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Abstract

In the last decade adoptive cell therapy (ACT) achieved extraordinary results in antitumor treatments,
especially against haematological malignancies, even if with some limitations - such as - safety, high
costs of manufacturing, and restricted cell sources. In this regard, Cytokine-Induced Killer cells are
achieving considerable clinical relevance, due to the low risk of acute graft versus host disease
(GvHD) in both autologous and allogeneic settings, their feasibility, and the limited costs of
production. CIK cells are a heterogeneous population of T lymphocytes, expanded and activated ex
vivo from peripheral blood mononuclear cells (PBMCs) or cord blood, with the addition of
recombinant human interferon-y (thIFN- y), anti-CD3 monoclonal antibody (mAb), and recombinant
human interleukin-2 (rhIL-2). During the expansion, CIK cells acquire the expression of CD56 and
present several functional and phenotypical properties of both T and Natural Killer (NK) cells.
Importantly, CIK cells do not require any genetic engineering or antigen-specific stimuli to recognize
tumor cells and exert a potent major histocompatibility complex (MHC)-unrestricted antitumor
activity. In 2016, our group showed that CIK cells increase their ability to kill tumor cells by
antibody-dependent cellular cytotoxicity (ADCC) due to the expression of the Fragment chain (Fc)-
v Receptor Illa (CD16a).

In this study, we assessed CIK cell cytotoxicity against CD20" lymphoma patient-derived samples,
both in vitro and in vivo, by the combination with two clinical grade anti-CD20 monoclonal antibodies
(mAbs), Rituximab (RTX) or Obinutuzumab (Gazyva/Gazyvaro, OBI). Furthermore, to fulfil the
huge amount of cell numbers required to achieve successful clinical responses, we optimized an
efficient serum-free protocol for optimal expansion of CIK cells in gas-permeable rapid expansion
(G-Rex®) devices from both healthy donors and B-cell malignant patients. G-Rex® devices allow
the expansion of a high number of CIK cells, fully functional in terms of viability, phenotype, and
lytic activity. Moreover, the addition of the bispecific T cell-engager (BiTE) Blinatumomab
(CD3xCD19) to the cultures from B-cell lymphoma patients eliminated the residual tumor cells
(CD19"), favouring the expansion of CIK cells, even if starting from blood samples containing very

low percentages of CD3™ precursor cells.

Next, we extended this efficient combinatorial strategy to solid cancers, focusing on Human
epidermal growth factor receptor 2 (Her-2) - expressing breast cancers. We combined CIK cells with
both the mAb Trastuzumab (TRS) or with the bispecific single chain Fragment variable (bsscFv)
Her2xCD3 in a BiTE-like format. The synergistic effect exerted by CIK cells with the antibodies,



especially with the Her2xCD3, resulted in a remarkable in vitro lytic activity against several Her-2"
cancer cell lines, even at very low effector/target ratio and a reduced dosage of the bsscFv,

encouraging clinical perspectives of this approach for the ACT.

To further gain insight into the trafficking and the infiltration of transferred CIK cells in solid tumors,
we explored an agarose-embedded thick-tumor tissue slice assay combined with a high-resolution
spinning disk confocal microscopy. This technique not only allows the tracking of labelled effector
cells in the tumor tissue slice, but it can be useful also to explore the multicellular interactions taking
place in the tumor microenvironment. Moreover, to study and characterize the tumor three-
dimensional structure in terms of the stiffness of the extracellular matrix (ECM), we exploited the
Second Harmonic Generation (SHG) microscopy which provides important information about

collagen density and fibres organization.
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1. Introduction

1.1 Adoptive cell therapy (ACT)

According to the World Health Organization (WHO), cancer is a leading cause of death worldwide,
accounting for nearly 10 million deaths in 2020 2. Depending on the cancer type and time of
diagnosis, available treatments usually include surgery, radiotherapy, and/or systemic therapy
(chemotherapy, hormonal treatments, targeted biological therapies). Over the last 20 years, new
attempts to develop more efficient approaches to treat cancer have been investigated, such as cancer
immunotherapy, which has become a clinically validated treatment for many cancers. Different from
chemotherapy or radiotherapy, immunotherapy aims to boost and restore the activity of the immune
system to eliminate malignant cells overriding their resistance mechanisms, including local immune
evasion, tolerance, and systemic disruption of T cell signaling®. Cancer immunotherapy can be either
active or passive. On one hand, the active approach aims at eliciting a specific host immune response
by employing cancer vaccines, immunomodulators, oncolytic viruses, or cytokines*.On the other
hand, the passive approach involves the administration of therapeutic agents, such as monoclonal
antibodies (mAbs), bispecific molecules, and cellular therapies®. In adoptive cell therapy (ACT),
tumor-reactive immune cells are stimulated and expanded ex vivo, and subsequently infused back into
the patient, after a lymphoid-depleting preparative regimen. Such immune effector cells can derive
from the patient itself (autologous setting) or another healthy donor (allogeneic setting)®. The pilot
experiment of ACT came from the Rosenberg team in the 1980s, by re-infusion of in vitro expanded
tumor-infiltrating lymphocytes (TILs) derived from a metastatic melanoma patient with interleukin
(IL)-27. However, the administration of IL-2 and the toxic effects observed in treated patients
following the lymphodepletion regimen limited the use of TILs for adoptive immunotherapy. In the
following years, ACT emerged with Lymphokine-Activated Killer (LAK) cells, which represent the
first ex vivo-generated Natural Killer (NK) cell-enriched products for adoptive immunotherapy®. Over
the past decades, many effector cells have been developed, including NK cells®, v T cells'’, NK -T
1 cells, Cytokine-Induced-Killer'? (CIK) cells, or T-cell receptor (TCR)!* or chimeric-antigen
receptor (CAR)-engineered T cells'*. ACT with autologous NK cells co-administrated with IL-2
started soon after the development of LAK cells but showed limited therapeutic effects '>!°.
Moreover, due to the low availability of NK cells in peripheral blood (~10%), NK cells were obtained
from alternative sources, such as cord blood '"'°, clonal NK-92 cell line 2, and stem cell-derived NK
cells 2123, Clinical trials with allogeneic NK cells showed enhanced persistence and proliferation but

still limited therapeutic effects 2*2°. The vy T cells are a particular subtype of T cells expressing a

TCR composed of y and & chains, with structural and functional heterogeneity. yd cells express the
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typical NK cell receptor Natural-Killer group 2 member D (NKG2D), and display cytotoxic activity
against stressed and abnormal cells, such as viral infected and tumor cells?’. Immunotherapy with y8
T cells demonstrated safety and feasibility in many solid cancer types, such as renal, head and neck,
mammary, hepatocellular and pancreatic cancer, and neuroblastoma . However, median response
rates are still limited >°'and the expansion of cells to achieve clinically relevant numbers remains a
huge issue*?. NK-T cells are specialized T cells that recognize glycolipid antigens presented by CD1d
molecule®®. Following stimulation, NK-T cells lead to downstream activation of both innate and
adaptive immune cells in the tumor microenvironment (TME), a feature that has impelled the
development of NK-T cell-based immunotherapies for treating cancer. Recent preclinical data from
numerous studies on a variety of murine tumor models have shown the significant role of NK-T cells
in protecting tumor growth and metastasis >*.

The advent of genetic engineering opened the possibility to modify immune cells to redirect them in
an antigen-specific manner and boost their antitumor efficacy. In this regard, antigen-specific TCR-
modified T cells are employed against several tumor types, such as metastatic renal and melanoma
cancer ¥, epithelial cancers %7, breast cancer, and endometrial cancer *%. However, several
challenges limit their efficacy, such as neurologic toxicity due to cross-reactivity with antigen
isoforms expressed on healthy neurons *°, traffic to tumor sites, and antigen escape. In the last decade,
among ACT strategies, CAR-T cell therapy gained great attention for the remarkably effective and
durable clinical responses achieved in the hematological setting®®. CARs are modular synthetic
receptors guiding lymphocytes, such as NK or T cells, in an antigen-specific manner, in order to
precisely recognize and eliminate cancer cells *°. In particular, CD19-CAR-T cell therapy revealed
an excellent success, with astonishing complete remission rates in patients with relapsed/refractory
aggressive B-cell lymphomas *'**. Although encouraging CAR-T cell therapy progress achieved in
the hematologic setting, the maximal anti-tumoral success of CAR-T cells for solid tumors is long
overdue because of the shortage of solid tumor-specific antigens* and the impact of the TME. Indeed,
the tumor niche represents the first physical barrier limiting the trafficking and the infiltration of
CAR-T cells in solid cancers, but the anti-tumor potential of adoptively transferred cells is mainly
hampered by hypoxia, specific TME metabolism, and immunosuppressive cells*. Hence, despite the
clinical success of CAR-engineered cell therapy, several general hurdles such as the development of

severe toxicities 447

, very high production costs, technically complex manipulation processes, huge
cell numbers required to achieve clinical response, and regulatory or financial issues®, limit CAR-T
therapy wide application ***’. However, many of those hurdles might be overcome whether the

effector population can be easily generated in clinically relevant numbers and redirected against the



tumor cells without genetic modifications. Most recently, an increasing number of clinical trials on
both hematological and solid tumors support the efficacy and the easy manufacturing of CIK cells

(http://www.clinicaltrials.gov).

1.2 Cytokine-Induced Killer (CIK) cells

CIK cells were first discovered in 1991 ¥ as LAK cell successors *°. CIK cells are a heterogeneous
population of activated CD3"CD8" lymphocytes that during the ex vivo expansion acquire NK
phenotypic markers, such as the CD56, NKG2D, and CD16a cell-surface receptors **>!. By the
isolation from PBMCs or cord blood "33 CIK cells are easily obtained in vitro by sequential
exposure to thIFN- v, anti-CD3 mAb, and timed addition of rhIL-2. IFN-y priming is important to
stimulate monocytes to produce the contact-dependent factor CD58/lymphocyte function-associated
antigen (LFA)-3 and the soluble factor IL-12, which are critical for CIK cell expansion in vitro >*>°.
On the other hand, the anti-CD3 antibody interacts with the CD3e chain of TCR and provides a
mitogenic signal subsequently sustained by IL-2, which is crucial for CIK cell proliferation and
expansion in vitro 7. Although CIK cells have been studied since the 1990s in both pre-clinical
studies and clinical trials, there is not yet a standardized protocol to produce them. CIK could be
stimulated with different concentrations of anti-CD3 monoclonal antibody and IL-2, ranging from 50
to 100 ng/mL and from 300 to 500 IU/mL, respectively >!*8>°. Moreover, several groups have
expanded CIK cells together with dendritic cells (DCs)%*%!, or by adding in the culture different
cytokines, such as IL-1, IL-6, IL-7, IL-12, and IL-15 >%%2%_ Terminally expanded CD3"CD56* CIK
cells are large granular lymphocytes (LGL)>? that originate from CD3*CDS8" precursor cells
representing the predominant subgroup (20+70%) of the bulk population, for the remainder consisting
of CD3"CD56" precursor cells, and a small amount of CD3"CD56" NK cells®2. Like T lymphocytes,
CIK cells express TCR in a polyclonal fashion with a similar proportion of a and 3 chains compared
to ¥ and § chains of peripheral blood T cells®?, arguing that CIK cells are more related to T cells than
NK cells. Nonetheless, CIK cells share additional phenotypical features with NK cells, as they express
NKG2D and relatively low levels of other natural killer activating receptors, such as NKp30 and
NKp44%. The anti-tumor activity of CIK cells is primarily mediated by the NKG2D receptor that
plays a pivotal role in CIK cell-tumor recognition. Indeed, CIK cells do not require antigen-specific
stimuli or any genetic engineering to recognize tumor cells ** and exert a TCR - and major
histocompatibility complex (MHC) - unrestricted lytic activity against both solid and hematologic
malignancies, but not healthy tissues>®®. Several experiments using blocking antibodies against CD3,

CD8, CD56, TCR a/B, and MHC class I and II molecules failed to inhibit CIK cytotoxic activity®>¢7.


http://www.clinicaltrials.gov/

Otherwise, functional assays blocking the NKG2D receptor, using small interfering RNA, or
redirected cytolysis showed that CIK cell killing activity is mostly mediated by the NKG2D, rather
than by the TCR-engagement®®%°. NKG2D expression by CIK cells is upregulated by IFN- vy, IL-2,
and the TCR cross-link with the mAb OKT-3. NKG2D receptor binds to its stress-inducible ligands,
the MHC-class I-like molecules, MICA and MICB, and members of the UL-16 protein binding family
(ULBP1-4) expressed by malignant cells. While the NKG2D mediates the interactions between CIK
and tumor cells, the final cytotoxic mechanism is triggered by the release of granzyme B and perforin
50.66.70.71 “Moreover, significant inhibition was obtained by blocking LFA-1 and intracellular cell
adhesion molecule (ICAM)-1 demonstrating that CIK cell cytolytic activity requires cell-to-cell
contact with tumor target cells %7, Furthermore, recent data published from our group have shown
that CIK cells can mediate a potent ADCC due to the CD16a expression if combined with clinical-
grade monoclonal antibodies (mAbs) 1’2, Moreover, evidence highlight that in vivo CIK cells present
a low risk of acute GVHD 7>, and do not rely on exogenous rhIL-2 to survive, limiting the risk of
multi-organ toxicity*””*. Indeed, the abundant IFN- y production occurring in expanded CIK cells
results in a protective effect against GVHD 767

from IFN- y knock-out mice induced lethal GVHD when infused across MHC barriers ">"7. Overall,

, as demonstrated by the fact that CIK cells generated

clinical trials confirmed the safety and the very low toxicity of CIK cell infusions in patients with a

78-82 83-86

broad spectrum of cancer types, in both the autologous and the allogeneic setting. The
advantages of CIK cells in terms of feasibility, safety, and easy manufacturing introduce them as a
pharmacological tool for cancer immunotherapy over other cellular therapies. In the last decade,
several combinatory strategies are being investigated to improve CIK cell anti-tumor efficacy,

including the combination of CIK cells with oncolytic virus®’ (OV), DCs %8

, clinical-grade
antibodies’?, chemotherapeutic drugs”, and checkpoint inhibitors’!, as well as the engineering of CIK

cells to express a tumor-specific CAR®? (Fig.1).
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Figure 1. CIK cells as a versatile “pharmacological tool” for cancer immunotherapy. Created with
Biorender.com

Although CIK cells are widely used in several clinical trials for both solid and liquid tumors, they are
not well known worldwide in terms of treatment efficiency or phenotypic and functional
characterization. In this regard, we seek to clarify some of the issues related to the definition of CIK
cells in the literature, highlighting differences existing between CIK cells, as properly defined,
circulating CIK cells®® and NK-T cells.

1.2.1 Circulating CD3*CD56" cells

In 2009, Franceschetti and colleagues reported that the presence of circulating CD3"CD56 * cells
account for a mean of 4,7 % (1+x11%) of mononuclear cells and they are defined as immune-
experienced T cells because they are present only in adult peripheral blood, but not in cord blood .
Circulating CD3"CD356 * cells are mainly CD3*CD8" cells, but they present functional and phenotypic
differences from their ex vivo expanded CIK cells. Circulating CD3"CD56 " cells express CD56 with
less intensity - mean fluorescent intensity (MFI) 135 - compared to in vitro-generated CIK cells -
MFI 710 — and, they present an oligoclonal TCR with a skewed ¥5 repertoire®>. Moreover, they
express only 8% of NKG2D mediated-killing receptor compared to 80+90% expressed by in vitro-
expanded CIK cells. Additionally, circulating CD3"CD356" cells do not exert cytotoxic activity against
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the NK cells -target, such as the K562 lymphoma cell line**. Evidence suggests that experienced

circulating CD3"CD56 " cells may arise in vivo following the activation of T cells by antigenic stimuli.
1.2.2 Natural Killer (NK)-T cells

NK-T cells are a subpopulation of T cells, defined by the expression of NK markers, and well
renowned for being potent cytokine producers. Even though NK-T cells express the CD3 and CD56
molecules similar to CIK cells, NK-T are different from CIK cells in terms of origins, cluster of
differentiation, TCR fashion, mechanism of cell-recognition and, cytokines production. Here we
report some crucial differences existing between NK-T and CIK cells, because the distinction is often

misleading.

Nowadays NK-T cells are classified into 1) “Classical NK-T cells Type I and II”, based on the CD1d-
dependent activation and on the o/ TCR, and 2) “NK-T-like CD1d-independent cells” **%°. NK-T
CD1d-restricted cells are lipid antigen—reactive T lymphocytes originating in the thymus that act as
crucial regulators of the innate and adaptive immune response, in humans and mice, playing an
important role in infection, including from bacteria, viruses, parasites, and fungal pathogens®.
Conversely, different works have demonstrated that the properly defined CIK cells are derived ex
vivo after cytokine stimulation from CD3 precursor T cells®®. The invariant TCR of NK-T cells Type
I is composed of the Va24-JaQ a-chain, and one of several -chains, but mainly VPB11. This TCR
does not recognize peptide antigens like the a/f TCR of classical cytotoxic T lymphocyte (CTL), but
the glycolipid antigens presented by CD1 molecule on APCs***’. Instead, Type II do not express the
invariant Va24 TCR, but they can be activated by other lipids presented by CD1d on APCs**. The
term NK-T cell was first used in 1995 to define a subset of mouse T lymphocytes expressing the NK
cell marker NK1.1%4, the equivalent human NK marker CD56. Indeed, while classical NK-T cells
express constitutively the NK1.1 marker, CIK cells acquire the expression of CD56 during their in
vitro expansion. Importantly, Classical NK-T Type I/Il and NK-T-like CD1d-independent cells are
CD4", double negative CD4/CD8 or CD8™* whereas CIK cells are mainly CD8-expressing
lymphocytes®®?3. Classical NK-T cells exibit a single invariant TCR o chain paired with a restricted
number of VB chains and recognize glycolipid antigens presented by the non-classical MHC molecule
CDl1, contrary to CIK cells that present a heterogeneous VB-TCR repertoire and they are not able to
recognize CD1- presented antigens’®. Other important differences existing between classical NK-T
and CIK cells are that, different from CIK cells, upon stimulation classical NK-T cells produce a large

amount IL-4 and they have no higher antitumor cytotoxicity than CIK cells®*.
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1.3 “Bench to bedside”: Gas-permeable static culture devices for CIK cells clinical translation
The therapeutic dose of CIK cells used in clinical trials ranges between 10® to 10'° cells/infusion,
both against solid and haematological malignancies 8486799%190 The expansion of such a high
number of cells could represent a crucial issue in ACT whether T-flasks are used, especially because
frequent and time-consuming culture manipulations increase the chances of contamination. To

80.8285101 " or bioreactors 92 have been recently

overcome these issues gas-permeable culture bags
employed for the large-scale production of CIK cells. However, CIK cell production for clinical
immunotherapy often employs culture supplements that increase the expansion of cells, such as AB
serum, frozen plasma, or platelet lysate®®. Such supplements raise the risk of infection, increasing the
variability of the expanded final product since the composition of serum and plasma is highly batch-
dependent. Hence, the expansion of a massive cell number remains complex and expensive, even
though the employment of such innovative protocols and culture systems.

In this regard, G-Rex® culture devices are emerging as a valid alternative for the ex vivo expansion

103’ CytOtOXiC T Lymphocytes 104, TILs 105,106, Treg cells 107’ and

of many cell types, such as CIK cells
NK cells 1%, G-Rex devices are designed to allow an increased depth of the medium above cells,
which delivers virtually unlimited oxygen and nutrients, and diluted waste. A silicone permeable
membrane placed in the bottom of the device optimizes the cell proliferation rate by the Oz and CO»
gas exchange. Indeed, this system allows cell expansion without any media exchange leading to a
reduced risk of contamination. G-Rex device ensures effector cell survival and cytotoxic activity
against tumor targets'®197-19 " thereby encouraging the cell therapy-based approach in cancer
treatment.

In this study, we investigated the advantages of using the G-Rex system to expand clinically relevant

numbers of CIK cells under serum-free conditions.

1.4 Hematological malignancies

Hematological malignancies are the types of cancer affecting blood, bone marrow, and lymph
nodes'!?. The 2016 updated WHO system indicates morphology as the central distinguishing feature
for the classification of hematopoietic and lymphoid tissue malignancies. Although, also mutation
screening is increasingly being utilized for confirmation of morphologic diagnosis and, at times, for
directing the diagnostic process'!’. Haematological cancers are referred to as leukaemia, lymphoma,
and myeloma depending on the cell type affected. Specifically, myeloid malignancies derive from
bone marrow progenitor cells that normally develop into erythrocytes, granulocytes (neutrophils,

basophils, and eosinophils), monocytes, or megakaryocytes. On the other hand, lymphoid neoplasms
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originate from T or B cell progenitors, mature T (cytotoxic T cells, helper T cells, or T regulatory
cells), or mature B (B cells or plasma cells) lymphocytes. Lymphoid neoplasms, defined as
leukaemia, show bone marrow and blood involvement and are distinguished from those that are
present as a mass, otherwise called lymphoma. Since the FDA approbation of the chimeric mAb anti-
CD20 Rituximab (RTX) in 1997'':112 lymphocytic leukaemia and lymphoma patients frequently

13115 or chemotherapy !'6 treatments.

experienced relapse and increased resistance to radiotherapy
CD20 is a non-glycosylated surface phosphoprotein that is found on most healthy and malignant B
cells'"”. It undergoes little post-translational structural modifications, thereby maintaining predictable
binding epitopes. No natural CD20-ligands are known, thus reducing endogenous binding
competitors for mAbs. Therefore, the CD20 expression in virtually all mature B cell lymphoid
malignancies and its distinct absence from pre-B hematopoietic stem cells and terminally
differentiated plasma cells, limits the mAbs off-target toxicity, retaining the stem cell pool, which is
important for B cell regeneration following therapy!'®. The first mAb anti-CD20 RTX was constituted
by the murine 2B8 a variable heavy (VH) and variable light (VL) chain region combined with the
human kappa and IgG1 constant region directed against the B-cell-specific antigen CD20 expressed
on non-Hodgkin's lymphomas (NHL). The therapeutic efficacy of RTX was due to the non-
proliferative effect exerted on CD20-expressing lymphoma cells and to the recruitment of immune
cells playing strong complement-dependent cytotoxicity (CDC) against CD20-expressing cells'!.
However, several forms of resistant tumors, such as RTX-refractory or advanced-stage lymphoma
patients, have limited the therapeutic potential of RTX-based treatments. To overcome such hurdles,
the anti-CD20 mAb OBI was developed. OBI is a glycoengineered antibody endowed with an
enhanced binding affinity to the FcyRIII receptor on immune effector cells, which results in a superior
or more rapid ADCC in vitro ''°1?! and patients '**1%5, compared to RTX. Clinical trials with OBI

126-128

showed a promising response in R/R patients, both in monotherapy and in combination with

chemotherapy 2412:130,

In this thesis work, we explored the potential anti-tumor effect of CIK cells in combination with OBI

against CD20-expressing lymphoma.
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Figure 2. ADCC mediating CIK cells killing activity against CD20-expressing lymphoma. Created with
Biorender.com

1.5 Her-2/neu” breast cancer

Breast cancer (BC) is the second leading cause of cancer death worldwide and it still represents the
most frequently occurring women cancer '*!. Even though several treatment options are improving
the outcome of BC patients, metastatic disease progression and cancer relapse remain hard to

overcome. However, drug resistance in various molecular BC subtypes '3

represents the main
existing barriers to disease control. To date, among all the well-identified BC molecular targets, the
most notable are the members of the epidermal growth factor receptor (EGFR). EGFR, also called
ErbB-1 or Her-1, is the prototype of the type I subfamily, which includes three additional members:
Her-2, Her-3, and Her-4. Whereas the Her-1 receptor binds to multiple distinct ligands that share the
EGFR-like motif, Her-3, and Her-4 ligands are isoforms of the neuregulin (neu) differentiation factor,
while no known ligands for the Her-2/neu receptor have been identified '**. However, Her-2/neu can
dimerize with various members of the family (EGFR, Her -3, or Her -4). Depending on the wide
variety of ligands and dimerization partners, the specific tyrosine residues on the intracellular portion
of the Her-2 /neu receptor are phosphorylated, activating the signalling pathways. Her-2 heterodimers

133

are more stable!*3, and their signalling is more potent '3 than other receptor combinations excluding

Her-2!%. The Her-2/neu gene is overexpressed or amplified in almost 15% of BC patients and it is
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considered a poor prognosis marker. The Her-2 -enriched BC subtype is characterized by the high
expression of Her-2-related genes and proteins '*2, and it is associated with high tumor grade, DNA
aneuploidy, high cell proliferation rate, negative assays for nuclear protein receptors for estrogen

(ER) and progesterone (PR), p53 mutation, and topoisomerase Il amplification!3* 3%,

With the advent of immunotherapy for BC in 1998, patient overall survival was significantly
improved thanks to the FDA- approved humanized mAb anti-Her-2 Trastuzumab (TRS), or other
Her-2 targeting antibodies'*’. However, not all patients benefit from TRS, or most of them
unavoidably experience disease progression due to tumor resistance intrinsic mechanisms'%.
Recently, second-generation adjuvant trials testing single and dual Her-2-targeted agents, such as
antibody-drug conjugates'*! (ADCs) or bsAbs, administered concomitantly or sequentially with
chemotherapy, are emerging'*?. The bsAbs consist of two different single-chain Fragment variable
(scFv) molecules, each containing a VH and VL chain region from a different parent Ig and can
crosslink different target antigens, either on the same cell or on two different cells. Bispecific T-cell
engagers (BiTEs) are engineered bsAbs expressing, within a single entity, the binding sites to the
invariant TCR CD3¢ chain and the binding site to a tumor-associated or a tumor-specific antigen 43~
198 This approach results in more efficient recruitment of T cells to target cancer cells, thus achieving
a stronger lytic effect compared to IgG1 conventional mAbs engaging Fcy RIII-expressing cells'*®.

Blinatumomab was the first FDA-approved CD19xCD3 BiTE antibody construct for the treatment of

Philadelphia chromosome-negative acute B-lymphoblastic leukemia'®’.

In this thesis work, we explored the efficacy of a combinatory therapy for Her-2-expressing BC with

CIK cells and the mAb TRS and the bAb Her2xCD3 in a BiTE-like format!*° (Fig. 3).
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Figure 3. Her2xCD3 bsscFv antibody in a BiTE-like format (on the left) and the proposed combinatory
therapy against Her-2* breast cancer with CIK cells and TRS or Her2xCD?3 (on the right). Created with

Biorender.com

1.6 Breast cancer tumor micro-environment

Nowadays, the high heterogeneity of the tumor niche represents one of the major challenges in the
field of ACT for solid malignancies. Cancer cells can functionally sculpt their microenvironment
through the secretion of various cytokines, chemokines, and other factors. This results in the
reprogramming of the surrounding cell, which subsequently enables them to play a putative role in
tumor survival and progression. TME is mainly composed of immune cells, cytokines, metabolites,
tumor-associated extracellular vesicles, immune inhibitory checkpoints, homeostatic alterations (i.e.
hypoxia, angiogenesis, and cellular metabolic reprogramming), and tumor-associated stroma, as
referred to ECM '"1:152_ In this regard, it is also noteworthy to mention the impact of non-cellular
components in determining tumor fate. More than an intercellular cement, ECM acts an active
physiological role in cell communication, adhesion, and proliferation, and it may have both a
supportive and an inhibitory impact on the adaptive immune response'>*. Indeed, ECM provides both
signallings supporting T cell invasion, and signallings to inhibit T cell proliferation'>*. Equally,
lymphatic vessels support tumor growth through angiogenesis, and serve as migratory highways for

155 while lymphatic endothelial cells trigger and regulate DC activation'*®, Furthermore,

immune cells
in the tumor niche, a crucial role in tumor proliferation, invasion, and metastasis is played by stromal

cells, including cancer-associated fibroblasts (CAFs). CAFs not only are involved in the M2
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macrophage polarization by secreting immunosuppressive cytokines, but they also contribute to CD8"

T-cell exhaustion and deletion, as well '>’.

In BC, the immunoediting process taking place in the tumor niche is orchestrated by both
immunosuppressive and immunostimulating cells. Indeed, the presence of immunostimulating
immune cells such as some macrophages, lymphocytes, NK cells, innate lymphoid cells (ILCs), DCs,
and eosinophils is crucial for tumor control, but the anti-tumor response generated by such cells is
inhibited and reverted by the action of immunosuppressive cells, such as myeloid-derived suppressor
cells (MDSCs), mast cells (MCs), regulatory T cells (Tregs), and type 2- polarized tumor-associated
macrophages (M2-like TAMs), which intrinsically collaborate remodelling a hostile TME !*3(Fig.4).
Especially regarding Her-2-expressing tumors, the composition of the TME plays a crucial role in
determining the sensitivity to Her-2-targeted therapies '°*. For example, the presence of collateral
immunosuppressive cells in the TME may significantly impact NK cell-triggered ADCC in the TRS-

mediated anti-tumor activity!'>’

. Nonetheless, in BC the tumor ECM is characterized by increased
stromal protein levels, stiffness, and changes in the overall organization relative to the healthy breast.
These changes generate a dense physical barrier and an increased interstitial pressure (Fig.4),
resulting in aberrant signalling and directly impacting drug delivery and therapy efficacy!>*!¢°.
Increased collagen deposition is the most well-recognized ECM alteration occurring inside the tumor

tissuel617166

, and collagen is considered the most regulator of the biophysical and biochemical
properties of TME, impacting cancer cell polarity, migration, and signalling '*"17°, In BC, three
tumor-associated collagen signatures (TACS)!”! have been described. TACS-1 is a hallmark of small
tumor regions in which dense collagen is concentrated mostly in the area around the tumor. In TACS-
2, straightened collagen fibres are stretched around the tumor, and thicken as the tumor volume
increase. Finally, TACS-3 is characterized by radially aligned collagen fibres, favouring cell motility,
and triggering tumor invasiveness and metastatic process'’?. Literature data on BC highlights the
association between higher deposition of collagen and worse prognosis. It has been reported that the
collagen fibre linearity enhances the motility of neoplastic cells by increasing directional persistence
and restricting protrusions along such aligned fibres, thus promoting a greater distance travelled by

cancer cells'”.

In-depth knowledge of the complex interplay elapsing between cancer and immune cells, as well as
the tumor niche three-dimensional structure, could help to achieve promising results to overcome

tumor evasion and optimize clinical outcomes of BC immunotherapies.
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In this regard, we took advantage of a collaboration with the group of Doctor Emmanuel Donnadieu
at the Cochin Institute in Paris to learn about new imaging techniques to explore the trafficking of
adoptively transferred cells, the spatial multicellular interplay taking place in the TME of a BC mouse

model, as well as the tumor three-dimensional structure, especially in terms of collagen stiffness.
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Figure 4. Major cellular and non-cellular factors characterizing the breast cancer tumor micro-
environment (TME). Created with Biorender.com
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Aim of the study

The present thesis work addresses four issues, as detailed below.

Objective I. Overcoming the issues related to the huge number of cells required in the clinical setting
to treat cancer patients. We aimed to optimize a serum-free protocol using the G-Rex® devices to
expand CIK cells in large numbers, minimizing the complexity of downstream processing and being
easily reproducible under Good Manufacturing Practice (GMP) conditions.

Objective II. Enhancement of the CIK cell therapeutic efficacy against B-cell malignancies. We
combined CIK cells derived from B- cell lymphoma patients with anti-CD20 clinical-grade mAb to
trigger a potent ADCC activity.

Objective III. Address the combinatorial therapeutic strategy to Her-2/neu’ breast cancer. We
investigated the improvement of CIK cell cytotoxicity both with the mAb TRS and the bsscFv
Her2xCD3.

Objective IV. Investigation of the tumor microenvironment in a breast cancer model. We focused on
the interactions elapsing between cancer and immune cells in the tumor niche and on its three-

dimensional structure, in terms of ECM stiffness.
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2. Material and methods

2.1 Study approval

Patient samples were obtained after informed consent from the Hematology Department, San Bortolo
Hospital, Vicenza, Italy (Ethical Committee act n. 104/18 of 11/12/2018) and from Padua Hospital,
Italy (Ethical Committee act n. 3529/A0/14). All the procedures involving animals and their care
conformed with institutional guidelines that comply with national and international laws and policies
(D.L. 26/2014 and subsequent implementing circulars), and the experimental protocol (Authorization

n. 118/2019-PR) was approved by the Italian Ministry of Health.

2.2 Generation and expansion of CIK cells

2.2.1 Healthy donors

CIK cells were obtained from anonymized human buffy coats provided by the Blood Bank of Padua
Hospital in Italy. PBMCs were isolated by density gradient centrifugation (300 g for 20 min) with
Lymphoprep™ (STEMCELL Technologies Inc., BC, Canada). Cells from each donor were cultured
in parallel in G-Rex® devices (Wilson Wolf, St Paul, MN, USA) or in conventional T-flasks at 37°C
in a 5% CO; incubator. With regards to G-Rex® devices, G-Rex6, G-Rex6M, and G-Rex 100M were
evaluated. G-Rex6 and G-Rex6M are characterized by the same surface area of the well (10 cm?), but
a media capacity of 40 mL and 100 mL, respectively. On day 0, PBMCs were seeded in both G-Rex6
and G-Rex6M at a density of 2.5x10° cells/cm? (2.5x10° cells/well) in 40 mL and 100 mL,
respectively, of X-VIVO™ 10 medium (Lonza, Basel, CH) supplemented with 1%
Penicillin/Streptomycin (Lonza, Basel, CH). On day 7, cells cultured in G-Rex6 were transferred into
a new G-Rex6M (2.5x10° cells/well) adding 60 mL of fresh media supplemented with 500 TU/mL of
rhIL-2; this culture condition was named G-Rex6-6M. Conversely, cells plated in G-Rex6M did not
undergo any cell density adjustment or replenishment of media. For the expansion in conventional T-
flasks, PBMCs were seeded at day 0 in T25 non-treated flasks for suspension cell cultures (Nunc™
EasYFlask™, Thermo Fisher, MA, USA) at a density of 5x10° cells/mL (50x10° cells in 10 mL
medium) in either X-VIVO 10 medium supplemented with 1% Penicillin/Streptomycin, or in Roswell
Park Memorial Institute (RPMI)-1640 medium (Euroclone, Pero, MI, IT) containing 10% heat-
inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher, Waltham, MA USA), 1%
Penicillin/Streptomycin, 1% U-glutamine, 1% Hepes buffer (all from Lonza, Basel, CH). On day 4,
and every 3-4 days, the cell density was adjusted to 1.5x10° cells/mL and cells were transferred to

T75 flasks when needed. In all of the culture conditions, the culture medium was supplemented at
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day 0 with 1,000 IU/mL of thIFN-y (R&D, Minneapolis, MN, USA) and 24 hours later with 50 ng/mL
of CD3 pure human-functional grade (Miltenyi Biotec, CA, USA). rhIL-2 (Proleukin, Novartis,
Basel, CH) was added to the culture on days 1,7, and 14. Growth, viability, phenotypic profile, and
cytotoxic activity of cells cultured under different conditions were evaluated on days 7, 14, 21, and
28. Viability was assessed by Trypan blue exclusion test. Fold expansion was calculated by dividing
the number of cells yielded at each time point by the number of cells seeded at day 0.

2.2.2 Patients

PBMC:s from B-cell malignant patients were obtained after informed consent and seeded in G-Rex6M
at a density of 5x10° cells/cm? (5x10° cells/well) in 40 mL of X-VIVO 10 medium supplemented
with 1% Penicillin/Streptomycin and rhIFN-y (R&D, Minneapolis, MN, USA). After 24 hours cells
were stimulated with 50 ng/mL of CD3 pure human-functional grade (OKT-3, Miltenyi Biotec, CA,
USA). Starting from day 1 and every 3-4 days, 500 IU/mL of rhIL-2 (Proleukin, Novartis, Basel, CH)
was added to the culture. Where indicated, in CIK cells generated from patients the CD3xCD19
bispecific antibody (BsAb) blinatumomab (Blina) was added to the culture at 1 pg/mL in addition to
the CD3 antibody (BL-CIK protocol). Growth, viability, phenotypic profile, and cytotoxic activity of
cells cultured under different conditions were evaluated on days 7 and 14. Viability was assessed by

Trypan blue exclusion test.

2.3 Tumor cell lines

K562 (chronic myelogenous leukemia) from American Type Culture Collection (ATCC) and Raji
(Burkitt lymphoma) cell lines were cultured in RPMI 1640 (Euroclone, Milan, IT) completed with
10% heat-inactivated FBS (Gibco, Thermo Fisher, MA, USA), 1% ultra- glutamine, 1% N-2-
hydroxyethyl piperazine-N’-2-ethane sulfonic acid (HEPES) buffer, 1% penicillin/streptomycin (all
from Lonza, Basel, CH). The human breast adenocarcinoma cell lines HCC1569, HCC1419, and SK-

BR-3 were obtained from ATCC and cultured in complete RPMI. MCF-7 human breast cell line was
cultured in Eagle's Minimum Essential Medium (EMEM) supplemented with 0.01 mg/ml human
recombinant insulin (Sigma-Aldrich, Merck, Missouri, USA), 10% heat-inactivated FBS (Gibco,
Thermo Fisher, Massachusetts, USA), 1% ultra-glutamine, 1% HEPES buffer, and 1%
penicillin/streptomycin (Lonza, Switzerland). T-47D human breast cancer cell line was cultured with
complete RPMI with 0.007 mg/mL human recombinant insulin (Sigma-Aldrich, Merck, Missouri,
USA). All tumor cell lines were maintained at 37°C, 5% CQO2, and sub-cultured every 3-4 days.
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2.4 Flow cytometry for phenotypic characterization

CIK cell phenotype was analyzed using multi-color flow cytometry. In brief, cells were harvested
and stained using the following antibodies: CD3-BV510 (clone UCHT1), CD4-BV650 (clone SK3),
CD8-BV421 (clone RPA-TS8), NKp30-BV650 (clone P30-15), CD244-BV421 (clone 25235),
CD62L-FITC (clone DREG-56), CD45RA-PerCP (clone HI100), CD45RO-BV650 (clone UCHLT1)
and CCR7-Alexa647 (clone 150503) from BD Bioscience; CD56-PE (clone HCD56), NKG2D-APC
(clone 1D11), NKp44-APC (clone P44-8) and CD27-FITC (clone O323) from BioLegend. Dead cells
were excluded using Fixable Viability Stain 780 (FVS780; BD Bioscience), and the positivity to the
evaluated markers was determined by gating on CD3"CD56" or CD3"CD56° cells. Naive/memory
subsets were identified according to their expression of CD45RA and CD62L: naive, N,
CD62L"CD45RA"; central memory, CD62L"CD45RA"; effector memory (EM), CD62L CD45RA;
effector memory RA" (EMRA), CD62L CD45RA". Flow cytometry was performed using Celesta
flow cytometer and DIVA software (BD Bioscience). Data analyses were carried out with FlowJo

software (Treestar).

2.5 Her2xCD3 binding property

The binding property of the bsscFv Her2xCD3 was evaluated by flow cytometry. Her2xCD3-Cy5.5
fluorescent antibody was obtained after the conjugation with VivoTag® 680XL (PerkinElmer,
Massachusetts, USA), according to the manual instructions. The binding property of Her2xCD3-
Cy5.5 was assessed by incubating 500000 of both target and CIK cells with different doses of the
bsscFv-Cy5.5 for 1 hour. FACS quantification was carried out on the APC-positive cell population.
To evaluate the simultaneously bispecific binding of Her2xCD3, effector CIK, and tumor cells were
labeled with 5 uM CellTrace CFSE and 5 uM CellTrace Violet Cell Proliferation Kit (Thermo Fisher,
Massachusetts, USA), respectively, for 20 minutes at 37°C. Hence, labeled cells were co-cultured
with different concentrations of Her2xCD3 for 30 minutes at 4°C. FACS analyses were carried out

by gating the double-positive CellTrace Violet™ and CellTrace CFSE * cell populations.

2.6 Calcein-AM-release and Cell Trace viability assay to assess CIK cells cytotoxicity
CIK cells harvested between days 14 and 21 were challenged against tumor cell lines or a single cell
suspension, respectively using a standard calcein-acetoxymethyl (calcein-AM) release assay or a

Viability FACS-based assay. 10° above-described cancer cell lines were labeled with 3.5 uM calcein-
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AM (Merck, Germany) in cRPMI medium and plated at the indicated E/T ratios in presence of 1
pg/mL of the anti-CD20 antibodies rituximab (RTX), or 1 pg/mL of OBI or 1 pg/mL IgG1 isotype
control antibody (Iso), or 1 pg/mL of the bsscFv Her2xCD3, the mAb Transtuzumab (TRS) or the
bsAb Blina. After a 4-hour incubation at 37°C, the plates were centrifuged and 100 pL of supernatant
collected from each well was transferred into an OptiPlate-96 Black plate (PerkinElmer, Waltham,
MA, USA) to measure the released fluorescence using VICTOR Multilabel Plate Reader
(PerkinElmer, Waltham, MA, USA). The results are expressed as % Specific Lysis = (experimental
release — spontaneous release)/(maximal release—spontaneous release) x 100. Maximum and
spontaneous releases were obtained by incubating target cells with 3% Triton X-100 (Merck,
Germany) or complete RPMI medium and relative mAbs, respectively.

For cytotoxicity assessment on primary samples, target cells were labeled with 5 uM of CellTrace
Violet Cell Proliferation Kit (Thermo Fisher, Massachusetts, USA) for 20 minutes at 37°C, and
incubated with CIK cells at a 25:1 Effector/Target (E/T) ratio for 6 hours at 37°C. Cells were then
stained with BD Horizon Fixable Viability Stain 780 (FVS780, BD Bioscience) and with Annexin V
(APC, Thermo Fisher, Massachusetts, USA) according to the manufacturer instructions. The
percentage of FVS780" necrotic cells and Annexin V' apoptotic cells was measured in flow cytometry
within the CellTrace" target cells. The Her2xCD3 dose-dependent lytic activity of CIK cells was

evaluated at a fixed 10:1 E/T ratio and indicated bsscFv dilutions.

2.7 Real-Time Cell Analysis (RTCA) measuring the tumor cell loss of impedance induced by
CIK cells cytotoxicity

To test the cytotoxicity in real time we took advantage of the Agilent XCELLigence Real-Time Cell
Analysis-Single Plate (RTCA-SP) instrument, which uses label-free cellular impedance to
continuously monitor cell health, behaviour, and function with high accuracy, sensitivity, and
reproducibility. A total of 50000 adherent tumor Her2" cells/well were added to 16 -well micro-E-
plate at 37°C in a 5% CO; incubator to monitor the impedance of the cells every 20 minutes for up to
60 hours. Her2" cells were resuspended in 100 pl of complete RPMI medium and seeded for 20 h
until the linear growth time phase, thereafter effector CIK cells together with 1pg/ml of Her2xCD3,
TRS, and a corresponding control construct (CD19xCD3) were resuspended in 100 pl of complete
RPMI medium and added at the previously titrated optimal E/T ratios. The loss of impedance of tumor
cells was measured as the killing capability of effector CIK cells. As a control, tumor cells were

incubated with a 3% TRITON-X solution and with the mentioned above antibodies.

23



2.8 Quantification of cytokine release by MACSPlex Cytokine Kit® after a CIK and target cells
co-culture

The assay was designed to determine soluble cytokines on the cell culture supernatant. The analysis
was based on the MACSPlex Cytokine 12 Capture Beads consisting of 12 bead populations that have
been coated with capture antibodies specific for the following cytokines: GM-CSF, IFN-a, IFN-y, IL-
2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17A, and TNF-a. After a 20-hour co-culture of CIK
and MCF-7 cells at 10:1 effector/target ratio, the supernatant was incubated with the antibody-coated
MACSPIex Capture Beads and analyzed by flow cytometry. Standards of known quantities of given
analytes were provided in the kit and were used for the quantification of the analytes. The FACS
analysis of these complexes was based on the fluorescence characteristics of both the MACSPlex

Capture Bead and the detection reagent.

2.9 Fluorescent multiplex immunohistochemistry (fmIHC)

fmIHC staining was performed using the Opal seven-colour manual kit (Akoya Biosciences)
following the manufacturer’s instructions. 4 um-thick formalin-fixed and paraffin-embedded (FFPE)
tissue sections were deparaffinized in Clearene (Leica Biosystems) and rehydrated by serial passages
in graded ethanol. Before the multiplex staining, a monoplex staining on a positive control tissue
(human tonsil) was mandatory to determine the optimal labelling conditions for each marker. To
ensure the fixation of the sample on the glass slide during the several serial steps of staining, we
performed a 20-minute step in 10% neutral buffered formalin (Sigma). The heat-induced epitope
retrieval (HIER) with Target Retrieval Solution pH9 (Dako) or pH6 (Akoya Biosciences), depending
on the primary antibody, was carried out at the beginning of each serial staining, and non-specific
sites were blocked with Protein Block Serum-free (Dako) for 10 minutes before applying primary
antibodies. To characterize adoptively transferred immune cells and tumor cells, MCL3-PDX
samples were stained for anti-CD56 (123C3, 1:30, DAKO/Agilent), anti-CD3 (F.7.2.38, 1:400,
DAKO/Agilent) and anti-CD20 (L26, 1:400, DAKO/Agilent). The anti-mouse+rabbit Horseradish
Peroxidase (HRP)-conjugated secondary antibody (Akoya Biosciences) was added for 10 minutes at
room temperature, followed by 10 minutes with specific Tyramide Signal Amplification (TSA)-
conjugated Opal fluorophore (Akoya Biosciences) (Fig.5). In the end, the slides were counterstained
with spectral DAPI (Akoya Biosciences) and mounted using Vectashield Hardset mounting medium

(Vector Labs).
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Figure 5. Overview of Tyramide signal amplification (TSA). Adapted from Cell Signaling technologies.

2.10 Multispectral imaging analysis

Multiplex stained slides were imaged using the Mantra Quantitative Pathology Workstation (Akoya
Biosciences) at 20X magnification. The inForm Image Analysis software (version 2.4.2,
PerkinElmer) was used to unmix multispectral images using a spectral library built from the
acquisition of single fluorophore-stained control tissues and containing fluorophores-emitting
spectral peaks. A selection of representative multispectral images was used to train the inForm
software to create the analysis algorithm. Tumor tissue was segmented based on the expression of
anti-CD20 marker, to differentiate the tumor area from the surrounding stroma. Single cells were
segmented by nuclear counterstaining and the cell phenotyping was based on the cluster
differentiation (CD) expression. The cellular density (cell counts/mm?) was reported as the mean of

all acquired fields for each slide, and an average of 80 snaps was collected for each experimental

group.

Here above, we explain in detail the ex vivo tumor slice assay and the microscopy techniques I learned

during my stage at the Institut Cochin in Paris.

2.11 Tumor slice imaging assay for the in situ study of multicellular interactions
Tumor samples were fixed ON at 4 °C with periodate—lysine—paraformaldehyde (PLP) to fix
glycoprotein antigens and allow immunohistochemical detection of membrane antigens of the

immune system cells'”

. Next, the samples were washed and embedded in PBS 5% low-gelling
temperature agarose (type VII-A; Sigma-Aldrich) and 350 um-thick slices were obtained with a

vibratome (VT 1000 S; Leica) in a bath of ice-cold PBS!”>. Non-specific sites on the tissue slices
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were blocked with a PBS 0,5% BSA,0,05% TRITON-X solution for 10 minutes, then the slides were
stained with conjugated antibodies for 15 minutes at 37°C or ON at 4 °C (Fig.6). The following anti-
mouse antibodies were used: CD8a-AF647 (clone 53-6.7), CD4-FITC (clone RM2-5), and CD326-
BV421 (EpCam, clone G8.8), CCR2-APC from BD Bioscience; CD11b-FITC (clone M1/70), gp38-
AF488 (Podoplanin, clone 8.1.2001), and CD279-BV421 (PD-1, clone 29F.1A12) from BioLegend;
Fibronectin- AF488 (clone FN-3), F4/80-AF488 and F4/80-PE (clone CI:A3-1) from BIORAD; and
CX3CRI1-PE (CD181) from Acris. In the end, the slides were mounted with Antifade Vectashield
(Vector Labs) and imaged with an inverted confocal with an advanced spinning disk unit contributing

to a large field of view and the highest resolution (Fig.6).
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Figure 6. Tumor slice staining protocol. Created with Biorender.com

2.12 Spinning disk confocal laser (SDCLM) imaging and Z-stack analysis

In the spinning disk confocal laser microscopy (SDCLM) an expanded beam illuminates an array of
microlenses arranged on a collector disk. Each microlens presents an associated pinhole laterally co-
aligned on a second pinhole disk and axially positioned at the focal plane of the microlenses. The
disks are fixed to a common shaft that is driven at high speed by an electric motor. When the disks
spin and the scanner is coupled to a microscope with the pinhole disk located in its primary image
plane, an array of focused laser beams scan across the specimen (Fig.7). Furthermore, the use of a
very high quantum efficiency camera (CDD camera) as a detector allows for overcoming the
considerable photobleaching and photodamage caused by the poor efficiency of the photomultiplier
tubes (PTMs) used to detect light in conventional confocal laser scanning microscopy (CSLM). 350
um-thick tumor slices were imaged using an inverted spinning disk confocal microscope (Olympus
IXplore, CSU-W1 TI1; Yokogawa), equipped with a CDD camera (ORCA-Flash, Hamamatsu),
(IMAG’IC core facility — Institut Cochin). Images were acquired with a 20x objective and a 60x oil
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immersion objective. The cellSens acquiring software (IX3-DSU, IX83F) was used to set the
following parameters: laser power, time of exposure, pixel binning, and z-stack values were adapted
to reconstruct the entire thickness of the tissue. Z-stacked images were then analyzed in two-
dimensional visualization, by compressing the z information into a single plane with the maximum

intensity Z projection performed with ImagelJ software.
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Figure 7. Spinning disk laser confocal microscope (SDLCM). Adapted and created with Biorender.com

2.13 Second Harmonic Generation (SHG) microscopy

The label-free second harmonic generation (SHG) microscopy within the nonlinear optical material
requires that two photons are upconverted into one emerging visible photon at exactly twice the
energy of the excitation laser. Thus, this phenomenon is based on the noncentrosymmetric assembly
of these two photons, therefore called “harmonophores”, in a permanent dipole moment "%177 (Fig.8).
For the collagen quantification in tumor samples, 15 um-tick FFPE tissue slides representative of
three different 4T1 breast tumor sections were analyzed for each mouse to reconstruct tissue
heterogeneity. Samples were imaged with 2-photon Leica SP8 DIVE FLIM microscope (IMAG’IC
core facility — Institut Cochin) with the following Leica parameters. SHG (collagen structure) signal
was detected in epi-collection through 440/60 nm bandpass filters, respectively, by NDD PMT
detectors (Leica Microsystems) with a constant voltage supply, at constant laser excitation power,
allowing direct comparison of SHG intensity values. To assess the natural fluorescence, samples were
illuminated at a wavelength of 900 nm and two-photon excited fluorescence (TPEF) emission was

measured at a wavelength of 500 nm. Immersion objective 25x/0.95 W. Analyses were carried out

27



by applying a published collagen scoring method '7®. Treatment of images was performed with
Imagel software and included: the split of SHG and TPEF channels, the threshold setting (Threshold
TPEF 28-225, Threshold SHG 25-225, algorithm run on 5 random images) with a black background,
and the convert to mask option visualization, thus the SHG score measurement. The collagen score
was calculated as the collagen density represented by the number of SHG pixels divided by the total
number of pixels in the imaged area. Likewise, 15 um-tick FFPE tissue slides were analyzed as

described above for the collagen evaluation in the metastatic lung of 4T1 breast tumor-bearing mice.
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Figure 8. Energy level diagram for the SGH imaging mechanism.

2.14 In vivo studies

CD20" leukaemia mouse model

Six-to-eight-week-old female NOD/SCID common y chain knockout (NSG, The Jackson Laboratory,
ME, USA) mice maintained at the Oncologic Institute of Veneto SPF animal facility were used for
all the experiments. The lymphoma model was generated in NSG mice by subcutaneous (s.c.)
injection with 1x10% MCL3-PDX cells. Seven days later, when the tumors became palpable and
reached a similar size in all animals, mice were randomly assigned to experimental groups. Mice were
treated daily, for 7 consecutive days, by i.v. co-administration of 10x10° CIK cells resuspended with
10 mg/kg of the anti-CD20 mAb OBI (CIK+OBI group); 10x10° CIK cells resuspended with 10
mg/kg of the isotype control mAb (CIK+Iso group); 10 mg/kg of OBI (OBI group), or left untreated.
Mice were sacrificed when subcutaneous masses exceeded an 800 mm? volume or appeared ulcerated.
Tumor growth was monitored by caliper measurement and the volume was calculated using the
formula: Tumor volume (mm?®) = Dxd2/2, where D and d represent the longest and the shortest

diameters, respectively.

Her-2" breast mouse model
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For the biodistribution study of Her2xCD3, 5x10° MCF-7 cells were injected s.c in 8-week-old NGS
female mice. When tumors were palpable (150mm?), the CyS5.5fluorophore-conjugated Her2xCD3
was administrated i.v. and the fluorescent signal was registered at two-hour intervals for two days
with the eXplore Optix MX2. For the metastatic breast MCF-7 mouse model, 3x10% MCF-7/Luc cells
transduced with a lentiviral vector coding for the Firefly Luciferase reporter gene’? were injected
subcutaneously with 17f-estradiol in 8 weeks-old female NGS mice. 1 pg/mouse 17f-estradiol
(Sigma) was resuspended in a peanut oil solution and administrated intraperitoneally every 2- or 3-
days supporting cell proliferation as MCF-7 is known to be an estrogen receptor (ER)- sensitive cell
line. Mice were imaged every week for tumor progression using bioluminescence imaging (Xenogen

IVIS ® spectrum).

3. Results

3.1 Objective I
Optimization of CIK cells production under Good Laboratory Practice-grade conditions in G-

Rex ® culture devices

CIK cells efficiently expand in gas-permeable culture G-Rex6M well plate devices using serum-

free medium

To set up a serum-free expansion protocol for CIK cells in G-Rex devices, PBMCs were seeded at
day 0 in either G-Rex6 plates and transferred 7 days later into a G-Rex6M device (G-Rex6—6M
protocol) or G-Rex6M without any further cell density adjustment. To compare the results to the
standard culture in conventional T-flasks, PBMCs were plated in either X-VIVO or complete RPMI
according to our published protocol 2. After 28 days of culture, the cell yield obtained was
significantly different among culture conditions, as indicated by the cell growth curve in Figure 9-A.
The culture of CIK cells in X-VIVO serum-free medium using G-Rex6-6M led to a more efficient
cell expansion compared to all of the other culture protocols, yielding a mean of 1.88+1.77x10° total
cells in 28 days starting from only 2.5x10° cells, which corresponds to a 752-fold increase (Fig.9-B).
However, the expansion of CIK cells in X-VIVO serum-free medium was significantly reduced when
G-Rex6M or T-flasks were employed. Indeed, in both the latter cases, the cell growth curve quickly
reached a plateau starting from day 14 (Fig.9-A), leading to a reduced overall fold increase of 124
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and 2.3, respectively (Fig.9-B). The use of a complete RPMI medium led to a higher cell yield in the
first 14 days, reaching a peak on day 21, but on day 28 the number of cells dramatically decreased
with a mean of 0.42+0.28x10° total cells obtained from 50x10° cells, corresponding to 8.4-fold
increase. Additionally, cells cultured according to the G-Rex6-6M protocol showed improved long-
term viability over the entire culture period, whereas increased cell death was observed in G-Rex6M
and in X-VIVO T-flasks, especially at the last time point tested (P=0.008 and P=0.031, respectively;
(Fig.9-C)).

3.8
2.3+
G’«S 8: ——
X —#— RPMI+FBS T-flask
=2 3 |%
T 0.6 % |% =0+ X-VIVO T-flask
*
[
*
° * —o— G-Rex6-6M
5 0.4
el
=) -0~ G-Rex6M
Z 021
0
*okokck
seskosk sk e Kk
B Aesdeckesk — C *_
EEE w -
10000y Lo ex ke 100 ) *
ok ok ﬁ
1000 7 S O
ok .
K% * - P 80
(5] —_ -
Z 1009 o 3
8 © o, 2 60 1
2 10y % 8
= ° > 404
o) o 4=
2 1" ° 2
=~
0.11 20
0.01 - 0 . : T .
21 7 14 21 28
days days

RPMI+FBS T-flask 1 X-VIVO T-flask Bl G-Rex6-6M B0 G-Rex6M

Figure 9. Assessment of CIK cells expansion and viability. On days 7, 14, 21, and 28, CIK cells cultured in
T-flasks (n=7 in RPMI+FBS; n=19 in X-VIVO), G-Rex6-6M (n=19), and G-Rex6M (n=13) were sampled and
counted to evaluate (A) cell expansion (the statistics reported refers to day 28) and to calculate (B) the fold-
increase. (C) Cell viability was calculated as a percentage of viable cells at different time points. Data were
analyzed by one-way (A) or two-way (B and C) ANOVA with Bonferroni’s correction (¥***, P<(0.0001; ***,
P<0.001; **, P<0.01; *, p<0.05).
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CIK cells cultured in G-Rex showed a naive-like phenotype compared to standard culture
protocols, but a similar lytic activity in vitro

Multi-color flow cytometry analysis was performed to characterize in detail the phenotype of CIK
cells cultured under different conditions. After 14 days of culture, the bulk CIK cell culture was fully
characterized for the expression of several T and NK classical markers, as is customary in our
experiment routine '>°!(Fig.10). The percentage of CD3"CD56 CIK cells was comparable among the
four different culture systems, but they expanded more efficiently in G-Rex6—6M, resulting in the
highest percentage on day 21 (mean: 45.19 £+ 14.53%) and day 28 (mean: 40.01 + 17.38%) (Fig.10-
A).
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Figure 10. Phenotypic characterization of CIK cell cultures. CIK cells expanded according to the different
culture protocols and were analyzed by flow cytometry on days 7, 14, 21, and 28 for their phenotypic profile.
(A) Percentages of CD3'CD56" CIK cells and (B) CD3'CD56" NK cells were assessed within the bulk
cultures. The expression of (C) CDS, (D) CD4, (E) NKG2D, (F) NKp30, (G) NKp44 and (H) CD244 markers
was evaluated within the CD3"CD356" subset. Results show the mean expression =+ standard deviation. Data
were analyzed by two-way analysis of variance with Bonferroni correction. *P < 0.05; **P < 0.01; ***P <
0.001; ****P <0.0001.

At the end of the expansion period (day 28), CIK cells were stained for CD62L and CD45RA to
identify the four main subpopulations related to memory and effector functions—namely, naive (N,
CD62L"CD45RA™), central memory (CM, CD62L"CD45RA "), EM (CD62L CD45RA") and effector
memory RA" (EMRA, CD62L CD45RA ")—within both CD3*CD56" and CD3"CD56 cell subsets.
CIK cell culture from G-Rex6—6M and G-Rex6M presents a significantly higher proportion of
CD3"CD56" naive cells (34.6 + 12.4% and 42.1 + 19.2%, respectively) compared with X-VIVO T-
flasks, which comprised a mean of 14.7 + 7.1% naive CD3"CD56" cells (P = 0.0286 and P = 0.0016,
respectively) (Fig.11 A-B). Likewise, the phenotype of the precursor CD3"CD56™ T cell counterpart
appeared to be less differentiated; in particular, in G-Rex6—-6M and G-Rex6M cultures, the CD62L *
CD45RA" naive cell subset accounted for 59.9 + 19.4% and 50.5 + 16.4% of total T cells, respectively
(Fig.11 A-B). Conversely, CD3'CD56" CIK cells cultured in T-flasks with complete RPMI appeared
mostly as fully differentiated EM (82.3 + 8.4%), whereas the percentage of this subset was
significantly reduced in X-VIVO T-flasks (42.7 = 15.8%; P < 0.0001) (Fig.11 A-B). This tendency
to an immature-like phenotype observed under G-Rex culture condition was confirmed by the
expression of the lymphoid homing marker CCR7, which is associated with a naive or early memory
phenotype. Indeed, CCR7 was significantly more expressed on CD3"CD56" CIK cells cultured in G-
Rex6—6M and G-Rex6M as compared with both protocols employing T-flasks (Fig.11-C).
Accordingly, the antigen-experienced cell marker CD45RO was more expressed in cells expanded in
conventional T-flasks with either complete RPMI or X-VIVO (Fig.11-D), whereas the co-stimulatory
marker CD27 was significantly higher in G-Rex6—6M and G-Rex6M (Fig.11-E).

33



A gated on gated on B

A CD3'CDs6 CD3'CD56 % in CD3'CD56
94 03] [20e 161 0 20 40 60 &0 100
RPMI+FBS = - RPMI+FBS T-flask 1
T-flask
© Y
E 896 07| |472 163 X-VIVO T-flask 1
Q )
' GRexe-6M { B H
X-VIVO
I-flask G-RexeM {0 ] ﬂ
CD3
s % in CD3'CDS6
g 415 268 [116 45.1 0 2‘0 4:0 6‘0 89 l(l]()
[ @)
« EMRA | N G-Rex6-6M _ RPMI+FBS T-flask _ —J »:I
B _’—l_’—|
E 240 7 141 292 X-VIVO T-flask r H
“ EM M T T )
G-Rex6-6M :I :}~H
G-Rex6M | : I ZI_H
CD62L G-Rex6M
z BN EICM  [CJEM B3 EMRA
CD62L
koK
C D * E ok
_k % ok ok & *
100 o o100 . 100, —EEE
- %0 2100 bt * - !0
a = A 8 g ) a8
_Uso i an 2 %0 830 o pso g0
8 60 8 60 8 60- o 60 8 60 8 60
© b £ = o ©
£ 40 -8 40 o 40 o 40 8 40 -8 40
> & & = & &
5 20 T 20 2 20 £ 20 a 20 n 20
2 < 2 2 2 2
ol Rl R ol § ol ol B

1 RPMI+FBS T-flask 3 X-VIVO T-flask Bl G-Rex6-6M B8 G-Rex6M

Figure 11. Naive/Memory profile analysis of CIK cell cultures. Cells were stained for CD3, CD56, CD62L
and CD45RA to identify naive (N), central memory (CM), effector memory (EM), and effector memory RA*
(EMRA) within both CD3*CD56" and CD3"CD56" cells (n=7). (A) One representative dot plot of each culture
condition and subpopulation is reported. Data are graphically shown in (B). CD3"CD56" and CD3"CD56" cells
were also evaluated for the expression of (C) CCR7, (D) CD45RO and (E) CD27. Histograms show the mean
expression £ SD. Data were analyzed by one-way ANOVA with Bonferroni’s correction (****, P<0.0001;
*** P<0.001; **, P<0.01; *, P<0.05).

Next, we assessed the functional lytic activity of CIK cells cultured in G-Rex devices against different
tumor cell lines (Fig.12). G-Rex6—-6M CIK cells showed cytotoxicity that was overall similar to CIK
cells cultured in all other conditions and appeared slightly reduced against only K562 target cells as
compared with CIK cells cultured in X-VIVO in T-flasks (12.5:1 ratio: 40.62 + 17.24% versus 59.27
+ 25.12%, P =0.042). On the contrary, the killing activity of G-Rex6M CIK cells was decreased
compared with X-VIVO T-flask CIK cells against K562 and MDA-MB-468 targets (Fig.12).
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Figure 12. Analysis of CIK cells killing activity against tumor cell lines. CIK cells were challenged against
K562, Raji, and MDA-MB-468 tumor cell lines. Lytic activity was measured by calcein-AM release assay
between days 14 and 21 of cultures. Results show mean values + SD of the specific lysis at different E:T ratios
of CIK cells cultured in T-flasks (n=8 in RPMI+FBS; n=20 in X-VIVO), G-Rex6-6M (n=17) and G-Rex6 M
(n=14). Data were analyzed by two-way ANOVA test with Bonferroni’s correction (***, P<0.001; **, P<0.01;

*, P<0.05).

These and more data have been published in Cytotherapy'”.
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3.2 Objective II
CIK cells and ADCC in B-cell malignancies

CIK cells can be generated in large scale from high tumor-burden patients using a

blinatumomab-based protocol for the elimination of residual tumor cells

After demonstrating the therapeutic potential of healthy donor CIK cells combined with OBI against
primary tumor samples, we assessed the therapeutic potentiality in an autologous setting where
patients often present strong lymphopenia and a high tumor burden, testing an original protocol of
CIK cells expansion that employs Blina. Effector cells were expanded from PBMCs of nine patients
affected by different types of B-cell malignancies, both at diagnosis and after relapse (Table 1).
Thawed (n=2) or freshly isolated (n=7) PBMCs (Table 2) were plated in serum-free medium in G-
Rex devices and stimulated with IFN-y, IL-2, and either CD3 mAb only (CIK, standard protocol) 3
or the combination of CD3 mAb and Blina (BL-CIK cells, CD3" Blina protocol). Already after 1
week, BL-CIK cells showed an enhanced expansion compared with CIK cells cultured with the
standard protocol, and the difference became even more pronounced on day 14. Indeed, starting from
a small number of PBMCs (5x10° cells), the cell yield after 2 weeks of culture was 59.3+39.7x10°
and 11.2+9.8x10° cells for BL-CIK and standard protocol cultures, respectively (Fig. 13, A), with a
mean fold increase of 11.9 vs only 2.5 (Table 1). Interestingly, BL-CIK cultures exhibited also a
significantly improved viability (Fig. 13, B).

At day 0, samples from most patients presented an extremely high percentage of CD19" and CD20 *
tumor cells (mean 52.9+28.2% and 45.5+32.1%, respectively; Fig. 13, C and Table 2), which
progressively decreased at day 7 in either culture conditions (Fig. 13, D). Noteworthy, a single
addition of Blina at the beginning of the culture succeeded to eradicate CD19" and CD20 " cells on
day 14 (Fig. 13, D). On the contrary, the cells expanded in the presence of CD3 mAb only maintained
a residual percentage of tumor cells, which accounted for more than 10% of the live final population
in two of the patients' samples ((Fig. 13, D and Table 2). Equally important, the addition of Blina
allowed a significantly increased expansion of CD3" cells from 15.2+19.8% to 97.4+2.1%, whereas
in the standard protocol the resulting CD3 * component was 85.1+12.0% on day 14 of (Fig. 13, D).
Moreover, BL-CIK cells comprised a higher percentage of CD3 " CD56" cells (Fig. 13, E) and a

slightly increased number of naive cells (Fig. 13, F), as compared to the standard culture.
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For the functional characterization, BL-CIK and standard CIK cells were challenged against the
CD20" Raji cell line (Fig. 13, G). Similar to CIK cells obtained with the standard protocol, BL-CIK
population not only exhibited comparable basal cytotoxicity but was also efficiently retargeted by the
combination with OBI, leading to a significant increase of lysis from 26.2+9.8% to 58.9+12.8% at an
E:T ratio of 50:1. Most importantly, such killing improvement was also evident when BL-CIK cells
were challenged in an autologous setting. Indeed, BL-CIK combined with OBI very efficiently lysed
patient PBMCs that were not susceptible to OBI alone (Fig. 13, H).
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Figure 13. Expansion and characterization of CIK cells from Lymphoma patients. (A) CIK cell expansion
with the standard protocol (crossed bars, CIK) or with the addition of blina on day 1 (solid bars, BL-CIK).
Total cell numbers were evaluated on day 7 and 14 of culture. (B) Cell viability was calculated as the
percentage of viable cells at the two different time points. (C) Percentages of CD3*, CD19" and CD20" cells
were assessed at day 0, and (D) 7 and 14 days later (n=9). Data were analyzed by multiple t-test (*P<0.05,
**P<0.01). (E) Percentages of CD3"CD56" CIK cells within the bulk cultures expanded with the standard
protocol (crossed bars, CIK) or with the addition of Blina (solid bars, BL-CIK) (n=9). (F) Comparison of the
naiive/memory phenotype at day 14 of culture. Cells were stained with CD62L and CD45RA to identify the
naive, CM, EM, and EMRA subsets within the CD3*CD56"* population (n=6). (G) CIK and BL-CIK cells were
challenged against Raji tumor cell line in combination with Obinutuzumab or isotype antibody. Results show
mean values + SD of specific lysis at different E:T ratios. Lytic activity was measured by calcein-AM release
assay on day 14 of culture (n=6). (H) Percentage of cell death induced on patient PBMCs after 4-h incubation
with Obinutuzumab only, or autologous BL-CIK cells in combination with isotype antibody (BL-CIK+Iso) or
Obinutuzumab (BL-CIK+OBI) at an E: T 25:1 (n=6).

The combined therapy with CIK cells and OBI restrains the growth of an aggressive patient-

derived lymphoma xenograft

The therapeutic efficacy of CIK+OBI combination therapy was evaluated in vivo in a mouse model
of CD20" PDX established from the PBMCs of a patient affected by mantle cell lymphoma in an
advanced leukemic phase (MCL3-PDX). The phenotypic similarity with the original tumor was
confirmed by the analysis of CD20 expression by both IHC on FFPE tissue and flow cytometry on
the dissociated tumor (Fig. 14, A-B). Seven days after the s.c. injection of tumor cells, mice were
divided into four experimental groups (untreated, CIK+Iso, OBI only, CIK+OBI) and treated
accordingly the scheduled therapy (Fig. 14, D) with CIK cells from a healthy donor that exerted a
strong in vitro cytotoxicity against PDX-derived tumor cells (Fig. 14, C). Mice receiving the
CIK+OBI combination therapy showed a remarkable delay in tumor growth and a significantly
reduced tumor size when compared to mice treated with OBI alone (Fig. 14, F). Conversely, the
CIK+Iso treatment produced only marginal effects, thus indicating that the synergy between the
CD20-specific antibody and CIK cells is required to enhance the antitumor effect (Fig. 14, F). Indeed,
only the CIK+OBI combined therapy significantly prolonged the survival of treated mice, while all

other treatments were ineffective (Fig. 14, G).
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Figure 14. In vivo immunotherapy with CIK cells combined with OBI against an aggressive patient-
derived lymphoma xenograft. (A) Representative image of anti-CD20 IHC staining (brown) of an established
Mantle Cell Lymphoma (MCL1)-PDX. (B) Flow cytometry analysis of CD20 expression on tumor cells from
a digested MCL1-PDX. (C) In vitro lytic activity of CIK cells used for in vivo therapy against target cells from
a digested MCL1-PDX measured by a 4-h calcein-AM release assay. (D) Schematic representation of the in
vivo therapeutic schedule. Seven days after subcutaneous (s.c.) injection of 1x10°® MCL1-PDX tumor cells,
mice were either left untreated (n=11) or injected daily intravenous (i.v.) for 7 days with OBI only (n=12), or
1x107 CIK cells in combination with an irrelevant antibody (CIK+Iso, n=11) or Obinutuzumab (CIK+OBI,
n=11). (E) Tumor growth was monitored by caliper measurement at different time points and reported
individually for each experimental group. (F) Time course of tumor growth presented as mean = SD for each
experimental group. Data were analyzed by Multiple t-test (P<0.05 =*). (G) Kaplan-Meyer survival curves of
PDX-bearing mice. Statistical analysis was performed using the Log-rank (Mantel-Cox) test. (* P<0.05, ***
P<0.001).

The co-administration of CIK cells with OBI results in a highly significant infiltration of
adoptively transferred cells in the tumor mass, compared to the combinatory approach with a

mADb control

Tissue sections from treated mice were stained with CD3/CD56/CD20/DAPI and analyzed by fmIHC
(Fig. 15, A). Samples showed an enhanced immune infiltration when CIK cells were administered in
combination with OBI, as compared with mice treated with CIK+Iso. In particular, mice receiving
CIK+OBI showed a significantly higher density of both CD3" cells (31.91+48.87 cell counts/mm? in
CIK+Iso vs 503+943.7 cell counts/mm? in CIK+OBI (Fig. 15, B); and CD3"CD56" CIK cells
(0.13£0.6 cell counts/mm? in CIK +Iso vs 28.51£52.85 cell counts/mm? in CIK+OBI (Fig. 15, B)
within the tumor mass.

All these and more data have been very recently published in the Journal for Immunotherapy of

Cancer'®.
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Figure 15. Quantification of tumor-infiltrating CD3" precursor and CIK cells by fmIHC. (A)
Representative figure (x20) of FFPE tumor samples collected at the sacrifice of mice, stained with CD3
(green), CD56 (red), CD20 (white), and nuclei (blue), and analyzed by fmIHC. The yellow arrows indicate
CD3+CD56+ cells. (B) Quantification (cell count/mm?2) of tumor-infiltrating immune cells is presented as
median and quartiles of CD3+ and (C) CD3+CD56+ subsets detected in an average of 80 different snaps
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collected from each experimental group (****p<0.0001). CIK, cytokine-induced killer; FFPE, formalin-fixed
and paraffin-embedded; fmIHC, fluorescent multiplex immunohistochemistry; OBI, obinutuzumab.

43



3.3 Objective 111
Combinatory therapy with CIK cells and the mAb TRS or the bsscFv Her2xCD3 in a BiTE-

like format for Her2/neu* breast cancer

The bsscFv Her2xCD3 binds selectively on CD3" effector and Her-2- expressing target cell

lines

To address the combinatorial therapeutic strategy for Her-2/neu” breast cancer, we explored the
feasibility of the synergistic effect between CIK cell cytotoxicity and the clinical-grade mAb TRS or
scalar doses of the bsscFv Her2xCD3. The bsscFv Her2xCD3 in a BiTE-like format was a gift from
Matthias Peipp'>’. The molecule is a result of the fusion between the CD3-directed scFv-fragment
that is C-terminally linked to the Her-2-specific scFv; its design in a BiTE-like format can trigger the
full activation of T cells aside from other co-stimuli'4*1>°,

Firstly, we selected five different human cell lines - HCC1419, T-47D, HCC1569, SK-BR-3, MCF-
7 — known in the literature to express the surface antigen Her-2, whereas the triple-negative breast
cancer (TNBC) MDA-MB-468 cell line was chosen as the negative control. Dot plot and histogram
from flow cytometry analysis shown in figure 16, confirmed that all the tested tumor cell lines highly
expressed Her-2 antigen (83+100%).

We next evaluated the binding property of the bsscFv Her2xCD3 on both CIK cells and Her-2" cell
lines. CIK cells harvested on day 14 for the following functional assays were previously screened for
the expression of CD3, CD56, NKG2D, and CD16a antigens by flow cytometry. After 1 hour of co-
incubation, the CyS5.5 fluorophore-conjugated Her2xCD3 bound to CIK cells in a dose-dependent
manner (0.02+1 pg/mL) (Fig. 16, b) and to cancer cell lines even at very low dose-range (0.1 pg/mL)
(Fig. 16, c).

Then, we demonstrated the simultaneous bispecific binding of Her2xCD3 on both effector CIK and
tumor cells. CIK and HCC1419 or SKBR3 tumor cells respectively labelled with CellTrace CFSE
and CellTrace Violet, were co-cultured with different doses of Her2xCD3 (0.1-5 pg/mL) for 30
minutes. We observed that, at the highest tested dose, the bsscFv Her2xCD3 engaged 16+18,3% of
the double positive CellTrace Violet” and CellTrace CFSE * cell population, compared to the
4,66+8,76% double positive population gated at the lowest dose (Fig. 16, d).
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Figure 16. Her-2 antigen expression on breast cancer cell lines and evaluation of bsscFv Her2xCD3
binding property (a-d). a) Extracellular expression of Her-2 antigen on human breast cancer cell lines.
The expression of Her-2 was assessed by flow cytometry; MDA-MB-468 Her-2" cell line was used as a
negative control. Dot plot and histogram of Her-2 expression are shown for each tested cell line. b-¢) The
bsscFv Her2xCD3 selectively binds on CD3* effector CIK cells and Her-2 * tumor cell lines. CIK and
target cells were incubated independently for 30 minutes with different doses of Cy5.5-fluorophore-conjugated
Her2xCD3, and data were analyzed by flow cytometry (n=3). d) The bsscFv Her2xCD3 simultaneously
engages both CD3* and Her-2" cells. Labeled CIK cells and SK-BR-3 or HCC1419 cancer cells were co-
cultured with increasing doses of Her2xCD3 for 30 minutes on ice. The co-binding between CIK and target
cells mediated by Her2xCD3 was quantified by gating the double-positive CellTrace CFSE-CellTrace Violet
cell population by flow cytometry.

The mAb TRS and the bsscFv Her2xCD3 successfully enhanced CIK cell-killing activity against

several Her-2-expressing breast cancer cell lines in vitro.

We investigated whether the combination of CIK cells with TRS and the bsscFv Her2xCD3
(Her2xCD3-CIK cells) enhanced their basal anti-tumor activity against Her-2" cancer cell lines in a
4-hour Calcein-AM-release assay. The combination of CIK cells with Her2xCD3 achieved a
significant improvement of the antigen-specific CIK cells cytotoxicity against all tested Her-2-
expressing cancer cell lines already at low E/T ratios (6.25:1£12.5:1 for HCC1569, MCF-7, SK-BR-
3, and T-47D) compared to the basal lytic activity of both CIK cells (CIK only) and to the bsAb
isotype control (CIK+Iso) (Fig. 17). Notably, both the HCC1419 and HCC1569 TRS-resistant tumor
cell lines'®!"182 showed to be sensitive to Her2xCD3-CIK cell lytic effect (Fig. 17, Upper line). We
observed that the combination of CIK cells plus TRS was less efficient in terms of tumor cell killing
in a 4-hour assay, compared to the lytic effect of CIK cells with the bsscFv Her2xCD3. However, the
combination of CIK cells with TRS was significant against the SK-BR-3 target cell line (Fig. 17, 50:1
E/T), compared to the basal killing of CIK cells, whereas the 40% of specific lysis of the HCC1569
cell line was achieved when TRS was combined with the CIK cells (Fig. 17, Upper line, 50:1 E/T),
by asserting the advantage of the combinatory therapy. The Her-2-negative breast cancer cell line

MDA-MB-468 was used as a negative control.
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Figure 17. Evaluation of CIK cells killing activity with a 4-hour calcein-AM-release assay. CIK cells
were challenged against Her-2-expressing breast cancer cell lines, whereas the Her-2- - MDA-MB-468 tumor
cell line was tested as a negative control. Lytic activity was assessed by calcein-AM release assay on day 14
of CIK cell culture period (n=6). Results show mean values + SD of the specific lysis at different E:T ratios.
Statistical analysis was performed by 2-way ANOVA test with Bonferroni’s correction. (Comparison between
CIK+Her2xCD3 and CIK cells only: **** P < 0.0001;*** P <0.001; **, P <0.01; *, P <0.05; comparison
between CIK+TRS and CIK cells only: ##, P < 0.01; for MDA-MB-468 only, comparison between CIK+CTX
and CIK only: ++, P = 0.0036, +++, P=0.006, ++++, P<0.0001.)

As in literature it has been reported that bsAbs engaging T cells through CD3 show better-measured
long-term cytotoxicity outcomes'®*, we complemented the 4-hour calcein-AM-release assay results
about the CIK cell killing activity with an impedance analysis of adherent target cells in real-time, by
monitoring cellular events on the extended time course. The Real-Time Cell Analysis (RTCA) allows
for determining whether a smaller number of effector cells is enough to completely lyse adherent
tumor cells, or conversely if tumor cells can proliferate because of incomplete lysis due to an
inefficient anti-tumoral activity of effector cells. We observed that CIK cells combined with

Her2xCD3 showed a rapidly remarkable killing activity against the MCF-7 cell line at 10:1 ratio after
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a 2-hour co-culture (Fig. 18, a-b), reaching the maximum of their lytic effect after 10-hour co-culture
up to 40-hour from onset (Fig. 18, a-b). Nevertheless, the RTCA sensibility was evident when we
challenged a really small number of CIK cells against MCF-7 tumor cells, highlighting the efficacy
of this combinatory approach even at an extremely low E:T ratio (1:1, 0.5:1 ratio) as shown in the
plots ¢ and d in figure 18. Indeed, 10 hours later, the percentage of Her2xCD3-CIK cells mediated
lysis accounted 20+40% at both 1:1 and 0.5:1 ratios, greatly increasing up to 80£90% after 20 hours
total of co-culture (Fig. 18, c-d).

Even though clinical-grade bispecific antibodies offer more advantages in terms of cytotoxic effect
compared to mAbs, some issues such as the high production cost and the risk of CRS persist'**. In
this regard, we aimed to assess the anti-tumor effect of CIK cells combined with Her2xCD3 reducing
the functional concentration of Her2xCD3. The synergistic efficacy of Her2xCD3-CIK cells against
different Her-2" tumor cell lines (10:1 ratio) was confirmed also a very low dose of Her2xCD3
(concentration log10°+10°), notwithstanding the killing activity of CIK cells was directly correlated

with the dose of the bsscFv Her2xCD3 (Fig. 19).
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Figure 18. Assessment of CIK cells cytotoxicity with a long-term Real-Time Cell Analysis (RTCA) assay.
MCF-7 target cells were cultured for approximately 20 hours on an E-plate before the addition of CIK cells
and tested antibodies. The adherent cells impedance indicated as baseline cell index, was determined every 20
minutes over the experimental course and normalized to 1 at the time point 0, following the addition of both
CIK cells and antibodies. The purple (Figure a-b) and green light lines (Figure c-d) represent the MCF-7 cells
lysis induced by CIK cells alone without the addition of any antibody, whereas the violet light and the pink
lines (Figure a-b) represent the tumor cells lysis induced by the presence of the antibodies alone. The red line
in plots a-c represents the basal adhesion of MCF-7 cell lines, whereas the blu line in the plot a represents the
maximum lysis induced by TritonX. The graph shows the average of triplicates with the SD. Figure b and
figure d represent the conversion of the baseline Cell Index in the percentage of specific lysis.

100+
SK-BR-3

o HCC1569
f .~ MCF-7
' - T-47D
N i — —
10719 105 104 10 102 10-! 10°
log[Her2xCD3] (ug/ml)

~]
Ln
1

% Specific lysis
o N
il

Figure 19. The synergistic effect of the combination between Her2xCD3 and CIK cells was confirmed
even at low dose-concentration of Her2xCD3. The percentage of specific lysis was measured by a Calcein-
AM release assay; CIK cells and SK-BR-3, HCC1519, MCF-7, T-47D target cells,10:1 ratio, were co-cultured
with scalar doses (1, 0.2, 0.04, 0.008 pg/mL) of Her2xCD3 for 4 hours.

CIK cells combined with the bsscFv Her2xCD3 retain a safe cytokine profile

Then we evaluated the inflammatory profile of CIK cells, alone or with the tested antibodies, in
response to the MCF-7 target cell line. We also addressed the question of whether the presence of the
bsscFv Her2xCD3 or TRS could negatively impact CIK cell safety in terms of cytokine release;

mainly because the CRS often occurs after the infusion of several antibody-based therapies'®*

. Upon
20-hour co-culture with Her2xCD3-CIK cells and MCF-7 cancer cells (10:1 ratio), we quantified by
flow-cytometry the concentrations of the following secreted cytokines: GM-CSF, IFN-a, IFN-y, IL-
2,1L-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-17A and TNF-a in the cell culture supernatant. We detected

an increase in the concentration (pg/mL), of IFN-, GM-CSF, TNF- a pro-inflammatory cytokines,
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which was strictly correlated with the bsscFv Her2xCD3 dosage (Fig. 20, 1°-4" line). Furthermore,

the concentration of released IL-2 was constant among the tested conditions and we did not detect the

production of I[L-12 and IL-17a pro-inflammatory cytokines, much less of IL-4, IL-9, and IL-10 anti-

inflammatory cytokines. Importantly, CIK cells seemed to retain a safe cytokine profile despite the

sudden rise in T cell activation mediated by both Her2xCD3 and TRS as demonstrated by the increase

in tumor cells lysis in (Fig. 18, A-D), compared to the action of both the engineered antibodies on

their own. In this regard, we observed that the pleiotropic cytokines IL-6 and IL-5 mainly associated

with the CRS'¥*185 were secreted at very low concentrations (pg/mL) after co-culture of Her2xCD3-
CIK cells with target cells (Fig. 20, 2"-3™ line).
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Figure 20. The combination of CIK cells with the bsscFv Her2xCD3 does not impact negatively the safety
of CIK cells. Secreted GM-CSF, IFN-a, [FN-y, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17A, and
TNF-a were quantified in the 20-hour co-culture supernatant between CIK and MCF-7 cells (10:1 ratio) with
MACSPIlex Cytokine 12 Kit, human (Miltenyi Biotec, Germany) according to the manual instructions.

Statistical analysis was carried out by comparing all the tested concentrations of Her2xCD3 with the TRS
(Mean£SD n=3; **** P <0.0001;*** P <0.001; ** P <0.01).

In vivo biodistribution of Her2xCD3 and MCF-7/Luc xenograft breast cancer mouse model

To assess successively the in vivo efficacy of the proposal combinate therapy Her2xCD3-CIK cells,
we evaluated firstly the in vivo biodistribution of the bsscFv Her2xCD3 in a NOD/SCID common vy
chain knockout (NSG) mouse model. Cy5.5 fluorophore-conjugated Her2xCD3 injected
intraperitoneally in MCF-7 xenograft mice reached efficiently the tumor site, picking the maximum

concentration (8x10°ph/sec) after 8 hours post-injection (Fig 21).

Next, we establish a metastatic MCF-7/Luc-bearing mouse model to refine the scheduled therapy.
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These data have been shown in a poster format at ESMO, ITOC, and NIBIT congress, which took

place respectively in Berlin, Munich, and Padua in 2022.
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3.4 Objective IV

The tumor microenvironment of a breast-cancer mouse model

To further gain insight into the trafficking and the infiltration of transferred cells in vivo in the BC
mouse models developed in our laboratory, we established a collaboration with the laboratory of
Doctor Emmanuel Donnadieu at the Cochin Institute in Paris since they recently developed an ex vivo

slice assay!’>:!1%

which perfectly mimics an adoptive cell transfer experiment. In the slice assay,
fluorescently labelled T effector cells are placed ex vivo in a fresh agarose-embedded thick-tissue
slice and imaged in real-time with a high-resolution spinning disk confocal microscope equipped with
a temperature-controlled chamber and a perfusion system "% Qverall, this technique results be
easily customizable for the study of both transferred and resident cells, in real-time or in situ, and in
fresh or fixed tissue slices (Fig. 6). The research team with whom I have worked focuses on the
cooperation between the innate and adaptive immune system during the regression of a transplanted
polyoma middle T antigen (Tp-PyMT) mammary tumor model, after treatment with the 5,6-
dimethylxanthenone-4-acetic acid (DMXAA), a stimulator of interferon genes (STING)
agonist!8”188  As the cellular balance occurring between macrophages, monocytes, and CD8" T cells
seems to play a pivotal role during the tumor regression phase, they are currently exploring the spatial
interactions taking place in the tumor niche looking for insights into whether this favourable cellular
crosstalk can be retained '*°. As well, their purpose is to investigate the three-dimensional structure
of the TME, renowned for negatively influencing breast cancer progression and clinical

outcomes 7191

. To learn more about imaging techniques and practice for optimal microscopy
utilization, I was trained on their ongoing projects looking for suitable immune markers to stain and
identify cell populations in tumor samples. Such cellular interactions were imaged in situ by the tumor
slice imaging technique'®> combined with high-resolution spinning disk laser confocal microscopy
(SDCLM), and the tumor structure, mainly in terms of the stiffness of extracellular matrix (ECM)

collagen, was investigated by the Second Harmonic Generation (SHG) microscopy.
Study of in situ spatial cellular interactions by using tumor slice imaging

Agarose-embedded slices from PLP-fixed Tp-PyMT-tumor samples were obtained with a vibratome
and a thickness of 350 um was set to preserve entirely the three-dimensional structure of the tissue.
Tumor slices were stained with different combinations of fluorophore-conjugated antibodies looking
for the potential cellular interactions occurring between T cells and macrophages/monocytes, and
their spatial distribution within stroma and tumor islets. For each staining panel, the marker

combination was evaluated for at least four antigens. The tumor slice in figure 22 was stained for
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CD8, CD4, F480, and EpCam, representing the spatial localization of F480-polarized macrophages,
CD8", and CD4" T cells in EpCam-expressing tumors. Tumor slices in figure 22 were stained for
CDS8, CD103, F480, and EpCam (Fig. 23, a), and for CDS8, Fibronectin, F480, and EpCam (Fig. 23,
b) showing, respectively, the spatial distribution of F480" macrophages, CD103" DCs, and CD8" T
cells in EpCam” tumor (Fig. 23, a), and the spatial distribution of F480" macrophages and CD8" T
cells within the fibronectin-labelled stroma and EpCam" tumor islets (Fig. 23, b). Furthermore, to
check the expression of the immune-checkpoint PD-1 on both F480" macrophages and CD8" T cells
in a border section of a Tp-PyMT tumor, tumor slices were stained for CDS, F480, gp38, and PD-1
(Fig. 24, a). Whereas the spatial distribution of CD11b" macrophages, CCR2" monocytes, and CD8"
T cells within EpCam™ tumor islets was evaluated by staining tumor samples for CD8, CD11b, CCR2,
and EpCam (Fig. 24, b). Imaging of such thick-tumor slices was carried out in the IMAG’IC facility
at the Cochin Institute by using an inverted spinning disk confocal laser microscope, thoroughly
described in the Material and method session. Samples were imaged at 20x or 60x magnification and
acquired along the z-axis, to collect entirely the three-dimensional structure of the tick tissue. Z-
stacked images were then analyzed in a two-dimensional visualization, by compressing the z
information into a single plane with the maximum intensity Z projection performed with Image]
software. Indeed, spinning disk confocal laser microscopy (SDCLM) lets the optical sectioning of 3D
samples in 2D slices, ensuring high-resolution and high-efficiency imaging, as emphasized by the
high-quality image acquired at 60x magnification in figure 23, b. Overall, among the several reasons
better argued in the discussion, SDCLM presents many advantages over both conventional widefield
optical microscopy and confocal laser scanning microscopy (CLSM), not only concerning real-time

live imaging.
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F480 CD4

Figure 22. Spatial distribution of F480-expressing macrophages, CD8" and CD4" T cells in EpCam™
tumor slices of a Tp-PyMT mouse model. Representative snaps of fixed Tp-PyMT tumor samples stained
for CDS (red), CD4 (white), F480 (green), EpCam (blue). Samples were imaged with [Xplore spin microscope,
a) 20x magnification, b) 60x magnification. Scale bar, 200 pm. Maximum intensity Z projection visualization.
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EpCam

Figure 23. a) Spatial distribution of F480-expressing macrophages, CD103* DCs, and CD8"* T cells in
EpCam™ tumor of a Tp-PyMT mouse model. Representative snaps of fixed Tp-PyMT tumor samples stained
for CD8 (red), CD103 (white), F480 (green), EpCam (blue). Samples were imaged with [Xplore spin
microscope, 20x magnification, Scale bar, 20 um. b) Spatial distribution of F480-expressing macrophages
and CD8" T cells within stroma and tumor islets of a Tp-PyMT mouse model. Representative snaps of
fixed Tp-PyMT tumor samples stained for CD8 (red), Fibronectin (green), F480 (yellow), EpCam (cyan).
Samples were imaged with [Xplore spin microscope, 20x magnification, Scale bar, 100 um. Maximum
intensity Z projection visualization.
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gp38 F480 ! - 7% CD11b CCR2E

Figure 24. a) PD-1 expression in F480-expressing macrophages and CD8" T cells in a border section of
a Tp-PyMT mouse model. Representative snaps of fixed Tp-PyMT tumor samples stained for CD8 (red),
F480 (green), gp38 (white), PD-1 (blue). Samples were imaged with [Xplore spin microscope, 20x
magnification, Scale bar, 50 um. b) Spatial distribution of CD11b* macrophages, CCR2* monocytes, and
CDS8" T cells within EpCam™ tumor islets of a Tp-PyMT mouse model. Representative snaps of fixed Tp-
PyMT tumor samples stained for CD8 (red), CD11b (white), CCR2 (yellow), EpCam (cyan). Samples were
imaged with [Xplore spin microscope, 20x magnification, Scale bar, 50 pm. Maximum intensity Z projection

visualization.
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Characterization of stiffness of extracellular matrix (ECM) collagen by Second Harmonic

Generation (SHG) microscopy

Considering the pivotal role played by the tumor ECM in breast tumors and the association between

higher deposition of collagen and worse prognosis!’>!73193

, we took advantage of the second
harmonic generation (SHG) microscopy to investigate the ECM collagen stiffness and density in4T1-
breast cancer mouse model. Fibrillar collagen can produce an intrinsic optical signal literally called a
second-harmonic generation. This nonlinear optical process occurs when two photons scatter off a
noncentrosymmetric material - such as a collagen fibre- producing a single photon with exactly twice
the energy of the initial photons!”’ (Fig.8). For each mouse, 15 um-tick FFPE tissue slides
representative of three different tumor sections were analyzed to reconstruct tissue heterogeneity (Fig.
25). Samples were imaged with a 2-photon Leica SP8 DIVE FLIM microscope with a 25x immersion
objective. Figure 25 shows four representative snaps of the collagen fibre organization in the tumor
mass of a 4T 1 breast cancer mouse model. ECM presents an arranged and densely collagen matrix in
which such fibres have a more and less aligned orientation, depending on the tumor section (Fig. 25).
Collagen fibres producing significant detectable SHG signals have been identified as pathways

promoting tumor cell locomotion'”!

. This biased movement along collagen fibres positively correlates
with increased metastatic behaviour. Thus, the extent of metastasis and the collagen structure were
evaluated in the lungs of 4T1- breast cancer mice (Fig.26). 15 um-tick FFPE lung slides were imaged
with a 2-photon Leica SP8 DIVE FLIM microscope with a 25x immersion objective. SHG on the
injured lungs of 4T1-bearing mice reveals dense and packed collagen fibre indicating pulmonary
fibrosis (Fig. 26, a - yellow dashed line on the left), well differentiable from structural collagen
maintaining the lung epithelium architecture (Fig. 26, b - yellow line on the right). Furthermore, the
advanced stage and the disease aggressiveness were sustained by the tumor mass fully enriched in
collagen shown at the bottom panel of figure 25 representing a large metastasis (Fig. 26, b). Therefore,

SHG microscopy may provide relevant information concerning the tumor three-dimensional

structure, serving as a tool for a more complete understanding of BC progression.
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Figure 25. Orientation and linearization of collagen fibers in the tumor bulk of a 4T1 breast-cancer
mouse model by second-harmonic generation (SHG). a,b) Representative images of thick and densely
packed collagen fibers in 4T1-breast cancer. SHG (white). Samples were imaged with 2-photon Leica SP8
DIVE FLIM microscope, 25x magnification. Scale bar 200 um.
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Figure 26. Second-harmonic generation (SHG) images of a metastatic lung of a 4T1 breast-cancer mouse
model. a) The yellow dashed line on the left represents pulmonary fibrosis as indicated by the huge amount of
collagen fibers. The yellow line on the right represents structural collagen maintaining the lung epithelium
architecture. b) The yellow dashed line represents a tumor mass fully enriched in collagen. Two-photon-
excited fluorescence microscopy (TPEF) (blue), and SHG (red). Samples were imaged with 2-photon Leica
SP8 DIVE FLIM microscope, 25x magnification. Scale bar 200 pm.
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4. Discussion

CIK cells represent an attractive approach for cell-based immunotherapy, as they are easy to obtain
in vitro and they do not require genetic engineering procedures or additional modifications before
infusion into patients'**!*>. However, CD19 CAR-T is currently considered the most advanced T-cell
therapy in the clinical setting, demonstrating unprecedented efficacy*®!°%!°7. Nonetheless, the
patient's eligibility for CAR-T cell therapy is based on numerous exclusion criteria such as previous
treatments, comorbidities, conserved renal and hepatic function, absence of central nervous system
localization, and as well as adequate absolute lymphocyte count!*®. One particularly important point
is that successful CAR-T cell manufacturing requires a considerable number of functional T cells, but
prior treatments with lympho-toxic agents — such as chemotherapy drugs - may have a relevant impact
on T cell function. Given these several reasons, a remarkable percentage of patients can not be eligible
for CAR-T therapy, missing any further treatment perspective'*’. To overcome the first issues related
to the huge amount of cells required in the clinical setting to treat cancer patients, we set up a serum-
free protocol using the G-Rex® devices to expand CIK cells from peripheral blood by using X-VIVO
10 serum-free medium and clinical-grade cytokines. Such protocol led to CIK cell expansion in large
numbers, with a minimal need for technical interventions, thus reducing the time and risks associated
with culture manipulation. In line with the discovery that the successful clinical response of ACT
products has been correlated with the percentage of naive cells within the cell product®**>*’!, we found
that CIK cells cultured under G-Rex6-6M protocol showed a more naive phenotype, compared to
CIK cells expanded with the conventional protocol. Indeed, CIK cells generated in conventional
tissue culture flasks with FBS present a fully terminally differentiated (TEMRA) phenotype, defined
by the expression of the following markers CD45RA*, CCR7*, CD62L low, CD11a", CD27*, CD28,
MIPla*, perforin®, FAS ligand*>. Interestingly, starting from just 2.5x10° cells, almost 5x10°® cells
are available in two weeks with the G-Rex6-6M protocol, meaning that even a small volume of
peripheral blood can provide a sufficient amount of cells to repeatedly treat a 70 kg patient®%%,
Moreover, the CIK cell expansion protocol results to be linear scale-up by using more capacious
devices, namely G-Rex100M, without altering CIK cell phenotype and functionality. CIK cell
expansions with the optimized protocol employing G-Rex devices is easier compared to CAR-T cell
expansion, as it does not handle genetic engineering procedures, which are subjected to additional
regulatory issues from medicinal agencies. Hence, the G-Rex system represents a valid chance for
patients with inadequate absolute lymphocyte count, who are not eligible for CAR-T therapy'®.
Additionally, the production of effector cells for ACT from these patients is challenging because

blood samples often contain contaminant tumor cells and very few percentages of CD3" T cells. To
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obtain CIK cells from hematological patients, we optimized the previously described culture protocol
by adding the bsAb CD3xCD19 Blina (BL-CIK protocol) to eliminate the malignant CD19" cells '7°.
In the BL-CIK protocol, a single addition of Blina at the beginning of the expansion led to the
concomitant expansion of CIK cells and the elimination of the malignant B cell fraction. Indeed, the

elimination of residual malignant cells endowed with inhibitory and suppressive effects?%3-20°

might
promote CIK cell expansion and fitness, thus increasing the treatment safety.

The BL-CIK protocol produced fully functional CD3" and CD3"CD56" cellular subsets, with a higher
proportion of naive cells that might positively impact the efficacy of the therapy. Notably, such cells
exhibited also an increased expression of CD27, known to be involved in the in vivo cell survival
after adoptive transfer, and in the generation and long-term maintenance of T cell immune responses
206 Overall, the Blina-based culture protocol allowed the expansion of functional CIK cells from all
the patients, irrespective of the type of the underlying disease, and the generation of clinically relevant
numbers of effector cells even starting from small volumes of peripheral blood, with extremely poor
CD3" counts. In the view of a GMP translation, we argue that this protocol significantly reduces the
number of culture manipulations and the time required to obtain a cell product free from residual
tumor cells and ready to be administered, without the need for any immunomagnetic selection or
depletion procedure.

Taking into account the renowned benefits in the production and manufacturing of CIK over CAR-T
cells, we propose a novel combinatory therapeutic approach to offer an alternative strategy to treat
patients with both solid and haematological malignancies. Indeed, we provided evidence that CIK
cell anti-tumor activity can be further fostered both by the engagement of the CD16a receptor by
tumor antigen-specific mAbs, leading to enhanced ADCC-mediated cytotoxicity’'*°, and by the
combination with a CD3-bsAb. We exploited this therapeutic approach with CIK cells in the context
of B-cell haematological cancers focusing on CD20-expressing malignancies, by combining CIK
cells with two clinical-grade anti-CD20 mAbs, RTX or OBI. CIK cells showed a strong improvement
in the lytic activity that was always more pronounced with OBI, consistently with the higher affinity
for CD16a of its glycoengineered Fc domain, compared to RTX 2!, Overall, in vitro results were well
supported in vivo in an aggressive PDX mouse model derived from a refractory/relapsed patient since
the CIK+OBI combination restrained tumor growth and prolonged mice survival. Thus, our data
encourage the clinical application of CIK cells combined with mAbs already in clinical use for the
treatment of B-cell malignancies. The success achieved concerning the haematological setting led us
to further exploit the versatility of the combinatorial therapeutic strategy in solid tumors. Despite the

paramount progress obtained from ACT in hematological cancers, several issues still hinder its
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success for solid tumors — such as the difficulties in selecting the appropriate target, addressing T
cells to the tumor and/or metastases, and reducing the risk of toxicities—. Considering the
aggressiveness, younger onset, and poor prognosis, we decided to focus on Her-2/neu’ breast cancer
addressing the anti-tumor activity of CIK cells with the clinical grade mAb TRS and the bsscFv
Her2xCD3 antibody. To date, in addition to other chemotherapeutic agents, the neo-adjuvant therapy
with the mAb TRS is the standard treatment available for both early and metastatic Her-2-expressing

BC. However, apart from the severe TRS cardiotoxicity>"’

, clinical data report that the efficacy of
TRS fails within one year of treatment initiation since the majority of patients with metastatic BC
become resistant, or they still relapse despite TRS-based therapy'*. In this thesis work, we show that
the described TRS resistance in Her-2" breast cancers can be overcome by combing the anti-tumor
activity of CIK cells with TRS or with Her2xCD3 antibody. The bsscFv Her2xCD3 antibody in a
BiTe-like format was designed from the fusion between the variable domains of two distinct
monoclonal antibodies, the anti-CD3 specific single-chain, and the target Her-2 single-chain

190" As evidenced by flow cytometry, the Her2xCD3 antibody retains the antigen-

antibody
specificities of the parental antibodies, binding specifically to CD3-expressing T cells and Her-2"
target cell lines. In terms of lytic activity in vitro, the combination of CIK cells with Her2xCD3 was
significantly efficient in the killing of all tested Her-2-expressing cancer cell lines, over the
combination of CIK cells with TRS. As a matter of fact, TRS-resistant tumor cell lines HCC1419 and
HCC1569'8:182 showed to be sensitive to the Her2xCD3-CIK cell lytic effect. Emerging data show
that sera from TRS-refractory patients are enriched with high levels of the inflammatory protein
chitinase 3-like 1 (CHI3L1) compared with sera from responders and healthy controls?%%2%
Mechanistically, CHI3L1 impairs the correct polarization of the microtubule-organizing centre
(MTOC) along with the lytic granules to the immune synapse, hence preventing the granule
polarization downstream of NK cell signalling. Rescigno and colleagues demonstrated, both in vitro
and in vivo, that recombinant CHI3L1 inhibits both ADCC and innate NK cell cytotoxicity, while the
CHI3L1 blockade synergizes with ADCC to cure Her-2-xenografts mice?®®. This could explain
whether cell lines endogenously expressing high levels of human CHI3L1, such as the mentioned

above HCC1569 and HCC1419, are not or are non-completely sensitive to TRS activity!'®?

, contrary
to the strong and efficient lytic effect achieved by CIK cells combined with Her2xCD3. However,
the lysis of the HCC1569 cell line observed when the activity of TRS was combined with the anti-
tumor effect of CIK cells emphasizes the therapeutic advantage of the combinatory approach. The
remarkable enhancement of CIK cell cytotoxicity mediated by the bsscFv Her2xCD3 was evident

even at an extremely low E/T ratio, already after a 2-hour co-culture with Her-2" target cells.
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Importantly, we detected an increased secretion of IFN-y, GM-CSF, TNF- a pro-inflammatory
cytokines that was proportionally higher with the dosage of the Her2xCD3 antibody. Even though it
is known that the hypersecretion of these cytokines by effector T cells may lead to clinically
significant collateral damage activating bystander cells such as macrophages, neutrophils, or NK

184

cells'®*, we demonstrated that the combinatory tool Her2xCD3-CIK cells was efficient even at

extremely low doses of Her2xCD3. Moreover, considering that the polyclonal activation of T cells

t'%4 we did not

mediated by the CD3-bsscFv may trigger a cytokine storm as an undesirable side effec
detect any increase in the concentration of CRS-associated cytokines — such as IL-5 and IL-6 — after
the co-culture with Her2xCD3-CIK cells and target cells. Herein, we show that the treatment of Her-
2-expressing breast tumors with CIK cells and the bsscFv Her2xCD3 antibody could represent a
promising approach to prevent treatment resistance and increase the number of responders.
Nonetheless, ongoing in vivo experiments on a subcutaneous PDX model of Her-2" -primary tumor
and an MCF-7- xenograft mouse model, endowed with the capacity to establish lung metastases, will
provide a growing body of evidence about the functionality and efficacy of Her2xCD3-CIK cells
combinatory therapy against both primary and metastatic Her-2" BC. Moreover, even though the
safety of both CIK cells and bispecific antibodies is already validated in several clinical trials, the
usage of a very low dosage of bsAbs to enhance CIK cell anti-tumor activity could minimize the

possibility of side effects. This important issue can be assessed in vivo by employing humanized mice

with a human immune system that is able to mimic what happens during a CRS.

Emerging data highlight that the composition of the microenvironment of Her-2-expressing tumors
plays a crucial role in determining the sensitivity to Her-2-targeted therapies'*®!>. Considering the
high complexity and heterogeneity of the TME in solid cancers, it is important to notice that, in
preclinical studies in vivo, the employment of immunodeficient animal models (e.g., NOD/SCID,
RAG2/yc/ partially or completely lympho-ablated) may overlooking TME impact on
immunotherapy outcomes >!°. The development of PDX models, with an intact ECM architecture and
stromal component, represents a powerful tool to predict the efficacy of cancer therapeutics .
However, these models lack immune cells and are not unsuitable to study the human tumor immune
microenvironment. Conversely, the use of immunocompetent mouse models allows the study of the
complex multicellular interactions between adoptively transferred cells and the TME niche as a
whole, but they are unable to fully recapitulate the human tumor microenvironment.

Over the last decades, advances in 3D cultures in vitro are providing new models for translating basic

knowledge into novel treatments for cancer. Several in vitro systems have been developed to
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investigate cellular trafficking and infiltration of effector cells in solid tumors, for example, tumor
spheroids, organoids, 3D bio-printing, microfluidics, and scaffold-based approaches!!. Even though
such systems mimic the structure of native tissue, they lack other important cellular and soluble
factors. In this regard, the ex vivo imaging technique on fresh slices from explanted tumor tissue
represents a promising tool that preserves the tissue 3D architecture, the pathway activity, and the
complexity of the multicellular TME, representing a good compromise between co-culture studies
and animal models'®%!°2, Indeed, such ex vivo imaging technique could mimic in real-time an
adoptive cell transfer experiment, allowing the identification of extracellular factors involved in T
cell motility or the follow-up of T cell trafficking in fresh tumor slices. In recent years, this technique
has been successfully employed for the study in real-time of cellular interplay taking place in the
TME or for the investigation of molecular mechanisms - such as - the measurement of Ca** responses
in thymocytes and T cells upon antigen recognition 22, To gain insight into the trafficking and the
infiltration of transferred cells in our experiment, we started a collaboration with the laboratory of Dr.
E. Donnadieu at the Cochin Institute since they recently optimized the ex vivo slice assay!8®!1%,
Representative data shown in this thesis work sustain that the technique is easily customizable for the
study of the crosstalk and spatial interactions occurring between several immune populations in the
TME on fixed tissue slices. Overall, the possibility to combine the tumor slice assay with the high-
resolution SDCLM significantly improves the data outcome. Indeed, in conventional widefield
optical microscopy, the ability to capture fine detail above the out-of-focus signal becomes
increasingly challenging as the sample increases in thickness. Especially, this occurs because the
specimen is bathed in the light used to excite fluorophores, thus the fluorescence emitted by the
specimen outside the focal plane of the objective interferes with the resolution of in-focus features.
Conversely, in CLSM the sample is illuminated by a single point of light from a laser through the use
of a pinhole. The laser beam is scanned point by point in a raster pattern and the signal is detected
sequentially from each point by a photomultiplier tube (PMTs) until an entire image is created. Even
though this technique generates high-quality images, the disadvantage is the very slow speed and the
considerable photobleaching and photodamage caused by the poor efficiency of the PTMs used to
detect light, whose quantum efficiency (the probability of converting a photon to an electron) is rather
low - typically 30-40%"3. SDCLM overcomes CLSM limitations by exploiting the multiplex
principle and it is now considered the gold standard method to image samples with a small to medium
thickness. Indeed, in SDCLM the sample is simultaneously illuminated by thousands of light spots
since each microlens presents an associated pinhole laterally co-aligned on a second pinhole disk

(Fig. 8) allowing the collection of more than three hundred frames per second. Furthermore, the
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multiple-time point-by-point illumination with a lower amount of photons/time results in reduced
photobleaching and photodamage, making SDCLM more suitable for 3-dimensional imaging of live

CCHS214’215.

Concerning solid cancer, it is also noteworthy to mention the impact of non-cellular components in
determining tumor fate. Relative to the healthy breast, in BC changes in the overall organization of
the extracellular-matrix, generate a dense physical barrier and an increased interstitial pressure
(Fig.4), resulting in aberrant signalling and directly impacting drug delivery and therapy
efficacy'>*!0. The most well-recognized ECM alteration occurring inside the tumor is the increased
collagen deposition '®171% Ag collagen is the most regulator of the biophysical and biochemical
properties of TME, it impacts cancer cell polarity, migration, and signaling'®”~!"°, and in BC higher
deposition of collagen correlates with worse prognosis!’>!7>193 Interestingly, fibrillar collagen can
produce an intrinsic optical signal literally called a second-harmonic generation. To further
investigate the tumor structure - in terms of the stiffness of ECM collagen - in the in vivo BC-mouse
models, we took advantage of a label-free SHG microscopy. SHG microscopy is based on the
nonlinear optical process occurring when two photons scatter off a noncentrosymmetric material -
such as a collagen fibre- and produce a single photon with exactly twice the energy of the initial
photons'””. Such phenomenon arises out of the noncentrosymmetric assembly of these two photons,
therefore called “harmonophores”, in a permanent dipole moment!’®!”7 Representative images here
reported about SHG signal in the tumor bulk of a 4T1-bearing-mouse show an arranged and densely
collagen matrix in which collagen fibres present a more and less aligned orientation. Otherwise, the
SHG signal in the injured lungs of 4T1-bearing mice allows to well visualize and distinguish
structural collagen maintaining the lung epithelium architecture from the fibrotic area and the tumor
mass fully enriched in collagen. Thus, SHG microscopy can provide information about both the
individual collagen fiber orientation and the overall organization of tumor ECM. Therefore, the
collagen score measurement and the study of collagen fiber orientation!”! by SHG microscopy could

represent a prognostic indicator for cancer progression, having a crucial impact in clinical advances.

In the present study, we introduce CIK cells combined with clinical-grade monoclonal and bispecific
antibodies as a potential pharmacological tool for cancer immunotherapy over other cellular therapies
for a broad spectrum of cancer types. Herein, we provide preliminary evidence that the Her2xCD3-
CIK cell combinatory strategy can be considered a valuable therapeutic solution for Her-2"-breast
cancer overcoming treatment resistance, thus increasing the number of responders. We are currently

working on two in vivo Her2"-mouse models to validate the functionality and efficacy of Her2xCD3-
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CIK cell therapy against both primary and metastatic Her-2" BC. With the purpose to contribute to
the progress of ACT in the context of solid cancers, the future perspectives of this study aim to gain
insight into the trafficking and the survival of adoptively transferred CIK cells in vivo and to
investigate how CIK cell interact with the other immune cell populations present in the TME to

decipher potential inhibitor factors that could negatively impact CIK cell-killing activity.
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5. Table and abbreviation

5.1 Table
Day 0 Day 14
Total Total BL-CIK CIK
numbe numb Number Number
Blood rof erof  Seede of cells Hypothetic of cells Hypothetic
wce volum PBM CD3* d harvest fold al yield of harvest Jfold al yield of
. (x10°/ e Cs cells cells ed increa cells ed increa cells
Patient

State L (mL) x10°)  (x10°)  (x109) (x10°) se (x109° (x10°%) se (x10%)°

CLL1 ’61‘;’”‘3 fresh 493 18 91.0 72 5 67.4 13.5 1226.7 32 6.4 582.4
CLL2 ’“’2”‘“’ fresh 5.2 15 42.0 13 5 103.5 207 869.4 5.9 12 49.6
CLL3  naive  fresh 507 15 3300 29 5 84.1 8.4 27753 55 1.5 4785
CLL4  naive  fresh 612 18 4200 08 5 29.6 14.8 6216.0 7.9 3.7 1541.4
MCL1  naive thzwe 3363 18 O 280' 5.0 5 59.1 1.8 37824.0 1.1 02 704.0
MCL2 "ezjl’”e fresh  23.6 15 3220 22 5 13.7 2.7 882.3 35 0.7 225.4
SMIZL naive thzwe 27.0 18 5900 05 5 1263 253 14903.4 142 2.8 1675.6
SMZZL "612”“ fresh  24.1 18 3000 33 5 33.2 6.6 1992.0 20.6 4.1 1236.0

B- relapse

ALL . fresh  23.0 15 1000 147 5 16.6 33 332.0 10.1 2.0 202.0
mean 66.7 167 5994 42 59.3 11.9 7446.8 112 2.5 743.9

SD 1026 1.6 9908 45 39.7 7.6 12283.8 9.8 2.0 600.9

media 270 180 3220 29 59.1 11.8 1992.0 7.9 2.0 582.4

n

“Yield calculated considering the total number of PBMCs obtained from the sample.

Table 1: Yields of CIK cell expansion from PBMCs obtained from B-cell lymphoma patients.

% CD3" % CD19 % CD20* % CD3"CD56"
Daz Day 14 Day 0 Day 14 Daz Day 14 Day 0 Day 14

: BL- BL- BL- BL-
Patient CIK CIK CIK CIK CIK CIK CIK CIK
CLLL 147 962 935 658 0.0 12 1.2 0.0 0.0 nd 55.9 60.6
CLL2Z 150 990 87.9 550 0.0 0.0 513 0.0 0.0 8.0 82.1 14.9
CLL3 g 99.2 881 626 0.0 106 677 0.0 13.4 04 40.6 15.2
CLI4 4 94.4 91.3 36.0 13 22 21.8 0.7 27 nd 23.6 26.7
MCL1 5 100 597 913 0.0 123 916 0.0 3.1 0 35.1 9.7
MCL2 4, 94,2 713 300 0.0 14 300 00 0.1 04 75.3 51.0
SMZL

1 18 97.6 84.1 90.9 0.0 26 90.9 2.0 13.3 0 63 13.9
SMZL

2 135 983 956 383 0.0 0.6 37.6 00 0.4 nd 53.1 57.4
B-ALL 4358 973 94.4 6.4 0.0 0.0 7.0 0.0 0.0 5.7 35.6 37.4
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mean 15.2

SD 19.8

median 93

97.4 85.1 52.9 0.1 3.4 455 0.3 3.7
2.1 12.0 28.2 0.4 4.7 32.1 0.7 5.6
97.6 88.1 55.0 0.0 1.4 37.6 0.0 0.4

Table 2: Phenotype of CIK cell culture.

5.2 Abbreviation

ACT Adoptive Cell Therapy

ADCs Antibody Drug Conjugates

ADCC Antibody-Dependent Cellular Cytotoxicity
a-GalCer a-galactosylceramide

APCs Antigen Presenting Cells

B-ALL B-cell Acute Lymphoblastic Leukemia
BC Breast Cancer

BiTe Bispecific T cell engager

Blina Blinatumumab

bsAb/ bsAbs  bispecific Antibody/ bispecific Antibodies
bsscFv bispecific single-chain Fragment variable
CAFs Cancer Associated Fibroblasts
calcein-AM calcein-AcetoxyMethyl

CAR Chimeric Antigen Receptor

CD Cluster of Differentiation

CHI3L Chitinase-3-like protein 1

CIK Cytokine-Induced Killer

CLL Chronic Lymphocytic Leukemia

CM Central Memory

CLSM Confocal Laser Scanner Microscopy

CTL Cytotoxic T Lymphocyte

CTX Cetuximab
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DCs Dendritic Cell

DMXAA 5,6-dimethylxanthenone-4-acetic acid
ECM ExtraCellular Matrix

EGFR Epidermal Growth Factor Receptor

EM Effector Memory

EMA European Medicines Agency

EMRA Effector Memory RA™

ER Estrogen Receptor

E:T ratio Effector to Target ratio

FAK Focal Adhesion Kinase

FBS Fetal Bovine Serum

Fc Antibody Fragment Crystallizable Region
FDA Food and Drug Administration

FFPE Formalin-Fixed Paraffin Embedded
fmIHC fluorescent multiplex Immuno Histochemistry
GMP Good Manufacturing Practices

G-Rex Gas-permeable Rapid expansion

GvHD Graft versus Host Disease

HER Human Epidermal growth factor Receptor
HIER Heat Induced Epitope Retrival

HLA Human Leukocyte Antigen

HRP HorseRadish Peroxidase

IFN-y Interferon-y

Ig Immunoglobulin

IgG Immunoglobulin G

[HC immunohistochemistry

IL-2 Interleukin-2

IL-6 Interleukin-6

IL-12 Interleukin-12
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IL-15
Iso

it.

1Lv.
LAK
LFA
LFA-1
LFA-3
LIF
mAb/mAbs
MAPK
MCL
MFI
MHC
N

neu
NF-xB
NHL
NK
NKG2D
NK-T
NSG
OBI
oS
OVs
PBMCs
PDX
PI3K
PLP
PMTs

Interleukin-15
Isotype control antibody
intratumor
intravenous
Lymphokine-Activated Killer
Lymphocyte Function-associated Antigen
Lymphocyte Function-associated Antigen-1
Lymphocyte Function-associated Antigen-3
Leukemia Inhibitory Factor
monoclonal Antibody/ monoclonal Antibodies
Mitogen-Activated Protein Kinase
Mantle Cell Lymphoma
Mean Fluorescent Intensity
Major Histocompatibility Complex
Naive

neuregulin

Nuclear Factor kappa-light-chain-enhancer of activated B cells

Non-Hodgkin Lymphoma

Natural Killer

Natural-Killer group 2 member D

Natural Killer T

NOD/SCID common y chain knockout
Obinutuzumab

Overall Survival

Oncolytic Viruses

Peripheral Blood Mononuclear Cells
Patient-Derived Xenograft
PhosphatidylInositol 3-Kinase
periodate-lysine-paraformaldehyde

Photomultiplier Tubes
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PR
thIFNy
rh IL-2
RPMI
RTCA
RTX
s.C.
scFv
SD
SDCLM
SHG
STING
TACSs
TCR
TILs
Tp-PyMT
TME
TNBC
TNF-a
TPEF
Treg
WHO

Progesteron Receptor
recombinant human Interferon-y
recombinant human Interleukin-2
Roswell Park Memorial Institute
Real-Time Cell Analysis
Rituximab

subcutaneous

single chain Fragment variable

standard Deviation

Spinning Disk Confocal Laser Microscopy

Second Harmonic Generation
STimulator of INterferon genes

Tumor Associated Collagen Signatures
T-cell Receptor

Tumor Infiltrating Lymphocytes
Transplanted polyoma middle T antigen
Tumor Microenvironment

Triple Negative Breast Cancer

Tumor Necrosis Factor-a

two-photon excitation microscopy
regulatory T

World Health Organisation
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