functions, but efficiently penetrate
tissue [103]. Moreover, antibody engineering allows for modifications to alter antibody effector
functions and to develop for example antibody — toxin fusion proteins in order to generate

antibodies according to the therapeutic need [103].
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Figure 6. IgG antibody format and derivatives thereof. A full-length IgG antibody contains constant heavy
(CH), constant light (CL) as well as variable heavy (VH) and variable light (VL) chain domains. IgG antibody-
derived formats can be engineered to tailor drugs according to the therapeutic need. The alternative
antibody formats exhibit different characteristics regarding tissue penetration, half-life and effector functions,
which are mediated by the fragment crystallizable (Fc) region. The antigen binding fragment (Fab)
encompasses only the variable antibody domains as well as the CL and CH1 domain that are linked with
each other by natural disulfide bridges in the constant domains. Connection of the VH and VL domain via
an artificial flexible linker results in a single chain variable fragment (scFv). Fusion of scFv to the antibody

Fc region generates the antibody-like scFv-Fc format. Figure based on Carter et al. [104].

1.4 Chimeric antigen receptor T cells

In addition to antibody-based immunotherapy, cellular immunotherapies such as the adoptive cell
therapy have achieved remarkable results regarding the treatment of cancer patients. Generally,
there are three approaches of adoptive cell therapy all involving the isolation of immune cells from
the cancer patient: First, tumor infiltrating B and T lymphocytes isolated from the tumor can be
activated and expanded ex vivo before being retransferred into to the patient [105]. Second, T
cells isolated from the peripheral blood can be engineered to express a modified TCR possessing
a certain specificity against a target antigen of interest thereby allowing killing of target antigen-
presenting tumor cells in an MHC-dependent manner [106], [107]. Third, T cells isolated from the
peripheral blood can be engineered to express a so called chimeric antigen receptor (CAR) which
comprises a tumor antigen-specific domain fused to TCR activation and signaling domains [108],
[109]. CAR T cells combine the advantage of a predefined specificity with that of antigen
recognition in an MHC-independent manner, thereby circumventing tumor escape mechanisms
induced by MHC down-regulation [110].
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A CAR molecule consist of an extracellular targeting domain (in most cases a scFv), a spacer
domain, a transmembrane region and a cytoplasmic region containing one or more signaling
domains (Figure 7) [111]. In the first generation of CARs, the scFv was fused via a spacer and a
transmembrane domain to the CD3 zeta ({) chain of the TCR [109]. Upon specific binding of CAR
T cells to antigen-expressing tumor cells, CAR T cells are activated by cytoplasmic signaling via
the CD3C chain. Although CD3( is sufficient for activation, costimulatory molecules are required
for serial killing of tumor cells and long-term expansion of CAR T cells. Costimulatory domains are
commonly derived from CD28, OX40 and 4-1BB (CD137) [112]-[114]. 4-1BB was found to confer
improved expansion, long-term in vivo persistence and reduced exhaustion of CAR T cells [115],
[116]. Depending on the number of included costimulatory domains, CARs are classified as
second generation (one costimulatory domain) or third generation (two costimulatory domains)
CARs [117]. Furthermore, the spacer confers not only flexibility and length but critically defines
the intercellular distance between CAR T cell and tumor cell which affects CAR activation and
cytotoxicity. Commonly used spacers are composed of either a CD8a hinge, a CD28 hinge, an
IgG1 or IgG4 Fc portion [118], [119].

First Second Third Fourth
generation generation generation generation

domain domain 1 immunomodulatory molecule

Spacer l CD3¢ domain

Costimulatory ) Immunomodulatory

domain 2

Targeting domain Transmembrane D Costimulatory MWW Transgene ecoding for
D molecule
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Figure 7. Structural representation of different CAR generations. CARs consist of an extracellular
targeting domain, usually a scFv, a spacer which defines the intercellular distance between CAR T cell and
tumor cell, a transmembrane domain, and the activation domain of the CD3( chain derived from the TCR
(first generation) which can be linked to one (second generation) or two (third generation) costimulatory
domains. Fourth generation CAR T cells are additionally engineered to encode immunomodulatory
molecules such as cytokines or antibody fragments targeting immune checkpoints which are secreted by

the CAR T cell. Figure based on Brentjens and Curran [117].

Over the past years, tremendous effort has been put into the development of CAR T cell therapies
leading to the approval of two CD19-targeting CAR T cell therapies by the FDA. Tisagenlecleucel
(Kymriah®, Novartis) was first approved in 2017 for the treatment of children and young adults
suffering from pre-B cell acute lymphoblastic leukemia (ALL) [120]. Moreover, axicabtagene
ciloleucel (Yescarta®, Kite Pharma) and tisagenlecleucel were approved in 2017 and 2018,
respectively, for the treatment of relapsed and refractory large B cell lymphoma [120], [121]. Both
CARs are of the second generation including either the 4-1BB (tisagenlecleucel) or the CD28
(axicabtagene ciloleucel) costimulatory domain [122]. Complete remission following treatment with
tisagenlecleucel was observed in 90 % of patients with relapsed or refractory ALL, 43 % of patients
with diffuse large B cell ymphoma (DLBCL) and 71 % of patients with follicular lymphoma [123],
[124]. A clinical trial of axicabtagene ciloleucel in which patients with refractory large B cell
lymphoma were treated resulted in 54 % complete remission [125]. Although CD19-targeted CAR
T cell therapies show potent anti-tumor effects and sustained remissions, some patients with initial
complete remission relapsed. This was either due to poor CAR T cell persistence or loss of the
epitope in CD19 on malignant cells. These CD19 negative B cell cancers require alternative

treatment options as for example the targeting of other B cell surface proteins [126].

Another targetable B cell surface protein is CD22. CD22 is a single-spanning sialic acid-binding
immunoglobulin-like lectin (Siglec) transmembrane receptor which plays a critical role in B cell
homeostasis by creating a threshold of antigen binding that needs to be achieved prior to
activation of a B cell [127]. Cytoplasmic CD22 is expressed in precursor B cells, whereas surface
CD22 expression is detected in immature and activated B cells. Along with the differentiation of
activated B cells to plasma cells, CD22 expression is progressively downregulated. Importantly,
CD22 is expressed in B-lymphoblastic leukemia and lymphomas as well as in mature B-cell
leukemia and lymphomas [128]. Along this line, CD22-targeting CAR T cell therapies have
advanced into the clinic. A clinical phase | trial using a novel CD22-directed CAR to treat patients

with relapsed pre-B cell ALL, that was previously treated applying CD19-directed immunotherapy,
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resulted in complete remission in 11 out of 15 (73 %) patients. Importantly, the CD22-targeting
CAR T cell therapy demonstrated a similar safety profile and efficacy as the CD19-directed CAR
T cell treatment. However, relapses were again observed in patients with previous complete

remission most probably resulting from diminished CD22 expression on leukemic blast cells [129].

Apart from tumor escape mechanisms, a major hurdle that CAR T cell therapy needs to overcome
is the immunosuppressive tumor microenvironment (TME) in solid tumors and lymphomas.
Primarily, macrophages and regulatory T cells mediate suppression of anti-tumor effector T cells
and immunosuppressive signaling via immune checkpoint molecules additionally reduce the
efficacy of CAR T cell therapy [130]. To overcome these barriers set up by the TME, novel “fourth”
generation of CARs are currently under development (Figure 7). These so called “armored” CAR
T cells are genetically engineered to co-express immunomodulatory molecules such as cytokines
or checkpoint inhibitors and allow local delivery of these molecules to the tumor. In this context,
IL-12 secretion by carcinoembryonic antigen-targeting CAR T cells was reported to increase the
recruitment of anti-tumorigenic macrophages to the tumor [131]. In addition, IL-12 secretion by
VEGF receptor 2 (VEGFR2)-targeting CAR T cells resulted in tumor regression in multiple
analyzed tumors in mice [132]. Moreover, IL-18 secretion increased the anti-tumor efficacy of
CD19-directed CAR T cells in murine xenograft models [133], [134]. Furthermore, IL-15 secretion
improved the anti-tumor efficacy of IL13 receptor subunit a2 (IL-13a2)-targeting CAR T cells in
mouse models of glioblastoma [135]. IL-15 secreting CD19-direceted CAR T cells additionally
showed prolonged in vivo persistence of the T cells in mouse models of leukemia [136].
Importantly, not only co-expressed cytokines but also co-expressed immune checkpoint inhibitors
targeting programmed cell death protein 1 (PD-1), PD-1 ligand (PD-L1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) improved anti-tumoral CAR T cell efficacy. Secretion of
PD-1-blocking scFvs by either CD19- or Mucin 16 (ecto)-targeting CAR T cells enhanced the
survival of mice bearing hematologic and solid tumors. In this context, PD-1-specific scFvs acted
not only on the expressing CAR T cells themselves but also on tumor infiltrating bystander T cells
[137]. In addition, secretion of anti-PD-L1 1gG antibodies from carbonic anhydrase IX (CAIX)-
directed CAR T cells resulted in diminished tumor growth and reduced expression of PD-L1 on
tumor cells in a humanized mouse model of clear cell renal cell carcinoma [138]. Moreover, IL-
13a2-targeting CAR T cells co-expressing anti-CTLA4 minibodies resulted in inhibition of tumor
growth and prolonged CAR T cells function in a mouse model of human glioma [139]. Taken
together, the studies of “armored” CAR T cells consistently demonstrated improvement of anti-
tumoral CAR T cell efficacy and therefore are most likely the next treatment modality to enter the

clinics.
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1.5 Diffuse large B cell ymphoma

Diffuse large B cell ymphoma (DLBCL) is the most common type of non-Hodgkin lymphoma (NHL)
and accounts for 24 % of newly diagnosed cases of NHL in the United States each year [140],
[141]. DLBCL is usually diagnosed by analyzing biopsies of abnormally enlarged lymph nodes and
the International Prognostic Index supports clinicians to characterize prognosis based on various
factors including age, disease spread and number of extranodal sites [142]. Most patients show
lymphadenopathy, however, although being classified as a hematological cancer, DLBCL can
frequently appear at extranodal sites including the kidneys, adrenal gland, brain, bones, and other
soft tissues [141]. Generally, DLBCL is treated with chemoimmunotherapy (R-CHOP: rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone) resulting in high remission rates of
approximately 50%-60% of patients. Unfortunately, 40 % of these patients relapse and experience
a particularly poor prognosis [141], [143]. Based on the cell of origin DLBCL is classified as the
germinal center B-cell (GCB)-like subtype or non-GCB DLBCL which contains the activated B-cell
(ABC)-like subtype and remaining unclassifiable disease. ABC-like subtypes responded
significantly poorer to standard-of-care treatment as compared to GCB DLBCL in several large

patient studies [141].

DLBCL tumor cells express the B cell-specific surface molecules CD19 and CD22 [141]. Along
this line, CD19-targeting CAR T cell therapy with tisagenlecleucel resulted in a complete response
in 6 out of 14 patients suffering from DLBCL (43 %). Although only evaluated for this small patient
cohort, immunohistochemical image analysis of lymph node and bone marrow biopsies revealed
that patients, who did not respond, had higher levels of immune checkpoint proteins such as PD-
1, lymphocyte-activation gene 3 and T-cell immunoglobulin and mucin domain 3 (TIM3) [124]. In
a large clinical trial using tisagenlecleucel for treatment of 93 patients with relapsed or refractory
DLBCL, 40 % of these patients showed complete remission out of which 79 % were relapse-free
12 months after initial response [144]. In addition, treatment of 77 DLBCL patients with

axicabtagene ciloleucel resulted in 49 % complete response [125].

Although CAR T cell therapies show remarkable efficacy and persisting CAR T cell responses
toward hematological tumors, the treatment is limited by adverse events such as cytokine release
syndrome or neurologic toxicities. Cytokine release syndrome has been found not to result from
CART cell-secreted cytokines but from macrophage-derived IL-6, IL-1 and nitric oxide [145]. Apart
from inducing cytokine release syndrome, macrophages are the key player in the
immunosuppressive tumor microenvironment, directly and indirectly inhibiting CAR T cell function

[130]. Importantly, increased numbers of TAMs, especially of the M2 phenotype, were correlated
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with poor prognosis in several studies analyzing DLBCL [146]-[150]. In addition, analysis of CCL2
expression in tumor cells of 221 DLBCL patients showed a correlation of high CCL2 levels with
significantly poorer overall survival and progression free survival [151]. Along this line, fourth
generation CAR T cell therapies which modulate the immunosuppressive tumor microenvironment

may improve the clinical outcome.

1.6 Aim of the project

Pro-tumorigenic macrophages present in the tumor microenvironment have been found to support
tumor initiation, progression and metastasis. Along this line, treatment approaches to target TAMs
have shown promising results in preclinical studies. The aim of this project was the development
of CCL2- and NRP1-targeting antibodies to inhibit monocyte migration to the tumor, thereby

preventing the enrichment of pro-tumorigenic TAMs.

We set out to select fully-human CCL2- and NRP1-specific antibody fragments from immune and
naive antibody libraries by means of phage display. Following incorporation into full-length IgG

molecules, we meant to analyze antibody specificity, affinity and functional characteristics.

For the local intratumoral application of our CCL2 neutralizing lead candidate antibody, we
intended to engineer primary human T cells for co-expression of cell-surface exposed CD22-
specific CAR molecules and soluble CCL2-specific scFv. Thus, the second study objective
included the analysis of such “fourth” generation CAR T cells for CAR expression, scFv secretion,
T cell expansion as well as target cell kiling capacities. This novel combinatorial treatment
approach may be of particular relevance for the treatment of DLBCL for which a correlation of

increased CCL2 expression and TAM density has been correlated with poor prognosis.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals, reagents and

Table 2. List of used chemicals, reagents and commercial media

commercial media

Chemical / Reagent / Commercial

media

Supplier (Cat. No.)

10x Cut Smart buffer

10X DNase | Reaction Buffer
10x T4 DNA ligase buffer

2x Cell lysis buffer
50x Tris acetate EDTA (TAE) buffer
6x Loading dye

Acetic acid

Agar

Agarose, universal
Ammonium peroxidsulfate (APS)
Ammoniumchlorid (NH4Cl)
Ampicillin sodium salt

Aqua ad iniectabilia

Bovine serum albumin (BSA)
Bromphenol blue

Buffer solution pH 10

Buffer solution pH 4

Buffer solution pH 7
Calciumchloride (CaClz)
Citric acid

Coelenterazine

cOmplete, EDTA free protease inhibitor cocktail

Coomassie Brillant Blue R 250
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New England Biolabs
(B7204S)
Invitrogen (Y02340)

Thermo Fisher Scientific (B69)

Thermo Fisher Scientific
(16189)

AppliChem (A1691)
New England Biolabs
(B70245)

Carl Roth (7332.1)
Sigma-Aldrich (05039)
VWR Chemicals (35-1020)
Carl Roth (9592.2)

Carl Roth (K298.1)
Carl Roth (K029)
Braun (2351744)

Carl Roth (8076.2)
AppliChem (7K005159)
Carl Roth (P716.2)
Carl Roth (P712.3)
Carl Roth (A518.1)
Carl Roth (CN93.2)
Carl Roth (X863.2)
Biotium (B-10110-1)
Roche (04693159001)
Carl Roth (3862.1)
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D(+)-Glucose
D(+)-Sucrose
Dimethyl sulfoxide (DMSO)

Disodium hydrogen phosphate (Na;HPOQO4)

Dithiothreitol (DTT)

Dulbecco’s Modified Eagle Medium (DMEM), high glucose

Dulbecco’s Modified Eagle Medium (DMEM), without phenol

red

Dulbecco’s Phosphate Buffered Saline (PBS)
Endothelial Cell Growth Medium 2 (EGM2)

Ethanol

Ethylenediaminetetraacetic acid disodium salt dihydrate

(EDTA)

FACS clean

FACS flow

Fetal calf serum (FCS)
Freestyle F17 Medium

GeneRuler 1 kb DNA Ladder

Geneticin disulfate (G418)
Glycerol

Glycine

Heparin sodium salt

Human serum

Human serum albumin (HSA)

Hydrochloric acid, 2N (HCI)

Hydrochloric acid, 37% (HCI)

Imidazol

Isopropanol

Isopropyl B-D-1-thiogalactopyranoside (IPTG)

Kanamycin sulfate
Kolliphor P188

L-Glutamine

Magnesium sulfate (MgSO.)
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Carl Roth (X997.2)
Carl Roth (4621.2)
Serva (20385.01)

Carl Roth (P030.2)
Carl Roth (6908.3)
Sigma-Aldrich (D0819)

Sigma-Aldrich (21063029)

Sigma-Aldrich (D8537)
Promocell (C-22011)
Carl Roth (5054.4)

Carl Roth (8043.2)

BD Biosciences (340345)
BD Biosciences (342003)
Sigma-Aldrich (FO804)
Life technologies (A13835)
Thermo Fisher Scientific
(SM0311)

Carl Roth (CP11.3)

Carl Roth (7530.4)

Carl Roth (3908.2)
Sigma-Aldrich (H3149)
Sigma-Aldrich (H4522)
Sigma-Aldrich (A3782)
Carl Roth (T134.1)

Carl Roth (9277.1)

Carl Roth (X998.4)

Carl Roth (9866.2)

Carl Roth (2316.1)

Carl Roth (T832.2)
Sigma-Aldrich (K4894)
Sigma-Aldrich (G7513)
Carl Roth (0261.2)
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Penicillin Streptomycin solution (pen/strep)
PeqGREEN DNA/RNA Dye
PhosStop

Pierce BCA Protein Assay Kit

Polybrene hexadimethrine bromide
Polyethylene glycol 2 (PEG>)

Polyethylene glycol 6000 (PEGsoono)
Polyethylenimine (PEI)

Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH2PO,)

Powdered milk

RIPA lysis and extraction buffer

Roswell Park Memorial Institute 1640 medium (RPMI-1640),

Agmedia

Rotiphorese 10x SDS PAGE

Rotiphorese Gel A

Rotiphorese Gel B

Sodium acetate

Sodium azide (NaNs)

Sodium chloride (NaCl)

Sodium dihydrogen phosphate (NaH2PO.)
Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)

Spectra BR Multicolor Broad Range Protein Ladder

Sulfuric acid (H2S04)

SYTOX Blue Dead Cell Stain
Tetramethylethylenedamine (TEMED)
Tris Base

Tris hydrochloride (Tris-HCI)

Tris Pufferan

Trypan blue
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Sigma-Aldrich (P0781)
peqLab (37-5000)
Roche (04906845001)
Thermo Fisher Scientific
(23225)

Sigma (107689)

Novabiochem (8.51031.8500)

Carl Roth (0158.1)
Polysciences (23966)
Carl Roth (6781.1)

Carl Roth (P018.1)

Carl Roth (T145.2)
Thermo Fisher Scientifc
(89900)

Sigma-Aldrich (R2405)

Carl Roth (3060.2)
Carl Roth (3037.1)
Carl Roth (3039.2)
Carl Roth (6773.1)
Sigma-Aldrich (52002)
Carl Roth (9265.2)
Carl Roth (K300.3)
Carl Roth (2326.1)
Carl Roth (6771.1)
Thermo Fisher Scientific
(26634)

Carl Roth (X873.1)
Invitrogen (S34857)
Fluka (87689)
Calbiochem (648510)
Carl Roth (9090.3)
Carl Roth (4855.2)

Life Technologies (15250-061)
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Trypsin/EDTA

Tryptone N1 (TN1)
Tryptone/Peptone from casein
Tween 20

X-VIVO15

Yeast extract

2.1.2 Kits

Table 3. List of used kits

Life technologies (25300)
Organotechnic SAS (19553)
Carl Roth (8952.2)

Carl Roth (9127.1)

Lonza (BE02-060F)

Carl Roth (2363.2)

Kit

Supplier (Cat. No.)

Amine Coupling Kit

ELISA MAX™ Deluxe Set Human MCP-1/CCL2

EndoFree Plasmid Maxi Kit
EndoFree Plasmid Midi Kit

Intracellular fixation and permeabilization buffer set

KAPA HiFi PCR Kit

LEGENDplex HU Th1 Panel (5-plex)
Pierce BCA Protein Assay Kit

Pierce ECL Western Blotting Substrate
Pierce TMB Substrate Kit

Plasmid Midi Kit

QIAprep Spin Minprep Kit

QlAquick Gel Extraction Kit

QIAquick PCR Purification Kit
RevertAid first strand cDNA synthesis kit
RNeasy Mini Kit

T Cell TransAct, human

Zenon APC Human IgG Labeling Kit
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GE Life Science (BR100050)
BioLegend (438804)

QIAGEN (12362)

QIAGEN (12362)

Thermo Fisher Scientific (88-8824-00)
Roche (KK2101)

BioLegend (740724)

Thermo Fisher Scientific (23225)
Thermo Fisher Scientific (32106)
Thermo Fisher Scientific (34021)
QIAGEN (12143)

QIAGEN (27106)

QIAGEN (28706)

QIAGEN (28106)

Thermo Fisher Scientific (K1612)
QIAGEN (74104)

Miltenyi (130-111-160)

Thermo Fisher Scientific (Z-25451)
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2.1.3 Media, buffers and solutions

Table 4. List of used media, buffers and solutions

Medium/ Buffer/ Solution = Components

10x HBS-EP

10x PBS
2x YT medium
2x YT-A/-AK medium

2x YT-GA agar
2x YT-GA medium
2x YT-K agar

5x Laemmli buffer

BSA-PBS

Coomassie Blue staining
solution

Flow cytometry buffer

Freezing medium

LB-A/-K agar

LB-A/-K medium

M9 solution

Minimal agar

MPBS
PBST
PEI transfection reagent
Periplasmic preparation
buffer

Phage elution buffer

0.1 M HEPES, 1.5 M NaCl, 30 mM EDTA, 0.5% (v/v) Tween 20%
in ddH20, pH 7.4

1.4 mM NaCl, 27 mM KCI, 101 mM Naz;HPO4, 18 mM KH2PO; in
ddH>O

16 g/L tryptone/peptone, 10 g/L yeast extract, 5 g/L NaCl in ddH0
100 mg/L ampicillin (-A) or 100 mg/L ampicillin and 25 mg/L
kanamycin (-AK) in 2x YT medium

15 g/L agar in 2x YT-GA medium

20 g/L glucose, 100 mg/L ampicillin in 2x YT medium

15 g/L agar, 25 mg/L kanamycin in 2x YT medium

250 mM Tris-HCI, 10% (w/v) SDS, 30% (v/v) glycerol, 0.05% (w/v)
bromphenol blue in ddH20

2-4% (w/v) BSA in PBS

60 mg/L Coomassie Brilliant Blue R 250, 35 mM HCI in ddH»O

2% (v/v) FCS, 1 g/L NaNs in PBS
10% DMSO (v/v) in FCS
15 g/L agar in LB medium, 100 pg/mL ampicillin (-A) or kanamycin
(-K)
10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl in ddH20, 100
pug/mL ampicillin (-A) or kanamycin (-K)
58 g/L Na:HPOs, 30 g/L KH2POs, 5 g/L NaCl, 10 g/L mM NH4Cl in
ddH:0, adjust to pH7.2
15 g/L agar, 2 g/L glucose, 1 mM MgSO., 2 mg/L thiamine, 100 ml
M9 solution in ddHO
2-4% (w/v) milk powder in PBS
0.05% (v/v) Tween 20 in PBS
0.1% (w/v) PEI dissolved at pH 2.0 in ddH0O, adjust pH to 7.0
30 mM Tris-HCI, 1 mM EDTA, 20% (w/v) sucrose in ddH20, adjust
to pH 8.0, add 5% (w/v) fresh lysozyme before use
100 mM glycine-HCI, 0.5M NaCl in ddH20, adjust pH to 2.2
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Phage neutralization buffer

Phage precipitation buffer
Protein A binding buffer

Protein A elution buffer
Protein A neutralization
buffer

Semi-dry blot buffer
Separating gel buffer

SOC medium

SP10 binding buffer

SP500 elution buffer

SPR regeneration buffer
Stacking gel buffer
Supplemented DMEM

medium
Supplemented F17 medium

Supplemented RPMI-1640
medium

Supplemented X-Vivo 15
medium

TN1 feeding medium

Transfection medium

1 M Tris-HCl in ddH20, adjust to pH 9.5

2.5 M NaCl, 20% (w/v) PEGeooo in ddH>0

100 mM NaH2POs4, 100 mM NaCl, 10 mM EDTA in ddH-0O, adjust
topH 7.0

0.1 M citric acid in ddH20, adjust to pH 3.0

1 M Tris Pufferan in ddH;O, adjust to pH 9.0

48 mM Tris Pufferan, 39 mM glycine, 1.3 mM SDS, 20% (v/v)
ethanol in ddH20, adjust to pH 9.0-9.4

1 M Tris Pufferan in ddH20O, adjust to pH 8.8

20 g/L tryptone, 5 g/L yeast extract, 2.5 mM KCI, 10 mM NaCl, 10
mM MgSQOs4, 10 mM MgCl;,20 mM glucose in ddH.0

20 mM NaH,PO4, 500 mM NaCl,10 mM imidazol in ddH-O, adjust
topH7.4

20 mM NaH2PO4, 500 mM NacCl, 500 mM imidazol in ddH-O, adjust
topH7.4

10 mM glycine in ddH20, pH 1.7

650 mM Tris Pufferan in ddH-0, adjust to pH 6.8

10% (v/v) FCS, 1% (v/v) pen/strep in DMEM medium

4 mM L-Glutamine, 0.1% (w/v) Kolliphor P188, 25 pg/mL G418 in

F17 medium

10% (v/v) FCS, 1% (v/v) pen/strep in RPMI-1640 medium

5% (v/v) FCS, 10 ng/mL IL-7, 10 ng/mL IL-15 in X-Vivo 15 medium

20% (w/v) TN1 in transfection medium
4 mM L-Glutamine, 0.1% (w/v) Kolliphor P188 in F17 medium
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2.1.4 Cell lines, primary cells and bacteria

Table 5. List of used cell lines, primary cells and bacteria

Cell line /
Bacterial Organism Description Supplier (Cat. No.)
strain
Embryonic kidney cells
Homo National Research
HEK293-6E ] constitutively expressing a _
sapiens Council Canada
truncated version of EBNA-1
Homo Embryonic kidney cells, expressing American Type Culture
HEK293T
sapiens the SV40 T antigen Collection (CRL-3216)
Homo Primary cells isolated from the
HUVEC2 ) - _ _ Promocell (C-12206)
sapiens umbilical cord vein of single donors
Kind gift of Prof. Schmitt,
Homo
K562 ] Myelogenous leukemia cell line University Hospital
sapiens
Heidelberg
German Collection of
Nalm6 Homo B cell precursors of acute Microorganisms and Cell
alm
sapiens lymphoblastic leukemia Cultures GmbH (ACC-
128)
Peripheral NCT Heidelberg (fresh
Isolated from fresh blood or buffy
blood Homo blood), German Red
coats of healthy donors by AG
mononuclear  sapiens . Cross blood donor service
Krauss (NCT Heidelberg) _
cells (PBMC) Mannheim (buffy coats)
) Homo . . .
Raiji ) Burkitt's lymphoma B lymphocytes  Sigma Aldrich (85011429)
sapiens
. Homo Raiji cells stably expressing gaussia AG Krauss, NCT
Raji-Gluc
sapiens luciferase Heidelberg
Stbl 3 Escherichia  Bacterial strain used for selection New England BioLabs
coli after gateway cloning (C3040I)
e Escherichia  Bacterial strain for phage display Agilent Technologies
coli and scFv production (200123)
German Collection of
Homo Monocytic cell line established from
THP1 Microorganisms and Cell
sapiens an acute monocytic leukemia
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Escherichia
XL-1 Blue _
coli

2.1.5 Bacteriophages

Table 6. List of used bacteriophages

Bacterial strain for DNA

Stratagene (200228)

amplification

Phage Description

Supplier (Cat. No.)

Kanamycin resistant helper phage capable high single-

VCSM13

stranded phagemid yields, derivative of M13KO7

2.1.6 Vectors

Table 7. List of used vectors

Agilent Technologies
(200251)

Vector Description Supplier (Cat. No.)
Kind gift of Prof.
pAB1 Bacterial expression of scFvs Kontermann,
University Stuttgart
Transient expression of mFc
pCMV6 tagged antigens in mammalian OriGene (PS100053)

pCMV-dR8.74 (Lentiviral helper
plasmid #2)

pCMX2.5-hlgG1-Fc

pConPlus IgG1

pConPlus IgG1 [N297A]

pConPlus Kappa

pConPlus Lambda

cells

Lentiviral packaging plasmid, used

for lentiviral vector production

Transient expression of scFv-hFc
in mammalian cells
Transient expression of IgG1
heavy chain in mammalian cells
Transient expression of IgG1
heavy chain with N297A
substitution in mammalian cells
Transient expression of kappa light
chain in mammalian cells
Transient expression of lambda
light chain in mammalian cells
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Kind gift of Dr.
Schmidt, NCT
Heidelberg

Lonza Group

Lonza Group

Lonza Group

Lonza Group
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pENTR1a
(CD22-CD8-41BB-CD3¢)

pHENIS

pMD2.G-VSV-G (Lentiviral
helper plasmid #1)

PRRL#5

pRRLSIN.cPPT.hEF1a.WPRE

pSCon IgG1

pSCon Kappa

pSCon Lambda

oCD22CAR

Gateway entry vector encoding
anti-CD22 CAR based on the scFv
SGlIl (humanized RFB4 scFv),
human CD8a. hinge and
transmembrane region, human 4-
1BB (CD137) and CD3zeta
signaling domains

Phagemid vector encoding scFv
fused to the phage coat protein plll
to enable scFv surface

presentation

Lentiviral envelope plasmid, used

for lentiviral vector production

Gateway destination vector for
stable expression of lentiviral
vectors in mammalian cells
Lentiviral vector for stable
expression of gene of interest (e.g.
CAR) in mammalian cells
Subcloning vector for antibody
heavy chain

Subcloning vector for antibody
kappa light chain

Subcloning vector for antibody
lambda light chain

Anti-CD22 CAR based on the scFv
SGlll (humanized RFB4 scFv),
human CD8a. hinge and
transmembrane region, human 4-
1BB (CD137) and CD3zeta

signaling domains
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AG Krauss, NCT
Heidelberg, modified
from pENTR1a (kind
gift of Dr. Schmidt,
NCT Heidelberg)

Kind gift of Prof.
Kontermann,

University Stuttgart

Kind gift of Dr.
Schmidt, NCT
Heidelberg

Kind gift of Dr.
Schmidt, NCT
Heidelberg

AG Krauss, NCT
Heidelberg, modified
from pRRL#5

Lonza Group

Lonza Group

Lonza Group

AG Krauss, NCT
Heidelberg
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2.1.7 Primers

Primers were purchased from Thermo Fisher Scientific.

Table 8. List of used primers

Name Sequence 5’3’ Description
GCAGAAAGAAGCTCCTGTATATAT Amplification and sequencing of CAR

4-1BB_rv TCA upstream to 4-1BB domain

BamHI_CD3zet TATAGGATCCGCGAGGGGGCAG  Amplification of CAR and BamHI

a_Rev GGCCTGC insertion

BamHI- TATAGGATCCATGGGATGGTCAT  Amplification of scFv and BamHI

IgGVHSP fw GTATCATCC insertion

CCL2_fw GAGAGGCTGAGACTAACCCAGA Amplification of CCL2 cDNA

CCL2 NB7.E5_ TATAGTGCACTCGCAGGTCCAGC Amplification of antibody heavy chain

VH_Fw TGGTAC encoded in pAB1 and ApalLl insertion

CCL2 _NB7.E5_ Amplification of antibody heavy chain

VH_Rev ACTCGAGACAGTGACCAG encoded in pAB1

CCL2 NB7.E5_ TATAGTGCACTCGGACATCGTGAT Amplification of antibody light chain

VL Fw GACCC encoded in pAB1 and ApalLl insertion

CCL2_NB7.E5_ Amplification of antibody light chain

VL_Rev TATACGTACGTTTGATTTCCAGE encoded in pAB1 and BsiWI insertion

CCL2_rev ATCACAGCTTCTTTGGGACACT Amplification of CCL2 cDNA

CD3z-Xbal-rev

CD8-fw

CH1 rev

CH2 forw

CH3 rev

cPPT Seq_fw

TAATCTAGATTAGCGAGGGGGCA

CGTGCGGCCGCATTCGTGC

TCAGGGCTCCGCTGTTCC

ACCCTGATGATCAGCAGAAC

AACACGTTGCCCTGCTGC

GTAGACATAATAGCAACAGACATA
C
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Amplification of CAR and Xbal
insertion

Sequencing of CAR downstream to
CD8a hinge

Sequencing of antibody heavy chain
in pConPlus

Sequencing of antibody heavy chain
in pConPlus

Sequencing of antibody heavy chain
in pConPlus

Sequencing downstream to cPPT

element
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Fdseglong_rv

GAPDH fw
GAPDH rev

hEF1a fw
LMB2_rv

LMB3long_fw

M13-RP

NB7.E5
scFv_rev_2
NB7.E5_scFv_f
w_2
pConPluskappa
forw
pConPluskappa
rev
pConPluslambd
a forw
pConPluslambd

arev
PCR2
pENTR_anti

PENTR sense3

prehFc_rev

T2A-CAR fw

GTAAAACGACGGCCAGTGAATTC

CAAGGTCATCCATGACAACTTTG

GTCCACCCTGTTGCTGTAG

CAAGCCTCAGACAGTGGTTC

GTAAAACGACGGCCAGTGAATTC
CAGGAAACAGCTATGACCATGATT

AC

CAGGAAACAGCTATGACC

AGATGAGTTTTTGTTCTGCGGC

GTAGCAACTGCAACCGGTCA

AGCAGCTGAAGAGCGGCA

TCCTGCTCGGTGACGCTC

GCCGTGACAGTGGCTTG

AGGCGTCAGGCTCAGATAG

TTAGCTCACTCATTAGG

GATTTTGAGACACGGGCCAGA

CATAAACTGCCAGGCATCAAACTA

AG

GGTCCGGGAGATCATGAG

GCAGTCTGCTGACATGCGGTGAC
GTGGAAGAGAATCCCGGCCCTAT
GGAAAGGCACTGGATCTTTCTC
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Amplification of scFv encoded in
pHENIS

Amplification of GAPDH cDNA
Amplification of GAPDH cDNA
Amplification and sequencing of
downstream to promoter
Amplification of scFv in pAB1
Amplification of scFv encoded in
pHENIS

Sequencing of scFv encoded in
pHENIS

Amplification of NB7.E5 cDNA

Amplification of NB7.E5 cDNA

Sequencing of antibody light chain in
pConPlus

Sequencing of antibody light chain in
pConPlus

Sequencing of antibody light chain in
pConPlus

Sequencing of antibody light chain in
pConPlus

Sequencing of antibody heavy and
light chain in pSCon

Sequencing of CAR

Amplification and sequencing of CAR

Sequencing of scFv in pCMX2.5-
higG1-Fc

Amplification of CAR and insertion of

T2A overhang
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T2A-GSG-myc

rev

TATA+Agel+NB
7.E5 scFv_Fw
TATA+Xbal+St

op+myc_Rev

WPRE_rev

YU109A1 VL fw

YU109A1 VL
rev
YU109A1/B1/D
1 VH rev
YU109A1/H1
VH fw

YU109B1 VL fw

YU109B1/110D
1 VH fw
YU109B1/E1/11
0D1 VL rev
YU109D1 VH

fw
YU109D1 VL fw

YU109D1 VL

rev

YU109E1 VH fw

YU109E1 VL fw

CTTCCACGTCACCGCATGTCAGC
AGACTGCCTCTGCCCTCTCCGGA
GCCCAGATCCTCTTCTGAGATGA
G
TATAACCGGTCAGGTCCAGCTGG
TACAGTC
TATATCTAGATTACAGATCCTCTT
CTGAGATGAG
AGCAACATAGTTAAGAATACCAGT
C
TATAGTGCACTCGCAGCTTGTGCT
GACTC

TATACCTAGGACGGTCAGCATGG

TATACTCGAGACGGTGACCATTGT
CC
TATAGTGCACTCGGAGGTGCAGC
TGGTGC
TATAGTGCACTCGTCTTCTGAGCT
GACTC
TATAGTGCACTCGCAGGTGCAGC
TGG

TATACCTAGGACGGTCAGCTTG

TATAGTGCACTCGGAGGTGCAGC
TGGTGG
TATAGTGCACTCGCAGCCTGTGC
TGACTC

TATACCTAGGACGGTCAGCGTG

TATAGTGCACTCGCAGGTACAGC
TGCAGC
TATAGTGCACTCGCAGGCTGTGC
TGACTC
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Amplification of scFv and insertion of

T2A overhang

Amplification of scFv encoded in
pAB1 and Agel insertion
Amplification of scFv encoded in
pAB1 and Xbal insertion
Amplification and sequencing
upstream to WPRE element
Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1

Amplification of antibody heavy chain
encoded in pAB1

Amplification of antibody heavy chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody heavy chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1

Amplification of antibody heavy chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1

Amplification of antibody heavy chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
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YU109E1/H1
VH rev

YU109H1 VL fw

YU109H1 VL

rev

YU110B1 VH fw

YU110B1 VH

rev

YU110B1 VL fw

YU110B1 VL
rev
YU110D1 VH

rev

YU110D1 VL fw

TATACTCGAGACGGTGACCAGGG
TTC
TATAGTGCACTCGGAAACGACAC
TCACG
TATACGTACGTTTGATATCCACTT
TG
TATAGTGCACTCGGAAGTGCAGC
TGGTGG
TATACTCGAGACGGTGACTAGGG
TTC
TATAGTGCACTCGCAGTCTGTGCT
GACTC
TATACCTAGGACGGTCAGCTTAGT
C
TATACTCGAGACGGTGACCGTGG
TC
TATAGTGCACTCGCAGGCTGGGC
TGACTC

2.1.8 Antibodies

Table 9. List of used antibodies

Amplification of antibody heavy chain
encoded in pAB1

Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1 and BsiWI insertion
Amplification of antibody heavy chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody heavy chain
encoded in pAB1

Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion
Amplification of antibody light chain
encoded in pAB1

Amplification of antibody heavy chain
encoded in pAB1

Amplification of antibody light chain
encoded in pAB1 and ApalLl insertion

Target structure,

Host Target Conjugate Supplier (Cat. No.)

name, clonality

Thermo Fisher Scientific
CCL2, monoclonal rabbit human

(700489)
CCR2, monoclonal mouse human PE BioLegend (357205)
CD22, monoclonal mouse human PE BD (337899)
CD3, monoclonal mouse human FITC BioLegend (300406)
c-myc, monoclonal mouse human HRP Roche (11814150001)
c-myc, monoclonal mouse human Roche (11667149001)
ERK1/2 phospho
(Thr202/Tyr204), mouse human BioLegend (369501)
monoclonal
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ERK1/2, monoclonal
GAPDH, monoclonal
HSV-1/2 glycoprotein B,
HDIT101 IgG,
monoclonal

HSV-1/2 glycoprotein B,
mAb2c IgG, monoclonal
IgG (Fab'), fragment,
polyclonal

IgG (Fab'), fragment,
polyclonal

IgG Fc gamma,
polyclonal

IgG Fc gamma,
polyclonal

IgG Fc gamma,
polyclonal

IgG Fc gamma,
polyclonal

IgG Fc, monoclonal

IgG, polyclonal

Isotype control, IgG2a

1Z108 scFv, monoclonal

M13 phage, monoclonal
NRP1, monoclonal
PD-1, Nivolumab,

monoclonal

rat

mouse

humanized

mouse

goat

goat

rabbit

rabbit

goat

goat

mouse

goat

mouse

humanized

mouse

mouse

human

human

human

human

human

rabbit

human

human

human

mouse

mouse

human
rat
Isotype

control
EGFR

phage

human

human
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HRP

HRP

HRP

FITC

HRP

HRP

FITC

HRP
HRP

HRP

BioLegend (686902)
Proteintech (HRP-60004)
Heidelberg
ImmunoTherapeutics GmbH,

Heidelberg
AG Krauss, NCT Heidelberg

Jackson ImmunoResearch
(111-035-047)

Jackson ImmunoResearch
(109-035-006)

Jackson ImmunoResearch
(309-096-008)

Jackson ImmunoResearch
(309-035-008)

Jackson ImmunoResearch
(115-035-008)

Jackson ImmunoResearch
(115-095-008)

Abcam (ab7499)
BioLegend (405405)

BioLegend (400213)

Prof. Kontermann, University
Stuttgart

GE Healthcare (27-9421-01)
R&D Systems (MAB3870)
Bristol-Myers Squibb (BMS-
936558)
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2.1.9 Antibody library

Table 10. List of used antibody library

Antibody library  Description Supplier (Cat. No.)

Lymph Node Phage display library consisting of In-house, originally generated

Derived Antibody  immune repertoires derived from lymph by Diebolder et al. [152] and

Libraries nodes of 25 head and neck cancer extended further by AG

(LYNDAL) patients, diversity approximately 5x10° Krauss, NCT Heidelberg
clones

2.1.10 Enzymes

Table 11. List of used enzymes and proteins

Enzymes / Proteins

Supplier (Cat. No.)

Agel-HF

New England Biolabs (R3552S)

Alkaline phosphatase, calf intestinal New England Biolabs (M0290S)
Apal New England Biolabs (R0114S)
Apall New England Biolabs (R0507S)
Ascl New England Biolabs (R0558S)
Auvrll New England Biolabs (R0174S)
BamHI-HF New England Biolabs (R3136S)
BsiWI-HF New England Biolabs (R3553S)
CCL11 Peprotech (300-21)
CCL13 Peprotech (300-24)
CCL2 Peprotech (300-04)
CCL7 Peprotech (300-17)
CCLS8 Peprotech (300-15)

DNA polymerase I, L
DNase |

arge (Klenow) fragment New England Biolabs (M0210S)
Invitrogen (18068-015)

Gateway LR Clonase Il Invitrogen (11791-100)

Gel Filtration Standard BioRad (1511901)

Hindlll-HF New England Biolabs (R3104S)
Human IL-15 Miltenyi (130-095-765)

Human IL-7 Miltenyi (130-095-363)
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KAPA2G Fast Ready Mix with Dye
Lysozyme

Mouse IgG, Fc fragment
Murine Fc (mFc)
Ncol-HF

Notl-HF

NRP1

Protein A

Protein L, biotinylated
Pvul-HF

Sall-HF

Sema3A

Sfil

Streptavidin-APC
Streptavidin-HRP

T4 DNA Ligase
VEGF165, biotinylated
Xbal

Xhol

2.1.11 Consumables

Table 12. List of used consumables

Roche (KK5103)
Roche (10837059001)

Jackson ImmunoResearch (015-000-008)
Valentino De Leo, AG Krauss, NCT Heidelberg

New England Biolabs (R3193S)
New England Biolabs (R3189S)
ACRO Biosystems (NR1-H5228)
Thermo Scientific (21181)
GenScript (M00097)

New England Biolabs (R3150S)
New England Biolabs (R3138S)
R&D Systems (1250-S3-025)
New England Biolabs (R0123S)
BioLegend (405207)

Thermo Fisher Scientific (21130)
Thermo Fisher Scientific (EL0O016)
ACRO Biosystems (VE5-H8210)
New England Biolabs (R0145S)
New England Biolabs (R0146S)

Consumable Supplier
1.5 mm SDS PAGE casette Invitrogen
24-well plate polystyrene non-treated cell culture plate Corning
6.5 mm Transwell with 3.0 ym Pore Polyester Membrane Insert Corning

96 well polypropylene V-bottom plate
96-deep-well polystrene microtiter plate
96-well half area microtiter plate

96-well Maxisorp microtiter plate

96-well U-bottom polystyrene microtiter plate
96-well white polystyrene microplate

AeraSeal breathable sealing film
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Greiner Bio-One
Sigma

Nunc

Nunc

Greiner Bio-One
Corning

Excel Scientific
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Bacterial culture tube (12 mL)

Bottle top filter 50 mm

Cell culture flask for adherent cells (T25, T75, T175)

Cell culture flask for suspension cells (T75, T175)

Centricon Plus-70

CMS5 sensor chip

Cryogenic vial with screw cap (2.0 mL)
Dialysis membrane ZelluTrans

Electroporation cuvette

Erlenmeyer cell culture flask with filter cap (125 mL)

Erlenmeyer cell culture flask with filter cap (500 mL)

Extra thick blot paper / Mini blot size

Flow cytometry round-bottom tubes
Nitrocellulose western blot membrane
PCR tube strip with 8 tubes (0.2 mL)

PCR tubes, flat cap (0.2 mL)

Petri dish 100 mm

Pipette filter tip (10, 20, 200, 1000 uL)
Plastic syringe (20 mL, 50 mL)

Plastic vials, 11 mm

Polypropylene conical tube (15 mL, 50 mL)
Polystyrene round bottom tube (5 mL)
Reaction tubes (1.5 mL, 2.0 mL)

Reagent reservoir (50 mL)

Rubber caps, type 2

Rubber caps, type 5

Serological pipette (1, 2, 5, 10, 25 and 50 mL)
Square dish 120 x 120 x 17 mm

Syringe filter 0.22 ym

Tissue culture dish with 20 mm grid
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Greiner Bio-One
Thermo Fisher Scientific
Greiner Bio-One
Greiner Bio-One
Merk Millipore
GE Healthcare
Greiner Bio-One
Carl Roth
BioRad

Corning

BD Biosciences
BioRad

Falcon

neolLab

neolLab

AHN Biotechnology
Greiner Bio-One
Greiner Bio-One
BD Biosciences
GE Healthcare
Falcon

Falcon

neolLab
Corning

GE Healthcare
GE Healthcare
Corning

Greiner Bio-One
Merk Millipore

Corning
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2.1.12 Chromatography columns

Table 13. List of used chromatography columns

Column

Supplier (Cat. No.)

HiLoad 16/600 Superdex 75 pg (120 mL)

HisTrap FF (1 mL)
HiTrap rProtein A FF (1 mL)

Superdex 200 Increase 10/300 GL (20 mL)
Superdex 75 Increase 10/300 GL (20 mL)

2.1.13 Laboratory equipment

Table 14. List of used laboratory equipment

GE Healthcare (28989333)
GE Healthcare (17531901)
GE Healthcare (17507901)
GE Healthcare (28990944)
GE Healthcare (29148721)

Instrument

Type

Supplier

Absorbance and fluorescence

plate reader
Agarose gel station

Automatic dispenser pipette

Automatic multichannel pipette
Bacteriological incubator
Balance

Cell culture shaker

Centrifuge

Centrifuge mini

Infinite F200Pro

Mini Sub-Cell GT
Sub-Cell GT
Multipette Stream
Xplorer

BE 2000 321
Heraeus B6
AJ-2200CE Vibra
Minitron

Multitron Pro
5424 R

C5-6R

Heraeus Megafuge 40R

Megafuge 1.0
Mikro 200R
Multifuge 4KR
Sorvall RC 6+
3-1810
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Tecan

Bio-Rad Laboratories

Eppendorf

Eppendorf

Memmert

Thermo Fisher Scientific
Shinko Denshi

Infors HT

Eppendorf

Beckmann

Thermo Fisher Scientific
Heraeus

Hettich

Thermo Fisher Scientific
Thermo Fisher Scientific

neolLab



Materials and Methods

Chemiluminescence

visualization system

CO; incubator

Electroblotting system
ELISA washer

Flow cytometer

FPLC system
Gel visualization system
Heating block

Hemocytometer

Inverted microscope
Magnetic stirrer

Magnetic tray
Multichannel pipette
Orbital plate shaker

PCR thermocycler
pH meter
Photometer
Pipette controller

Pipettes

Power supply

Precision balance

Rocking plate shaker

INTAS Advanced
Fluorescence Imager
Heracell 150
NU-5510E

Trans Blot Semi-Dry
Transfer Cell

EIx405

BD FACS Celesta
BD FACS Verse
AEKTAFPLC system
AEKTApure FPLC system
Gel Jet Imager
HBT-2 131

TH 21

Neubauer improved
CKX41

MR2000

2mag Mix 1 XL
DynaMag-2 Magnet
Pipetman neo P200
DRS-12

peqSTAR 96 Universal
Gradient

PB-11

NanoDrop ND-1000
NanoDrop 2000c
Pipetus

Pipetman neo P1000, P200,

P20, P10
PowerPac Basic
PowerPac HC
pegPower
CPA22D-OCE
DSG 304/M4
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Intas Science Imaging

Thermo Fisher Scientific

Ibs Tecnorama
Bio-Rad Laboratories
BIO-TEK

BD Biosciences

Amersham Bioscience
GE Healthcare

Intas Science Imaging
HLC Biotech

Karl Hecht

Olympus

Heidolph Instruments
2mag AG

Thermo Fisher Scientific
Gilson

neolLab

peglLab

Sartorius

Thermo Fisher Scientific
Hirschmann

Gilson

Bio-Rad Laboratories
Bio-Rad Laboratories
peglLab

Sartorius

Heidolph Instruments
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Scanner
SDS gel station

Sonicator

Sterile bench

Surface plasmon resonance

based instrument

Vortex

Water bath

Perfection V750 Pro Epson

Novex Mini-Cell
uw 2070
SAFE2020

Invitrogen

Bandelin electronic

Thermo Fisher Scientific

HERAsafe KSP 12

Biacore 2000 GE Healthcare

L46 GLW

D-6012 neolLab

T100 Labortechnik Medingen

2.1.14 Software and online tools

Table 15. List of used software and online tools

Software / Online tool

Description

Supplier/Homepage

BD FACS Diva

BD FACS Suite

BIACORE Control

BlAevaluation

Chemo Star Imager 3.14

Epson Scan

ExPASy ProtParam

Fiji

FlowJo 10.3
Geneious 10.1

GraphPad Prism 7.0

IMGT/V-Quest

Intas GDS 3.3.9

Acquisition and analysis of flow
cytometric data

Acquisition and analysis of flow
cytometric data

BIACORE controlling software
Sensorgram evaluation
Fluorescence and ECL visualization
Image scan and digitalization
Analysis of physical and chemical
parameters of proteins

Image processing software for
scientific image analysis

Flow cytometric data evaluation
Cloning manager

Statistical analysis and graphical
illustrations

Database containing antibody
germline sequences

DNA visualization and documentation
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BD Biosciences

BD Biosciences

GE Healthcare

GE Healthcare

Intas Science Imaging
Epson
http://web.expasy.org/

protparam/
Imaged [153]

Tree Star

Biomatters

GraphPad Software

IMGT/V-Quest [154]

Intas Science Imaging


http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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LEGENDplex Data Analysis
Software 8.0
Mendeley

Microsoft Office 2010

NanoDrop 1000 3.8.1

Photoshop Elements 10
Tecan i-control 3.7.3
Unicorn 5.10

Unicorn 6.3

VBASE2

Analysis of LEGENDplex data

Reference manager
Data evaluation, illustration and text

processing
Spectrophotometer control

Image editing
Absorbance/fluorescence reader
FPLC control

FPLC control

Database containing antibody

germline sequences
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BioLegend
Elsevier
Microsoft

Thermo Fisher
Scientific
Adobe Systems
Tecan Austria
GE Healthcare
GE Healthcare

VBASE2 [155]
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2.2 Methods

2.2.1 Phage display
2.2.1.1 Helper phage titer determination

E. coli TG1 were streaked out on minimal agar plates and grown overnight at 37 °C. 4 mL 2x YT
medium were inoculated with a single colony and incubated overnight at 37 °C, 225 rpm. 100 pL
bacterial culture were used to inoculate 14 mL 2x YT medium and incubated at 37 °C, 180 rpm,
until an ODeoo of 0.5 was reached. 15 pL of a serial dilution (10 to 10°for VCSM13 helper phages
and 10 to 107" for library phages) of phages in 2x YT medium were used to infect 285 L of log
phase E. coli TG1 and incubated for 30 min at 37 °C followed by 30 min at 37 °C, 160 rpm. 100
pL of infected E. coli TG1 were streaked out in duplicates on 2x YT-K plates or 2x YT-GA plates
to amplify helper or library phages, respectively, and grown overnight at 37 °C. Colonies were

counted and transducing units per mL (TU/mL) were calculated.

2.2.1.2 Phage display selection of anti-CCL2 scFvs from LYNDAL

CCL2-specific scFvs were selected from our in-house antibody library LYNDAL [152] by
means of phage display (Figure 8). LYNDAL comprises 20 individual phage display libraries
consisting of IgG VH and VL repertoires from lymph node-derived B cells of head and neck
cancer patients. VH and VL sequences are cloned as scFvs in the phagemid vector pHENIS
which encodes the phage coat protein plll, thereby enabling presentation of the scFv on the
phage surface. LYNDAL constitutes a large source (in total approximately 5 x 10° clones) of

human variable antibody domains and is stored as E. coli TG1 glycerol stocks at -80 °C.

E. coli TG1 were prepared the day before use by inoculating 4 mL 2x YT medium with a single

colony picked from a minimal plate and subsequent overnight growth at 37 °C, 180 rpm.
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M

Phage-scFv
library

: /
' ' Elution
I I
] 0
]
] il
| []
Amplification /
Screening
)
0 0
[DD—-'] Phagemid vector encoding )
scFv and phage coat protein ~ Phage coat protein
m Antibody fragment (scFv) ~ -2.2@  Antigen-coated immunotube

Figure 8. Phage display. Phages presenting the LYNDAL-scFvs were incubated with the antigen of interest
coated to an immunotube. Unbound phages were removed by washing and binders were recovered by
elution. Binders were further amplified in bacteria and entered another selection round. After three selection

rounds, phages were screened for binding.

For the first selection round, phages were produced from the antibody libraries containing
bacterial stock. Therefore, 1200 mL 2x YT-GA medium were inoculated with bacterial library
stock such that the starting ODeoo was 0.1. For the following selection rounds, 60 pL infected
bacteria from the previous round were used to inoculate 200 mL 2x YT-GA medium. Bacteria were
grown at 37 °C, 180 rpm, until an ODsoo of 0.5 was reached.

Bacteria were infected with VCSM13 helper phages at a multiplicity of infection (MOI) of 15
and incubated for 30 min at 37 °C followed by 30 min at 37 °C, 160 rpm. Infected bacteria were

centrifuged for 15 min at 3500 g and resuspended in fresh 2x YT-AK medium supplemented with
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0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) to induce phage production. The culture
was incubated for 6 h at 28 °C, 130 rpm.

Produced phages were purified by precipitation. For this purpose, the culture was centrifuged for
15 min at 3500 g and 4 °C followed by addition of 20 % (v/v) precipitation buffer and incubation
overnight at 4 °C. Phages were pelleted by 45 min centrifugation at 3500 g, 4 °C, and washed
with 20 mL ice cold phosphate buffered saline (PBS). For a second precipitation step, the phages
were centrifuged for 45 min at 3500 g at 4 °C, 20 % (v/v) precipitation buffer was added to the
supernatant and incubated 1 h on ice. Phages were harvested by 45 min centrifugation at 3500
g, 4 °C, and resuspended in 300 yL PBS. Remaining debris was removed by 3 min centrifugation

at maximum speed, 4 °C. Phage titer was determined as described in 2.2.1.1.

The selection of antigen-specific scFv presenting phages was performed in three rounds in
immunotubes. For the first selection round 20 ug/mL CCL2-murine fragment crystallizable
(mFc) and for the following selection rounds 10 pyg/mL CCL2-mFc in 3 mL PBS were
incubated in the immunotube overnight at 4 °C. The immunotube was blocked by addition of
2 % MPBS for 2 h at RT. 10'2 phages in 3 mL 2 % MPBS were added and incubated for 90
min at RT followed by 30 min rotation. Unbound phages were removed by washing 5x with
PBS-T and 5x with PBS for the first selection round, 10x with PBS-T and 10x with PBS for
the second selection round and 15x with PBS-T and 15x with PBS for the third selection
round. Antigen binding phages were recovered by addition of 1 mL elution buffer and rotation
for 8 min at RT. Eluted phages were transferred to a new tube and 130 pL neutralization

buffer were added.

8.9 mL E. coli TG1 culture (ODsoo = 0.5) were infected with eluted phages for 30 min at 37 °C
followed by 30 min at 37 °C, 160 rpm. 10 pL of the infected bacteria were used for titer
determination (102 to 10° serial dilution) as described in 2.2.1.7. Remaining bacteria were
centrifuged for 10 min at 400 g at 4 °C. The pellet was resuspended in 1 mL 2x YT medium,
streaked onto a 2x YT-GA plate (12 cm x 12 cm) and grown overnight at 30 °C. The colonies were
harvested with 4 mL 2x YT medium using a glass spatula and stored as glycerol stock (final
concentration 15 %) at -80 °C.

Panning round 3 phage-infected glycerol stock of E. coli TG1 was plated onto 2x YT-GA plates
and incubated overnight at 30 °C. Single colonies were used to inoculate 100 uL 2x YT-GA
medium in a 96-well plate using a sterile tip. The same tip was used for colony PCR screening
(see 2.2.2.4). The 96-well plates were incubated overnight at 37 °C, 160 rpm, and stored as

“master plate” glycerol stocks (final concentration 15 %) at -80 °C.
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2.2.1.3 Polyclonal phage ELISA

Enrichment of antigen specific phages during three panning rounds of phage display was
monitored by polyclonal phage enzyme linked immunosorbent assay (ELISA). The working

volume was 100 pL/well.

A 96-well ELISA plate was coated overnight at 4 °C with 3 pyg/mL antigen and control proteins
diluted in PBS. Wells were blocked with 400 yL/well 2 % MPBS for 2 h at RT. 10'2 phages/well
in PBS were added and incubated 1h at RT. The plate was washed 3x with PBS-T and 3x
with PBS (350 pL/well). Anti-M13 HRP conjugated antibody diluted in 2% MPBS was added
for 1 h at RT. Plate was washed as described before, TMB solution was added and incubated
in the dark at RT. Reaction was stopped by addition of 50 pL/well 2 N sulfuric acid.

Absorbance was measured at 450 nm wavelength (620 nm reference) using a plate reader.

2.2.1.4 Anti-CCL2 and anti-NRP1 scFvs selected by YUMAB GmbH

Our collaboration partner Yumab GmbH was supplied with internally produced CCL2-mFc
and commercially available NRP1-His (ACRO Biosystems). Phage display was performed to
select antigen-specific scFvs from their naive antibody library HAL9/10 [156]. We received
five CCL2-specific scFv clones, namely YU109A1, YU109B1, YU109D1, YU109E1 and
YU109H1, as well as two NRP1-specific scFv clones, namely YU110B1 and YU110D1.

2.2.2 Molecular biological methods
2.2.2.1 Cloning of antigen, antibody and CAR coding sequences

Antigen coding sequences were codon optimized and synthesized by Eurofins Genomics.
The coding sequences were cloned into the mammalian expression vector pCMV6 (Ascl x
Xhol) which includes a mouse Fc tag 3’ of the insertion site. The CCL2-mFc sequence
encodes for the full-length protein with P8A substitution. This substitution ablates dimerization
of CCL2 and at the same time ensures the same biological activity as the wild type [157].
NRP1 (CUB1)-mFc and NRP1 (CUB1CUB2)-mFc contain amino acids 1-144 and 1-272,

respectively, which are described to encompass the Sema3A binding domain. The
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recombinant protein domains were produced in HEK293-6E and purified via Protein A affinity

chromatography and size exclusion chromatography as described in 2.2.4.4

ScFv, scFv-hFc and IgG1 antibody formats were used for the analysis of binding
characteristics and functional assays. The in-house selected CCL2 specific scFv NB7.E5
carrying a His- and c-myc-tag was cloned into the pAB1 vector (Notl x Sfil) for expression in
E. coli TG1 (see 2.2.3.1). Clones received from Yumab GmbH were cloned as scFv-hFc in
the mammalian expression vector pCMX2.5 (Notl x Ncol). NB7.E5 was synthesized by
Eurofins Genomics to match the restriction sites and linker of the Yumab GmbH derived scFvs
and was also cloned as scFv-hFc in the pCMX2.5 vector. All antigen-specific clones were
further produced as full length 1IgG1 with the N297A substitution to ablate antibody effector
functions. For this purpose, variable heavy (VH) chain segments and variable light (VL) chain
segments were cloned into the corresponding subcloning vector pSCon IgG1 (ApaLl x Xhol),
pSCon Lambda (ApaLl x Avrll) or pSCon Kappa (ApaLl x BsiWI), which contained the Kozak
and leader sequence. The VH and VL domains were further cloned into the corresponding
mammalian expression vectors pConPlus IgG1 [N297A] (Hindlll x Apal), pConPlus Lambda
(Hindlll x Avrll) or pConPlus Kappa (Hindlll x BsiWI). NB7.E5 was additionally cloned as full-
length IgG1 antibody carrying the wild-type N297 by using the expression vector pConPlus
IgG1 (Hindlll x Apal). For production of the antibodies in HEK293-6E (see 2.2.3.4) either
cotransfection of the pConPlus vectors was performed or digested subcloning vectors were

ligated and the double gene vector (DGV) (Pvul x Notl) was transfected.

The CCL2 specific scFv NB7.E5 was further included for soluble expression in an anti-CD22
CAR. Therefore, the NB7.E5 scFv coding sequence was fused to the CAR encoding
sequence either at the N-terminus (a«CCL2scFv-aCD22CAR) or the C-terminus («CD22CAR-
aCCL2scFv). The “self-cleaving” peptide thosea asigna virus 2A (T2A) was synthesized by
Eurofins Genomics and included between CAR and NB7.ES scFv sequences (Ncol x BamHI)
to allow encoding of two proteins on the same open reading frame. The full CAR sequence
encompassed the anti-CD22 scFv SGIIl (humanized RFB4 antibody, [158]), a CD8a hinge
and transmembrane domain as well as the costimulatory domain 4-1BB (CD137) and the
activation domain of the CD3-zeta chain (). This backbone corresponds to the clinically
approved anti-CD19 CAR tisagenlecleucel [159]. aCD22CAR-aCCL2scFv was generated by
restriction digest (Agel x Xbal) and ligation (see 2.2.2.7 and 2.2.2.9) of NB7.E5 scFv and
CAR sequence encoded on the vector pENTR1a. By gateway cloning (see 2.2.2.5) from the

entry vector pENTR1a the construct was transferred to the expression vector pRRL#5. Since
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pRRL#5 contains an unfavorable internal ribosome entry site (IRES) and puromycin
resistance, these sequences were removed by restriction digestion (Xbal x Sall), blunting
reaction and ligation. To generate aCCL2scFv-aCD22CAR, NB7.E5 scFv was fused to T2A
by overlap extension PCR (see 2.2.2.3) and the construct was cloned into
pRRLSIN.cPPT.hEF1a.WPRE by restriction digest (BamHI x Xbal) and ligation. «CD22CAR-
aCCL2scFv expression is driven by a phosphoglycerate kinase (PGK) promoter, whereas the
vector used for aCCL2scFv-aCD22CAR expression contains a human elongation factor-1

alpha (EF1a) promoter.

2.2.2.2 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed to amplify DNA or introduce new restriction sites.
Table 16 shows the components of the PCR mix and Table 17 the reaction conditions for use in a

thermocycler. The primer melting temperature (Tm) was calculated according to the formula:
Tm=4°Cx(C+G)+2°Cx(A+T)

DNA was purified using a PCR purification kit according to the manufacturer’s recommendations.

DNA concentration was quantified photometrically.

Table 16. PCR reaction mix

Component Final amount/

concentration

Template DNA 100 ng
KAPA HiFi Buffer (5x) 1x
KAPA HiFi Polymerase (1 U/uL) 1U
dNTP Mix (10 mM) 0.2 mM
Forward primer (25 uM) 0.5 uM
Reverse primer (25 uM) 0.5 uM
ddH20 ad 50 pL
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Table 17. PCR reaction conditions

Step Temperature [°C] Time [s] Cycles
Initial denaturation 95 300 1
Denaturation 98 20 35
Annealing Tm—-4°C 15 35
Elongation 72 60 s/kb 35
Final elongation 72 300 1
Cooling 4 0 1

2.2.2.3 Overlap extension polymerase chain reaction

Overlap extension PCR was used to align two partly complementary DNA templates. The PCR
reaction mix and conditions were set up as described in 2.2.2.2 with the following modifications:
First, 5 PCR cycles without primers were performed to allow alignment of the overlapping DNA
stretches and extension. Afterwards, the primers were added and 16 cycles were run to amplify

the aligned DNA template.

2.2.2.4 Polymerase chain reaction from bacterial glycerol stock or colony

PCR from the bacterial glycerol stock was performed to analyze the integrity of phage display
selected scFvs from the master plate (see 2.2.1.2). PCR from bacterial colonies was

performed to screen for sequence insertion after cloning.

2 uL bacterial glycerol stock or a single bacterial colony picked with a sterile p10 pipette tip
were added to the PCR mix (Table 18) and the reaction was run in a thermocycler ( Table 19).

PCR products were analyzed by agarose gel electrophoresis as described in 2.2.2.6.

Table 18. PCR reaction mix

Component Final amount/ concentration
Template DNA 2 L glycerol stock / bacterial colony
2x KAPA2G Fast Ready Mix with Dye 1x

Forward primer (25 uM) 0.5 uM

Reverse primer (25 uM) 0.5 uM

ddH20 ad 25 uL
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Table 19. PCR reaction conditions

Step Temperature [°C] Time [s] Cycles
Initial denaturation 95 300 1
Denaturation 95 15 35
Annealing 60 15 35
Elongation 72 15 s/kb 35
Final elongation 72 300 1
Cooling 4 0 1

2.2.2.5 Gateway cloning

Lentiviral vectors were generated by transferring the CAR and scFv sequences from the entry

clone pENTR1a into the destination vector pRRL by gateway reaction.

200 ng entry clone encoding the attL-flanked CAR and scFv sequence were mixed with 200 ng
destination vector. After addition of 1 yL LR clonase enzyme mix and 1 h incubation at RT, the
sequence was excised from the entry clone and transferred to the destination vector (Figure 9).
The reaction was stopped by addition of 1 ug proteinase K and incubation for 10 min at 37 °C.
Chemically competent E. coli Stbl3 were transformed as described in 2.2.2.70 and positively

selected via the ampicillin resistance encoded on the expression clone.

CAR + scF +

attL1 D a2 attR atigt IOARTSENY B2 atei attP2
Entry + Destination _ Expression + Donor
clone vector LR clonase clone vector
KanaR AmpR AmpR KanaR

Figure 9. Gateway reaction. CAR and scFv sequence on the entry clone are recombined into the
destination vector by the LR clonase enzyme exploiting the recombination sites attL and attR. Expression
clones can be positively selected via the ampicillin resistance. Cells containing the original destination vector

are killed by the ccdB toxin.
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2.2.2.6 Agarose gel electrophoresis, DNA extraction and purification

Agarose gel electrophoresis was performed to isolate target DNA after amplification and digest.

1.0 — 1.5% agarose was dissolved in 1x TAE buffer by boiling and mixed with peqGreen (1:20000)
for DNA visualization. Loading dye was added to the samples and applied onto the gel and a
standard DNA ladder was loaded in a separate pocket. Electrophoretical separation was carried
out at 70 V in 1x TAE running buffer. DNA was visualized on a UV table and target band was
excised using a scalpel. DNA was extracted using a gel extraction kit according to the

manufacturer’'s recommendations. DNA concentration was quantified photometrically.

In the case of small (< 100 bp) contaminating DNA fragments, the target DNA was instead purified

using a PCR purification kit according to the manufacturer's recommendations.

2.2.2.7 Restriction enzyme digestion

Vector and insert DNA were digested as described in

Table 20 for 2 h at the temperature of maximum enzyme activity. To avoid vector religation, 10

units of alkaline phosphatase from calf intestine (CIP) was added to the vector digest reaction.

Table 20. Restriction digest reaction mix

Component Final amount/ concentration
DNA 5 ug (vector) / 2 ug (insert)
Buffer 1x

Enzyme | 10U

Enzyme I 10U

CIP (vector digest only) 10U

ddH20 ad 50 pL

2.2.2.8 DNA blunting reaction

If needed, digested DNA was blunted using DNA polymerase |, Large (Klenow) fragment, as
described in Table 21 for 37 °C for 15 min followed by heat inactivation at 75 °C for 10 min.
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Table 21. Blunting reaction mix

Component Final amount/ concentration
Digested DNA 16 uL

NEB2 Buffer 1x

dNTP Mix (10 mM) 0.5 mM

DNA polymerase |, Large 5U

(Klenow) fragment
ddH20 ad 20 yL

2.2.2.9 DNA ligation

Digested insert and vector DNA were ligated by setting up the reaction as described in Table 22

followed by incubation for 1 h at RT.

Table 22. Ligation reaction mix

Component Final amount/ concentration
Vector 50 ng

Insert 3x molar excess

T4 Ligase Buffer (10x) 1x

T4 Ligase (1 U/ pL) 1U

ddH20 ad 20 pL

2.2.2.10 Chemical transformation of bacteria

Chemically competent E. coli XL-1 Blue were transformed by heat shock. 100 yL bacteria were
thawed on ice, the complete ligation mix or 50 ng plasmid DNA were added and incubated on ice
for 30 min. Heat shock was performed for 45 s at 42 °C and immediately 250 yL SOC medium
were added to the bacteria. Following recovery of 30 — 60 min at 37 °C, 180 rpm, the bacteria
were streaked out on pre-warmed antibiotic-containing LB agar plates. The plates were incubated
overnight at 37 °C. Single colonies were picked using a sterile p10 pipette tip to inoculate
antibiotic-containing LB medium.
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2.2.2.11 Transformation of bacteria by electroporation

DNA was introduced into competent E. coli TG1 by electroporation. 50 ng plasmid DNA were
added to 50 L thawed bacteria and transferred to an electroporation cuvette. After electroporation
at 1800 V, 25 yF and 200 Q, 950 uL SOC medium were immediately added and recovery was
allowed for 30-60 min at 37 °C, 180 rpm. Bacteria were streaked out on pre-warmed antibiotic-
containing LB agar plates. Following overnight incubation at 37 °C, single colonies were picked

using a sterile p10 pipette tip to inoculate antibiotic-containing LB medium.

2.2.2.12 Bacterial glycerol stocks

15 % glycerol stocks were prepared for long-term storage of bacteria. Bacteria grown from a single
colony in antibiotic-containing LB medium were supplemented with glycerol to a final concentration

of 15 %. Cells were immediately mixed by vortexing and frozen at -80 °C.

2.2.2.13 Plasmid DNA preparation

Plasmid DNA was isolated from bacteria cultured in antibiotic-containing LB medium. DNA was
extracted using the Mini preparation kit (QIAGEN) or endotoxin free Maxi preparation kit (QIAGEN)

according to the manufacturer’s instructions. DNA concentration was quantified photometrically.

2.2.2.14 mRNA analysis

Presence of scFv or CCL2 messenger RNA (mMRNA) was analyzed by isolation of mRNA using
the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions, followed by synthesis

of complementary DNA (cDNA), sequence specific PCR and visualization on an agarose gel.

mRNA of 1 x 107 CAR T cells (see 2.2.3.12), HEK cells transfected with CAR constructs (see
2.2.3.13) as well as phytohaemagglutinin P (PHA-P) activated and non-activated PBMCs (see
2.2.3.11) was isolated according to the manufacturer’s instructions. Genomic DNA was removed
in an additional step. Concentration was quantified photometrically and RNA was stored at -80 °C.
cDNA synthesis was performed using the RevertAid First Strand cDNA Synthesis (Thermo Fisher

Scientific) according to the manufacturer’s recommendations. For this purpose, 1 ug RNA, oligo
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(dT) primers, RNase inhibitor, dNTP mix and reverse transcriptase were incubated in reaction
buffer for 60 min at 42 °C. The reaction was terminated by incubation at 70 °C for 5 min. 2 pyL
cDNA were amplified by PCR using scFv or CCL2 sequence-specific primers as well as GAPDH-
specific control primers as described in 2.2.2.2. Samples were separated by agarose gel

electrophoresis (see 2.2.2.6) and target DNA was visualized on a UV table.

2.2.2.15 DNA sequence analysis

Sanger sequencing of plasmid DNA was performed by Eurofins Scientific. Forward and reverse
primers are listed in Table 8. Sequences were evaluated using Geneious software. Antibody

sequence analysis was conducted using IMGT/V-Quest [154] and VBASE2 [155] online tools.

2.2.3 Cell biological methods
2.2.3.1 scFv expression in bacteria

Production of soluble scFvs was performed in a small scale using bacteria transformed with
the pHENIS phagemid vector carrying the scFv coding sequence, or in a larger scale using
bacteria transformed with the pAB1 vector encoding the scFv. Both pHENIS and pAB1 vectors
contain an IPTG inducible lac operon, allowing the production of soluble scFvs upon addition of
IPTG.

ScFv expression after phage display was performed in order to screen for antigen-specific
clones by ELISA. Although E. coli TG1 is an amber stop codon suppressor strain, we found
it to generate sufficient amounts of soluble scFv not fused to the phage coat protein plll. A
96- well plate with 125 uL/well 2x YT-GA (1 g/L glucose) was inoculated with 3 pL glycerol stock
of each master plate well (see 2.2.1.2) and incubated at 37 °C for 2.5 h, 160 rpm (ODsoo approx.
0.5). ScFv production was induced by addition of IPTG at a final concentration of 1 mM and
incubation overnight at 30 °C, 160 rpm. The plate was centrifuged at 2000 g for 15 min at 4 °C.
Bacterial pellets were resuspended in 150 uL/well periplasmic preparation buffer and incubated
on ice for 25 min. MgSO, was added to a final concentration of 10 mM and the plate was
centrifuged for 15 min at 2000 g, 4 °C. The scFv containing periplasmic supernatants were
subjected to ELISA as described in 2.2.4.8.
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For large scale production of scFv, the antibody fragments were cloned into the pAB1 vector, E.
coli TG1 were transformed by electroporation (see 2.2.2.77) and scFvs were purified from
bacterial periplasm. 500 mL 2x YT-GA (1 g/L glucose) were inoculated with 5 mL of an overnight
bacterial culture and incubated at 37 °C, 180 rpm, until an ODsego of approximately 0.8 was
reached. ScFv production was induced by addition of IPTG (1 mM final concentration) and
overnight incubation at 20 °C, 180 rpm. Bacteria were harvested by centrifugation for 15 min at
4000 g and 4 °C. Proteins were isolated from the periplasm by resuspending the pellet in 50 mL
periplasmic preparation buffer and adding 50 ug/mL lysozyme. After incubation on ice for 25 min,
MgSO4 was added to a final concentration of 10 mM and supernatant was harvested by
centrifugation for 15 min at 4000 g and 4 °C. The centrifugation step was repeated until bacterial
debris was completely removed. The scFv-containing supernatant was dialyzed against SP10
buffer as described in 2.2.4.1 and scFvs were purified via their His-tag and size exclusion
chromatography (see 2.2.4.2 and 2.2.4.4).

2.2.3.2 Cultivation of eukaryotic cells

Cells were handled under sterile conditions and were cultivated in a humidified incubator at 37 °C,
5% CO:.. Cells were counted using a Neubauer counting chamber and dead cells were visualized

by trypan blue staining.

Adherent cell lines HEK293T were cultivated in DMEM (supplemented with 10% FCS and 1%
pen/strep), A549 in RPMI-1640 (supplemented with 10% FCS and 1% pen/strep) and HUVEC in
EGM2 medium. For passaging, cells were washed with PBS and detached from the plate by
adding 1x trypsin-EDTA solution while incubating for 3-5 min at 37 °C. To stop trypsinization,
adapted medium was added (at least three times the amount of used trypsin). Cells were counted,
the cell density was adjusted to 0.5 x 10° cells/mL with fresh medium and cells were seeded into

a new flask. Cells were passaged every 2 to 4 days.

Suspension cell lines THP1, Nalm6, Raji and K562 were cultured in RPMI-1640 supplemented
with 10% FCS and 1% pen/strep. Cells transduced with lentiviral vectors encoding Gaussia
Luciferase (GLuc) were selected by the addition of 1 pg/ml puromycin. To passage cells, cells
were counted and the cell density was adjusted to 1.5 x 10° cells/mL (except GLuc expressing
cells: 5 x 10° cells/mL) with fresh medium and cells were seeded into a new flask. Cells were

passaged every 2 to 4 days.
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HEK293-6E suspension cells were grown in a humidified shaking incubator at 37 °C, 5% CO, and
135 rpm in F17 medium supplemented with 4 mM L-Glutamine, 0.1% Kolliphor and 25 pg/mL

G418. Cells were passaged every 2 to 3 days to avoid cell densities above 2 x 10° cells/mL.

Primary transduced (CAR) and unstransduced (mock) T cells were grown in X-Vivo 15 medium
supplemented with 5 % FCS, 10 ng/mL IL-7 and 10 ng/mL IL-15. Cells were passaged ever 2 to

3 days and seeded at 1 x 10° cells/mL/cm?.

2.2.3.3 Freezing and thawing of cells

Cells were centrifuged for 5 min at 300 g and resuspended in freezing medium at a concentration
of 0.5 to 1x107 cells/mL. 1 mL aliquots were frozen to -80 °C in cryovials by reducing temperature

at a rate of 1 °C/min using a freezing container. Cells were stored in a liquid nitrogen tank.

Frozen cells were thawed in a water bath at 37 °C and transferred to a T25 flask containing pre-
warmed 9 mL adapted medium. HEK293-6E cells were thawed and transferred to a 125 mL
shaking flask containing 16 mL medium without G418. The following day the volume was adjusted

to 30 mL using medium without G418.

2.2.3.4 Expression of antigen, scFv-hFc and IgG in HEK293-6E cells

Antigens, scFv-hFc and IgG antibodies were transiently expressed as recombinant proteins in
HEK293-6E cells.

Cells at a density of 1.5 — 2.0 x 10° cells per mL were used for transfection. 1 ug vector DNA and
2 pg PEI per mL transfection volume was mixed with transfection medium (5 % of the transfection
volume) in separate tubes. The PEI solution was transferred to the DNA solution, vortexed
thoroughly and incubated for 3 min at RT. The transfection mix was added to the cells and for the
expression of NRP1 (CUB1)-mFc CaCl, was additionally added to a final concentration of 10 mM.
After 24 h incubation at 37 °C, shaking at 135 rpm and 5 % CO,, TN1 feeding medium was added
(0.5% final concentration). 4 days after transfection, the culture was harvested by centrifugation
for 10 min at 250 g, 4 °C. The antibody containing supernatant was centrifuged again for 10 min
at 2300 g, 4°C and dialyzed as described in 2.2.4.1.
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2.2.3.5 Flow cytometry

Intracellular or cell-surface expression of proteins, as well as antibody binding to the surface of

target positive cells was analyzed by flow cytometry.

Flow cytometry buffer was used for all staining and washing steps, except for samples that were
stained with Protein L where PBS was used during the staining procedure. The staining volume

was 100 pL. All reagents were cold (4 °C) and cells were always handled on ice.

For staining of intracellular proteins, cells were first fixed and permeabilized using the Intracellular
Fixation and Permeabilization kit (Thermo Fisher Scientific) according to the manufacturer’s

recommendations. Staining and washing steps were performed in permeabilization buffer at RT.

0.2 — 1 x 108 cells per staining sample were centrifuged for 3 min at 400 g, 4 °C and cells were
washed with 200 pL buffer. Fcy receptors of Fc-receptor expressing myeloid cells were blocked
by resuspending the cells in 100 yL PBS supplemented with 1 % (w/v) sodium azide and 10 %
(v/v) human serum and incubation for 20 min on ice. Cells were washed twice and antibody
(concentration according to manufacturer's recommendations) was added to the cells and
incubated for 45 min on ice. Cells were washed twice, followed by addition of labeled secondary
antibody (concentration according to manufacturer’'s recommendations) and incubated for 45 min
on ice protected from light. Afterwards, cells were washed twice and resuspended in 300 uL buffer
supplemented with SYTOX Blue Dead Cell Stain (1:1000). Fluorescence was analyzed using a

flow cytometer and data was evaluated with FlowJo 10.3 software.

2.2.3.6 Ligand-binding competition assay

Flow cytometry was used to investigate the blocking effects of anti-NRP1 antibodies on the
Sema3A — NRP1 interaction and of the anti-CCL2 antibody on the CCL2 — CCR2 interaction. Flow

cytometry was performed as described in 2.2.3.5 with the following modifications.

For the Sema3A — NRP1 blocking experiment, His-Sema3A-hFc was first labeled via the human
Fc tag with APC using the Zenon human IgG APC labeling kit (Thermo Fisher Scientific) according
to the manufacturer’s recommendations. NRP1 expressing HUVEC cells were preincubated with
750 nM anti-NRP1 or control IgG antibodies for 45 min at RT. Cells were washed and 75 nM APC-
labeled His-Sema3A-hFc was added for 45 min at 4 °C protected from light. Cells were analyzed

by flow cytometry.
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To analyze the blocking of the CCL2 — CCR2 interaction by our anti-CCL2 antibodies, 100 nM
CCL2-mFc and anti-CCL2 antibodies (100 — 1000 nM for IgG antibodies and 100 — 2000 nM for
scFvs) were preincubated for 45 min at RT. 100 nM mFc was included as control for unspecific
binding to Fc receptors. Fc receptors on CCR2 — expressing THP1 cells were blocked using
human serum as described in 2.2.3.5. The preincubated mixture was added to the THP1 cells for
20 min at 4 °C. FITC-conjugated goat anti-mouse IgG antibody was used for detection of CCL2-

mFc binding and cells were analyzed by flow cytometry.

2.2.3.7 CCL2-induced CCR2 signaling

To analyze the effects of anti-CCL2 antibody on CCL2-induced CCR2 downstream signaling,
CCR2-expressing THP1 cells were treated with CCL2 in the presence or absence of antibodies.
Cell lysates were prepared and mitogen-activated protein kinase (MAPK) pathway was analyzed

by investigating phosphorylation of extracellular-signal regulated kinase (ERK).

THP1 cells were washed with PBS, seeded at 3 x 10° cells/mL and starved in medium with 1 %
FCS for 16 h. 20 nM CCL2 was preincubated with 200 nM anti-CCL2 antibody or without any
antibody for 1 h at RT. The mixture was added to the cells and incubated for 3 — 5 min at 37 °C.
Cells were centrifuged for 5 min at 2500 g at 4 °C. From this point on cells were always handled
on ice. Following two washing steps with 5 mL ice-cold PBS, cells were centrifuged as described
before. The pellet was resuspended in 100 uL / 1 x 108 cells chilled RIPA buffer supplemented
with PhosStop and protease inhibitor. To support cell lysis, sonication was performed for 15 s in
9 cycles with 10 % pulse. Cells were incubated for 15 min on ice while shaking. Cell debris was
pelleted by centrifugation for 15 min at 14000 g at 4 °C. The supernatant was transferred to a new
tube and protein concentration was measured by BCA analysis using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) according to the manufacturer’'s recommendations.

Supernatants were stored at -80 °C.

SDS gel electrophoresis was performed as described in 2.2.4.5. Samples were adjusted to equal
protein concentrations before loading. Proteins were transferred onto a nitrocellulose membrane
by western blotting, see 2.2.4.7. 4 % BSA - PBS was used for blocking overnight at 4 °C and
antibody incubation for 2 h at RT. First, phosphorylated ERK (pERK) was detected by incubation
with mouse anti-pERK and HRP-conjugated goat anti-mouse antibody. Next, ERK was detected

using rat anti-ERK and HRP-conjugated goat anti-rat antibody. In a last step, the house keeping
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gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was detected by addition of a HRP-
conjugated anti-GAPDH antibody.

Densitometric analysis of data from three independent experiments was performed using Fiji [153].

2.2.3.8 Transwell assay

CCR2-expressing THP1 cells have been described to migrate towards an increasing CCL2
concentration gradient [43], [44]. In order to analyze the effects of the anti-CCL2 antibody on cell

migration, a transwell assay was performed.

6.5 mm transwell inserts with 3 ym pore size were coated with 66 uL human fibronectin (50 pg/mL)
for 1 h at RT. The inserts were rinsed carefully with 100 yL ddH2O. For detection of the THP1
cells, the cells were labeled with Calcein-AM. For this purpose, cells were labeled at a density of
2 x 10° cells/mL in 1 yM Calcein-AM in PBS for 20 min at 37 °C protected from light. Cells were
centrifuged for 5 min at 300 g and washed with PBS. Cells were pelleted as described before and

resuspended in serum free cell culture medium at a concentration of 1 x 10° cells/mL.

600 uL of CCL2 (final concentration 50 nM) and antibody (final concentration 50 nM and 500 nM)
in serum free medium were added to the receiver wells of a 24 well plate. Conditions without CCL2
or antibody were included as controls. The plate was incubated for 30 min at 37 °C. 1.5 x 10° cells
were added to the transwell inserts and the inserts were carefully placed into the receiver wells.
Cell migration was allowed for 3 h at 37 °C. Inserts were removed from the plate and migrated
cells were measured using a Tecan fluorescence reader at 485 / 530 nm. Migration in control wells
without CCL2 was subtracted as background. All values were calculated relative to the migration

in wells containing CCL2, but no anti-CCL2 antibody. All conditions were tested in triplicates.

2.2.3.9 Production of lentiviral particles

Lentiviral particles were produced by cotransfecting HEK293T cells with the lentiviral plasmid

PRRL carrying the gene of interest and two helper plasmids encoding for the lentiviral proteins.

HEK293T cells were seeded in 22.5 mL DMEM supplemented with 10% (v/v) FCS and 1% (v/v)
pen/strep in 15 cm cell culture dish and cultured at 37 °C, 5 % CO., until 80 % confluency was

reached. In separate tubes a PElI and DNA mix was prepared, see Table 23. The PEI solution was
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added to the DNA solution, mixed by vortexing and incubated for 10 min at RT. Half of the medium
of the grown cells was replaced with fresh medium and the transfection mix was added dropwise.
Cells were incubated at 37 °C, 5 % CO., for 24 h. Transfected cells were washed with 5 mL PBS
and 14 mL DMEM without phenol red and FCS were added. Cells were incubated for 24 h as

described before.

Virus containing supernatant was harvested by centrifugation for 4 min at 300 g and sterilized with
a 0.45 uM filter. Supernatant was concentrated using a centrifugal filter unit by centrifugation for
30 min at 3500 g, 4 °C. Concentrated virus was eluted from the filter by centrifugation for 2 min at
900 g, 4 °C, and stored at -80 °C.

Table 23. Transfection mix for lentiviral particle production

Mix Component Per plate

DNA mix Lentiviral plasmid (1 pg/mL) 22.5 ug
Helper plasmid #1 (1 ug/mL) 7.9 ug
Helper plasmid #2 (1 ug/mL) 14.6 ug
NaCl (300 mM) 790 uL
ddH20 790 L

PEI mix PEI (323 pg/mL) 352 uL
NaCl (300 mM) 790 pL
ddH20 438 uL

After production of the lentiviral vectors, the titer was determined. 5 x 10* HEK293T cells were
seeded in 6 wells of a 24 well plate in 1 mL adapted medium per well and incubated for 24 h at 37
°C, 5 % CO3. 500 uL of each well were transferred to a 1.5 mL tube. Virus (0, 0.1, 0.3, 1, 3 and
10 L virus) and 8 ug/mL polybrene, a cationic polymer to increase transduction efficiency, were
added, vortexed and returned dropwise to the corresponding well. Cells were incubated for 48 h
at 37 °C, 5 % CO..

Infected cells were harvested by centrifugation for 4 min at 300 g. Surface expression of CAR was
determined by flow cytometry as described in 2.2.3.5 by using biotinylated Protein L and APC

conjugated streptavidin.
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Estimating a cell number of 1 x 10° cells / well at the day of analysis, the mean percentage of CAR
positive cells and added virus were used to calculate the virus titer as infectious units (IU) per mL

according to the following formula:

U Cell number (10°) x % positive cells

| = 103
mL Volume of added lentivirus (0.1 pL) x

Titer [

2.2.3.10 Activation of human T cells with CD3 and CD28 agonists

T cells from human peripheral blood mononuclear cells (PBMCs) were activated and expanded

by coincubation with CD3 and CD28 agonists.

2 x 10" PBMCs were thawed in X-Vivo15 medium supplemented with 5 % FCS, centrifuged for 5
min at 300 g, washed with medium and centrifuged again. Cells were resuspended in X-Vivo15
supplemented with 5 % FCS, 10 ng/mL IL-7 and 10 ng/mL IL-15. Seeding density was 2 x 10°
cells/mL in 4 mL per well in a 12 well plate. For T cell activation, 40 pL TransAct (nanomatrix
conjugated to humanized CD3 and CD28 agonists) were added per well and incubated for 3 days
at 37 °C, 5 % CO:.. Exclusively T cells survive this cultivation and can be further transduced using

lentiviral vectors as described in 2.2.3.72.

2.2.3.11 Activation of human PBMCs with phytohaemagglutinin P

Peripheral blood mononuclear cells (PBMCs) were activated by coincubation with the T cell
mitogen PHA-P.

2 x 10’ PBMCs were thawed in X-Vivo15 medium supplemented with 5 % FCS, centrifuged for 5
min at 300 g, washed with medium and centrifuged again. Cells were resuspended in X-Vivo15
supplemented with 5 % FCS, 10 ng/mL IL-7 and 10 ng/mL IL-15. Seeding density was 2 x 108
cells/mL in 4 mL per well in a 12 well plate. Cells were activated by adding 5 pg/mL PHA-P and
incubation for 24 h at 37 °C. Cells were further used for mRNA isolation, see 2.2.2.14, and

supernatant was used for analysis as described in 2.2.4.10.
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2.2.3.12 Transduction of activated T cells

T cells were transduced with lentiviral vectors encoding the CAR with or without the anti-CCL2

scFv.

2 x 10° activated T cells (see 2.2.3.10) were seeded in 1 mL X-VIVO15 supplemented with 5 %
FCS, 10 ng/mL IL-7 and 10 ng/mL IL-15 per well in a 24 well plate. Per transduction, 1 mL adapted
medium, 8 ug/mL polybrene and lentiviral particles at a MOI of 5 were mixed by vortexing. A mock
transduction without lentiviral vector was included. The mix was added to the cells and incubated
for 24 h at 37 °C, 5 % CO.. To remove remaining viruses, cells were centrifuged for 5 min at 300
g and washed twice with PBS. Cells were seeded in 2 mL adapted medium in a new 24-well plate.
Cells were further cultivated as described in 2.2.3.2. CAR expression was analyzed by flow

cytometry (see 2.2.3.5). All functional assays were performed at day 14 to 21 after T cell activation.

2.2.3.13 Transfection of HEK293T cells for transient CAR expression

HEK293T cells were transfected with CAR encoding pRRL vectors for transient CAR expression

and the analysis of soluble scFv production.

HEK293T cells were seeded in 22.5 mL DMEM supplemented with 10% (v/v) FCS and 1% (v/v)
pen/strep in 15 cm cell culture dish and cultured at 37 °C, 5 % COg, until 80 % confluency was
reached. In separate tubes a PEI and DNA mix was prepared, see Table 24. A mock transfection
was included as control. The PEI solution was added to the DNA solution, mixed by vortexing and
incubated for 10 min at RT. The medium of the grown cells was replaced with fresh serum free
medium and the transfection mix was added dropwise. Cells were incubated at 37 °C, 5 % CO;
for 48 h. CAR expression was analyzed by flow cytometry (see 2.2.3.5). Supernatants were

harvested and cells were used for mRNA isolation as described in 2.2.3.74 and 2.2.2.14.
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Table 24. Transfection mix for transient CAR expression

Mix Component Per plate

DNA mix CAR plasmid (1 pg/mL) 22.5 ug
NaCl (300 mM) 790 pL
ddH20 790 L

PEI mix PEI (323 pg/mL) 176 L
NaCl (300 mM) 790 pL
ddH20 614 pL

2.2.3.14 Preparation of scFv containing supernatants from CAR T cells and HEK293T cells

At day 17 after initial activation and stimulation by coincubation with target positive Nalm6 cells
(see 2.2.3.15), CART cells were seeded at 1 x 108 cells/mL in 80 mL serum free X-Vivo 15 medium
and grown for two days at 37 °C and 5 % CO.. HEK293T cells transfected with CAR constructs,
see 2.2.3.13, were cultured for two days after transfection. Supernatants were harvested by
centrifugation for 5 min at 2500 g. The supernatants were concentrated to 1.5 mL using 10K
amicon filters according to the manufacturer’s recommendations and stored at -80 °C. For the

analysis of scFv expression, supernatants were subjected to ELISA as described in 2.2.4.8.

2.2.3.15 CAR T cell proliferation assay

In order to analyze CAR T cell proliferation and to enrich CAR positive cells, CAR T cells were
coincubated with CD22 expressing Nalm6 cells. T cells were activated and transduced as
described in 2.2.3.10 and 2.2.3.12. CAR expression was assessed every 4 — 5 days by flow
cytometry as described in 2.2.3.5 and cells were counted using a hemocytometer. At day 7 and
10 after activation, CAR T cells were coincubated with Nalm6 cells. Therefore, 5 x 10° CAR
positive T cells per mL (calculated from flow cytometry data) were incubated with Nalm6 cells at
an effector to target ratio of 1:3. Cells were cultured at 37 °C and 5 % CO- in 8 mL per well of a 6
well plate in X-Vivo 15 medium supplemented with 5 % FCS and 10 ng/ml IL-7 and IL-15.
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2.2.3.16 Cytokine release assay

Cytokine release upon stimulation of CAR T cells with CD22-positive Raji cells was measured by
a bead-based sandwich immunoassay (LEGENDplex). This assay employs bead populations of
differing size and fluorescence intensity. Each bead population is conjugated with a specific
capture antibody, targeting IL-2, IFNy or TNF. The bead mixture is incubated with a supernatant
sample and the analytes are bound by the capture beads. Bound analyte is detected by
subsequent incubation rounds with biotinylated detection antibodies and streptavidin-PE. The
amount of analyte correlates with the PE fluorescence intensity and can be calculated according

to a standard curve.

CAR T cells were generated as described in 2.2.3.72 and CAR expression was assessed by flow
cytometry, see 2.2.3.5. Different CAR T cells were adjusted to have the same percentage of CAR
positive cells by addition of mock transduced cells. CAR T cells as well as Raiji (CD22-positive)
and K562 (CD22 negative) cells were adjusted to 1 x 10° cells/mL in X-Vivo 15 medium
supplemented with 5 % FCS. 100 pL of each target and effector cells were plated in wells of a 96-
well U-bottom plate to get an effector:target ratio of 1:1. Controls without target or without effector
cells were included. The plate was incubated for 24 h at 37 °C, 5 % CO.. Supernatant was
harvested by centrifugation for 3 min at 500 g, transferred to a new polypropylene 96-well plate
and stored at -80 °C.

Cytokine release into the supernatant was analyzed using the LEGENDplex Kit (Biolegend)
according to the manufacturer’s recommendations. In brief, supernatants were diluted in assay
buffer to yield an optimal concentration range within the standard curve. In a 96-well polypropylene
plate, 12.5 yL assay buffer, 12.5 yL sample or standard and 12.5 yL bead mix per well were
incubated overnight at 4 °C while shaking at 800 rpm. The plate was washed twice with wash
buffer and centrifuged for 5 min at 300 g. 12.5 pL detection antibodies were added per well and
the plate was incubated protected from light for 1 h at RT, 800 rpm. 12.5 uL streptavidin-PE was
added per well and incubated as described before for 30 min. The plate was washed once as
described before. Pellets were resuspended in 150 uL assay buffer and analysis was performed
using a flow cytometer. Data analysis was performed using LEGENDplex data analysis software
8.0.
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2.2.3.17 CAR T cell killing assay

Killing of CD22-positive Raji cells by CAR T cells was assessed in a luminescence-based killing
assay. For this purpose, Raji-GLuc cells were established in our lab by lentiviral transduction of
Raiji cells for stable expression of an engineered version of gaussia princeps luciferase (GLuc
carrying a deletion of the signal peptide sequence to avoid GLuc secretion and M43L/M110L
substitutions to convert the luminescence signal from flash-type to glow-type). During lysis of Raji-
GLuc cells, luciferase is released into the supernatant and can be detected by addition of its
substrate coelenterazine via measurement of the bioluminescent reaction. The bioluminescent

signal corresponds to the efficiency of target cell killing.

The different CAR T cell cultures were adjusted to an equal percentage of CAR positive cells by
dilution with untransduced (mock) T cells. CD22 positive Raji-GLuc cells (target) were adjusted to
2 x 10° cells/mL in X-Vivo 15 medium supplemented with 5 % FCS. CAR positive T cells (effector)
were adjusted to 2 x 10° cells/mL (effector:target 1:1) and 6 x 10° cells/mL (effector:target 3:1) in
X-Vivo 15 medium supplemented with 5 % FCS. 50 uL of each target and effector cells were
plated in wells of a 96-well U-bottom plate. As negative control (background), 50 uL target cells
mixed with 50 yL medium were included. As positive control, 50 uL target cells only were plated
for later cell lysis. All samples were prepared in triplicates. The plate was incubated for 15.5 h at
37 °C, 5 % CO.. 50 pL cell lysis buffer (Thermo Fisher Scientific) (final concentration 1x) was
added to the positive control wells and mixed by pipetting. The plate was incubated for 30 min at
37 °C, 5 % CO.. Supernatant was harvested by centrifugation for 3 min at 300 g and 50 uL were
transferred to a new 96-well white plate. 50 uL coelenterazine (20 uM in PBS) substrate were
added per well. Bioluminescent signal was measured after 30 s plate shaking using a Tecan plate
reader. Percentage of target cell killing was calculated based on the detected bioluminescent
signal according to the following formula:
(sample mean — background mean)

Lvsis [%] = 100
ysis [%] (positive control mean — background mean) X
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2.2.4 Protein biochemical methods
2.2.4.1 Dialysis

After production of proteins in bacteria (see 2.2.3.1) or mammalian cells (see 2.2.3.4), buffer
exchange was performed by dialysis. In addition, proteins were dialyzed against PBS after

purification.

Following production, IgG antibodies and scFvs were dialyzed against 5 L Protein A binding buffer
or SP10 buffer, respectively. After purification, proteins were dialyzed against 700 mL PBS. To
dialyze NRP1 (CUB1)-mFc, PBS was supplemented with CaCl, (final concentration of 10 mM).
Dialysis was performed using a membrane for exclusion of proteins with a molecular mass below
12 kDa and by overnight incubation at 4 °C under slow stirring. Solutions were sterile filtered using

a 0.22 um low protein binding filter and stored at 4 °C.

2.2.4.2 Immobilized metal affinity chromatography

ScFv antibody fragments carrying a C-terminal c-myc- and Hiss-tag were purified by immobilized
metal affinity chromatography (IMAC) via a HisTrap FF 1 mL column using the AEKTApure fast
protein liquid chromatography (FPLC) system. The flow rate was 1 mL/min and pressure was

adjusted according to the column manufacturer’'s recommendations.

The 1 mL HisTrap FF column was equilibrated with 5 column volumes of ddH.O and SP10 binding
buffer. Following an equilibration step with 20 column volumes SP20 buffer (SP10 buffer
supplemented with 2 % SP500 buffer), protein containing supernatant was loaded onto the
column. The column was washed with 5 column volumes SP10 binding buffer, followed by elution
with 20 column volumes SP500 elution buffer. The column was washed with 5 column volumes of
ddH20 and ethanol and stored at 4 °C. The column flow-through was photometrically (280 nm)
analyzed and protein content was blotted over the flow volume. Protein containing 300 uL fractions
were pooled and dialyzed against 700 mL PBS as described in 2.2.4. 1. Protein concentration was
photometrically determined at 280 nm considering the protein specific molecular weight and
extinction coefficient (ExPASy ProtParam online tool). Proteins were concentrated to
approximately 2.5 mL using a 10K Amicon filter and further purified by size exclusion

chromatography (see 2.2.4.4).
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2.2.4.3 Protein A affinity chromatohgraphy

ScFv-hFc and 1gG proteins were purified by Protein A affinity chromatography using the
AEKTApure FPLC system. The used flow rate was 1 mL/min and column pressure was adjusted

according to the manufacturer’s recommendations.

A 1 mL Protein A column was equilibrated with 5 column volumes of each ddH-O and Protein A
binding buffer. Protein containing supernatant was loaded onto the column. The column was
washed with 15 column volumes Protein A binding buffer, followed by elution with 9 column
volumes Protein A elution buffer. The protein containing 1 mL fractions were collected in tubes
supplemented with neutralization buffer (200 uL first two tubes, 300 yL remaining tubes). The
column was washed with 5 column volumes of each ddH>O and ethanol and stored at 4 °C. The
column flow-through was photometrically (280 nm) analyzed and protein content was blotted over
the flow volume. Protein containing fractions were pooled and dialyzed against 700 mL PBS as
described in 2.2.4.1. Protein concentration was photometrically determined at 280 nm considering
the protein specific molecular weight and extinction coefficient (ExPASy ProtParam online tool).

Proteins were stored at 4 °C or for long term storage at -80 °C.

2.2.4.4 Size exclusion chromatography

Analytical size exclusion chromatography (SEC) was performed to analyze protein purity and
aggregation. The Superdex 200 Increase 10/300 GL column (20 mL column volume) was used
for analysis of recombinant antigen, IgG and scFv-hFc, and the Superdex 75 Increase 10/300 GL
column (20 mL column volume) for scFv analysis. Preparative SEC was performed to further purify
scFvs following IMAC (see 2.2.4.2) using the Superdex 16/60 75 pg column (120 mL column

volume).

The column was washed with 1.5 column volumes H>O and PBS at a flow rate of 0.3 to 1 mL/min.
For analytical SEC, 10 — 30 ug protein were injected into a 25 uL loop. For preparative SEC, total
protein amount was injected into a 5 mL loop. Proteins were applied to the column at a flow rate
of 0.5 mL/min. Protein elution was photometrically analyzed at 280 nm. Elution time was compared
to a protein standard to calculate the approximate molecular weight. After preparative SEC, the
fractions containing monomeric protein were pooled, sterile filtered using a 0.22 ym low protein

binding filter and stored at 4 °C or long term at -80 °C.
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2.2.4.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Proteins were separated according to their molecular weight by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). 12 or 15 % separating gels and 5 % stacking

gels were prepared as described in Table 25 and cast into a 1.5 mm cassette.

2 ug protein or maximum protein amount for lysate analysis were mixed with sample buffer (1 x
final concentration) and DTT (250 mM final concentration) and adjusted with ddH-O to 20 — 50 pL
sample volume. Samples were denaturated for 3 min at 95 °C. The running chamber was filled
with 1x SDS running buffer and proteins were loaded onto the SDS gel. A protein standard was

loaded in a separate pocket. Proteins were separated by electrophoresis for 2 h at 140 V.

Table 25. Separating and stacking gel mix

Component Separating gel [pL] Stacking gel [uL]
12 % 15 % 5%

Rotiphorese A 3110 3890 490

Rotiphorese B 1300 1620 200

Separating gel buffer 1920 1920 -

Stacking gel buffer - - 750

10% SDS 80 80 30

TEMED 6.5 6.5 2.2

10% APS 64 64 25

ddH20 ad 8000 ad 8000 ad 3000

2.2.4.6 Coomassie blue staining

Coomassie blue staining was used to visualize proteins on a SDS gel.

Following SDS-PAGE (see 2.2.4.5), the gel was washed with ddH,O three times for 5 min on a
shaker. Coomassie Blue staining solution was added and incubated for 1 to 3 h on a shaker.
Destaining of the gel was performed by incubation in ddH20 overnight on a shaker. Gels were

scanned for documentation.
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2.2.4.7 Western blot

For visualization of specific poteins after separation in SDS-PAGE (see 2.2.4.5), proteins were
first transferred onto a nitrocellulose membrane by semi-dry western blotting and the membrane

was afterwards blocked and stained with protein-specific antibodies.

SDS gel, nitrocellulose membrane and blot paper were equilibrated for 5 min in semi-dry blot
buffer on a shaker, assembled and the blot was run for 30 min at 20 volts. Blocking buffers for
detecting normal proteins and phospho-proteins were 2 % MPBS and 4 % BSA-PBS, respectively,
and specific antibodies were diluted in the respective blocking buffer. After the transfer, the
membrane was blocked with blocking buffer for 1 h at RT on a shaker. Primary antibody (dilution
according to manufacturer's recommendations) was added to the membrane and incubated
overnight at 4 °C on a shaker. The membrane was washed three times 5 min with PBST and PBS
under shaking. HRP-conjugated secondary antibody (dilution according to manufacturer’s
recommendations) was added and incubated for 2 h at RT. The membrane was washed as
described before. ECL detection reagents were mixed, added to the membrane and incubated for
1 min protected from light. INTAS advanced fluorescence imager was used for luminescence

detection. For phosphorylated proteins, band intensity was evaluated using Fiji (ImageJ).

2.2.4.8 Enzyme-linked immunosorbent assay

Protein binding to the target antigen and cross-reactivity to control proteins was analyzed by
ELISA. For conventional ELISA plates the working volume was 100 pL, washing and blocking
volume 400 pL. For half area ELISA plates the working volume was 50 pL, washing and blocking
volume 200 pL. 2 % MPBS was used for blocking and antibody dilutions, except for assays
including cell culture supernatants where 2 % BSA-PBS was used. The different ELISA
experimental set ups as well as the used proteins for coating and detection antibodies are listed
in Table 26. All commercial antibodies were diluted according to the manufacturer’s

recommendations.

The ELISA plate was coated overnight at 4 °C with proteins diluted in PBS. After blocking the plate
for 2 h at RT with 2 % MPBS/BSA-PBS, the blocking solution was removed, analyte proteins were
added and incubated for 2 h at RT. The plate was washed three times with PBST and PBS. HRP-
conjugated protein-specific secondary antibody was added and incubated for 1 h at RT, followed

by washing as described before. TMB reagents were mixed, added and incubated for up to 10
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min protected from light. The reaction was stopped by adding sulfuric acid (50 pL/well ELISA plate

or 25 uL/well half area ELISA plate). Using a plate reader, absorbance was measured at 450 nm

wavelength (reference wavelength 620 nm).

Table 26. Coating, analyte and detection proteins used for ELISA

Assay Coating protein Analyte protein Detection
antibody
Integrity analysis of in- 3 pg/mL NRP1-His, NRP1 1 ug/mL His-Sema3A- HRP-
house produced (CUB1)-mFc and NRP1 hFc conjugated
NRP1 (CuB1CUB2)-mFc mouse anti-
human Fc
Integrity analysis of in- 3 pg/mL CCL2-mFc Rabbit anti-CCL2 HRP-
house produced conjugated
CCL2 goat anti-
rabbit
Monoclonal scFv 3 yg/mL CCL2-mFc and 50 uL/well scFv HRP-
analysis after phage mFc containing bacterial conjugated
display periplasmic anti-c-myc
preparation
scFv antigen 3 pg/mL antigen (CCL2, 10 pg/mL scFv HRP-
specificity CCL2-mFc, NRP1-His) and conjugated
control proteins anti-c-myc
scFv-hFc antigen 3 pg/mL antigen (CCL2- 10 pg/mL scFv-hFc HRP-
specificity mFc, NRP1-His) and control conjugated
proteins mouse anti-
human IgG
IgG antigen specificity 3 pg/mL antigen (CCL2, 10 ug/mL IgG HRP-
CCL2-mFc, NRP1-His) and conjugated
control proteins mouse anti-
human IgG
scFv secretion by 3 pug/mL CCL2 200 pL/well HRP-
HEK293T and CAR T concentrated cell conjugated
cells culture supernatant; anti-c-myc
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2.2.4.9 Sema3A / VEGF — NRP1 blocking ELISA

In order to investigate if the anti-NRP1 antibodies block the binding of Sema3A or VEGF to NRP1,

an ELISA was performed as described in 2.2.4.8 with the following modifications:

For the Sema3A — NRP1 blocking ELISA, 3 pg/mL His-Sema3A-hFc were coated in half-area
ELISA plates. After blocking, the plate was washed three times with PBST and PBS. 50 nM NRP1-
His were preincubated with 1000 nM anti-NRP1 1gGs or control IgG in 2 % MPBS for 1 h at RT.
The mix was added to the plate and incubated for 2 h at RT, followed by washing and addition of
mouse anti-NRP1 antibody for 2 h at RT. For detection, HRP-conjugated anti-mouse antibody was

used.

For the VEGF — NRP1 blocking ELISA, 3 ug/ml NRP1-His was coated in half-area ELISA plates.
After blocking, the plate was washed three times with PBST and PBS. 500 nM anti-NRP1 IgGs in
2 % MPBS were added for 2 h at RT. After washing, 8.4 nM biotinylated VEGF in 2 % MPBS
supplemented with 1 ug/mL heparin was added for 2 h at RT. HRP-conjugated streptavidin was

used for detection.

2.2.410 CCL2 ELISA

CCL2 secretion by CAR T cells, transfected HEK cells, and PHA-activated and resting PBMCs
into the cell culture supernatant was analyzed by using the CCL2 ELISA set (BioLegend) with a

lower detection limit of 7.8 pg/mL.

For the preparation of CAR T cell supernatants 1 x 108 CAR T cells/mL were seeded in 6 mL
serum free X-Vivo 15 medium supplemented with 10 ng/mL IL-7 and IL-15 in a 6 well plate and
incubated for 48 h at 37 °C, 5% CO.,. HEK293T cells were transduced and cultured for 48 h as
described in 2.2.3.13. PBMCs were activated and cultured as described in 2.2.3.71. Supernatants
of CAR T cells, HEK cells and PBMCs were harvest by centrifugation for 5 min at 300 g. The
ELISA was performed according to the manufacturer’s instructions. Therefore, the ELISA plate
was coated overnight at 4 °C with an anti-CCL2 capture antibody diluted in coating buffer. The
plate was washed and blocked for 1 h at RT on a shaking incubator followed by washing of the
plate. Supernatants as well as a standard were added to the plate and incubated for 1h at RT with
shaking. Supernatants were diluted in assay buffer to yield optimal results within the standard
curve. Samples were removed by washing and bound CCL2 was detected by incubation with a

HRP-conjugated detection antibody for 1 h at RT with shaking. Following washing, Avidin-HRP
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was added and incubated for 30 min at RT with shaking. The plate was washed and freshly mixed
TMB substrate solution was added for 20 min and the plate was incubated in the dark. The reaction
was stopped by addition of stop solution and absorbance at 450 nm (reference 570 nm) was

immediately measured using a plate reader.

2.2.4.11 Surface plasmon resonance spectroscopy

The binding affinity of scFv-hFc and IgG proteins toward their antigens was determined by surface
plasmon resonance spectroscopy. One interaction partner (ligand) is immobilized on a sensor
surface and the second interaction partner (analyte) flows over the surface. The interaction
between the ligand and the analyte changes the mass concentration leading to a proportional
change in refractive index at the sensor surface. Using a laser, the change in reflection angle can

be detected in real-time and is quantified as response units (RU).

Protein A was covalently linked to the dextran matrix of a CM5 chip in all four flow cells. Protein A
was diluted to 300 pg/mL in 10 mM sodium acetate, pH 4.5. The sensor chip surface was coated
using an amine coupling kit (GE Life Sciences) and a flow rate of 5 yL/min and 7 min per step.
First, the surface was activated by injection of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimid/N-
Hydroxysuccinimid (EDC/NHS) to form surface esters. Second, Protein A was injected and
immobilized via its amine groups by reaction with the esters. Third, the surface was blocked by

deactivation of free esters with ethanolamine.

Ligand (diluted in HBS-EP buffer) was immobilized at a flow rate of 10 yL/min to achieve a
maximum response (Rmax) of 10-50 RU. The following formula was used for calculation of the
ligand immobilization level (R.), considering the stoichiometric ratio (Sm) of ligand to analyte

binding as well as the protein molecular weight:

ligand MW Rux
analyte MW x Sm

L=

For kinetic analysis, an analyte concentration series was prepared in HBS-EP buffer and injected
onto the surface at a rate of 30 uL/min for 2 min. Analyte injection was stopped and dissociation
of the analyte from the ligand was monitored for 5 min while injecting HBS-EP buffer. The surface
was regenerated by injection of regeneration buffer for 1 min at 30 pyL/min, followed by a
stabilization time of 3 min. Flow cell one without analyte was used as reference and subtracted

from flow cell two (containing analyte). Double referencing was performed, by additionally
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subtracting the 0 nM analyte concentration. Data were evaluated with the BlAevaluation software
using a 1:1 Langmuir binding model. For very fast association and dissociation rate constants a

steady state affinity model.

2.2.5 Statistical analysis, calculations and graphical illustrations

Statistical analysis was performed using Graph Pad Prism 7.0 software. Unpaired, two-tailed t test
was used to calculate statistical significance. P values < 0.05 were considered statistically
significant. Graphs were generated using Graph Pad Prism 7.0 software. Error bars indicate

standard deviation of the mean.

Kb values of flow cytometric titration curves were calculated using Graph Pad Prism 7.0. Graph
Pad Prism defines the Kp value (equilibrium binding constant) as the ligand concentration needed
to achieve a half-maximum binding at equilibrium (EC50). A nonlinear fit was included and one

site specific binding was used to calculate the EC50.

The SPR-derived Kp (equilibrium dissociation constant) values describe the time-dependent
association and dissociation rate constant (Kp = kd/ka) and are calculated based on a steady state

or 1:1 Langmuir binding model using the BlAevaluation software as described in 2.2.4.11.
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3 Results

3.1 Selection of CCL2- and NRP1-specific antibody fragments by
phage display

Fully human antibody fragments targeting CCL2 and NRP1 were selected by means of phage
display from our in-house immune antibody library LYNDAL. In addition, our collaborator Yumab
GmbH selected CCL2- and NRP1-specific antibody fragments from their naive antibody library
HAL9/10 by phage display. For the selection of CCL2-specific antibody fragments we produced
and purified full-length CCL2 fused to the murine fragment crystallizable (mFc). For the recovery
of NRP1-specific antibody fragments, phage display was performed using commercially available
NRP1 composed of the CUB1, CUB2, b1 and b2 domains (NRP1 (CUB1CUB2, b1b2)) and
carrying a poly-histidine (His) tag at the C-terminus. Antibody selection from LYNDAL led to the
recovery of one CCL2-specific scFv. In contrast, no NRP1-specific scFv could be selected due to
enrichment of antibody fragments which did not have full sequence integrity. In addition, our
collaborator YUMAB GmbH provided us with five anti-CCL2 and two anti-NRP1 clones.

3.1.1 Target antigen design, production and purification

For selection of CCL2- and NRP1-specific antibody fragments by phage display, highly pure
antigens are required. To increase the chance of recovery of a NRP1-specific scFv which blocks
the NRP1 - Sema3A interaction, we decided to produce only the domain of NRP1 which is involved
in Sema3A binding. The NRP1 - Sema3A binding region is described to be localized in the CUB1
domain or the CUB1CUB2 domains of NRP1 [87], [160]. Furthermore, the CUB domains have
been described to have binding sites for calcium ions which are important for the formation of the
Sema3A — NRP1 complex [161]. In general, it has been found that calcium is required for the
stability of CUB domains [162].

We produced and purified the NRP1 CUB1 domain and NRP1 CUB1CUB2 domains fused to the
N-terminus of a mouse IgG1 Fc-tag (mFc). Additionally, we produced the NRP1 CUB1 in the
presence of calcium in order to account for the described effects of calcium on the stability of CUB
domains [162]. The proteins were produced in HEK293-6E cells and purified from the cell culture
supernatants by Protein A chromatography. Protein yields ranged from 10 to 18 mg protein per

liter production volume. An exception was NRP1 (CUB1CUB2)-mFc with a yield of only 3.8 mg
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protein per liter production volume. Purity was determined by analytical size exclusion
chromatography (SEC) (Figure 10). Only NRP1 (CUB1CUB2)-mFc showed minor aggregation
and a higher than expected calculated molecular weight when compared to a protein standard run
(Appendix, Figure 35). NRP1 (CUB1)-mFc produced in the presence or absence of calcium was
of high purity. Since a biologically intact Sema3A binding site within the produced recombinant
NRP1 protein domains is crucial to show blocking effects by antibody fragments, we investigated
binding of Sema3A by ELISA (Figure 11). Surprisingly, Sema3A only bound to commercially
available NRP1 composed of the CUB1, CUB2, b1 and b2 domains (NRP1 (CUB1CUB2, b1b2))
fused to a poly-His tag. The truncated NRP1-mFc fusion proteins which we produced by ourselves
did not bind Sema3A, indicating incorrect protein folding and/or inaccessibility due to steric
hindrance by the mFc tag. Consequently, commercially available NRP1 (CUB1CUB2, b1b2) was

used for further experiments.
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Figure 10. Investigation of NRP1 and CCL2 fusion protein purity by analytical size exclusion
chromatography. Using the mammalian expression vector pPCMV6, we produced the antigens carrying a
C-terminal mFc tag in HEK293-6E cells. NRP1 (CUB1)-mFc was additionally produced and purified in the
presence of 10 mM CaClz. Proteins were purified by Protein A chromatography and purity was analyzed by
analytical SEC. Numbers indicate the flow volume in mL of the major peak and were compared to a protein

standard (Appendix, Figure 35).
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Figure 11. Analysis of binding of Sema3A to NRP1 by ELISA. We investigated binding of Sema3A to
our self-produced NRP1-mFc fusion proteins as well as to commercially available, NRP1 (CUB1CUB?2,
b1b2)-His by ELISA. An ELISA plate was coated with 3 pg/mL NRP1 per well and binding of 1 pg/mL
Sema3A fused to a human Fc tag was analyzed (+: with Sema3A; -: without Sema3A). HRP-conjugated
mouse anti-human Fc was used for detection. Error bars represent the standard deviation of the mean of
duplicates. ** P < 0.01; *** P < 0.001.

CCL2 is a rather small protein composed of 76 amino acids, it has a molecular weight of 13 kDa
and binding sites for CCR2 are distributed over the whole protein [163]. Hence, we produced full-
length CCL2 carrying a C-terminal mFc tag. The CCL2 protein contains the P8A substitution which
has been found to ablate dimerization and at the same time ensures equal biological activity
as the wild type protein [157]. The P8A substitution has been included to avoid aggregation,
as the CCL2-mFc fusion protein dimerizes via the mFc tag. CCL2-mFc was produced in
HEK293-6E cells and purified by Protein A chromatography. The protein yield was 7.4 mg
per liter production volume. Analytical size exclusion chromatography revealed high protein
purity (Figure 10). To further investigate protein integrity, western blot and ELISA were

performed. Coomassie staining confirmed high protein purity. Multiple bands at approximately
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45 kDa are detected by a CCL2-specific antibody on a western blot, which represents variants
of the fusion protein with distinct post-translational modifications such as glycosylation of the
mFc-tag or CCL2 (Figure 12A, B) [164], [165]. In addition, a CCL2-specific antibody could
detect our protein in an ELISA (Figure 12C). This indicates correct folding and integrity of the
CCL2-mFc protein.

In summary, we produced CCL2-mFc to be used for phage display selection of specific antibody
fragments. For the selection of NRP1-specific antibody fragments, our truncated NRP1 proteins
did not bind to Sema3A, for which reason we proceeded using commercially available NRP1
(CUB1CUB2, b1b2) protein.

A ) B o
L L
= £
AN N AN N
- P |
SIS) OO
kDa = O O kDa = O O
70 70
50 50
40 20 - @
35 35
25 25
15 15
10 10 -
C
0.4+ @ CCL2-mFc
0.3 I mFc
L W PBS
0.2
0.1
N ~ a1

Figure 12. Integrity analysis of CCL2 antigen by western blot and ELISA. The proteins were separated
by SDS gel electrophoresis and visualized by (A) coomassie staining and (B) western blotting. For the latter,
a rabbit anti-CCL2 primary antibody and a HRP-conjugated goat anti-rabbit antibody were used for
detection. M = Marker. (C) CCL2-mFc and mFc were coated onto an ELISA plate and detected using rabbit
anti-CCL2 antibody and HRP-conjugated goat anti-rabbit antibody. Error bars represent the standard

deviation of the mean of duplicates.

79



Results

3.1.2 Enrichment of CCL2-specific antibody fragments by phage display

For the selection of fully human CCL2-specific scFvs we performed three rounds of phage display
using the antibody library LYNDAL which has been developed in our group by Diebolder et al.
[152]. LYNDAL comprises 25 individual phage display libraries consisting of IgG VH and VL
repertoires from lymph node-derived B cells of head and neck cancer patients. These libraries
constitute a large source, in total approximately 5 x 10° individual clones, of human monoclonal
antibody fragments. The enrichment of CCL2 specific scFvs was monitored by polyclonal phage
ELISA and ELISA with soluble monoclonal scFvs (Figure 13A). DNA sequence integrity of

monoclonal scFvs was analyzed by colony PCR.

Polyclonal phages presenting the scFv on their surface were eluted from the coated antigen after
each selection round and subsequently analyzed by ELISA. After selection rounds two and three,
phages binding to CCL2-mFc and mFc enriched without cross-reactivity to any of the other tested
control proteins (Figure 13B). The selection of phages presenting scFvs that bind the mFc tag was
expected, therefore binders were further screened on the monoclonal level to identify scFvs
specific for CCL2.

Consequently, we picked 540 E. coli TG1 individual colonies after infection with round three
phages. On the phagemid vector the scFv is separated from the phage coat protein plll by an
amber stop codon. Although E. coli TG1 is an amber stop codon suppressor strain, we found that
it generates sufficient amounts of soluble scFv not fused to the phage coat protein plll (data not
shown). The integrity of these clones was tested by colony PCR, which revealed that only 37.2 %
contained full-length scFv DNA sequences (Figure 13C). The enrichment of non-full length
antibody fragments was also observed for our NRP1 screening (Appendix, Figure 36). These non-
full-length scFvs may have a propensity to enrich during phage display selection due to
“stickiness” to the immunotube plastic surface. We then induced expression of soluble scFv from
the full-length clones, isolated the scFvs from the bacterial periplasm and analyzed the specificity
by ELISA (data not shown). We decided to repeat this assay with the 35 most promising clones
that bound to CCL2-mFc and showed low/no binding to mFc. The repeated ELISA lead to the
selection of two scFv clones which showed strong binding to CCL2-mFc and no binding to mFc
(clones NB7.C7 and NB7.E5) (Figure 13D). The clones NB9.A4, NB9.D6 and NB9.G9 were
excluded due to binding to mFc and all other clones were below the cut-off limit (absorbance 450
nm < 1). Sequence analysis of NB7.C7 and NB7.ES5 revealed that both clones were identical and

we continued with the analysis of anti-CCL2 scFv NB7.E5.
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Figure 13. Analysis of CCL2-specific scFvs after the third round of phage display selection. (A) An
overview of the analysis and narrowing down of binders on the polyclonal and monoclonal level is presented.
After the third round of phage display selection, ELISA using eluted polyclonal phages was performed to
analyze the enrichment of antigen-specific phages. Individual bacterial clones infected with phages from
selection round three were subjected to colony PCR. Only monoclonal scFvs containing the full-length DNA
sequence were analyzed further by ELISA after inducing soluble expression in the bacterial clones. Clones
which showed strong binding to CCL2-mFc and low/undetectable binding to mFc were reevaluated in a
second ELISA. Promising candidates were subjected to sequence analysis. One unique CCL2-specific
clone was identified. (B) Polyclonal phage ELISA was performed to analyze the enrichment of CCL2-specific
phages after each selection round. 1 x 10'2 phages were added per well coated with CCL2 (3 pg/well).
Bound phages were detected using a HRP-conjugated anti-M13 phage coat protein antibody. Error bars
represent the standard deviation of the mean of duplicates. (C) E. coli TG1 were infected with phages after
the third round of phage display. Individual clones were subjected to colony PCR with scFv sequence-
specific primers and DNA was separated using agarose gel electrophoresis to identify clones carrying a full-
length scFv sequence (corresponding to 1000 bp). A representative sample of a total of 540 colony PCRs
is presented. The CCL2-specific clone NB7.E5 is indicated. (D) Monoclonal scFvs isolated from bacterial
periplasm were analyzed by ELISA. 50 pL of extracted scFvs were added per well to a CCL2-coated ELISA
plate. Bound scFvs were detected using a HRP-conjugated anti-c-myc antibody. NB7-NB9 represents the

different bacterial glycerol stock master plates. M = marker, NC = negative control.

3.1.3 Sequence analysis of CCL2- and NRP1-specific scFvs selected from immune

and naive libraries

We hypothesized to isolate scFvs with improved specificity and affinity from an immune antibody
library like LYNDAL compared to an antigen unexperienced naive library. To address this
question, our collaborator Yumab GmbH selected five CCL2- and two NRP1-specific antibody
fragments from their proprietary naive IgM antibody library HAL9/10 by phage display. HAL9/10
is derived from blood lymphocytes of 98 non-immunized humans and contains a repertoire size of
1.5 x 10" clones [156].

We intended to investigate whether the DNA sequence of antibody fragments derived from an
antigen-encountered immune library accumulated more mutations due to affinity maturation than
that of antibody fragments selected from a naive library. For this purpose, we compared the
antibody variable heavy (VH) and variable light (VL) chain sequence to the closest related
germline sequence using the databases IMGT/V-Quest and VBASEZ2 [154], [155]. The results are

summarized in Table 27.
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Regarding the VH gene usage, we found three VH1, four VH3 and one VH5 subfamilies within all
screened antibody fragments. The VH1 subfamily represents 19 % of the used VH genes in vivo
and is therefore overrepresented (50 %) in our CCL2-specific antibody fragments. This might
indicate preferential binding of VH1 to CCL2 which could be due to similar complementarity
determining region (CDR) sequences. The VH3 gene is present in both anti-NRP1 antibody
fragments and is the most commonly used VH gene family in vivo constituting 49 %. VH4 is not
represented in our screened antibody fragments, although this subfamily is the second most
frequently used VH region (27 %) in vivo [166]. Importantly, the underrepresentation of VH4 has
also been found in a large scale antibody analysis of the HAL9/10 library [156]. As expected, we
found 36 nucleotide (nt) mutations in the VH region of the LYNDAL-derived clone NB7.E5 leading
to 22 amino acid (AA) mutations of which four were located within the CDRs. In contrast, only up
to five nucleotide mutations were found in the scFvs selected from the naive library leading to no
or only one amino acid mutation in one of the CDRs (see clone YU109H1). All other mutations

were located in the framework regions.

Surprisingly, only two out of the eight antibodies contained « light chains (NB7.E5 and YU109H1).
In humans, « light chain IgG antibodies are approximately twice as common as antibodies
containing a A light chain [1]. Interestingly, Kuegler et al. also found this underrepresentation of «
light chain antibodies (15.9 %) when analyzing the HAL libraries [156]. Moreover, all A light chain
antibodies contained the same V region gene VA3 (except for clone YU110D1) and the same J
region gene and allele JA2*01 F. The VA3 gene is only the third most commonly used subfamily
in vivo (17%) [166]. This might indicate structural advantages of this specific A light chain subfamily
regarding binding to CCL2 or NRP1. Moreover, we found a surprising accumulation of mutations
in the VL region of antibody fragments selected from the naive library (up to 15 amino acid

changes) as compared to the immune library-selected antibody fragment (5 amino acid changes).

In summary, we found a total of 27 amino acid changes in the combined VH and VL region of the
LYNDAL-derived clone NB7.E5. In contrast, the HAL9/10-derived clones had only 1 - 16 amino
acid changes in the VH and VL region.
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Table 27. Comparison of antibody sequences with their closest related germline sequence

Clone NB7.E5 YU109A1 YU109B1 YU109D1 YU109E1 YU109H1 YU110B1 YU110D1

Target CCL2 CCL2 CCL2 CCL2 CCL2 CCL2 NRP1 NRP1

Heavy chain

V-gene + allele IGHV1 IGHV5 IGHV1 IGHV3 IGHV1 IGHV3 IGHV3 IGHV3

(id?antit [%]) 24*01 F 5101 F 2401 F 2001 F 69*01 F 3003 F 30*03 F 3301 F
ylze (87.85) (100.00) (98.96) (99.65) (98.26) (99.31) (98.96) (98.26)

D-gene + allele IGHD1 IGHD4 IGHD2 IGHD4 IGHD4 IGHD4 IGHD2 IGHD1

9 2601 F 17*01 F 21*02 F 17*01 F 17*01 F 17*01 F 8*01F 2601 F

J-gene + allele IGHJ2*01 F IGHJ3*02 F | IGHJ3*02 F IGHJ3*02 F |IGHJ4*02F |[IGHJ4*02F |IGHJ5*02F |[IGHJ6*02F

(identity [%]) (90.57) (96.00) (100.00) (96.00) (95.83) (89.58) (76.47) (91.94)

V: Number of nt mutation | 36 0 3 1 5 3 3 5

V: Number of AA

changes (very dissimilar) 22(4) 0 1(0) 1(0) 2(0) 3(0) 1(0) 4(1)

CDR1: Number of AA

changes (very dissimilar) 3(1) 0 0 0 0 0 0 0

CDR2: Number of AA

changes (very dissimilar) 1(0) 0 0 0 0 0 0 0

CDR3: Number of AA

changes (very dissimilar) 0 0 0 0 0 1(0) 0 0

Light chain

V-gene + allele IGKV1 IGLV3 IGLV3 IGLV3 IGLV3 IGKV3 IGLV3 IGLV1

(id%ntit [%]) 5*01 F 21*02 F 19*01 F 21*01 F 21*03 F 2001 F 21*02 F 47*02 F
y L (97.13) (96.06) (100.00) (88.89) (96.06) (92.91) (91.40) (96.49)

J-gene + allele IGKJ2*01 F IGLJ2*01 F | IGLJ2*01 F IGLJ2*01 F |IGLJ2*01 F [IGKJ3*01F |IGLJ2*01F |IGLJ2*01F

(identity [%]) (94.87) (94.59) (100.00) (94.59) (97.37) (100.00) (91.89) (100.00)

V: Number of nt mutation |8 13 0 31 7 21 27 10

V: Number of AA

changes (very dissimilar) 500 6(3) 0 14.(5) 4(2) 11(8) 15 (7) 8(4)

CDR1: Number of AA

changes (very dissimilar) 0 2(1) 0 2(0) 0 2(1) 0 3(3)

CDR2: Number of AA

changes (very dissimilar) 0 0 0 2(1) 0 1(0) 2(1) 0

CDR3: Number of AA

changes (very dissimilar) 300) 1(0) 0 2(1) 2(0) 4 (3) 4(1) 0
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3.2 Characterization of CCL2-specific scFv NB7.E5

The CCL2-specific scFv clone NB7.E5, which was recovered from our in-house antibody library
LYNDAL, was cloned into the pAB1 vector for expression in E. coli TG1. The pAB1 vector
introduced in-frame His- and c-myc-tag sequences 3’ to the scFv sequence allowing for later

purification and antibody-based detection of the scFv proteins.

3.2.1 Production and purification of anti-CCL2 scFv NB7.E5

E. coli TG1 cells were transformed with pAB1 plasmids encoding the CCL2-specific NB7.E5 scFv
fused at the 3’ end to a His- and c-myc-tag. ScFv molecules were harvested from the bacterial
periplasm and purified by immobilized metal affinity chromatography and SEC. During preparative
SEC, we collected only the fractions corresponding to the monomeric peak, which constituted
approximately 70 % of the eluted protein (Figure 14A). We recovered 1.6 mg protein out of 500
mL production volume that was sufficient for all subsequent analyses. The purity of the NB7.E5
scFv was confirmed by analytical SEC (Figure 14B). We observed a highly pure monomeric
protein with <10% aggregate content. Compared to a standard protein run, the elution volume of
the analyzed scFv corresponded to the expected molecular weight of 29 kDa (Appendix, Figure
35A).

We further analyzed the produced NB7.E5 anti-CCL2 scFv by coomassie staining and western
blotting (Figure 14C, D). We detected one clear band corresponding to the expected molecular
weight of approximately 30 kDa on the coomassie stained gel. In addition, the scFv was detected
via the C-terminal c-myc-tag by western blotting. The scFv used as control seemed to lose the tag
by degradation over time as indicated by the additional band at approximately 25 kDa appearing

on the coomassie stained gel and not being detected in the western blot.

In summary, we successfully produced the anti-CCL2 scFv NB7.E5 in bacteria and recovered a

highly pure, monomeric protein.
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Figure 14. Purification of NB7.E5 anti-CCL2 scFv. After harvesting produced scFv from bacterial
periplasm, the protein was purified via the His-tag. (A) During further purification by preparative SEC, only
fractions corresponding to monomeric NB7.E5 molecules monomeric scFv were collected. (B) Analytical
SEC of NB7.E5 scFv was used to analyze protein purity and elution volumes were compared to a standard
run of proteins with known molecular weight, see Appendix, Figure 35A. Purified scFv was separated by
SDS gel electrophoresis and visualized by (C) coomassie staining and (D) western blotting. ScFvs were
detected using an anti-c-myc HRP-conjugated antibody. A control scFv containing a C-terminal myc-tag
was included. M = Marker.
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3.2.2 Analysis of specificity of anti-CCL2 scFv NB7.E5

We investigated the binding specificity of the LYNDAL-derived anti-CCL2 scFv NB7.ES by ELISA
and western blotting. First, we performed an ELISA including the target antigen and unrelated
control proteins and found that the scFv specifically bound to CCL2 and not to the other tested
proteins (Figure 15A). Importantly, we did not observe any cross-reactivity with mFc which was
included as a protein tag in the CCL2-mFc fusion protein used as antigen for phage display

selection.

To determine if the NB7.E5 scFv also binds to the linearized CCL2 antigen, we separated CCL2-
mFc and commercially available CCL2 in SDS PAGE and probed our anti-CCL2 scFv in western
blot analysis (Figure 15B). We observed that the NB7.E5 scFv specifically detected CCL2 also in

its denatured form.

Since chemokines are a closely related protein family with high sequence homologies, we decided
to have a deeper look into the cross-reactivity profile of our anti-CCL2 scFv. Therefore, we
identified the chemokines with over 50 % sequence identity compared to CCL2 by using NCBI
protein blast, namely CCL7, CCL8, CCL11 and CCL13 [167]. Indeed, as determined by ELISA,
we confirmed the specificity of NB7.E5 scFv towards CCL2 as no binding to CCL7, CCL8, CCL11
and CCL13 was detected (Figure 15C). Therefore, our NB7.E5 scFv possesses high specificity

for CCL2 despite the high sequence homology to other related chemokines.

In conclusion, the NB7.E5 scFv exclusively binds to CCL2 and no binding to the mFc protein tag

or related chemokines was observed.

87



Results

LE
£
A B Y o
QO QO
kba = O O
260 |
2 B CCL2-mFc 140 s
g B mFc 100
£ ] BSA ;8 |
3 1. B HSA L -
3 Ovalbumin
§ B Lysozyme 35
<9 BN ) BN o7 s Bl W PBS 25
15 ; —

O

£ m CCL2
82 m 0 CCL7
2 W CCL8
81 CCL11
o B CCL13
< 0 W PBS

Figure 15. The anti-CCL2 scFv NB7.E5 shows high specificity towards CCL2. (A) ELISA was performed
to investigate the binding of the NB7.E5 scFv to CCL2 and to a set of control proteins. ELISA plates were
coated with the indicated proteins and 10 pg/mL scFv were added to the coated wells. Bound scFv was
detected using a HRP-conjugated anti-c-myc antibody. Error bars represent the standard deviation of the
mean of triplicates. (B) CCL2-mFc fusion protein and commercially available CCL2 were separated by SDS
gel electrophoresis and binding of NB7.E5 scFv was detected on a western blot. 10 uyg/mL NB7.E5 scFv
were incubated with the membrane and bound scFv was detected using an anti-c-myc HRP-conjugated
antibody. (C) To analyze cross-reactivity of NB7.E5 towards chemokines with > 50 % sequence identity to
CCL2, an ELISA was performed. Indicated chemokines were coated to the wells of an ELISA plate and 10
pug/mL scFv were added to the coated wells. Bound scFv was detected using a HRP-conjugated anti-c-myc

antibody. Error bars represent the standard deviation of mean values of duplicates.
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3.3 Generation and characterization of CCL2- and NRP1-specific IgG1

antibodies

The antibody-like scFv-hFc format was chosen for preliminary analyses of the selected anti-CCL2
and anti-NRP1 scFv molecules in a bivalent context. Therefore, the LYNDAL-derived NB7.E5 scFv
was synthesized by Eurofins Genomics in order to include the same restriction sites and VH-VL
linker which are used by the HAL9/10-derived scFvs. All CCL2- and NRP1-specific scFv clones
were cloned into the mammalian expression vector pCMX2.5 to fuse the scFv sequences to a
human IgG1 Fc backbone (scFv-hFc). The scFv-hFc fusion proteins were produced in HEK293-
6E cells and purified via the hFc tag. Analytical SEC as well as coomassie staining following SDS
PAGE of the purified proteins showed high protein purity with no or low aggregate content
(Appendix, Figure 37). Importantly, CCL2- and NRP1-specific scFv-hFc proteins specifically
bound their target antigens without binding to unrelated control proteins as detected by ELISA
(Appendix, Figure 38). Moreover, we analyzed the binding kinetics by surface plasmon resonance
spectroscopy. With an equilibrium dissociation constant (Kp) of 5.7 nM, NB7.E5 scFv-hFc showed
strong affinity to CCL2. All other scFv-hFc molecules exhibited moderate binding affinities (Ko
values ranging from 27 to 105 nM), except anti-CCL2 scFv-hFc YU109H1 for which no affinity
could be determined (Appendix, Figure 39, Table 29). Due to the promising results, we decided to
proceed with the analysis of all selected clones in the IgG1 format. Since the analyses in the IgG1
format confirmed our findings in the scFv-hFc format, only the characterization of the IgG1

antibodies are presented and discussed in greater detail in the following section.

The CCL2- and NRP1-specific scFvs were expressed in the context of a full-length IgG1 antibody
containing the N297A substitution. This substitution has been described to result in lack of
glycosylation and thereby loss of Fcy receptor binding and, thus, loss of effector functions [168],
[169]. NRP1 is expressed on several immune cell populations, we therefore intended to inhibit
antibody mediated effector functions. Although CCL2 is a soluble protein and antibody mediated
effector functions might not play an obvious role, chemokines have been found to be sequestered
to the cell surface by glycosaminoglycans [170]. To avoid potential off-target effects that may be
destructive when applied in vivo, we decided to continue with the IgG1 format containing the
N297A substitution.

ScFv VH and VL sequences were first separately cloned into the corresponding mammalian
expression vectors pConPlus 1gG1 [N297A], pConPlus Lambda or pConPlus Kappa. To

experimentally show successful ablation of Fcy receptor binding mediated by the N297A
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substitution, we additionally produced the NB7.E5 IgG containing the wild-type N297 amino acid
by using the expression vector pConPlus IgG1. Subsequently, IgG antibodies were produced in

HEK293-6E cells, purified and binding characteristics were analyzed.

3.3.1 Production and purification of CCL2- and NRP1-specific full-length IgGs

Anti-CCL2 IgG antibodies (NB7.E5, YU109A1, YU109B1, YU109D1, YU109E1 and YU109H1) as
well as anti-NRP1 1gG antibodies (YU110B1 and YU110D1) were produced in HEK293-6E cells.
The cell culture supernatants were harvested and the antibodies were purified by Protein A affinity
chromatography. Protein yields ranged from 5 to 39 mg protein per liter production volume. This
difference in production efficiency might be due to different transfection efficiency and/or
preferences in codon usage for the various antibody variable regions. All antibody yields were

sufficient for subsequent studies.

Purity was determined by analytical SEC as well as separation by SDS gel electrophoresis and
coomassie staining (Figure 16). Analytical SEC revealed that all proteins were highly pure showing
low aggregate content of <6% (Figure 16A, B). The only exception was YU110B1 with 16 %
aggregate content. We decided not to further purify YU110B1 considering the substantial protein
loss which would have occurred by additional purification. Protein elution volume was compared
to a standard protein run (Appendix,Figure 35B) and the expected antibody molecular weight of
approximately 150 kDa was confirmed. Interestingly, YU110D1 showed a reduced calculated
molecular weight of 100 kDa. Maybe the binding moiety of YU110D1 in context of the full-length
IgG1 molecule leads to a more compact folding of the protein and therefore later elution from the
column. This deviation from the expected molecular weight was not observed for YU110D1 in the
scFv-hFc format (Appendix, Figure 37). Separation of the proteins by SDS gel electrophoresis and
coomassie staining (Figure 16C) confirmed that all antibodies consisted of heavy and light chain

(50 and 25 kDa bands, respectively) and no other additional protein bands were detected.

In summary, we produced anti-CCL2 and anti-NRP1 IgG antibodies in mammalian cells and

recovered highly pure proteins.
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Figure 16. Investigation of IgG antibody purity by analytical size exclusion chromatography and
coomassie staining. Following Protein A affinity purification of the IgG antibodies, the purity of the proteins
was analyzed. Analytical SEC of anti-CCL2 (A) and anti-NRP1 (B) IgG antibodies was performed to
investigate purity and aggregate content. Elution volumes were compared to those of a standard protein run
(Appendix, Figure 35B). (C) Antibodies were separated by SDS gel electrophoresis and visualized by
coomassie staining. A control IgG was included for comparison of antibody heavy and light chain. YU109E1

and YU109H1 purification and coomassie staining were performed by M.Sc. D. Thomas. M = Marker.
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3.3.2 Effects of the N297A substitution on Fcy receptor binding

All our IgG antibodies contain the N297A substitution which is described to ablate antibody effector
functions by blocking the binding to the Fcy receptor [168], [169]. To verify this, we compared their
binding to the human monocytic cell line THP1, which expresses high amounts of Fcy receptor |
and Il, to a control IgG [171]. Therefore, we cloned, produced and purified the anti-CCL2 NB7.E5
IgG containing the wild-type N297, termed NB7.E5 (N297). Antibody purity and target antigen

binding was confirmed as described for the mutated counterpart (Appendix, Figure 40).

As expected, the N297A substitution resulted in the ablation of binding of antibodies to Fc receptor
expressing cells (Figure 17). Based on this finding we also expect reduced effector functions and
thereby reduced off-target effects of our antibodies in vivo, which needs to be assessed in further

experiments.

4000+

s Il NB7.E5 (N297)
3000+ 3 NB7.E5 (N297A)
- Il Detection system
= 20004 B Unstained
1000+
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Figure 17. Effect of the N297A substitution on binding of IgG to Fc receptor expressing cells
analyzed by flow cytometry. 10 nM NB7.E5 IgG (N297A) or NB7.E5 (N297) were added to Fc receptor
expressing THP1 cells. Bound IgG was detected using a FITC-conjugated rabbit anti-human Fc gamma
antibody and data was acquired by flow cytometry. MFI = median fluorescence intensity. Error bars

represent the standard deviation of mean values of triplicates. **** P < 0.0001.

3.3.3 Binding profiles of CCL2- and NRP1-specific IgGs determined by ELISA

In order to confirm the previously described results in the scFv format, we re-analyzed the
specificity of the IgG antibodies by ELISA. Importantly, in contrast to scFv molecules, IgG
molecules are bivalent (two antigen binding sites per molecule) which may affect antigen binding

characteristics. Moreover, Steinwand et al. showed that scFvs retained antigen affinity when
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expressed as scFv-hFc molecules which are encoded on a single gene but may lose affinity after

conversion into the full-length I1gG format [172].

We found specific binding of our anti-CCL2 and anti-NRP1 IgGs toward their cognate antigen
without showing any cross-reactivity towards the control proteins by ELISA. Importantly, no
binding was detected to the protein tags which were included in the recombinant target antigens
used for phage display (Figure 18A, B). The weak signals detected for YU109D1 and YU110B1
against mFc and His, respectively, were considered as negligible. Compared to the other CCL2-
specific antibodies, the clones YU109B1 and YU109H1 exhibited weaker signals pointing towards

weaker binding of the target antigen.

Importantly, we did not detect any binding of the NB7.E5 IgG to chemokines with a sequence
homology of > 50% compared to CCL2, thus confirming the results obtained for the NB7.E5 anti-
CCL2 scFv (Figure 18C).

Therefore, we observed high specificity for all our anti-CCL2 and anti-NRP1 IgG antibodies and

did not observe any binding to other control proteins.
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Figure 18. Binding of target antigens by anti-CLL2 and anti-NRP1 IgG antibodies investigated by
ELISA. An ELISA was performed using anti-CCL2 (A) or anti-NRP1 (B) IgG antibodies. The wells of an
ELISA plate were coated with CCL2 or NRP1, respectively, as well as target antigens and a set of control
proteins. mFc and His were included as control proteins since the target antigens used for phage display
selection were fused to these tags. His = unrelated scFv antibody fragment fused to a His-tag. (C) Cross-
reactivity to chemokines with > 50 % sequence identity to CCL2 was investigated for the NB7.E5 1gG. 10
pg/mL IgG were added to the wells of an antigen-coated ELISA plate. Bound IgG was detected using a
HRP-conjugated mouse anti-human IgG antibody. Error bars represent the standard deviation of mean

values of triplicates (A, B) or duplicates (C).
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3.3.4 Determination of antibody affinity by surface plasmon resonance

spectroscopy

We investigated the binding kinetics of our anti-CCL2 and anti-NRP1 IgG antibodies using surface
plasmon resonance (SPR) spectroscopy. By SPR spectroscopy, real-time protein interactions can
be detected and mathematical modeling allows the calculation of antibody affinities. We
immobilized the IgG antibodies on the surface of a Protein A-coated sensorchip and injected
increasing concentrations of target antigen (Figure 19). Antibody affinities were calculated by
fitting the data either to a 1:1 Langmuir binding model or in the case of antibodies with very fast
association and dissociation a steady state affinity model (results of two independent experiments

are summarized in (Table 28)).

For the CCL2-specific antibodies (Figure 19A) we observed that the LYNDAL-derived antibody
NB7.E5 showed robust binding toward the target antigen CCL2 (Kp = 5.8 nM) with slow
dissociation kinetics. In contrast, the clones YU109A1, YU109B1, YU109D1 and YU109E1
showed moderate antigen binding affinities (Ko values ranging from 50 to 334 nM) and possessed
very fast association and dissociation rates. YU109H1 showed only low affinity (Kp = 422 nM),
which coincides with the weaker binding as previously detected by ELISA (Figure 18A). Due to
the highest binding affinity towards its target antigen compared to the other antibodies, and
because of its proven high specificity for CCL2, we decided to pursue only with NB7.E5 anti-CCL2

IgG in all subsequent functional characterizations.

For the NRP1-specific IgG antibodies we detected comparable binding profiles and Kp values for
YU110B1 and YU110D1 of 35.6 nM and 58.3 nM, respectively (Figure 19B).

In conclusion, we identified NB7.E5 to be the lead candidate anti-CCL2 IgG antibody with high
affinity binding. The anti-NRP1 IgG antibodies YU110B1 and YU110D1 showed moderate

affinities to their cognate antigen.
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Figure 19. Surface plasmon resonance analyses of CCL2- and NRP1-specific IgGs. (A) Anti-CCL2 and
(B) anti-NRP1 IgG molecules were immobilized on a Protein A-coated sensorchip. An antigen concentration
series ranging from 0 to up to 400 nM was tested. Black curves represent the 1:1 Langmuir binding model
used to calculate antibody affinity. Due to very fast association and dissociation of YU109A1, YU109B1,
YU109D1, YU109E1 and YU109H1, these bindings were fitted using a steady state affinity model which
only included the equilibrium phase. Numbers indicate the calculated Ko value in nM. Curves represent the

mean of duplicates. This is one representative example out of two independent experiments. Performed by
M.Sc. D. Thomas.
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Table 28. Summary of the mathematical modeling of the IgG binding kinetics determined by surface

plasmon resonance spectroscopy

Antigen  |lgG1 Ko [nM] Ko [nM] Rmax [RU] Chi?
[N297A] mean £ SD
#1 H2 #1 #2 #1 #2
NB7.E5 [5.64 5.77 5.7 £ 0.1 19.2 20 0.37 0.47
YU109A1 (115 140 127.5+175 |23.5 24.6 0.08 0.09
YU109B1 |298 334 nd 33.2 36.9 0.11 0.28
CCL2

YU109D1 |219 212 2155+49 30.1 29.5 0.07 0.04

YU109E1 |45.2 49.9 47.6 £ 3.3 22.4 22.5 0.10 0.11

YU109H1 1660  |422 nd 20.6 9.33 0.01 0.02

YU110B1 [42.0 35.6 38.8 £4.5 64.1 49.2 0.89 0.29
NRP1

YU110D1 |73.1 58.3 65.7 £ 10.5 51.6 39.6 0.56 0.21

3.3.5 Binding of anti-NRP1 IgGs to the surface of receptor expressing cells

We next intended to address the question if our anti-NRP1 IgG molecules bind to their cognate
antigen when expressed in the context of a cell-surface receptor. For the selection of antibody
fragments by phage display, we used recombinant NRP1 protein which included a tag that may
have an impact on protein characteristics [173]. Moreover, cell-surface receptors may show
different protein folding when expressed as recombinant, soluble proteins [174]. Therefore,
antibody binding properties towards the native and the recombinant protein may differ and it is
important to study binding of the antibodies to the antigen in its native conformation on the cell

surface.

For this purpose, we first confirmed NRP1 expression on human umbilical vein endothelial cells

(HUVEC) using a commercially available antibody (Figure 20A) and our NRP1-specific 1gG

antibodies (Figure 20B). We then titrated a concentration series of the NRP1-specific 1gG

molecules on HUVEC cells to determine the antibody affinity by flow cytometry (Figure 20C). The

Ko was calculated by using a nonlinear curve to fit the data and corresponds to the ligand
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concentration needed to achieve half-maximum binding at equilibrium (EC50). We found a Kp of
0.36 nM for YU110B1 and 0.17 nM for YU110D1. Interestingly, these results do not correlate with
the Kp values determined by SPR analysis which may be due to the different calculation of the Kp
values using these two methods. Additionally, avidity effects in the flow cytometric experiment

increases the apparent antibody affinity [175], [176].

Thus, we showed binding of the NRP1-specific IgG molecules to their cognate antigen expressed
as cell surface receptor. We observed higher affinity of the antibodies as compared to the

previously described surface plasmon resonance analysis.
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MFI

Figure 20. Analysis of binding of anti-NRP1 IgGs to NRP1-expressing cells by flow cytometry. NRP1
expression on HUVEC cells was analyzed by flow cytometry. (A) NRP1 was stained using a commercially
available mouse anti-NRP1 antibody and a FITC-conjugated goat anti-mouse 1gG detection antibody. (B)
Binding of our anti-NRP1 antibodies (30 nM) was detected using a FITC-conjugated rabbit anti-human I1gG
antibody. An isotype control antibody was included. (C) Anti-NRP1 antibodies were titrated (0-30 nM) on
HUVEC cells, binding was detected using a FITC-conjugated rabbit anti-human IgG antibody and data was
acquired using a flow cytometer. Error bars represent the standard deviation of mean values of duplicates.
The antibody affinity was determined using graph pad prism by including a nonlinear fit and one site specific
binding was used to calculate the Kp value (YU110B1 Kp= 0.36 nM; YU110D1 Ko = 0.17 nM).
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3.4 Functional characterization of CCL2- and NRP1-specific antibodies

and antibody fragments

The anti-NRP1 antibodies YU110B1 and YU110D1 as well as the lead candidate anti-CCL2
antibody NB7.E5 were functionally characterized. To this end, we tested if the NRP1-specific
antibodies are able to block the binding of Sema3A to NRP1 by ELISA and flow cytometry.
Moreover, we investigated the blocking of the CCL2 — CCR2 interaction mediated by NB7.E5 by
flow cytometry and the resulting effects on the downstream signaling cascade. Furthermore, we

tested if NB7.E5 is able to block CCL2-dependent cell migration in a transwell assay.

3.4.1 Anti-NRP1 antibodies do not block the Sema3A/VEGF - NRP1 interaction

First, we determined the blocking effects of our antibodies on the receptor - ligand interaction by
ELISA. For this purpose, we coated the wells of an ELISA plate with Sema3A and analyzed binding
of soluble NRP1 in the presence of anti-NRP1 antibodies, control IgG antibody or the absence of
antibodies. Importantly, we detected significant blocking of binding of NRP1 to Sema3A mediated
by our antibodies compared to the control (Figure 21A). Another ligand of NRP1 is VEGF, thus
we wanted to rule out effects of the antibodies on the NRP1 - VEGF interaction. Therefore, we
performed an ELISA assay as described before, but with NRP1 being coated to the wells of an
ELISA plate and analysis of binding of soluble VEGF. We observed no blocking of this interaction
by our antibodies (Figure 21B).

To confirm these promising results in a cellular system, we further analyzed the blocking effect of
the NRP1-specific antibodies on binding of soluble Sema3A to NRP1 expressed on the cell
surface (Figure 21C). First, we tested if Sema3A binds to NRP1-expressing HUVEC cells and
determined the optimal concentration of Sema3A for use in further experiments. Therefore, we
titrated Sema3A on NRP1-expressing HUVEC cells (data not shown). Although we did not reach
saturation of cell surface binding, we decided to use the highest feasible Sema3A concentration
(75 nM) for further assays. Surprisingly, addition of a 10-fold molar excess (750 nM) of anti-NRP1
antibodies over Sema3A did not block the receptor — ligand interaction on HUVEC cells. Notably,
we used antibody concentrations far above which saturation (approximately 10 nM) of antibody
binding to NRP1-expressing HUVEC cells was reached, as described previously (Figure 20B).
Therefore, we expected that all cell surface expressed NRP1 was bound by the anti-NRP1
antibodies and no additional binding of Sema3A would be observed in case the anti-NRP1

antibodies block the Sema3A binding site.
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In summary, we observed conflicting results for the blocking capabilities of our antibodies. In an
ELISA setting we detected blocking of binding of soluble NRP1 to coated Sema3A mediated by
both anti-NRP1 antibodies. In contrast, we did not detect ablation of binding of soluble Sema3A
to NRP1-expressing cells in the presence of our antibodies using flow cytometry. Our attempts to
further investigate the functionality of our anti-NRP1 antibodies were so far not successful (data
not shown), thus we decided not to continue the development of the anti-NRP1 antibodies at this

stage.
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Figure 21. Investigation of blocking of the Sema3A/VEGF — NRP1 interaction mediated by anti-NRP1
IlgG antibodies using ELISA and flow cytometry. (A) The effects of the NRP1-specific antibodies on
binding of Sema3A to NRP1 were investigated by ELISA. 1000 nM anti-NRP1 and control IgG antibodies
were pre-incubated with 50 nM NRP1 (CUB1CUB2, b1b2) and added to a Sema3A-coated ELISA plate.
Bound NRP1 was detected using a mouse anti-NRP1 and a HRP-conjugated anti-mouse antibody. NC =
negative control: no NRP1 and no IgG. (B) NRP1 - VEGF blocking ELISA was performed to investigate the
effect of our antibodies on binding of VEGF to NRP1. 500 nM anti-NRP1 and control IgG antibodies were
added to a NRP1 (CUB1CUB2, b1b2)-coated ELISA plate. 8.4 nM biotinylated VEGF was added and
detected using HRP-conjugated streptavidin. NC = negative control: no VEGF and no IgG. Error bars
represent standard deviation of mean values of triplicates. (C) Blocking of the Sema3A - NRP1 interaction
by our NRP1-specific antibodies was investigated by flow cytometry. 750 nM anti-NRP1 antibody or control
antibody were incubated with HUVEC cells. 75 nM APC-labeled Sema3A was added and binding was
analyzed by flow cytometry.
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3.4.2 Anti-CCL2 IgG NB7.E5 blocks binding of CCL2 to CCR2 expressing cells

A prerequisite for the macrophage modulating effects of our CCL2-specific antibody NB7.E5
implies potent neutralizing effects on the interaction between CCL2 and its receptor CCR2. To this

end, we investigated the blocking capability by flow cytometry.

First, we confirmed high expression of CCR2 on the cell surface of the monocytic cell line THP1
using a CCR2-specific antibody (Figure 22A). Next, THP1 cells were incubated with CCL2-mFc
and binding of CCL2 was detected using a fluorescently labeled anti-mFc tag antibody. In addition,
we pre-incubated CCL2-mFc with different concentrations (up to 20-fold molar excess) of NB7.ES
scFv or IgG, added the mixture to THP1 cells and analyzed binding of CCL2 by flow cytometry
(Figure 22B). Since THP1 cells express high levels of Fcy receptors that can result in unspecific
binding of the CCL2-mFc fusion protein, we pre-incubated THP1 cells with human serum and
included mFc as control to monitor background binding of CCL2-mFc to the cells. We observed a
continuous decrease in binding of CCL2 to THP1 cells that correlates to increasing concentrations
of the NB7.E5 antibody. As expected, NB7.E5 IgG showed a stronger blocking capacity of the
CCL2 - CCR2 interaction than the monovalent NB7.E5 scFv, which may relate to the bivalent
nature of the IgG molecule. A 1:1 molar ratio of CCL2-mFc to NB7.E5 IgG resulted in over 50 %
blocking of the receptor - ligand interaction and a 5-fold or higher excess of antibody over CCL2-
mFc completely ablated binding of CCL2 to CCR2.

In summary, we successfully demonstrated neutralizing effects of the NB7.E5 IgG and scFv

molecules on the CCL2 — CCR2 interaction.
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Figure 22. Flow cytometric analyses show the neutralizing effects of anti-CCL2 NB7.E5 on the CCL2
— CCR2 interaction. (A) CCR2 surface expression on THP1 cells was analyzed by flow cytometry. Fc
receptors were blocked by preincubation with 10 % human serum and CCR2 was detected using a PE-
conjugated anti-CCR2 antibody. A PE-conjugated isotype control antibody was included. (B) CCL2-mFc
was pre-incubated at a final concentration of 100 nM with 1gG antibodies (100 - 1000 nM) or scFv antibody
fragments (100 — 2000 nM) as well as control antibodies. CCL2-mFc without antibodies was used as positive
control to determine the maximum binding of CCL2 to its receptor CCR2. mFc at a final concentration of
100 nM was used as control to exclude false positive binding of CCL2-mFc to the Fc receptors on THP1
cells. The mixture was incubated with Fc-blocked (10 % human serum) THP1 cells and FITC-conjugated
goat anti-mouse IgG antibody was added to detect CCL2-mFc binding. The dotted lines indicate baseline

mFc binding. MFI = median fluorescence intensity.
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3.4.3 Impact of the anti-CCL2 antibody NB7.E5 on CCR2 downstream signaling

We investigated the effects on downstream intracellular signaling resulting from the blocking of
the CCL2 — CCR2 interaction mediated by the NB7.E5S IgG antibody. CCL2 interacts with the G
protein-coupled receptor CCR2, thereby activating several intracellular signaling pathways
including the MAPK pathway [69], [70]. This cascade has been found to play an important role in

CCL2-driven macrophage chemotaxis [71].

As a readout for MAPK signaling, we studied phosphorylation of extracellular signal-regulated
kinase (ERK) in CCL2-treated THP1 cells in the presence and absence of the NB7.E5 IgG (Figure
23). Treated cells were lysed and phosphorylated ERK (pERK) and total ERK protein was detected
by western blot analysis (Figure 23A). THP1 cells without CCL2 treatment were included to assess
basal ERK phosphorylation. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was included
as control and pERK as well was total ERK levels were calculated relative to GAPDH (Figure
23B). Importantly, we found a significant reduction of ERK phosphorylation mediated by our CCL2-
specific antibody in three independent experiments, while the ratio of total ERK to GAPDH

remained constant in all experimental settings.

To summarize, we detected decreased ERK phosphorylation in the presence of the anti-CCL2
NB7.E5 IgG, indicating that NB7.E5 is able to block CCR2 downstream signaling via the MAPK
pathway.
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Figure 23. Effects of NB7.E5 IgG on CCL2 - CCR2 downstream signaling. The impact of NB7.E5 IgG
on CCR2 downstream MAPK signaling was analyzed by detection of pERK in lysates of THP1 cells. 20 nM
CCL2 and 200 nM NB7.E5 IgG were pre-incubated and added to the cells for 3 — 5 min. Cell lysates were
prepared and equal amounts of lysate per lane were separated by SDS gel electrophoresis. After western
blotting, pERK was detected using a primary mouse anti-pERK and a secondary HRP-conjugated anti
mouse antibody. ERK was detected by incubation with primary mouse anti-ERK and secondary HRP-
conjugated anti mouse antibody. GAPDH was detected using HRP-conjugated anti-GAPDH antibody. (A) A
representative western blot is shown. (B) Densitometric analysis was performed from three independent
experiments and statistical significance of pERK/GAPDH ratio was calculated using two-tailed unpaired t
test. Error bars represent the standard deviation of the mean values of triplicates. Ratio of ERK/GAPDH

was calculated to show equal protein loading in each lane.

3.4.4 The anti-CCL2 IgG NB7.E5 counteracts CCL2-induced monocyte migration

To test the influence of our CCL2-specific NB7.E5 IgG on CCL2-driven monocyte chemotaxis, we
performed a transwell assay. In this assay, we analyzed the migration of CCR2-expressing
monocyte-like THP1 cells through the pores of the transwell insert towards the receiver well, which

contained CCL2 in the presence of NB7.E5 or control IgG in 1:1 or 1:10 molar ratios (Figure 24A).
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After allowing the cells to migrate for 3 hours along the CCL2 gradient, we observed a significantly
reduced number of THP1 cells in the receiver wells in the presence of our anti-CCL2 antibody
NB7.E5, but not the control IgG (Figure 24B). These results suggest that the NB7.ES IgG blocks

the migration of CCR2-expressing monocytes along the CCL2 chemokine gradient.
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Figure 24. Transwell migration assay to investigate the inhibitory capacity of NB7.E5 IgG on CCL2-
mediated monocyte chemoattraction. (A) Schematic representation of the experimental set up of the
migration assay. CCR2-expressing THP1 cells were labeled with Calcein-AM for detection and transwell
inserts with a defined pore size were coated with human fibronectin to allow attachment of the cells. In the
receiver wells, 50 nM CCL2 were pre-incubated in a 1:1 or 1:10 molar ratio with NB7.E5 IgG, a control IgG
or without IgG. THP1 cells were added to the transwells and migration was allowed for 3 h. (B) Migrated
cells were detected using a fluorescence plate reader. Migration in a control condition without CCL2 was
subtracted from all values as background. Relative (rel.) fluorescence was calculated to the control
containing only CCL2 without antibody. Error bars represent the standard deviation of mean values of
triplicates. Performed by M.Sc. D. Thomas.
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3.5 Characterization of anti-CD22 CAR T cells secreting the anti-CCL2
scFv NB7.E5

In a phase I/ll clinical study it was found that the systemic administration of the anti-CCL2 antibody
carlumab (CNTO 888) led to only minor reductions of serum CCL2 concentrations, even followed
by increased CCL2 levels post treatment [45], [47]. We intend to circumvent systemic effects of
CCL2-directed therapy such as activation of chemokine compensatory mechanisms including the
overexpression of CCL2 by developing a novel vehicle for the targeted delivery of anti-CCL2 scFvs
to the tumor site. We set out to generate CD22-directed CAR T cells engineered to secrete soluble
anti-CCL2 scFvs since high intratumoral CCL2 concentrations correlate with poor clinical
outcomes in CD22 -positive DLBCL patients [151].

We generated a lentiviral CAR construct containing the humanized binding domains derived from
the RFB4 hybridoma that recognize human CD22 [158]. The CD22-CAR has the following
organization: an extracellular CD22-specific scFv, a CD8a hinge and transmembrane region, and
two intracellular domains, 4-1BB (CD137) and CD3zeta. The CD3-zeta chain ({) is required for T

cell activation and 4-1BB delivers costimulatory signals important for efficient T cell expansion.

Furthermore, we generated so-called “armored” constructs that included the CCL2-specific
NB7.E5 scFv for soluble expression in addition to the anti-CD22 CAR. Specifically, the NB7.E5
scFv was introduced either 5 (aCCL2scFv-aCD22CAR) or 3’ (aCD22CAR-aCCL2scFv) to the
anti-CD22 CAR sequence. A schematic representation of the resulting constructs as well as the
conventional CAR without secretable CCL2-specific scFv (termed here aCD22CAR) are depicted
in Figure 25. The “self-cleaving” peptide T2A was cloned between the scFv and CAR sequence

to allow encoding of two separate proteins on the same open reading frame.

D22CAR PGK | IgG « | anti-CD22 CcD8 )
aC c prom.|LC SP scFv hinge + TM 4-1BB CD3¢

PGK | 1gG « | anti-CD22 CD8 IgG | anti-CCL2
prom. [LCSP| scFv  |hinge + Tm| 4-1BB CD3C | T2A lpcsp|  seRv  |C™©
) EF1a| 1gG | anti-CCL2 IgGk | ant-CD22 [ D8
aCCL2scFv-aCD22CAR orom. |HC sP| scFv | ©™° T2A | S spl  sory hinge + TM 4-1BB cD3¢

Figure 25. Schematic representation of CAR constructs. The conventional aCD22CAR construct

encoded the CD22-targeted CAR without secretable anti-CCL2 scFv and served as control during further
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analyses. The CAR consists of the extracellular anti-CD22 scFv targeting domain, a CD8a hinge and
transmembrane (TM) domain as well as the intracellular costimulatory domain 4-1BB (CD137) and the
activation domain of the CD3-zeta chain (CD3(). CAR expression is driven by a phosphoglycerate kinase
promoter (PGK prom.) and the protein is destined towards the secretory pathway by the IgG kappa light
chain signal peptide (IgG k LC SP). To generate aCD22CAR-aCCL2scFv, the anti-CCL2 scFv was encoded
downstream of the CAR and separated using a T2A “self-cleaving” peptide. The anti-CCL2 scFv is destined
for secretion by the IgG heavy chain signal peptide (IgG HC SP) and carries a c-myc tag at its C-terminus.
For the aCCL2scFv-aCD22CAR construct, the anti-CCL2 scFv was encoded upstream of the T2A peptide

and the CAR downstream. In addition, this construct is regulated by an EF1-alpha promoter (EF1a prom.).

3.5.1 Analysis of anti-CD22 CAR expression and secretion of anti-CCL2 scFvs by
HEK293T cells

In order to analyze the functionality of our constructs, CAR expression and scFv secretion was
first investigated in HEK293T cells. Therefore, cells were transfected with the lentiviral plasmids
encoding the different CAR constructs (Figure 25) and transfection efficiency was determined by
flow cytometric analysis of CAR surface expression. HEK293T cells transfected with plasmids
encoding aCD22CAR-aCCL2scFv, aCCL2scFv-aCD22CAR or the control aCD22CAR showed
high transfection efficiencies of 47 % to 80 % (Figure 26A, B).

To analyze soluble expression of the CCL2-specific scFv, we harvested supernatant of equivalent
numbers of transfected HEK293T cells and concentrated the supernatant. The wells of an ELISA
plate were coated with CCL2, concentrated supernatant was added and bound scFvs were
detected via their myc-tag (Figure 26C, D). We observed significant scFv production in cells
transfected with plasmids encoding for aCD22CAR-aCCL2scFv and aCCL2scFv-aCD22CAR
compared to cells transfected with plasmids encoding for cCD22CAR or mock transfected cells.
As estimated by comparison to defined concentrations of recombinant NB7.E5 scFv, which was
used as positive control, the anti-CCL2 scFv concentration in the supernatant was approximately
13 ng/mL, which corresponds to 1.3 ng/mL in the non-concentrated cellular supernatant. The data
indicate that HEK293T cells expressing the aCCL2scFv-aCD22CAR construct may secreted a
lower amount of the anti-CCL2 scFv compared to cells expressing the aCD22CAR-aCCL2scFv
construct. However, since these results were obtained from single separate experiments, one
cannot rule out whether factors other than the design of the construct play a role for the differential

scFv production, as for instance different transfection efficiencies as shown in Figure 26A, B. For
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a direct comparison, however, the different constructs should be tested in parallel in repeated

experiments under constant conditions.

In summary, we detected CAR cell-surface expression and significant anti-CCL2 scFv secretion
from HEK293T cells transfected with aCCL2scFv-aCD22CAR or aCD22CAR-aCCL2scFv

constructs indicating the expected functionality of our constructs.
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Figure 26. Analysis of CAR expression and scFv secretion by transfected HEK293T cells. CAR
expression on the surface of HEK293T cells transfected with (A) aCD22CAR-aCCL2scFv and (B)

aCCL2scFv-aCD22CAR was analyzed in two independent experiments by flow cytometry. «CD22CAR and

mock transfected cells served as control. Cell surface CAR was stained by incubation with biotinylated

Protein L and APC-conjugated streptavidin. Numbers indicate percentage of CAR positive cells. Soluble
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scFv expression from HEK293T cells transfected with (C) aCD22CAR-a.CCL2scFv and (D) aCCL2scFv-
aCD22CAR into the supernatant was analyzed by ELISA. ELISA plates were coated with CCL2,
concentrated supernatants were added and bound scFvs were detected by mouse anti-c-myc HRP-
conjugated antibody. 13 ng/mL purified NB7.E5 scFv served as positive control. Error bars represent the

standard deviation of mean values of triplicates. ** P < 0.01;**** P < 0.0001

3.5.2 Soluble expression of scFvs by CAR T cells

Since we confirmed the functionality of our anti-CD22 CAR constructs as indicated by CAR surface
expression and scFv secretion using transfected HEK293T cells, we continued to generate CAR
T cells expressing the same constructs. Human PBMCs were activated and T cells were
transduced with lentiviral vectors encoding for aCD22CAR-aCCL2scFv, aCCL2scFv-aCD22CAR
and aCD22CAR or mock transduced. CAR expression was confirmed by flow cytometry and
transduction efficiencies ranged between 40 to 80 % (data not shown). At day 10 after activation,
CAR T cells were adjusted to an equal number of CAR positive cells and were seeded at 1 x 10°
cells/mL in 80 mL serum free medium. Supernatants were harvested two days later, concentrated
and the amount of secreted scFv was analyzed by ELISA. Surprisingly, no scFv secretion could

be detected in any of the supernatants (data not shown).

We speculated that the levels of secreted scFvs might be below the detection threshold of our
ELISA-based assay. Cells transduced with the aCD22CAR-aCCL2scFv and oCCL2scFv-
aCD22CAR constructs should express both CAR and anti-CCL2 scFv in a linear fashion, therefore
we intended to increase the concentration of scFv in the supernatant by enriching CAR expressing
cells. In the previously described experiment supernatant was harvested from cells which were
approximately 40 % CAR positive, therefore we set out to enrich the amount of CAR positive cells
by stimulation with target cells. At day 7 and 10 after activation transduced T cells were stimulated
by coincubation with CD22 positive Nalm6 cells at an effector to target ratio of 1:3 (Appendix,
Figure 41). CAR expression was monitored by flow cytometry and we observed an increase to 93
% CAR positive cells for T cells expressing aCD22CAR-aCCL2scFv and aCD22CAR and to 89
% CAR positive cells for T cells expressing aCCL2scFv-aCD22CAR (Figure 27A). At day 17 after
activation, CAR T cells were seeded at 1 x 10° cells/mL in 80 mL serum free medium and grown
for two days. Supernatants were harvested, concentrated and scFv secretion was analyzed by
ELISA. However, we did not detect any secreted scFv molecules by the transduced T cells,

although the fraction of CAR-positive cells increased to almost 100 % (Figure 27B).
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Figure 27. Surface CAR and soluble scFv expression by CAR T cells stimulated via coincubation
with target positive cells. (A) Stimulation with CD22-expressing Nalm6 cells enriched CAR positive cells
over time. Flow cytometric analysis of CAR expression at day 14 post T cell activation is shown. T cells
were identified by staining with FITC-conjugated CD3 antibody. CAR molecules were stained by incubation
with biotinylated Protein L and APC-conjugated streptavidin. (B) After CAR T cell stimulation by coincubation
with Nalm6 cells, scFv secretion of aCD22CAR-aCCL2scFv and aCCL2scFv-aCD22CAR into the
supernatant was analyzed by ELISA. Plates were coated with CCL2, concentrated supernatants were added
and bound scFvs were detected by mouse anti-c-myc HRP antibody. NB7.E5 scFv served as positive

control. Error bars represent the standard deviation of mean values of triplicates.

We considered several factors that might be involved in the lack of scFv detection in supernatants
of CART cells: 1. Insufficient “self-cleavage” mediated by the T2A peptide might lead to inefficient
separation of scFvs from the CAR, or the anti-CCL2 scFv binds unspecifically to the surface of the
T cells; 2. scFvs are not trafficked through the Golgi via the secretory pathway; 3. The scFv coding
sequence is not present on the messenger RNA (MRNA); 4. T cells produce endogenous CCL2
which sequesters the scFv and prevents its detection. The investigation of the different possible

causes is described in the following section.

The scFv and CAR are encoded on the same plasmid and are separated by a T2A “self-cleaving”

peptide. When the 2A peptide is translated, “self-cleavage” occurs at the C-terminal proline by
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steric hindrance which induces ribosome skipping [177]. Although T2A has been described to
have one of the highest cleavage efficiencies, it is conceivable that the ribosome might read
through and the scFv might thus not be efficiently separated from the CAR [178]. In this case, the
scFv should be detectable by flow cytometry on CAR T cells transduced with the aCCL2scFv-
aCD22CAR construct carrying the anti-CCL2 scFv at the N-terminal extracellular portion of the
CAR (Figure 28A). Alternatively, the anti-CCL2 scFv may bind to a yet unidentified and unspecific
target present on the surface of T cells. Importantly, we detected no anti-CCL2 scFv on the surface
of the CAR T cells, indicating correct separation of the anti-CCL2 scFv from the CD22-directed
CAR and no unspecific binding of the scFv to the T cell surface (Figure 28B).
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Figure 28. Flow cytometric analysis of the cleavage of anti-CCL2 scFv and anti-CD22 CAR. (A)
Schematic representation of the hypothetical scFv expression on the surface of CAR T cells transduced
with the aCCL2scFv-aCD22CAR construct following failure of protein separation at the T2A peptide. Anti-
CCL2 scFvs were detected by mouse anti c-myc antibody (ms o ¢c-myc) and FITC-conjugated goat anti-

mouse antibody (go o ms-FITC). (B) CAR T cells with enriched CAR expression after target cell stimulation
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(Figure 27A) were used. Anti-CCL2 scFvs were detected using specific antibodies as described above and

cells were analyzed using a flow cytometer.

To test whether the scFv is expressed in intracellular compartments, we performed intracellular
stainings of transduced T cells and transfected HEK293T cells and analyzed scFv expression by
flow cytometry. As expected, we confirmed CAR expression on the HEK293T cell surface and
observed staining of intracellularly localized scFvs (Figure 29A, B). Surprisingly, however, we
could not detect any intracellular anti-CCL2 scFv protein in CAR T cells expressing the
corresponding constructs, although transduction was efficient as indicated by cell surface
expression of the CAR (Figure 29C, D).
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Figure 29. Intracellular localization of anti-CCL2 scFvs analyzed by flow cytometry. HEK293T cells
were transfected and T cells were transduced with the lentiviral plasmids encoding the respective CAR
constructs. CAR surface expression was analyzed for HEK293T cells (A) and for T cells (C) at day 11 after
activation using flow cytometry. T cells were identified by staining with FITC-conjugated CD3 antibody. CAR
molecules were stained by incubation with biotinylated Protein L and APC-conjugated streptavidin. The

presence of intracellularly localized anti-CCL2 scFvs in HEK293T cells (B) and T cells (D) was analyzed by
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flow cytometry. For intracellular staining, cells were fixed and permeabilized. Anti-CCL2 scFvs were
detected by anti c-myc antibody and FITC-conjugated goat ant mouse antibody. Numbers indicate % of

CAR or scFv positive cells.

Since we were unable to detect the anti-CCL2 scFvs at the protein level in CAR T cells, we
investigated the presence of the scFv coding sequence on the mRNA level. To this end, mRNA
was isolated from transduced CAR T cells and transfected HEK293T cells. After synthesis of
complementary DNA (cDNA) and sequence specific PCR using primers which bind upstream
(signal peptide) and downstream (myc-tag) of the anti-CCL2 scFv sequence, the amplified DNA
samples were visualized on an agarose gel (Figure 30). We detected a clear band corresponding
to the scFv coding sequence in cDNA samples derived from T cells and HEK293T cells expressing
the aCD22CAR-0.CCL2scFv and a.CCL2scFv-aCD22CAR constructs, but not from untransduced

or untransfected cells or cells solely expressing the CD22 CAR.
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Figure 30. Detection of anti-CCL2 scFv mRNA in T cells and HEK293T cells carrying the CAR
constructs. ScFv expression was analyzed on the mRNA level in HEK293T and T cells expressing the
indicated CAR constructs. CAR expression was detected by flow cytometry see Figure 29A, C. mRNA was
isolated from equal cell numbers, cDNA synthesized and sequence specific PCR was performed to amplify
anti-CCL2 scFv and GAPDH DNA. For amplification of the anti-CCL2 scFv sequence primers which bind
upstream (signal peptide) and downstream (myc-tag) of the anti-CCL2 scFv were used. For amplification of
GAPDH encoding DNA primers binding in exons of the GAPDH sequence were used. Samples were

separated by agarose gel electrophoresis and visualized on a UV table.
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Although there is no compelling evidence on the production of CCL2 by human T cells, reports in
the literature described the secretion of CCL2 by murine T lymphocytes of mammary tumor-
bearing mice [179], [180]. Itis conceivable that CCL2 secreted from T cells might trap the produced
anti-CCL2 scFvs and prevent their successful detection in our ELISA-based assay. To address
this question, we transduced T cells with the different CAR constructs. Moreover, human
peripheral blood mononuclear cells (PBMCs) have been found to secrete high levels of CCL2
upon activation with the polyclonal T cell activating substance Phytohaemagglutinin P (PHA-P)
[181]-[183]. Therefore, non-activated and PHA-P activated PBMCs were included as positive
control, whereas HEK293T cells transfected with the different CAR constructs were used as
negative control. mMRNA was isolated from these cells and cDNA was synthesized. Using CCL2
and GAPDH sequence specific primers the DNA was amplified by PCR and analyzed on an
agarose gel (Figure 31A). As expected, we detected efficient induction of CCL2 mRNA expression
in PHA-activated PBMCs, but also mRNA expression in non-activated PBMCs albeit to a lower
extend. Interestingly, we detected faintly visible DNA bands corresponding to CCL2 mRNA in CAR
T cells that might indicate low CCL2 production in CAR T cells. To verify this, we harvested
supernatants of the cells and analyzed secretion of CCL2 using a commercially available CCL2
ELISA kit with an optimized detection threshold of 7.8 pg/mL (Figure 31B). We found CCL2 only
in the supernatants of PBMCs with a remarkable increase in PHA-activated PBMCs compared to
non-activated PBMCs, which is in accordance with previously published results [181], [182]. In
contrast, CAR T cells and mock T cells were not found to secrete CCL2, which argues against the

possibility that the produced anti-CCL2 scFv may be trapped by simultaneous expression of CCL2.
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Figure 31. Analysis of CCL2 mRNA and protein levels in CAR expressing T cells, HEK293T cells and
PBMCs. Presence of CCL2 mRNA and protein was analyzed in CAR T cells at day 11 after activation.
HEK293T cells transfected with the CAR constructs were included as negative and PBMCs as positive
control. PBMCs were activated for 24 hours using 5 pg/mL PHA-P. CAR expression of T cells and HEK293T
cells was analyzed by flow cytometry before (Figure 29A, C). (A) mRNA of equal cell numbers was isolated,
cDNA synthesized and PCR was performed using sequence specific primers. Samples were separated by
agarose gel electrophoresis and DNA was visualized using a UV table. (B) Supernatants were harvested
after 48 h incubation of transduced T cells or transfected HEK293T cells in serum free medium or 24 h after
activation of PBMCs using PHA in serum free medium. Secretion of CCL2 was determined using a CCL2
ELISA kit (BioLegend). Based on a standard curve CCL2 levels could be calculated. Error bars represent

the standard deviation of mean values of duplicates.
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In summary, we excluded various possible causes for not detecting scFvs in the supernatant of
CAR T cells. These included the separation of scFv from the CAR, scFv trafficking to the cell
surface, presence of scFv mRNA and CCL2 secretion by T cells. We therefore hypothesize that

the identification threshold of the used ELISA-based assay did not allow detection of scFvs.

3.5.3 Analysis of CAR T cell functionality

To test whether the T cells transduced with the constructs that allow simultaneous expression of
cell-surface CAR and soluble anti-CCL2 scFv were functionally equivalent to T cells solely
expressing the anti-CD22 CAR, we performed functional tests including antigen-dependent cell

proliferation, cytokine release and target cell killing assays.

We generated T cells expressing the different CAR constructs and cultivated them either alone or
stimulated them by co-incubation with CD22-expressing Nalm6 cells (Appendix, Figure 41). We
added the Nalm6 cells at day 7 and 10 after T cell activation at an effector to target ratio of 1:3.
We monitored CAR expression for up to 18 days. CAR expression of unstimulated CAR T cells
remained stable over time (Figure 32A). Importantly, upon stimulation with target cells, we
observed a remarkable increase in the number of CAR positive T cells to up to 93 % (Figure 32B).
Interestingly, although the initial transduction efficiencies of anti-CCL2 scFv-encoding constructs
was lower (approximately 50 %) as compared to the aCD22CAR construct (80%), the number of
CAR expressing cells increased to a comparable level upon stimulation with target cells. The
increase in number of CAR expressing cells upon target cell stimulation most probably results
from increased proliferation of CAR positive cells in stimulated compared to unstimulated CAR T

cells.
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Figure 32. CAR expression during normal CAR T cell cultivation and stimulation by antigen positive
cells. CAR T cells were generated and either cultivated without antigen stimulation or were stimulated at
day 7 and 10 (indicated by arrows) by co-incubation with CD22-expressing Nalm6 cells in an effector to
target ratio of 1:3. Percentage of CAR expressing cells was determined by flow cytometry at different time
points after T cell activation during (A) normal CAR T cell cultivation without antigen stimulation and (B)
stimulation with target cells.

The release of inflammatory cytokines, including interleukin-2 (IL-2), interferon gamma (IFNy) and
tumor necrosis factor (TNF) upon antigen stimulation plays an important role for the effector
functions of CAR T cells. We investigated cytokine release by unstimulated CAR T cells and CAR
T cells co-incubated with either CD22-negative K562 cells or CD22-positive Raji cells (Appendix,
Figure 41). We observed strong release of IL-2, IFNy and TNF from aCCL2scFv-aCD22CAR and
aCD22CAR expressing T cells and low release from aCD22CAR-aCCL2scFv expressing T cells
upon co-incubation with CD22-expressing Raji cells. No cytokine release was detected from mock
transduced T cells or from unstimulated or K562-stimulated CAR T cells (Figure 33). The detected
cytokine levels correspond to those described by other groups and indicate successful target
antigen-dependent activation of the CAR T cells [184], [185].
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Figure 33. Cytokine release by stimulated and unstimulated CAR T cells. The number of CAR positive
cells was adjusted among T cells expressing different CAR constructs by dilution with mock transduced
cells. CAR-expressing T cells and target cells were co-incubated at a 1:1 ratio for 24 hours. IL-2, IFNy and
TNF release into the supernatant was investigated using a commercially available bead-based sandwich
immunoassay (BioLegend). Cytokine concentrations were calculated relative to an included standard. Mean

and standard deviation of triplicates are depicted.

To investigate cytotoxic effects induced by CAR T cells, CAR T cells were co-incubated with target
antigen positive Raji cells engineered to express gaussia luciferase (Raji-GLuc) at 1:1 or 3:1 ratios
(Figure 34A). The killing of target cells was assessed using a luminescence-based assay, where
the release of GLuc into the cell supernatant as a result of CAR T cell-induced cell-death served
as detection readout. We observed cytotoxic effects for all CAR-expressing cells, whereby
aCD22CAR-aCCL2scFv and aCCL2scFv-aCD22CAR expressing T cells showed lower
cytotoxicity than the conventional aCD22CAR T cells. In addition, mock transduced T cells also

showed minor killing of the target cells.

To investigate the higher killing capacity of «CD22CAR expressing T cells compared to the scFv-
carrying CAR T cells, we calculated the CAR surface expression relative to the aCD22CAR
expressing T cells based on flow cytometric data from three independent measurements (Figure
34B). Interestingly, we found lower levels of CAR expression on the surface of scFv-carrying CAR
T cells compared to aCD22CAR expressing T cells. This might be due to the larger size of the

constructs leading to expression of fewer CAR molecules per cells. Most probably the higher levels
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of CAR on the surface of aCD22CAR T cells might account for the observed increase in cytotoxic

effects.

To summarize, we observed that T cells transduced with the constructs that allow simultaneous
expression of anti-CD22 CAR and soluble anti-CCL2 scFv were functionally equivalent to T cells

expressing the conventional anti-CD22 CAR.
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Figure 34. CAR T cell killing and relative CAR expression. (A) Cytotoxicity of CAR T cells was tested
using a luminescence-based assay. CAR T cells were generated and percentage of CAR positive cells was
determined by flow cytometry (Figure 29C). CAR T cells were adjusted to have same levels of CAR positive
cells and were incubated at 1:1 or 3:1 ratio with CD22-positive Raji-GLuc cells. The luciferase of eliminated
cells is released into the supernatant and can be detected by addition of its substrate coelenterazine. The
bioluminescent signal corresponds to the amount of target cell killing. Background signals from target cells
only were subtracted and killing was calculated in percent relative to the positive control aCD22CAR. The
mean of triplicates is presented. (B) CAR surface expression was calculated relative (rel.) to the aCD22CAR
T cells after analysis by flow cytometry at three independent days. Error bars represent the standard

deviation of mean values of three independent measurements.
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4 Discussion

Over the past years, the field of cancer immunotherapy has advanced rapidly leading to an
increased approval of immunotherapeutic drugs. Especially immunomodulatory antibodies have
recorded great success. One approach is the modulation of macrophages which constitute the
majority of cells of the immune system found in solid tumors. Importantly, tumor-associated
macrophages (TAMs) are polarized towards the M2 phenotype which supports tumor growth and
metastasis by the secretion of cytokines, chemokines and growth factors. Along this line, several
immunotherapy strategies are being developed to target TAMs, including therapeutic antibodies
which facilitate macrophage anti-tumor effector functions, repolarization to an anti-tumorigenic M1

phenotype, suppression of TAM survival or blockade of monocyte recruitment to the tumor [186].

We developed NRP1- and CCL2-targeting antibodies for inhibition of monocyte recruitment to
tumors in order to reduce the tumor-promoting effects of M2-polarized macrophages. Antigen-
specific scFv molecules were selected from the immune antibody library LYNDAL as well as from
the naive antibody library HAL9/10. We demonstrated specific binding of the generated IgG1
antibodies to NRP1 and CCL2 with high to moderate binding affinities towards the cognate target

antigen.

For NRP1-specific antibodies we confirmed inhibition of the NRP1 — Sema3A interaction by
ELISA, however, we could not demonstrate blocking effects upon binding to NRP1 positive cells.

Therefore, the development of NRP1-specific antibodies was not further pursued.

Furthermore, we demonstrated blocking of the CCL2 — CCR2 interaction mediated by the CCL2
— specific NB7.E5 IgG. Additionally, we showed a reduction of intracellular MAPK signaling
conferred by the anti-CCL2 IgG. Most importantly, we confirmed our hypothesis of inhibition of
monocyte migration mediated by the anti-CCL2 antibody. We further proceeded with the
generation of CD22-directed CAR T cells secreting soluble anti-CCL2 scFv molecules. Although
we could not confirm secretion of scFvs by the CAR T cells, we successfully demonstrated
production of soluble scFvs by HEK293T cells indicating the functionality of our constructs.
Additionally, we found that CAR T cells carrying the anti-CCL2 scFv DNA sequence were
functionally active, including increased proliferation and inflammatory cytokine release upon

stimulation with antigen-positive tumor cells as well as target cell killing.
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4.1 Selection and characterization of NRP1- and CCL2-specific scFv

and IgG molecules

The chemo-attracting soluble cytokine CCL2 is a key player in monocyte recruitment to the tumor.
In fact, several preclinical studies have shown reduced tumor growth and dissemination in
response to CCL2 inhibitory treatment [77]-[79]. Preliminary anti-tumor effects were also
observed in a phase | clinical trial using the CCL2-specific monoclonal antibody carlumab (CNTO
888) for the treatment of solid cancers, including colorectal, ovarian and uterine cancer. However,
no significant tumor response was found in a phase Il trial when treating prostate cancer patients
with carlumab. Surprisingly, an increase in CCL2 concentration in the serum was observed in both
studies following treatment with carlumab [45], [47]. The contrasting results of preclinical and
clinical data could derive from compensatory mechanisms (increase in CCL2 concentration),
especially in response to the systemic delivery of the CCL2-blocking antibody. The use of a CCL2-
specific antibody to target macrophages in combination with an additional approach such as TAM
repolarization or checkpoint inhibition seems more promising due to reduced drug resistance. In
addition, targeted delivery of the anti-CCL2 antibody to the tumor site might circumvent a systemic

increase in CCL2 serum levels following treatment.

Another, although less well-described target for modulation of macrophage recruitment to the
tumor, is the membrane surface receptor NRP1. NRP1 is expressed by various immune cells,
including macrophages, and is upregulated in multiple tumor types which is often related to
disease progression [187]. There is increasing evidence that NRP1 modulates the migration of
macrophages to Sema3A-secreting tumors and their switch to a pro-tumorigenic phenotype, thus

supporting the concept of targeting NRP1 as a promising treatment approach [54], [93].

Because highly pure antigens are required for the selection of CCL2- and NRP1-specific
antibodies by means of phage display, we first set out to produce and purify recombinant CCL2
and NRP1 antigen proteins. CCL2 is a 13 kDa protein composed of 76 amino acids. Since the
interaction sites for its cognate receptor CCR2 are distributed over the whole protein [163], we
designed a full-length CCL2 protein carrying a C-terminal mFc tag. The extracellular portion of
NRP1 consists of a domain essential for Sema3A binding (CUB1CUB2), a domain necessary for
VEGF binding (b1b2) and a domain facilitating receptor dimerization (MAM). It has been found
that an antibody Fab fragment that interferes with the binding of Sema3A to NRP1 and NRP2
binds specifically to the CUB1 domain of NRP2. This Sema3A binding domain is well conserved

between NRP1 and NRP2 [87]. Moreover, seven amino acids in the CUB1 region have been
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reported, which when substituted, ablate the binding of Sema3A to NRP1 [160]. Thus, we
designed two truncated NRP1 proteins, containing either the CUB1 or the CUB1CUB2 domain,
fused to a C-terminal mFc tag to increase the chance of selecting an antibody fragment that blocks
the NRP1 — Sema3A interaction site. The fused mFc tag allowed for easy purification by Protein
A affinity chromatography and detection via anti-Fc antibodies. HEK293-6E cells were transfected
with mammalian expression vectors encoding the antigens and the produced recombinant
proteins were purified from the cell culture supernatant by Protein A affinity chromatography. All
antigens were produced in sufficient amounts for further analyses and were highly pure with no or
little aggregate content. An exception was the NRP1 CUB1CUB2-mFc fusion protein resulting in
a lower protein yield and higher aggregate content which could probably derive from the larger
size (110 kDa) and complexity (two CUB domains) of this protein. Furthermore, analytical SEC of
the CCL2-mFc fusion protein did not show any aggregates for this antigen which may derive from
the included P8A substitution omitting CCL2 dimerization [157]. However, we do not have a direct
comparison to non-mutated CCL2-mFc fusion protein to confirm the necessity of the P8A

substitution.

In order to select an antibody possessing the ability to block the NRP1 — Sema3A interaction, the
integrity of the NRP1 CUB domains is of utmost importance. Consequently, we investigated the
integrity of the Sema3A binding site on the recombinant NRP1(CUB1)-mFc and
NRP1(CUB1CUB2)-mFc fusion proteins by ELISA. Unfortunately, we found that none of the
recombinant NRP1 fusion proteins bound to Sema3A. When we used a commercially purchased
NRP1 protein containing the CUB1, CUB2, b1 and b2 domains (NRP1 (CUB1CUB2, b1b2)) for
coating the ELISA plates, we detected binding of Sema3A, which may indicate incorrect folding of
our recombinant NRP1-mFc fusion proteins containing only CUB1 or CUB1CUB2 domains. This
was surprising since it was reported that the CUB domains form a beta-barrel structure which was
thought to fold independently. Especially the CUB1 domain is in an exposed position and interacts
with the neighboring protein domain only via a three residue linker as was found by a
crystallography experiment using murine NRP1 [161]. Moreover, Liang et al. successfully
produced the NRP1 CUB1CUB2 domains in baculovirus Hi5 cells and showed biological activity
of this truncated protein by mediating Sema3A-dependent neuronal growth cone collapse [188].
As an alternative for the production of the CUB domains we suggest the design and synthesis of
a peptide carrying the Sema3A — NRP1 interaction sites. For this purpose, the section between
amino acid 40 and 140 of the NRP1 protein seems to be of special interest. This region is
described to contain the epitope of an antibody Fab fragment blocking the Sema3A - NRP1

interaction [87]. In addition, amino acids are located in this region which when substituted ablate
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the binding of Sema3A to NRP1 [160]. In contrast, the integrity of the produced CCL2-mFc fusion
protein could be successfully confirmed using a commercially acquired CCL2-specific antibody
and by subsequent detection via ELISA. Consequently, we used the purchased NRP1
(CUB1CUB2, b1b2) protein and the in-house produced CCL2-mFc fusion protein as antigens for
the phage display panning rounds.

The selection of NRP1-specific scFvs from LYNDAL was unsuccessful due to the enrichment of
clones which contained only truncated scFv DNA sequences. The enrichment of such clones is
most probably due to their unspecific “stickiness” of the presented scFv on the phage surface
towards the antigen or immunotube surface [98]. In contrast, after three rounds of phage display
selection against CCL2, specific clones enriched that overall contained 37.2 % full-length scFv
DNA sequences. Of 540 individually screened clones only two were identified to specifically bind

CCL2 but which were found to be identical in sequence analyses (anti-CCL2 clone NB7.ES).

In parallel, our collaborator Yumab GmbH selected fully human scFvs from their naive antibody
library HAL9/10 by phage display using our CCL2-mFc fusion protein as well as the commercially
available NRP1 (CUB1CUB2, b1b2) protein [156]. Yumab GmbH provided us with five anti-CCL2
and two anti-NRP1 antibody fragments. A study analyzing antibody affinity maturation and
diversification in tetanus toxin vaccinated humans described a mean value of 20.5 amino acid
somatic mutations in the combined VH and VL repertoire to indicate affinity maturation [189]. For
the LYNDAL-derived clone NB7.E5 we found a total of 27 amino acid changes. In contrast, the
HAL9/10-derived clones had only 1 - 16 amino acid changes. In other studies in our laboratory,
we found that scFvs with other specificities selected from LYNDAL were more distant to the
germline sequence than those selected from HAL9/10. Notably, LYNDAL contains IgG VH and VL
repertoires isolated from B cells of tumor draining lymph nodes of head and neck cancer patients,
whereas HAL9/10 contains IgM VH and VL repertoires that derive from circulating B cells of
healthy donors [152], [156]. Interestingly, we observed an accumulation of mutations in the VL
region of antibody fragments selected from the naive library as compared to the immune library-
selected antibody fragment. It has been shown, that IgM* memory B cells are somatically mutated
and show increased numbers of mutations in the heavy and light chain CDRs [190]. It could be
possible that the antibody fragments selected from the HAL9/10 library are derived from these
IgM* memory B cells. Moreover, it has been shown that antigen-encountered, affinity-matured B
cells can be obtained from lymph nodes which are the site of B cell affinity maturation [191], [192].
The selection of high affinity antibodies against autoantigens such as CCL2 from LYNDAL was
surprising and we hypothesize that the reason for this may relates to the random combination of

antibody heavy chain and light chain genes which allows the creation of completely novel antibody
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specificities [152]. Moreover, Tiller et al. found that autoantigen-reactive antibodies were
expressed by IgG* memory B cells. They could identify de-novo somatic hypermutation during B
cell transition between mature naive and memory cell to induce expression of these self-reactive
antibodies [193]. In addition, overexpression of CCL2 has been described by several studies of
head and neck cancer [194]. This enhanced autoantigen expression may promote the formation

of autoreactive-antibodies.

To evaluate the binding characteristics of the selected anti-CCL2 scFv NB7.E5, we produced the
scFv in E. coli TG1 cells. Following purification, the NB7.E5 scFv showed low aggregate content
(< 10 %) and correct molecular weight. Remarkably, we showed specific binding of NB7.E5 scFv
to CCL2 and did not observe any binding of to other tested members of the chemokine family

despite possessing a sequence identity of over 50 % compared to CCL2.

The scFv antibody format is well suited for phage display and can be easily expressed in bacteria.
However, most approved therapeutic antibodies are provided in the IgG1 format. IgG antibodies
are characterized by longer serum half-live as a result of exceeding the kidney filtration threshold
of 70 kDa and binding to the neonatal Fc receptor responsible for recycling of IgG antibodies from
endosomes [195], [196]. In contrast to scFv molecules, IgG1 antibodies can mediate effector
functions via their Fc region. Antibodies opsonize target antigen-expressing cells, thereby
recruiting Fc receptor-expressing effector cells which release cytotoxic molecules such as
granzyme and perforin resulting in target cell killing (ADCC: antibody-dependent cellular
cytotoxicity). Moreover, Fc receptor-expressing phagocytes are induced to phagocytose antigen-
expressing cells (ADCP: antibody dependent cellular phagocytosis). In addition, antibodies bound
to target cells may initiate the complement system which can result in killing of the target cell
(CDC: complement dependent cytotoxicity) [197]. In this context, it is of utmost importance to
carefully consider antigen expression on different cell types in order to prevent off-target effects
of the antibodies. Especially for the target NRP1 which is expressed on several cells of the immune
system, antibody-mediated effector functions may be detrimental resulting in unwanted killing of
healthy cells [86], [87]. In contrast, CCL2 is not associated to the cell membrane but is a soluble
protein. However, sequestering of CCL2 to the cell membrane by glycosaminoglycans has been
described [170]. CCL2 attached to the cell surface may be bound by anti-CCL2 antibodies which
trigger antibody effector functions and killing of the cell. Along this line, we transferred the selected
anti-NRP1 and anti-CCL2 scFvs into the IgG1 antibody format containing the N297A substitution
which is described to ablate binding to the Fcy receptor [168], [169]. Blocking of Fcy receptor-
expressing cells to the antibody Fc region has been described to reduce effector functions which

can prevent off-target effects such as cell death or unwanted release of cytokines.
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Anti-CCL2 and anti-NRP1 IgG antibodies were produced in HEK293-6E cells and showed correct
molecular weight and low aggregate content (< 5 %) following purification, except anti-NRP1
YU110B1 (16 % aggregate content). To confirm the ablation of the IgG1 interaction with the Fcy
receptor we compared the binding of NB7.E5 (N297A) and the counterpart containing the wild-tpe
N297 (NB7.E5 (N297)) to Fcy receptor-expressing THP1 cells side-by-side. Importantly, we
confirmed inhibition of IgG antibody binding to Fcy receptor-expressing THP1 cells mediated by
the N297A substitution. Thereby, we hypothesize to reduce off-target effects in future in vivo

studies.

Noteworthy, we observed antigen-specific binding of our IgG antibodies and no cross-reactivity to
tested control proteins as determined by ELISA. YU109B1 and YU109H1 showed weaker CCL2
binding compared to our other CCL2-specific antibodies. As for the scFv format, we confirmed no
interaction with highly similar (>50% sequence identity compared to CCL2) members of the
chemokine family for the CCL2-specific NB7.E5 IgG.

Moreover, we determined antibody binding affinity by SPR spectroscopy. We observed high
affinity for our LYNDAL-derived anti-CCL2 IgG NB7.E5 in the low nanomolar range (Kp = 5.8 nM).
In comparison, the HAL9/10-derived CCL2-specific IgG antibodies showed lower affinities (Kp
value ranging from 50 to 422 nM) with very fast association and dissociation of the soluble antigen.
Based on the superior binding affinity of NB7.E5 we pursued this antibody as lead candidate for
functional characterization. Regarding the NRP1-specific IgG antibodies, we detected moderate
binding affinities (YU110B1 Kp = 35.6 nM, YU110D1 Kp = 58.3 nM). In general, therapeutic
antibodies have affinities in the low nanomolar to picomolar range [198]. Accordingly, the two anti-
CCL2 antibodies carlumab and ABN912 which have been evaluated in clinical trials have Kp
values of 15 and 43 pM, respectively [45], [82]. Remarkably, the LYNDAL-derived antibody
NB7.E5 has a strikingly high affinity in regard to being directly selected from the immune antibody
library and not having undergone further affinity maturation. Commonly, therapeutic antibodies are
comprehensively engineered to optimize biological activity and affinity. Therefore, it should be
considered to further enhance antibody affinity which may in turn decrease injection dose, limit
adverse effects and finally reduce therapy costs. Affinity maturation can be achieved by in vitro
techniques like targeted or random mutagenesis or by in silico, computer-aided modeling and may

be supported by next generation sequencing [198].

We additionally investigated the binding affinity of the anti-NRP1 antibodies to the target

expressed in the context of a cell surface receptor on HUVEC cells by flow cytometry. Surprisingly,

we measured approximately 10-fold lower Kp values (YU110B1 Kp = 0.36 nM, YU110D1 Kp = 0.17
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nM) as determined by SPR spectroscopy. One major difference in the two methods employed to
determine the antibody affinity is the fact that flow cytometry measures an end-point and lacks the
possibility to acquire real-time antigen association and dissociation. Therefore, the Kp value
calculated from flow cytometry data corresponds to the ligand concentration needed to achieve
half-maximum binding at equilibrium (EC50). Whereas, the Kp value generated by SPR analysis
is calculated from the time-dependent association and dissociation rate constant (Kp = kd/ka).
Furthermore, during flow cytometry, an antibody may bind to two antigenic sites simultaneously
depending on the antigen surface density [175]. We avoided these antibody avidity effects in the
SPR analysis by optimizing the experimental setup to ensure a 1:1 interaction. Antibody avidity
may increase the flow cytometry-based calculated affinity of our antibodies in comparison to the

data acquired by SPR spectroscopy [176].

4.2 Functional characterization of anti-NRP1 and anti-CCL2 IgG

antibodies

A prerequisite of the functionality of the anti-NRP1 and anti-CCL2 antibodies is their ability to block
the ligand — receptor interaction. Blockade of the Sema3A — NRP1 or CCL2 — CCR2 interaction
has been described to reduce the number of macrophages in the tumor and to support an anti-

tumorigenic macrophage phenotype [54], [78], [79], [93], [199].

We investigated the effects of the anti-NRP1 IgG antibodies YU110B1 and YU110D1 on the NRP1
— ligand interaction by ELISA. NRP1 is described to have two ligands, Sema3A and VEGF [87].
We observed blocking of the NRP1 - Sema3A interaction but not of the NRP1 - VEGF interaction
mediated by YU110B1 and YU110D1 in an ELISA setting. Furthermore, we studied the blocking
capacity of the anti-NRP1 antibodies on binding of Sema3A to NRP1 expressed on the surface of
HUVEC cells by flow cytometry. Surprisingly, we did not observe any blocking of the ligand —
receptor interaction mediated by YU110B1 or YU110D1 and therefore could not confirm our
findings from the ELISA experiment. The ELISA assay using recombinant NRP1 is a rather
artificial setting compared to the analysis of the antibody interaction with cell surface expressed
NRP1 and might therefore result in contrasting experimental outcomes. Moreover, this
discrepancy may be due to binding of Sema3A to another cell surface protein thereby masking
the effects of the anti-NRP1 antibodies. Indeed, Sema3A is described to bind to chondroitin
sulfate, a glycosaminoglycan and constituent of the extracellular matrix. Chondroitin sulfate is
found on different tissues and is present at high levels in the central nervous system and cartilage
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[200]. In order to investigate the blocking capacity of our antibodies we further attempted to
transfect NRP1-negative HEK293T cells (which are not bound by our antibodies) with a
mammalian expression vector encoding full-length NRP1 to induce surface expression of the
NRP1 receptor. However, these preliminary attempts were so far not successful due to decreased
cell viability following transfection. Another approach could be to develop NRP1-deficient HUVEC
cells in order to analyze if Sema3A binding to these cells is only mediated by NRP1 or if Sema3A
also binds to other cell surface molecules. However, in the course of this study we decided not to
continue the development of the anti-NRP1 antibodies and to prioritize the analysis of the anti-
CCL2 lead candidate NB7.E5.

To characterize the effect of NB7.E5 scFv and IgG on the CCL2 — CCR2 interaction we performed
a flow cytometry experiment with CCR2-expressing THP1 cells. We observed a remarkable
decrease in CCL2 binding to CCR2 correlating to increasing concentrations of NB7.E5 scFv and
IgG. The blocking capacity of NB7.E5 IgG was higher compared to NB7.E5 scFv which is most

probably due to the bivalent nature of IgG molecules compared to the monovalent scFv.

Furthermore, we investigated whether neutralization of CCL2 by our anti-CCL2 IgG NB7.E5 is
able to ablate CCL2-mediated intracellular signaling of CCR2. Interestingly, macrophage
chemotaxis has been linked to activation of the MAPK pathway in response to CCL2 — CCR2
interaction [69]-[71]. As a measurement for MAPK signaling we assessed ERK phosphorylation
in response to treatment of CCR2-expressing THP1 cells with CCL2 in the presence and absence
of the CCL2-specific NB7.E5 IgG. Phosphorylated ERK levels were compared to total ERK and
GAPDH levels in cell lysates and were found to be significantly decreased in cells treated with
NB7.E5 IgG. These results indicate that the neutralization of CCL2 by NB7.E5 IgG is able to
reduce CCL2-induced intracellular signaling of CCR2 via the MAPK pathway and might therefore

also affect macrophage chemotaxis.

Next, we addressed the most interesting question of this study: Does CCL2 neutralization by
NB7.E5 IgG inhibit monocyte migration towards an increasing CCL2 gradient? For this purpose,
we performed a transwell assay which allows to monitor migration of cells through a porous
membrane along a chemokine concentration gradient. Alternative assays to assess cell migration
are the in vitro scratch assay or a microfluidics-based assay. However, a simple scratch assay
has the major drawback that no chemokine gradient can be established [201]. Thus, migration
rate could merely be monitored in the presence or absence of CCL2. On the other hand, a
microfluidics-based migration assay is a more elegant option. This assay would allow real-time

single cell tracking during migration along a stable chemokine gradient [202]. However, a transwell
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assay is easier to set up, cost effective and does not require special equipment. Consequently,
we assessed monocyte (CCR2-expressing THP1 cells) chemotaxis towards a CCL2 gradient in
the presence and absence of the anti-CCL2 IgG NB7.ES in a transwell assay. Remarkably, we
observed a decrease in monocyte migration mediated by the anti-CCL2 antibody. At a 1:1 molar

ratio of antibody to CCL2 a 50 % reduction in migrated monocytes was shown.

These findings encourage us to further analyze the anti-CCL2 antibody NB7.E5 in future in vivo
studies. Apart from affecting monocyte migration to the tumor resulting in reduced numbers of pro-
tumorigenic TAMs, treatment of CCR2-expressing cancers with an anti-CCL2 antibody may also
have direct effects on tumor growth, metastatic spread and disease progression. CCR2 is
expressed on breast cancer cells and deletion of CCR2 by transplanting CCR2 negative tumor
cells in an orthotopic breast cancer mouse model resulted in reduced tumor growth and two-fold
longer survival of the mice. In addition, better tumor control by the immune system was observed
including increased infiltration and activation of cytotoxic T cells and dendritic cell maturation, as
well as upregulation of MHC class | on tumor cells and downregulation of the immune checkpoint
molecule PD-L1 [203]. Moreover, CCL2 - CCR2 signaling can directly promote metastasis in
CCR2-expressing tumors such as prostate or breast cancer. Thereby, CCL2 guides the migration
of CCR2-expressing cancer cells. In addition, CCL2 can ftrigger the expression of matrix
metalloproteinases in tumor cells, resulting in increased invasion [204]. Furthermore, an in vitro
experiment using the CCR2-expressing non-small cell lung cancer cell line A549 showed that
CCL2 promoted tumor cell viability, motility and invasion by upregulation of matrix
metalloproteinases. These CCL2-mediated effects could be abrogated by addition of a CCR2
antagonist [205]. Based on these findings, we would expect similar reduction in tumor growth and

metastasis of CCR2-expressing cells by neutralizing CCL2 using our anti-CCL2 antibody.

4.3 CD22-directed CAR T cells as vehicle for anti-CCL2 scFv delivery

Tremendous effort has been put into the development of CAR T cell therapies over the past years
leading to the FDA approval of two CD19 targeting CAR T cell therapies for the treatment of
leukemia and relapsed and refractory large B cell ymphoma [120], [121]. Although CD19-targeted
CAR T cell therapies show potent effects, antigen loss is a frequently observed immune escape
mechanism in patients with pre-B cell acute lymphoblastic leukemia (B-ALL) leading to therapy
resistance. A promising treatment approach for relapsed patients after CD19-targeted CAR T cell

therapy may be targeting alternative antigens using CAR T cells. Along this line, clinical
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experience has been gained using a CD22-directed CAR T cell therapy in pre-B-ALL
demonstrating a similar safety profile and potency as CD19-targeting CAR T cells [129].

Treatment of hematological tumors with tumor-specific CAR T cells has shown remarkable
efficacy. However, regarding solid tumors CAR T cell therapy has so far only shown limited
success. Promising results were observed for the treatment of neuroblastoma patients with first-
generation disialoganglioside (GD2)-specific CAR T cells in a phase | clinical study which resulted
in complete remission in three out of eleven patients [206]. In contrast, all other CAR T cell
therapies investigated in phase I clinical studies in the treatment of solid cancers achieved either
no anti-tumor effects or only transient or partial tumor responses [207]. Known obstacles to CAR
T cell therapy of solid tumors are the identification of true tumor-specific target antigens, reduced
trafficking of CAR T cells to the tumor site, inefficient CAR T cell activation, and low proliferation
and cytotoxicity capacities. Many of these T cell defects are caued by the immunosuppressive
microenvironment within the tumor mass which is maintained by TAMs and regulatory T cells
(Tregs). TAMs mediate the immunosuppressive functions by decreasing local levels of tryptophan,
an essential amino acid for optimal function of CAR T cells, and the release of inhibitory cytokines
such as IL-10 and TGFp [130], [207].

To overcome the inhibitory environment within the tumor, the development of fourth-generation
CAR T cells, which are additionally engineered to secrete cytokines or antibody fragments, has
moved into the center of attention. These so called “armored” CAR T cells allow the combination
of CAR T cell therapy with targeting of immune checkpoints, activation of costimulatory pathways
or modulation of the immunosuppressive tumor microenvironment (TME) [208]. Along this line,
innovative studies have been published demonstrating enhanced anti-tumoral effects of CAR T
cells secreting antibody fragments or IgG antibodies. CD19- and Mucin 16 (ecto)-directed CAR T
cells secreting an anti- programmed cell death protein 1 (PD-1) scFv for checkpoint inhibition
resulted in increased anti-tumor activity in mouse models of hematologic and solid cancers [137].
Moreover, in a human glioma mouse model, secretion of an anti-cytotoxic T lymphocyte-
associated protein 4 (CTLA4) minibody from interleukin-13 receptor subunit alpha-2 (IL-13Ra2)-
recognizing CAR T cells inhibited tumor growth and prolonged T cell function [139]. In an additional
study, secretion of anti-PD-L1 IgG antibodies from carbonic anhydrase IX (CAIX)-directed CAR T
cells resulted in diminished tumor growth and reduced expression of PD-L1 on tumor cells in a

humanized mouse model of clear cell renal cell carcinoma [138].

DLBCL is the most common human lymphoma and current standard-of-care treatment composed

of chemotherapy combined with rituximab shows high remission rates (50 — 60 %). However, 40
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% of patients with initial remission experience disease relapse and these patients show very poor
clinical outcomes [141], [143]. Therefore, novel therapy approaches for DLBCL are of urgent need.
Since DLBCL originates from mature B cells, the tumor cells express B cell-specific surface
molecules such as CD19 and CD22 [141]. Treatment of 93 patients with relapsed or refractory
DLBCL with the CD19-directed CAR T cell therapy tisagenlecleucel resulted in complete remission
in 40 % of the patients [144]. Moreover, treatment of 77 DLBCL patients with another CD19-
directed CAR T cell therapy, axicabtagene ciloleucel, achieved complete remission in 49 % of the
patients [125]. Another targetable B cell marker in DLBCL tumor cells is CD22. In our laboratory
we developed a CD22-specific CAR which shows efficient activation, proliferation and potent

cytotoxicity in pre-clinical in vitro assays.

Also in DLBCL, the immunosuppressive TME has been described to play a significant role in
disease outcome. Several studies have confirmed correlation of increased numbers of TAMSs,
especially of the M2 phenotype, with poor prognosis of DLBCL [146]-[150]. Interestingly, Li et al.
analyzed CCL2 expression in 221 DLBCL patients and found that high expression of CCL2

correlated with significantly poorer overall survival and progression free survival [151].

Based on these findings, we aimed to employ CD22-directed CAR T cells and DLBCL as model
for the analysis of our anti-CCL2 scFv NB7.E5. For this purpose, we engineered CD22-directed
CAR T cells to secrete soluble anti-CCL2 scFv molecules. We hypothesized that this novel
treatment approach of CAR T cell therapy in combination with macrophage modulation may show
improved antitumoral efficacy. Reduced monocyte migration to the tumor induced by targeted
delivery of anti-CCL2 scFvs may ablate enrichment of tumor-promoting M2 macrophages in the
tumor environment. Additionally, the immunosuppressive environment in solid tumors may be
tackled resulting in improved CAR efficacy. Along this line, it has been shown that macrophage
depletion in a mouse mammary tumor model led to higher numbers of tumor infiltrating T cells
[209]. Moreover, CCL2 blockade in a lung cancer model has been correlated with the activation
of CD8+ cytotoxic T cells [78]. Furthermore, this treatment approach may also be useful for other
solid tumors where CCL2 contributes to a bad prognosis, depending on the chosen CAR

specificity.

We generated two anti-CD22 CAR constructs which additionally encoded the anti-CCL2 NB7.E5
scFv either downstream (aCD22CAR-aCCL2scFv) or upstream (aCCL2scFv-aCD22CAR) of the
CAR sequence. In order to encode two proteins on the same open reading frame, we included the

“self-cleaving” peptide T2A between the scFv and CAR sequence.

132



Discussion

We transfected HEK293T cells with lentiviral plasmids encoding the different CAR constructs and
demonstrated CAR surface expression and soluble scFv secretion into the cell culture
supernatant. Additionally, we transduced activated primary human T cells with lentiviral vectors
encoding the CAR sequences and confirmed CAR expression on the cell surface. However, to
our surprise no scFv molecules were detected by ELISA in the supernatant of transduced T cells.
This is in contrast to our findings observed in transfected HEK293T cells and we speculated that
the scFv concentration in the CAR T cell supernatant might be below the detection threshold of
our assay. In an attempt to increase the scFv concentration we first increased the amount of CAR-
expressing T cells from initially 40 % to approximately 90 % by stimulation with antigen-positive
target cells. After two days of cultivation, we harvested the supernatant from these CAR T cells
and analyzed the presence of secreted scFv by ELISA. However, we could not detect scFv

molecules in the CAR T cell supernatant.

We speculated that the lack of scFv detection in supernatants of CAR T cells could be caused by
several challenges: 1. Insufficient “self-cleavage” mediated by the T2A peptide might lead to
inefficient separation of scFvs from the CAR; 2. scFvs are not trafficked via the secretory pathway;
3. The scFv coding sequence is not present on the mRNA; 4. T cells produce endogenous CCL2

which sequesters the scFv and prevents its detection.

First, we investigated scFv cleavage from the CAR by flow cytometry. The “self-cleaving” peptide
T2A has been described to have one of the highest cleavage efficiencies, nevertheless it is
thinkable that the scFv remains fused to the CAR [178]. In this case the scFv should be detectable
by flow cytometry on CAR T cells transduced with the a CCL2scFv-aCD22CAR construct carrying
the scFv at the N-terminal extracellular portion of the CAR. Noteworthy, we detected no scFv on
the surface of the CAR T cells, indicating correct separation of the scFv and CAR. Based on these
findings it is rather unlikely that the problem may be caused by the T2A cleavage peptide,
nonetheless an alternative peptide for investigation in future studies might be the P2A peptide.
This cleavage peptide has been efficiently used by Rafiq et al. for the generation of anti-PD-1 scFv
secreting CAR T cells [137].

The protein secretory pathway responsible for delivery of proteins to the extracellular space might
be ineffective for the secretion of the scFv from CAR T cells. To investigate whether the scFv can
be detected intracellularly, CAR T cells and transfected HEK293T cells were subjected to
intracellular flow cytometry analysis. We detected intracellular scFv molecules, in HEK293T cells
carrying the aCD22CAR-aCCL2scFv or the aCCL2scFv-aCD22CAR construct. In contrast, we

did not detect any scFv antibody fragments in CAR T cells. This could for example be due to
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difference in cell size (HEK293T cells are larger than T cells), which results in more cytoplasm,
endoplasmatic reticulum and Golgi complex in HEK293T cells. This critically dertermines protein
production and secretion as it was found that cell size directly correlates to protein content of cells
[210].

After these puzzling results so far, we wanted to confirm the presence of the scFv coding sequence
on the mRNA in CAR-expressing T cells. We detected scFv encoding mRNA in T cells and
HEK293T cells expressing the aCD22CAR-aCCL2scFv and aCCL2scFv-aCD22CAR constructs,
but not in cells expressing the aCD22CAR construct. Thus, although T cells transduced with the
respective constructs contain the scFv coding sequence on the mRNA, there is no scFv on the
protein level detectable. The mRNA-to-protein ratio is determined by transcription and translation

efficiency, mRNA stability and protein degradation [211], [212].

Another possible cause for not detecting anti-CCL2 scFv protein might be that CCL2 secreted
from T cells sequesters the scFv molecules, thereby preventing the detection of scFvs in the cell
culture supernatant by ELISA. CCL2 expression has been found in T cells of mammary tumor-
bearing mice as well as activated PBMCs [179]-[182]. Therefore, we compared CCL2 mRNA
levels as well as CCL2 protein in the cell culture supernatant in untransduced T cells, T cells
transduced with the CAR constructs, activated and non-activated PBMCs and as negative control,
untransfected and transfected HEK293T cells. We detected presence of CCL2 mRNA and CCL2
protein secretion in activated PBMCs but not in T cells or HEK293T cells. These findings rule out

the possibility that endogenously produced CCL2 neutralizes the anti-CCL2 scFv in T cells.

Taken together, we explored different possible causes for the lack of detection of scFv molecules
in CAR T cells, however none of these proofed to be the cause. We speculate that the scFv
concentration in CAR T cell supernatants might be below the detection limit of our ELISA-based
assay. Due to the larger cell size of HEK293T cells compared to T cells, it is conceivable that
HEK293T cells transfected with aCD22CAR-aCCL2scFv or aCCL2scFv-aCD22CAR constructs
produce higher amounts of scFv molecules [210]. Moreover, HEK293T cells are a widely used cell
line for protein production whereas T cells are generally not employed for large-scale recombinant
protein production [213]. Further analyses need to be performed to prove secretion of soluble

scFvs from our CAR T cells.

In this context, Rafiq et al. generated constructs encoding a CD19 or Mucin-16 (ecto)-directed
CAR and PD-1-specific scFv separated by a T2A cleavage peptide. They demonstrated anti-PD-

1 scFv secretion into the supernatant of CAR T cells by western blot analysis. Moreover, they
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demonstrated scFv secretion from their Mucin-16 (ecto)-targeted CAR constructs in vivo. In this
experiment, they injected CAR T cells intraperitoneally into mice with malignant ascites. 48 hours
later, ascites were harvested and immunoprecipitation of the scFvs via their c-myc tag was
performed. Anti-PD-1 scFvs were subsequently detected by western blot analysis or luminex
analysis [137]. By luminex analysis they observed up to 30 pg/mL anti-PD-1 scFv in their samples
following immunoprecipitation. Moreover, they injected CAR T cells secreting anti-PD-1 scFvs into
mice with tumors established from ovarian SKOV3 tumor cells. In order to quantify the systemic
scFv levels Rafiq and colleagues employed targeted mass spectrometry. They reported no scFv
in the serum of these mice and therefore hypothesized that the anti-PD-1 scFv remains localized
in the TME [137]. In another recent study, Yin et al. demonstrated secretion of anti-CTLA4, anti-
PD-1 and anti-T cell immunoglobulin and mucin domain containing 3 (TIM3) minibodies from IL-
13Ra2-directed CAR T cells. For this purpose, they generated constructs endocing the CAR and
minibody separated by a T2A peptide. They harvested and concentrated conditioned medium from
transduced cells and detected anti-CTLA4 and anti-PD-1 minibodies by ELISA. Anti-TIM3
minibodies were detected after co-culturing TIM3 minibody secreting CAR T cells with D270
glioma cells by a competitive inhibition assay using fluorochrome-conjugated anti-TIM3
antibodies. They observed lower binding of labeled antibodies in conditions including the anti-
TIM3 minibody expressing CAR T cells, indicating efficient secretion of the minibodies from the
CAR T cells [139]. Suarez et al. generated constructs encoding a CAlIX-targeted CAR and anti-
PD-L1 IgG separated by an internal ribosomal entry site. They demonstrated anti-PD-L1 IgG
antibody secretion from transduced T cells following 48 hours of culturing of these cells [138]. IgG
antibodies were purified by Protein A chromatography, biotinylated and detected via binding to
PD-1-coated ELISA plates. Thereby, they observed anti PD-L1 antibodies at concentrations of up
to 230 ng/mL. However, it needs to be considered that these concentrations are not achieved in

the direct supernatant of CAR T cells but following affinity purification.

Taken together, we expect to detect secretion of our anti-CCL2 scFv using higher sensitivity
methods such as mass spectrometry or to perform co-immunoprecipitation using a scFv-specific
antibody or CCL2 itself to enrich the CCL2-specific scFvs from the cell culture supernatant.
Moreover, the observations of Rafig and colleagues encourage us to study anti-CCL2 scFv
secretion by our CAR T cells in future in vivo experiments using tumor-bearing mice. In the tumor
higher CAR T cell densities per volume may be reached as in ex vivo cell culture resulting in higher
scFv concentrations in the tumor interstitium than in cell culture supernatant. Consequently, scFv

secretion from the CAR T cells may be detectable in the tumor interstitial fluid.
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Additionally, it is important to compare systemic anti-CCL2 scFv concentrations with
concentrations of the scFv within the TME in a tumor mouse model. As mentioned above, Rafiq
et al. did not observe anti-PD-1 scFv in the serum and suspected the scFv to remain in the TME
[137]. This would also be advantageous in our setting, since local CCL2 inhibition may increase
the efficacy of the anti-CCL2 scFvs and reduce off-target effects and compensatory mechanisms.
Moreover, anti-CCL2 scFvs explicitly localized in the TME may further increase the efficacy of

CAR T cells by direct modulation of the immunosuppressive TME.

In this study, we also showed that our newly designed CAR constructs, aCCL2scFv-aCD22CAR
and aCD22CAR-aCCL2scFv, are functionally active, which is a prerequisite for further
development of this approach. Following stimulation with CD22-positive target cell lines, we
demonstrated equivalent proliferation, cytokine release and killing capabilities of CAR T cells

transduced with the anti-CCL2 scFv encoding contructs or the conventional a CD22CAR construct.

Although stimulated aCD22CAR-aCCL2scFv T cells also showed release of the inflammatory
cytokines IL-2, IFNy and TNF, the detected levels were lower than for T cells transduced with the
other constructs. Following separation of the CAR and scFv mediated by the T2A peptide, the
protein downstream of T2A is left with an additional N-terminal proline, whereas the protein
upstream of T2A remains fused to the complete T2A peptide except for the C-terminal proline
[178]. We hypothesize that for the aCD22CAR-a.CCL2scFv, where the majority of the T2A peptide
remains attached to the CAR, the functionality of the CAR might be affected and therefore the
release of inflammatory cytokines might be reduced. Notably, all CAR T cells released higher
levels of pro-inflammatory cytokines upon stimulation with target cells compared to unstimulated
controls, indicating successful antigen-dependent activation of these cells. Further functional
studies including the analysis of activation (e.g. CD25 and CD69) and exhaustion (e.g. PD-1)
marker expression on stimulated CAR T cells may help to further characterize the aCD22CAR-
aCCL2scFv and aCCL2scFv-aCD22CAR constructs [214], [215].

Additionally, we investigated the cytotoxic effects of CAR T cells in comparison to untransduced
T cells. Therefore, effector cells and target antigen-positive GLuc-expresssing Raji cells were co-
incubated and target cell killing was analyzed using a luminescence-based cytotoxicity assay. All
CAR constructs mediated cytotoxicity, whereby strongest killing capacity was detected for T cells
expressing the conventional aCD22CAR. Moreover, we found higher levels of CAR expression
on the surface of tCD22CAR T cells compared to scFv-carrying CAR T cells which might account

for the observed increase in cytotoxic effects.
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Taken together, our findings confirm that CAR T cells additionally encoding the anti-CCL2 scFv
remain functionally active. Analyses of CAR constructs containing different spacers or signaling
domains may further contribute to improved activity of the CAR T cells. It has been reported that
CAR T cell potency depends on the spacer which determines the distance between the CAR T
cell and the tumor target cell [118], [119]. Additionally, instead of the 4-1BB (CD137) costimulatory
domain, a CD28 costimulatory domain could be used. However, a major advantage of 4-1BB over
CD28 is the increased CAR T cell persistence which is important for achieving long-term remission
[216].

4.4 Outlook

In a novel approach to generate “armored” CAR T cells, we modified CD22-directed CAR
constructs for the soluble secretion of anti-CCL2 NB7.E5 scFv molecules. Although we confirmed
functional activity of the CAR expressing T cells, it is of utmost importance to successfully
demonstrate scFv secretion from T cells transduced with these constructs. We hypothesize that
the concentration of secreted scFvs may be below the detection threshold of our assay. Therefore,
a more sensitive method for detection of scFvs should be used such as co-immunoprecipitation
of scFvs before supernatant analysis or mass spectrometry. Alternatively, scFv secretion may be

detected in an in vivo mouse model as described by Rafiq et al. [137].

We further plan to characterize the functional properties of the NB7.E5 antibody in an adequate
in vivo mouse tumor model. Investigating the role of human monocytes and macrophages and the
impact of their modulation on tumor growth in a mouse model is challenging. There are a few
mouse models described for efficient repopulation of immunodeficient mice with human
monocytes and macrophages. In this context, Rongvaux and colleagues irradiated
immunodeficient MISTRG mice, transplanted them with human hematopoietic stem and
progenitor cells and established a human melanoma tumor xenograft. Interestingly, they detected
infiltration of the tumor xenografts by human macrophages expressing M2 markers and correlated
these findings to increased tumor growth as compared to control mice [217]. Although MISTRG
mice have been discontinued due to their short life span, similar immunodeficient mouse models
are now commercially available. Notably, efficient engraftment of immunodeficient mice with
functional macrophages requires not only the injection of hematopoietic stem cells but also the
expression of human cytokines such as granulocyte/macrophage colony-stimulating factor or IL-

3. This may be achieved using either huNOG-EXL or NSG-SGM3 mice which are immunodeficient
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and express human cytokines required for myeloid cell engraftment [218]. Reconstitution of mice
with human macrophages may allow to study the effects of our CCL2-specific antibody on

macrophage modulation and the impact on growth of solid tumors.

With our work we contribute to the development of CCL2-specific antibodies with the aim to inhibit
monocyte recruitment to the tumor thereby reducing the number of protumorigenic TAMs.
Moreover, the combination of macrophage modulation mediated by CCL2-specific scFvs with
CAR T cell therapy may increase the treatment efficacy in solid tumors challenged by an

immunosuppressive environment.
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Figure 35. Protein standard used in size exclusion chromatography. A gel filtration standard with
proteins of known molecular size was used to determine corresponding flow volumes by analytical SEC
using a (A) Superdex 75 Increase 10/300 GL or (B) Superdex 200 Increase 10/300 GL column (performed
by E. Exner).
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Figure 36. Analysis of NRP1-specific scFvs by colony PCR after the third round of phage display. E.
coli TG1 were infected with phages after the third round of phage display. Individual clones were subjected
to colony PCR with scFv sequence-specific primers and DNA was separated using agarose gel
electrophoresis to identify clones carrying a full-length scFv sequence (corresponding to 1000 bp). A

representative sample of a total of 110 colony PCRs is presented. M = marker, NC = negative control.
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Figure 37. Investigation of scFv-hFc protein purity by analytical size exclusion chromatography and
coomassie staining after SDS PAGE. Following Protein A affinity purification of the scFv-hFc antibodies
the purity of the proteins was analyzed. Analytical SEC of (A) anti-CCL2 and (B) anti-NRP1 scFv-hFc
antibodies was performed to investigate purity and protein aggregation. Elution volumes were compared to
a standard protein run (Appendix, Figure 35B). (C) Antibodies were separated by SDS gel electrophoresis

and visualized by coomassie staining. M = Marker.
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Figure 38. Binding analysis of scFv-hFc antibodies by ELISA. ELISA including a set of control proteins
was carried out for (A) anti-CCL2 and (B) anti-NRP1 scFv-hFc antibodies. mFc and His were included since
the proteins used for phage display selection were fused to one of these tags. His = scFv antibody fragment
fused to a His tag. 10 yg/mL scFv-hFc were added to the wells of an antigen-coated ELISA plate. Bound
scFv-hFc was detected using a HRP-conjugated mouse anti-human IgG antibody. Error bars represent the

standard deviation of mean values of duplicates.
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Figure 39. Characterization of binding kinetics of scFv-hFc antibodies by surface plasmon
resonance analysis. Surface plasmon resonance analysis was performed to determine scFv-hFc affinity.
(A) Anti-CCL2 and (B) anti-NRP1 scFv-hFcs were immobilized on a Protein A-coated sensorchip. An antigen
concentration series ranging from 0 to up to 100 nM was tested. Black curves represent the 1:1 Langmuir
binding model used to calculate antibody affinity. Due to very fast association and dissociation of YU109A1,
YU109E1 and YU109H1, these kinetics were fitted using a steady state affinity model which only included

the equilibrium phase. Numbers indicate the calculated Ko values in nM. Curves represent the mean of

duplicates.
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Table 29. Summary of the mathematical modeling of the scFv-hFc binding kinetics determined by

surface plasmon resonance spectroscopy.

Antigen scFv-hFc Ko [nM] Rmax [RU] Chi?
NB7.E5 5.16 107 4.24
YU109A1 64.5 101 0.08
YU109B1 105 113 2.41
CCL2
YU109D1 64.2 73 1.73
YU109E1 22.1 91 0.11
YU109H1 nd nd nd
YU110B1 27 72 1.31
NRP1
YU110D1 40.1 53 0.59
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Figure 40. NB7.E5 (N297) IgG production, purification and binding analysis. After production of NB7.E5
(N297) IgG in HEK293-6E cells, the antibody was purified by Protein A affinity chromatography. The purity
was further analyzed by (A) analytical size exclusion chromatography and (B) separation by SDS gel
electrophoresis and visualization by coomassie staining. (C) Binding of NB7.E5 (N297) IgG to CCL2-mFc
and a set of control proteins was investigated by ELISA. mFc was included as control since the protein used
for phage display selection was fused to this tag. 10 yg/mL NB7.E5 (N297) IgG was added to the wells of
an antigen-coated ELISA plate. Bound IgG was detected using a HRP-conjugated mouse anti-human IgG

antibody. Error bars represent the standard deviation of mean values of duplicates.
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Figure 41. CD22 surface expression on the tumor cell lines K562, Raji and Nalmé. CD22 expression
on the surface of K562, Raji and Nalm6 cells was analyzed by flow cytometry. Cells were stained with a PE-

conjugated anti-CD22 antibody. Numbers indicate the ratio of CD22 stained to unstained.
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Figure 42. Map of the bacterial expression vector pAB1.
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Figure 43. Map of the mammalian expression vector pCMV6.
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Figure 44. Map of the lentiviral helper plasmid pCMV-dR8.74 (helper plasmid #2).
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Figure 45. Map of the mammalian expression vector pCMX2.5-hlgG1-Fc.
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Figure 46. Map of the mammalian expression vector pConPlusigG1.
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Figure 47. Map of the mammalian expression vector pConPlusigG1 [N297A].
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Figure 48. Map of the mammalian expression vector pConPlusKappa.
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Figure 49. Map of the mammalian expression vector pConPlusLambda.

2600 200

IgG VH SP

3,6]00

(G4S)3 linker

PENTR1a (CD22-CD8-41BB-CD3z)
3,791 bp

008

o)
Kanamycin resistance % Yt
attl2 CD37

Figure 50. Map of the gateway entry vector pENTR1a (CD22-CD8-41BB-CD3z).
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Figure 52. Map of the lentiviral helper plasmid pMD2.G-VSV-G (helper plasmid #1).
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Figure 53. Map of the gateway destination vector pRRL#5.
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Figure 54. Map of the lentiviral vector pPRRLSIN.cPPT.hEF1a.WPRE.
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Figure 55. Map of the subcloning vector pSConigG1.
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Figure 56. Map of the subcloning vector pSConKappa.
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Figure 58. Map of the lentiviral vector encoding the anti-CD22 CAR.
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