Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1979

Preclinical tumor-immune modeling

For the identification of immunomodulatory drugs

TOVE SELVIN
ACTA UNIVERSITATIS ISSN 1651-6206
UPSALIENSIS ISBN 978-91-513-1911-7

2023 urn:nbn:se:uu:diva-513004



Dissertation presented at Uppsala University to be publicly examined in H:Son Holmdahl,
Akademiska Sjukhuset, Dag Hammarskjolds vig 8, Uppsala, Friday, 24 November 2023 at
13:15 for the degree of Doctor of Philosophy (Faculty of Medicine). The examination will be
conducted in English. Faculty examiner: Senior research specialist Brinton Seashore-Ludlow
(Department of Oncology-Pathology, Karolinska Institute and Chemical Biology Consortium
Sweden, Karolinska Institute).

Abstract

Selvin, T. 2023. Preclinical tumor-immune modeling. For the identification of
immunomodulatory drugs. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1979. 54 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1911-7.

For a long time, the field of cancer research was dominated by a tumor cell-centric view.
That, however, changed once it became recognized that medical cancer treatment is largely
influenced by the combined effect exerted on both cancer and immune cells. In this work, we
aimed to develop and apply preclinical model systems for the identification and evaluation of
immunomodulatory anti-cancer agents. In Paper I, we employed single-cell RNA sequencing
(scRNA-seq) to investigate immunological effects of trifluridine (FTD), a nucleoside analogue
used for the treatment of colorectal cancer (CRC). The study revealed that while FTD induces
immunogenic cell death (ICD), it may also attenuate T cell-mediated antitumor responses.
In paper II and III, we developed and applied a phenotypic screening platform based on a
miniaturized tumor-immune model. In paper II, aiming to identify immunological effects of
clinical relevance and provide a reference point for screening novel compound libraries, the
model system was used to assess a broad panel of standard anticancer agents. In paper 11, the
platform was used to screen a drug library containing 1280 small molecule drugs, all approved
by the FDA or other agencies. Using this approach, statins were identified as enhancers of
immune cell-mediated cancer cell killing. Finally, in paper IV, we developed the immuno-
oncology hollow fiber assay (HFA) with the goal of bridging the gap between cell based in vitro
assays and more complex mouse models for evaluation of immuno-oncological agents. The
HFA is an in vivo assay in which semipermeable fibers are filled with cancer cells and implanted
in rodents. We further developed the HFA to incorporate both cancer and immune cells. This
novel assay demonstrated the potential to capture immune-mediated cancer cell killing in vivo
within a matter of days. Collectively, this work provides a research approach for immuno-
oncology drug screening, in vitro validation, and initial in vivo evaluation.
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“If you thought that science was certain?
Well, that is just an error on your part.”

Richard Feynman
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ANXA1 annexin Al

APC antigen presenting cell
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dMMR mismatch repair deficient

ECM extracellular matrix

EGFR epidermal growth factor receptor
VEGF vascular endothelial growth factor
FDA food and drug administration

FTD trifluridine

GFP green fluorescent protein
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ICB immune checkpoint blockade

ICD immunogenic cell death
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Introduction

For a long time, the field of cancer research was dominated by a tumor cell-
centric view. That however changed once it became recognized that the non-
malignant cells in the tumor microenvironment (TME) have a profound im-
pact on tumor biology and treatment response'. The TME-composition varies
between tumor types but generally includes stromal cells, blood vessels, ex-
tracellular matrix (ECM), and immune cells®>. Conventional chemotherapeu-
tics as well as targeted anticancer drugs have been shown to modulate the im-
mune contexture in the TME and thus affect disease outcome”’. As it has be-
come evident that medical cancer treatment is largely influenced by the com-
bined effect exerted on both cancer and immune cells, it is essential that we
further increase our knowledge regarding immunological effects of standard
anticancer drugs. Furthermore, over the last decades, we have learned to ex-
ploit the immune system to combat cancer. The many advances in immuno-
oncology have placed immunotherapy at the forefront of cancer research. To
facilitate the translation of novel immunomodulators from bench to bedside,
continued development of predictive preclinical models is essential®. In the
work presented herein, we set out to further develop and apply preclinical
model systems for the identification of drugs with repurposing potential for
use in immuno-oncology.

11



Basic immunology

The immune system is broadly classified into two interconnected arms: innate
immunity and adaptive immunity. Innate immunity is a fast and non-specific
first line of defense that includes cellular components such as neutrophils,
dendritic cells (DCs), macrophages, and natural killer (NK) cells, while adap-
tive immunity, mediated by T cells and B cells, is a slower but highly specific
defense.’

T cell activation in the lymph nodes. A critical part of our immunity is
maintained by antigen presenting cells (APCs) such as DCs, macrophages,
and B cells. APCs have the ability to recognize “non-self” antigens, for exam-
ple bacterial proteins or mutated self-antigens, and present them on major his-
tocompatibility complex (MHC) molecules to T cells. There are two types of
MHC molecules: MHC class I (MHC-I) and MHC class II (MHC-II). Almost
all nucleated cells produce MHC-I through which they can present endoge-
nous antigens to CD8+ T cells while only professional APCs produce MHC-
II, enabling them to also present exogenous antigens to CD4+ T cells. The
process through which APCs display antigens on MHC-I or MHC-II to acti-
vate T cells is known as antigen presentation and takes place in the lymph
nodes. Optimal priming and activation of T cells, turning naive T cells into
effector T cells, requires a minimum of three signals: (1) recognition of the
presented antigen through a T cell receptor (TCR), defining the specificity of
the T cell, (2) co-stimulation through co-receptors that stabilize the interaction
between the T cell and the APC, and (3) cytokines that promote proliferation
and enhances the function of the T cells.®

Antigen presentation in the periphery. In humans, the MHC system is re-
ferred to as Human Leukocyte Antigen (HLA). Corresponding to MHC- I,
there are three classical HLA type I molecules, HLA-A, HLA-B, and HLA-C,
and their main function is to present peptides derived from intracellular path-
ogens and tumor cells to cytotoxic T cells (CTLs). A naive T cell is incapable
of killing target cells, a CTL that has undergone activation in the lymph nodes
can however recognize antigens presented on HLA-I in the periphery and kill
the target cell. Thus, HLA-I molecules play an essential role in immunosur-
veillance and in cell-mediated antitumor immune responses’.
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Antitumor immunity

The tumor immune microenvironment. Together the cells of the tumor im-
mune microenvironment (TIME) (Fig. 1) greatly influence tumor progression,
immunosurveillance, cell-mediated antitumor responses, and treatment out-
come. Due to their ability to recognize and kill tumor cells, the presence of
CTLs in the TME is often associated with a positive prognosis. Another cell
type associated with a positive prognosis is T helper 1 (Th1) cells, which can
support CTLs by secreting proinflammatory cytokines”. NK cells are very ef-
ficient at killing tumor cells in the circulation. However, immunosuppressive
cells such as regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) interfere with NK-cell efficiency in the TME*®. Besides inhibiting
NK cell function, MDSCs can suppress T cell infiltration and stimulate T cell
apoptosis’. Other innate immune cells that play a critical role are macro-
phages. In the TME, macrophages are often referred to as tumor-associated
macrophages (TAMs) and depending on their polarization they can be either
tumor suppressive or tumor supportive. Monocytes migrate from the circula-
tion into the TME where they, depending on signaling molecules secreted by
cells already residing in the TME, differentiate into either pro-inflammatory
M1 macrophages or anti-inflammatory M2 macrophages®’

MYELOID CELLS LYMPHOCYTES
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Figure 1. Illustration of the tumor immune microenvironment. An overview of
the tumor immune microenvironment. Cell types with tumor suppressing properties
indicated by T and cell types with tumor supporting properties indicated by T
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The Cancer-Immunity Cycle. T cells possess the ability to recognize and
eliminate cancer cells, however, a series of events must proceed successfully
for T cell-mediated tumor cell killing to occur. This seven-step process, de-
scribed in 2013 by Chen and Mellman'®, is called the Cancer-Immunity Cycle.
Firstly, APCs must capture and process neoantigens released by cancer cells.
Next, APCs must travel to the lymph node where the antigen can be presented
to T cells, resulting in priming and activation of the T cells. Once activated,
CTLs must travel back to and infiltrate the tumor site. Now, equipped with
tumor antigen-specific TCRs, they can recognize and eliminate cancer cells.
Unfortunately, tumors have developed immune escape mechanisms challeng-
ing all of these steps'’.

Immunoediting. Tumors can render themselves immunoevasive through a
process known as cancer immunoediting. This process proceeds through three
phases: elimination, equilibrium, and escape. Genetic instability of cancer
cells and pressure from the adaptive immune system together drive selection
of less immunogenic subclones that can evade the immune system and enter
the escape phase. Generally, this results in higher abundance of immunosup-
pressive cell types such as TAMs, MDSCs, and Tregs, dysregulated secretion
of signaling molecules, and higher expression of inhibitory immune check-
point molecules such as cytotoxic T lymphocyte antigen 4 (CTLA-4) and Pro-
grammed death-ligand 1 (PD-L1)"%. This immunosuppressive environment of-
ten leads to DC dysfunction and thus to impaired antigen presentation. T cell
activation in the lymph node is also hampered by upregulation of CTLA-4 as
it blocks an essential co-stimulatory signaling pathway. Additionally, even if
T cell-activation is achieved, trafficking back to the tumor site can be impaired
by overexpression of vascular endothelial growth factor (VEGF) causing for-
mation of abnormal blood vessels. Finally, activated T cells that do make it
back to the tumor site still have great obstacles to overcome, including inhibi-
tion by Programmed cell death protein 1 (PD-1)/ PD-L1 interactions and tu-
mor cell downregulation of HLA-I molecules required for immunorecogni-
tion''. How to counteract these escape mechanisms and reinitiate a functional
cancer-immunity cycle without generating severe adverse inflammatory re-
sponses remain a major challenge.

Cancer treatments over the ages

For centuries surgery was the only available treatment option, until 1903 when
two cancer patients for the first time were cured using radiation therapy'*. The
field was then dominated by surgery and radiotherapy until the 1960s'*. The
first modern oncology chemotherapeutic drugs to be discovered and used in
clinical practice were nitrogen mustards: alkylating agents that inhibit DNA
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replication. Although some of these first-generation alkylating agents are no
longer used, modern day alkylating agents such as dacarbazine and oxaliplatin
are still widely used as first- and second line treatment of various tumors. To
date, a wide range of chemotherapeutics have been developed, including anti-
metabolites (e.g., 5-fluorouracil), topoisomerase inhibitors (e.g., irinotecan),
and mitotic inhibitors (e.g., vincristine). Additionally, over the last few dec-
ades, increased knowledge regarding the molecular mechanisms behind neo-
plastic transformation has fueled a revolution of targeted cancer therapy based
on tyrosine and serine/threonine protein kinase inhibitors and monoclonal an-
tibodies (mAbs)"*'*.

Another ongoing revolution in oncology is the development of various immu-
notherapies. The first documented proof of concept for treating cancer with
immunotherapy was provided by William Coley in 1891 as he discovered that
injecting a mixture of Streptococcus pyogenes and Serratia marcescens bacte-
ria could achieve complete and durable remissions in sarcoma patients. How-
ever, as the mechanisms of action were unknown and the risk of infection
high, the general attitude towards the concept was initially hostile. Almost a
century passed before the strategy resurfaced again in 1976 with the use of the
tuberculosis vaccine Bacille Calmette-Guérin (BCG) as a treatment for blad-
der cancer; a therapy that was proven very effective and still is used today.
Another great discovery in 1976 was the identification of interleukin 2 (IL-2).
This T cell growth factor was later approved by the Food and Drug Admin-
istration (FDA) for treatment of metastatic kidney cancer. Clinical use of cy-
tokines to promote anti-tumor immune responses marked a milestone in im-
muno-oncology. However, due to high toxicity and low overall response rates,
cytokine therapies have been phased out of the clinic in favor of targeted ther-
apies and immune checkpoint inhibitors (ICIs)".

Immunological effects of chemotherapy

Conventional chemotherapeutics as well as targeted anticancer drugs have
been shown to modulate the immune contexture in the TME and thus affect
disease outcome’. Some chemotherapeutics used in the clinic today have se-
vere immunosuppressive adverse effects'® while others have the ability to en-
hance anti-tumor immunity'”'®. For example, the alkylating agent oxaliplatin
has been shown to induce and maintain immunogenic cell death (ICD) in pa-
tients'. ICD is a particular form of apoptosis that can activate an adaptive
immune response by provoking the release of damage-associated molecular
patterns (DAMPs)?°. The concept of ICD induced by chemotherapeutics has
gained increasing interest as it is of great clinical importance; not only can
inducing ICD shift the immune balance in the TME from suppression to
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activation but it can also create a specific and long-lasting immunological
memory?'. Improved knowledge regarding immunological effects of chemo-
therapy is necessary, especially now that we have entered an era where in-
creasing pre-clinical and clinical efforts are put into combining chemotherapy
and immunotherapy to combat cancer.

The era of single-cell sequencing. Since RNA-sequencing was developed
over a decade ago it has revolutionized our molecular understanding of cells.
In the past, each cell type of interest had to be sequenced separately and with
bulk expression profiles as the read-out. The advancement of technologies
now allows for sequencing with single-cell resolution, enabling evaluation of
heterogeneous responses across multiple cell types and subsets of cell popu-
lations simultaneously”*>*. In the field of immuno-oncology, single-cell RNA
sequencing (scRNA-seq) has been applied to study the heterogeneity of cancer
cell populations, the TME composition, and immune infiltrates of various tu-
mors, which has led to the identification of novel factors that influence tumor
progression and patient outcomes®. In Paper I, we explored the feasibility of
using scRNA-seq to study immunological effects of the chemotherapeutic
agent trifluridine (FTD).

Immuno-oncology

Since the first ICI, ipilimumab, was approved by the FDA in 2011, immuno-
therapy has become one of the cornerstones of cancer treatment. Immunother-
apy aims to boost the immune system’s innate ability to fight cancer by pro-
moting immune-mediated killing and/or limiting immune-escape?. Different
classes of immunotherapies include cell-based therapies (e.g., chimeric anti-
gen receptor (CAR) T-cell therapy), oncolytic viruses (e.g., T-VEC), and the
most widely used class; ICIs based on mAbs. Despite great clinical success
for some cancer subtypes, limited overall response rates, safety issues, and
complex pharmacokinetics remain major limitations for many current immu-
notherapies®®*’.

Immune checkpoint inhibitors. Immune checkpoints are key regulators of
the immune system that are essential for self-tolerance, but they can also pro-
mote cancer progression. Tumors commonly downregulate stimulatory im-
mune checkpoints while upregulating the expression of inhibitory immune
checkpoints, resulting in dysfunctional T cell responses®’. The principle of im-
mune checkpoint blockade (ICB) therapy is to restore T cell activity by block-
ing these inhibitory immune checkpoints with mAbs. To date, FDA has ap-
proved mAbs blocking CTLA-4, PD-1, PD-L1%, and most recently LAG-3%,
for cancer therapy. Thus far, the greatest clinical success has been observed
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for melanoma and non-small-cell lung cancer (NSCLC). For these indications
ICB is approved as the first line of treatment”®. ICB treatment has also been
approved for other solid tumor indications such as hepatocellular carcinoma
(HCC) and microsatellite instability-high (MSI-H) or mismatch repair defi-
cient (IMMR) metastatic colorectal cancer (mCRC) that has progressed fol-
lowing standard treatment®®. The overall response rates are however low and
there is still an unmet need for immunotherapy, especially for cancers with a
low mutational burden®’.

While T cell checkpoints are obvious targets for developing immunotherapies,
it is important to note that not only T cells can eliminate cancer cells. The
critical role of TAMs in the TME is widely accepted; however, they are per-
haps most recognized for their tumor supporting properties. In addition to pro-
moting cancer cell proliferation, metastasis, and immunosuppression, TAMs
are known to increased resistance against chemotherapy and ICB treatment.
Nonetheless, macrophages can also mediate phagocytosis and direct cytotoxic
tumor killing when appropriately activated®’. Data from preclinical and early
clinical studies suggest that targeting phagocytosis checkpoints, such as
CD47, could be a promising treatment strategy”'. CD47 is overexpressed in
most human cancers and has been described as one of the most important anti-
phagocytic signals. Thus, blocking signaling through the CD47-signal regula-
tory protein o (SIRPa) axis has the potential to restore phagocytosis of cancer
cells™.

Small molecule drugs. Immunotherapies that target extracellular checkpoint
proteins focus directly on adaptive immunity and address only the final step
of the Cancer-Immunity Cycle: killing of cancer cells'**. The remaining steps
of the cycle are dominated by cellular signaling processes and chemokine gra-
dients that have not yet been effectively targeted using therapies based on
large-molecule drugs®. There is an increasing effort to exploit intracellular
targets to engage the immune system. Immunotherapeutic small molecule
drugs have emerged as a promising complement to current immunotherapies
as they may offer advantages such as enhanced tissue penetration, improved
bioavailability, and ability to reach intracellular targets®.

An increasing number of clinical trials are evaluating combination treatments
with ICIs and various small molecule drugs. As an example, clinical trials aim
to improve the treatment outcome for metastatic melanoma by combining ICls
with drugs targeting various modalities within the TME such as colony stim-
ulating factor-1 receptor (CSF1R), chemokine receptor CXCR1 and 2, and the
JAK/STAT pathway™. Furthermore, clinical trials have obtained promising
results combining ICIs with small-molecule inhibitors targeting for example
VEGF receptors, epidermal growth factor receptors (EGFRs), and idoleamine
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2,3-dioxygenase 1 (IDO1)*®. Combining ICIs with small molecule drugs is a
promising treatment strategy, but major challenges such as managing toxici-
ties remain. There is a need to identify novel small molecule drugs for use in
immuno-oncology. The fact that immunomodulators aiming to increase im-
mune responses have, by their very nature, the potential to cause severe ad-
verse immune reactions provides a rationale for using a repurposing approach.

The concept of drug repurposing

Drug repurposing, that is identifying new indications for already approved
drugs that are outside the scope of the original medical indication, provides
several advantages; the safety, pharmacokinetics, and pharmacodynamics of
the drugs have already been established in humans®’. This greatly reduces the
time frame and cost of drug development along with the risk of failure due to
safety issues™®. A poster child for drug repurposing in oncology is thalidomide:
a drug developed in the 1950s as a sedative for pregnant women and today is
used as the first-line treatment for multiple myeloma. When the FDA ap-
proved thalidomide for treatment of plasma cell myeloma in 2006, it was the
first new drug approved for the indication in over a decade and it has signifi-
cantly improved the overall survival rate®. To facilitate the identification of
drugs with repurposing potential for use also in immuno-oncology, continued
development of preclinical immuno-oncology model systems is imperative.

High throughput immuno-oncology modeling

Phenotypic high-throughput drug screening. High-throughput screening
(HTS) is a common approach in early preclinical drug development. Pheno-
typic HTS has greatly facilitated the discovery of new cancer drugs and has
given rise to several FDA-approved chemotherapeutics that are currently used
in the clinic*. However, evaluating large panels of drugs in an immuno-on-
cology setting in vitro is a challenging task; most phenotypic HTS platforms
are based solely on cancer cell populations and do not allow for the identifi-
cation of immunomodulatory drugs. Mo et al. addressed this in 2019 by de-
veloping the High-throughput immunomodulator phenotypic screening plat-
form (HTiP), which integrates cancer and immune cells*'. Using a similar ap-
proach, we have developed a miniaturized in vitro co-culture model system
comprised of fluorescently labeled cancer cells and human peripheral blood
mononuclear cells (PBMCs) (Fig. 2).
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Figure 2. Schematic representation of in vitro co-culture model system. Cancer
cell lines stably expressing GFP (green) or mKate2 (red) grown as monocultures or
co-cultured with PBMCs in 384-well monolayer plates. Scanned in live-cell analysis
system following treatment with drug panel of interest.

Fluorescence as an indirect marker for viability. Selecting a reliable
method for evaluation of cancer cell viability is critical when assessing drug
effects. Quantification of stably expressed green fluorescent protein (GFP) has
previously been established as a robust assay; a direct relationship has been
demonstrated between the loss of fluorescence and cell death induced by var-
ious apoptotic stimuli*’. In paper I, we verified the validity of using image-
based quantification of GFP and mKate2 as indirect measures of viability. Af-
ter confirming the robustness of the assay, the model system was used to eval-
uate a broad panel of conventional anticancer drugs to identify immuno-mod-
ulatory effects and to serve as a point of reference for screens of novel com-
pound libraries. In paper III, aiming to identify small molecule drugs with re-
purposing potential for use in immuno-oncology, we utilized the model
system to screen 1280 FDA approved drugs.

Allogeneic models — strengths and caveats. The many advances in the de-
velopment of refined in vitro models have contributed to an increased under-
standing of antitumor immunity. For example, the use of primary autologous
models comprised of cancer and immune cells from the same patient has
opened up for more personalized research approaches*. Autologous models
may provide a superior representation of patient tumor-immune interactions.
However, they are still unattainable to many researchers, mainly due to poor
access and short experimental windows*. Furthermore, in the context of HTS,
obtaining a sufficient cell yield may not be feasible even when accessing pa-
tient matched cells.

In contrast to autologous models, using allogeneic PBMCs offers a more
straightforward approach. The PBMCs provide cellular components of innate
(monocytes, NK cells, and DCs) and adaptive (B and T cells) immunity®.
However, the adaptive immune response will not be tumor antigen-specific, it
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will be alloreactive. Therefore, while these models can detect intracellular in-
terference with TCR signaling, they are not suitable for investigating immuno-
modulation caused by changes in the peptides presented on MHC. Moreover,
immuno-oncology models based on PBMCs, whether autologous or alloge-
neic, omits other important modulators of anti-tumor immune responses, for
example MDSCs and CAFs*. Thus, they represent a simplified reflection of
the immune interactions in the TME.

The impact of cellular configurations. There are undeniable advantages
associated with the use of 2D model systems, such as the level of reproduci-
bility and standardization, the compatibility with high throughput assays, and
a more straightforward interpretation of the obtained results. However, the
cost of simplicity is an inferior clinical translatability. It is widely acknowl-
edged that 3D cell cultures, such as tumor organoids, better mimic the geno-
typic and phenotypic characteristics of original tumors*’. However, these ben-
efits are also accompanied by challenges. For example, the growth rate is often
slow, very specific culture conditions are required, and it is not yet fully elu-
cidated how the many growth factors required to maintain organoid growth
may affect non-cancer cells in these cultures*®. Spheroids, i.e., less complex
primary cell or cell line derived 3D cultures, have long been widely used to
perform oncology drug screens. Recently, spheroid models have also found
their way into the field of immuno-oncology®. In a study published in 2019,
Varesano et al. used spheroid-based heterotypic co-cultures comprised of col-
orectal cancer (CRC) cells and v T cells to assess the anti-tumoral activity of
these effector lymphocytes™. More recently, in a similar manner, Courau et
al. co-cultured CRC spheroids with T cells and NK cells isolated from PBMCs
to evaluate immunomodulatory Abs targeting the NKG2A axis, a novel im-
mune checkpoint®'. In paper IV, we established a 3D co-culture model system
using CRC cells and complete PBMCs (Fig. 3).
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Figure 3. Schematic illustration of the 3D co-culture model system. Fluorescently
labeled CRC cells co-cultured with PBMCs in 384-well U-bottom ultra-low attach-
ment plates.
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In vivo immuno-oncology modeling

Preclinical mouse models are key tools in cancer research. Commonly used in
vivo models in the field of immuno-oncology includes syngeneic mouse mod-
els with immune-competent hosts, chemically induced mouse models, and ge-
netically engineered mouse models™. Although these models undeniably are
useful, one major shortage is that they all rely on the murine immune system.
The development of humanized mouse models, such as the Hu-PBL model in
which human PBMCs are engrafted into immune-deficient mice™, allows for
evaluation of potential immunotherapies on human tumor and immune cells.
However, these models also have their shortages as engrafting human immune
cells into mice rapidly results in xenograft-versus-host disease. Furthermore,
most humanized mouse models are both cost and time consuming™>>>.

The immuno-oncology hollow fiber assay. The hollow fiber assay (HFA)
is an in vivo assay where semipermeable hollow fibers (HF) are filled with
cancer cells, heat-sealed, and surgically implanted intraperitoneally (i.p.)
and/or subcutaneously (s.c.) in rodents. The National Cancer Institute (NCI)
originally developed the assay to reduce the time and cost associated with
early preclinical evaluation of novel anti-cancer drugs from drug screens™*. In
paper 1V, to provide a quicker and more cost-effective method for initial in
vivo evaluation of immunomodulators, we modified the HFA to include both
cancer and immune cells (Fig. 4).

Cancer cells PBMCs
0% e

0@
Rt T %O
[+]

Hollow fiber
—_
2cm
4 Ll
? ——
o -1 Ow= 123 4
> L\ 1 L1 1 1
8 | | . 1
HF preparation Implantation 1 HF collection

Figure 4. The immuno-oncology HFA.
Schematic illustration of the immuno-oncology HFA.
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Aims of the thesis

The overall aim of this thesis was to further develop and apply preclinical
model systems for the identification of drugs with immuno-oncological activ-
ity. The specific aims were:

e To evaluate immunomodulatory effects of conventional anticancer
agents (paper I and paper II)

e To develop and apply a phenotypic screening platform for in vitro
identification of small molecule drugs with repurposing potential in
immuno-oncology (paper III).

e To develop a model system for initial in vivo evaluation of small mol-
ecule drugs with immuno-oncological activity (paper IV).
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Methods

This is a brief summary of the methods used in this thesis, for more detail see
individual papers.

Cell lines and immune cells

HCT116-GFP, a human CRC cell line stably expressing GPF, was used in all
paper. In paper I and IV, we also used HCT116wt. In paper 11, we used A549
NucLight Red (NLR), a lung cancer cell line stably expressing the fluorescent
protein mKate2. All cell lines were cultured at 37°C in 5% CO in their rec-
ommended medium supplemented with heat-inactivated fetal bovine serum
(FBS). The medium was also supplemented with either L-glutamine and Pen-
icillin/ Streptomycin (HCT116wt and GFP) or Penicillin/ Streptomycin and
Puromycin (A549-NLR). Additionally, PBMCs from anonymous, healthy do-
nors were used in all papers.

Cell cultures

Monolayer. Cells grown in monolayer, i.e., grown as a single layer in flat-
bottom, cell culture-treated 384-, 96-, 12- or 6-well plates, were used in all
papers. To establish monocultures, cancer cells were seeded in cell culture
plates. To establish co-cultures, cancer cells were seeded in cell culture plates
and precultured for 24 h before PBMCs were added at a 1:1, 1:4, or 1:8 ratio
(paper I-III). To establish co-cultures in paper IV, cancer cells and PBMCs
were seeded simultaneously at a 1:4 ratio.

U-bottom plates. In paper 1V, 384-well ultra-low attachment U-bottom
plates were used to promote a 3D configuration of the cells and thus increase
the proximity of the cells. Monocultures were established by seeding
HCT116-GFP alone. To establish co-cultures, PBMCs were added at a 1:4
ratio. The plates were then centrifuged at 200 x g for 2 min.

Hollow fibers. In paper 1V, polyvinylidene fluoride (PVDF) hollow fibers
were used. To establish hollow fiber monocultures, a single cell suspension of
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cancer cells was injected into hollow fibers using a syringe. Subsequently, the
fibers were heat-sealed at 2 cm intervals and cut into individual fibers. To
establish hollow fiber co-cultures, the same procedure was performed using a
single cell suspension containing cancer cells and PBMCs at a 1:4 ratio.

Drugs and reagents

In paper I, the chemotherapeutic agents trifluridine and oxaliplatin were used.
In paper I, a drug panel comprised of 46 conventional anticancer agents and
22 commonly prescribed concomitant non-cancer drugs were used (see paper
II, Table 1 in the Methods section). In paper III, we used the Prestwick Chem-
ical Library containing 1280 small molecule drugs. Additionally, a panel of
eight statins, including mevastatin, simvastatin, and pitavastatin, was used in
paper III. Recombinant Human IL-2 and anti-human CD3 (aCD3) Monoclo-
nal Antibody were used in all papers.

Drug handling

All drugs were kept as 10 mM stock solutions in DMSO or sterile water and
diluted to desired final concentrations with culture medium. Drugs were added
to experimental plates either using the acoustic liquid dispenser Echo Liquid
handler 550 (all 384-well plates) or manually (96-, 24-, 12- and 6-well plates).

Viability and apoptosis measurements

Image-based fluorescence quantification. Cancer cells stably expressing
fluorescent reporters (GFP or mKate2) were used in all papers. The viability
of the cancer cells was indirectly monitored over time by image- based quan-
tification of fluorescence using the Live-Cell Analysis System IncuCyte S3 or
IncuCyte SXS5.

Annexin V. In paper I, apoptosis was measured by detection of phosphatidyl-
serine exposed on the extracellular surface using Annexin V Red Dye, quan-
tified using the IncuCyte S3.

Fluorometric microculture cytotoxicity assay. In paper 11, the viability of
cancer cells and PBMCs was measured using the fluorometric microculture
cytotoxicity assay (FMCA). Briefly, the cells were incubated with fluorescein
diacetate (FDA) for 50 min, generating fluorescein signals in cells with intact
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plasma membranes. The fluorescein signals were then measured using a mi-
croplate reader.

Clonogenic assay. In paper IV, clonogenic assay was used to measure the
reproductive viability of the cancer cells. Briefly, harvested cells were re-
seeded at low density in fresh medium in 6-well plates and allowed to re-grow
for 10 days. Subsequently, colonies were fixed using methanol, stained with
Giemsa dye and counted manually.

Detection of ICD-markers

In paper I, two gold standard in vitro ICD markers were measured, the secre-
tion of ATP and the release of HMGBI1. Extracellular ATP was measured in
cell culture supernatants using CellTiter-Glo (CTG). Briefly, CTG solution
was added to 96-well plates with supernatants at a 1:1 ratio and placed on a
shaker for 2 minutes before the luminescence intensity, proportional to the
ATP concentration, was measured using a FLUOstar Omega. HMBGI1 levels
in cell culture supernatants were measured using ELISA. Supernatant was
added to a 96-well plate pre-coated with capture antibody and ELISA was
performed according to the manufacturer’s instructions. Absorbance was
measured at 450 nm using a FLUOstar Omega.

Measurement of cytokines and Granzyme B

In paper I and IV, cytokine levels in cell culture supernatants were measured
using a Luminex MAGPIX system and commercially available kits for ana-
lytes of interest. In paper IV, the concentration of Granzyme B was also meas-
ured in cell culture supernatants using the same system. Briefly, the analytes
of interest were bound to magnetic beads via antibodies and subsequently de-
tected using biotinylated antibodies with a fluorescent reporter.

Drug-immune interaction analysis

In paper II and 111, the Bliss Independence Model™> was used to detect synergy
and antagonism between drugs and activated PBMCs. We adapted the Bliss
model which states that the product of the reduced cell viability induced by
two single drugs with independent effects is expected to be equal to the re-
duced cell viability induced by the combination of the two drugs. Defining a
Bliss score as B = (Viability Drug 1) x (Viability Drug 2) - (Viability Drug
1+2), a positive Bliss score thus indicates synergy while a negative Bliss score
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indicates antagonism. In this thesis, the Bliss model was used to identify syn-
ergy and antagonism between drugs and aCD3/IL-2 activated PBMCs, i.c., B
= (Cancer cell viability with drug alone) x (Cancer cell viability with PBMCs
alone) - (Cancer cell viability with drug + PBMCs combined).

Gene expression analysis

Single-cell RNA-sequencing. In paper I, we performed scRNA-seq on
HCT116wt cells and PBMCs. Co-cultures were treated with trifluridine or
DMSO vehicle for 12 h or 72 h before Chromium Next GEM scRNA-seq was
performed, generating the transcriptomes of 21 256 individual cancer and im-
mune cells after quality control and filtering.

RNA microarray. In paper 111, we performed transcriptome-wide gene ex-
pression profiling on HCT116-GFP cells and PBMCs. Monocultured and co-
cultured cells were treated with pitavastatin or DMSO vehicle for 24 h before
gene expression was analyzed using a Human Clariom S array.

In vivo experiments

In paper IV, Hsd: Athymic Nude-Foxn1™ mice were used to perform a pilot in
vivo evaluation of the immuno-oncology HFA. Briefly, hollow fiber mono-
and co-cultures were prepared on day -1 and cultured in vitro for 18 h before
they were surgically implanted i.p. in the mice. The mice received local aCD3
at the site of hollow fiber implantation and/or systemic IL-2 for three consec-
utive days. On day 4, the hollow fibers were explanted and the reproductive
viability of the cancer cells was measured using clonogenic assay (see Viabil-
ity and apoptosis measurements). The animal experiment was performed in
accordance with institutional guidelines and approved by the local animal eth-
ics committee.
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Summary of the papers

Paper 1

Selvin T, et al. Single-cell transcriptional pharmacodynamics of trifluridine
in a tumor-immune model. Scientific Reports. 2022;12(1):11960

Increasing efforts are being put into combining chemotherapy and immuno-
therapy to combat cancer. To facilitate the development of combinatorial
treatment regimens with improved clinical efficacy, increased knowledge re-
garding the immunological effects of chemotherapy is essential. In Paper I,
we explored the feasibility of using scRNA-seq to study immunological ef-
fects of the nucleoside analogue trifluridine (FTD).

Trifluridine induces apoptosis and release of ICD markers in vitro. FTD, the
active component of TAS-102, is a relatively novel anti-tumor drug approved
for the treatment of mCRC>*>’. FTD has been shown to induce ICD in various
human CRC cell lines in vitro™®, suggesting a favorable immunological effect.
We assessed the treatment response and ICD induction of FTD and the posi-
tive control oxaliplatin (OXP) in the CRC cell line HCT116-GFP, cultured as
monoculture or co-cultured with human PBMCs. Treatment with FTD and
OXP for 72 h effectively decreased the viability (Fig. SA) and increased apop-
tosis (Fig. 5B) in both mono- and co-cultures. Furthermore, FTD treatment
significantly and dose-dependently increased the levels of extracellular ATP
(Fig. 5C) and HMGBI1 (Fig. 5D); two gold standard in vitro ICD markers.
These data suggest induction of ICD also in our model system.
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Figure 5. Trifluridine induces apoptosis and release of ICD markers in vitro.
A) Viability indirectly measured by image based GFP quantification (n=9) and B)
Apoptotic Index determined by Annexin V (number of Annexin V positive cells/ num-
ber of GFP expressing cells) in HCT116-GFP monoculture and co-culture, treated
with DMSO vehicle (0.1%), oxaliplatin (OXP) (10 uM), or trifluridine (FTD) (3, 10
puM) for 72 h (n=6). C) ATP measured by CellTiter Glo in supernatants of HCT116-
GFP monoculture treated for 48 h (n=6) and D) HMGB1 measured by ELISA in su-
pernatants of HCT116-GFP monoculture treated for 72 h. Data normalized against
total number of cells per sample. Results are shown as mean + SD from two (B-D) or
three (A) independent experiments. Compared to DMSO vehicle, P < 0.05 (One-way
Anova with Dunnett’s multiple comparison test) for all treatment data sets except the
ones marked ns, not significant.

ScRNA-seq suggests that trifluridine treatment dampens T cell-medi-
ated antitumor responses. SCRNA-seq was used to analyze posttreatment
gene expression profiles in thousands of individual cancer and immune cells
concurrently (Fig. 6A-B). The FTD-induced effects observed on HCT116
gene expression were concordant with the literature. For example, FTD has
been shown to exert at least part of its antitumor effect by activation of the
p53 pathway, resulting in p21 induction and cell cycle arrest™, a mechanism
recapitulated by scRNA-seq in our study (Fig. 6C).
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Apart from capturing major mechanisms of action previously described for
FTD, scRNA-seq demonstrated that FTD treatment might also induce immu-
nosuppressive effects. Differential gene expression analysis of HCT116 cells
treated with DMSO vehicle or FTD for 12 h revealed 52 differentially ex-
pressed genes (DEGs). Pathway enrichment analysis using these DEGs iden-
tified pathways involved in cancer immune escape as the top three enriched
terms (Fig. 6D). Furthermore, HCT116 cells treated with FTD had a lower
expression of all three classical HLA- I molecules, B2M, and TAP1 (Fig. 5E),
all of which are involved in antigen presentation and commonly downregu-
lated in cancers as a mechanism of immune escape'***2. Finally, T cells
treated with FTD exhibited higher expression of genes encoding negative reg-
ulators of the cell cycle and TCR signaling, further supporting that FTD could
dampen T cell-mediated antitumor responses.
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Figure 6. SCRNA-seq suggests that trifluridine treatment dampens T cell-medi-
ated antitumor responses. UMAP projection of all cells colored by A) cell type and
B) sample identity. C) Heatmap showing average Log2 fold change expression of
genes of interest in HCT116 treated with DMSO vehicle (0.1%) or FTD (3 uM) for
72 h. D) Top 5 enriched pathways obtained from pathway enrichment analysis using
the “Elsevier Pathway Collection” database. The analysis was performed with 52
DEGs (Adjusted P-value<0.001) identified for HCT116 treated with DMSO vehicle
or FTD for 12 h. E) Heatmap showing average Log2 fold change expression of genes
of interest in HCT116 treated with DMSO vehicle or FTD for 12 h.
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Summary and conclusion. Data generated by us and others suggest that FTD
induces ICD, suggesting a favorable immunological effect. However, our
scRNA-seq results indicate that FTD could dampen T cell-mediated antitumor
responses. Apart from providing new insight into possible treatment-induced
effects on T-cell mediated antitumor responses, scRNA-seq recapitulated
mechanisms of action previously described for FTD, suggesting that using
single-cell transcriptomics to study immunological effects of chemotherapy is
a feasible approach.

Paper 11

Selvin T, et al. Immuno-oncological effects of standard anticancer agents and
commonly used concomitant drugs: an in vitro assessment. Submitted.

It has become evident that the outcome of medical cancer treatment is influ-
enced by the combined effect exerted on both cancer- and immune cells. Fur-
thermore, oncology patients often do not receive solely anticancer drugs; con-
comitant drugs such as corticosteroids, statins, painkillers, and antibiotics are
commonly administered during the course of cancer treatment. Therefore, we
evaluated potential immunological effects of 46 standard anticancer agents
and 22 commonly administered concomitant non-cancer drugs. To enable
time and cost-effective evaluation of a broad panel of drugs in an immuno-
oncology setting in vitro, we utilized a miniaturized in vitro model system
comprised of fluorescently labeled human colon and lung cancer cell lines
grown as monocultures and co-cultured with activated PBMCs.

Quality assessment of the assay. To verify the validity of using image-
based quantification of GFP and mKate2 as indirect measures of viability, we
initially performed viability measures using FMCA® in parallel. Applying
Lin’s Concordance Correlation Coefficient (CCC) analysis to assess the cor-
relation between the two assays confirmed the feasibility of using image-based
fluorescence quantification to measure cancer cell viability (Fig. 7a-b). Fur-
thermore, using CCC analysis, we demonstrated that the reproducibility of the
results was not affected by the use of PBMCs from different donors (Fig. 7c-
d). Taken together, these data demonstrate that our miniaturized tumor-im-
mune model provides a robust platform for in vitro drug evaluation.
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Figure 7. Quality assessment of the assay. (a-b) Viability of HCT116-GFP (a) and
A549-NLR (b) cells, cultured as monocultures and treated with a validation drug
panel comprised of 16 drugs at 1, 10, and 30 uM for 72 h. Viability measured by
FMCA and by image-based quantification of fluorescence. Correlation between the
two assays determined by calculating CCC. One representative experiment shown
with data presented as means from three technical replicates. (¢-d) Correlation be-
tween Bliss scores obtained with PBMCs from different donors determined by calcu-
lating CCC. Bliss Scores were calculated for HCT116-GFP (¢) and A549-NLR (d)
after treatment with the validation drug panel at 1, 10, and 30 uM for 72 h.

Evaluation of standard anticancer drugs and concomitant drugs. The
CRC cell line HCT116-GFP and the lung cancer cell line A549-NLR were
grown as monocultures and co-cultures with aCD3/IL-2 activated PBMCs.
The drug panel was screened at 1 and 10 uM and the viability of the cancer
cells was indirectly measured by image-based quantification of fluorescence
intensity (Fig. 8a-d). A Bliss score was calculated for each drug and 16 drugs
with Bliss scores ranging from the highest to the lowest were selected for val-
idation experiments. Among the standard anticancer agents, tyrosine kinase
inhibitors (TKIs) stood out as the top inducers of both antagonism and syn-
ergy. Ruxolitinib and dasatinib emerged as the most notably antagonistic sub-
stances, exhibiting the lowest Bliss scores. In contrast, sorafenib was shown
to synergize with activated PBMCs (Fig. 8e). In patients, sorafenib reaches a
maximum plasma concentration of around 20 pM at standard dosing®.
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Pharmacologic doses of sorafenib have been shown to decreases the activation
of effector T cells, however, at sub-pharmacologic doses sorafenib has been
described to selectively increase the activation of effector T cells and suppress
regulatory T cells®®. Concordantly, we observed a synergistic effect with
PBMCs at 1 uM (Fig. 8¢) while treatment with 30 uM had an antagonistic
effect (data not shown).

Next, a panel comprised of 22 commonly administered concomitant drugs was
tested (Fig. 8g-h). Most concomitant drugs did not induce neither antagonism
nor synergy. However, the statins mevastatin and simvastatin were uniquely
shown to synergize with activated PBMC in the colon cancer model (Fig. 8g).
Interestingly, increasing data supports the notion that statins may exert pro-
inflammatory effects in patients; several recent studies suggest that statin
treatment is associated with improved clinical outcomes for cancer patients
receiving therapy with ICIs °%
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Figure 8. Evaluation of standard anticancer agents and concomitant drugs. The
viability (expressed as % of control) in (a-b) HCT116-GFP and (e-d) A549-NLR
mono- and co-cultures after treatment with the drug panel at 1 uM and 10 uM for 72
h (data shown as means from three technical replicates). (e-f) Bliss scores calculated
after treatment with the validation drug panel and dexamethasone at 1uM for 72 h in
HCT116-GFP (e) and A549-NLR (f). Data shown as mean + SEM from three inde-
pendent experiments. (g-h) Bliss scores calculated after treatment with concomitant
drugs at 10 uM for 72 h in HCT116-GFP (g) and A549-NLR (h). Data shown as mean
+ SEM from three independent experiments.
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Summary and conclusions. In this study, we co-cultured human colon and
lung cancer cell lines with human PBMCs sourced from different donors.
Firstly, we demonstrated the robustness and the reproducibility of the assay.
Secondly, we utilized the assay to evaluate drugs commonly used by cancer
patients to identify immunological effects of potential clinical relevance and
to serve as a point of reference for screens of novel compound libraries. Using
this approach, immunomodulatory effects exerted by TKIs and statins were
identified. In summary, while not exhaustive, our model system has demon-
strated the ability to capture previously described immunological effects of
anticancer agents, such as the dose-dependent characteristic of sorafenib.
Thus, it offers a valuable starting point for identifying potential drug-cell in-
teractions that warrant further, more detailed investigation.

Paper 111

Selvin T, et al. Phenotypic screening platform identifies statins as enhancers
of immune cell-induced cancer cell death. BMC Cancer. 2023;23(164)

Immunomodulatory small molecules have emerged as a promising comple-
ment to current immunotherapies as they may provide enhanced tissue pene-
tration, improved bioavailability, and the ability to reach intracellular tar-
gets®®. There is a need to identify novel small molecule drugs for this applica-
tion; however, most phenotypic screening platforms used in the field of on-
cology do not allow for the identification of immunomodulatory agents. In
Paper III, we addressed this by utilizing our miniaturized tumor-immune
model system to screen a drug library containing 1280 small molecule drugs
in an immuno-oncology setting.

Phenotypic screening platform identifies statins as immunomodulators.
HCT116-GFP was cultured as monoculture and co-cultured with aCD3/IL2
activated PBMCs in a 384-well plate format (Fig. 9a). The Prestwick Chemi-
cal Library was screened in both mono- and co-cultures and the viability of
the cancer cells was measured by quantification of GFP expression. The Bliss
Independence Model was then used to identify small molecule drugs with the
ability to potentiate immune cell-induced cancer cell death. Using this ap-
proach, 25 hit compounds were selected (Fig. 9b). Following hit validation,
the statin mevastatin, together with a few additional molecules, was identified
as an enhancer of immune cell-dependent cancer cell killing (Fig. 9¢). Evalu-
ation of additional statins demonstrated that the lipophilic statins mevastatin,
simvastatin, pitavastatin, lovastatin and fluvastatin all synergized with
aCD3/IL2 activated PBMCs (Fig. 9d).
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Figure 9. Phenotypic screening platform identifies statins as immunomodulators.
a) Schematic of the miniaturized 384-well plate-based model system used for drug
screening: HCT116-GFP cells cultured as monoculture or co-cultured with aCD3/IL2
activated PBMCs at a 1:1 ratio. b) Viability of HCT116-GFP cells in monoculture (y-
axis) and co-culture (x-axis) 72 h after addition of the Prestwick Chemical Library at
a final drug concentration of 10 uM. Hit compounds selected for validation experi-
ments are encircled in red. ¢) Viability of HCT116-GFP cells, cultured as monoculture
or co-cultured with PBMCs at a 1:4 ratio, 72 h after treatment with newly purchased
hit compounds at a final concentration of 10 uM (n=3). d) Viability of HCT116-GFP
cells in mono- and co-cultures 72 h after treatment with statins at a final concentration
of 10 uM (n=3).
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Pitavastatin treatment induces a pro-inflammatory gene expression
profile in vitro. Pitavastatin exhibited the most potent anti-cancer effect and
was selected for further analysis. Transcriptome-wide gene expression profil-
ing was performed in HCT116-GFP monocultures, PBMC monocultures, and
co-cultures. In HCT116-GFP monoculture and co-culture, pitavastatin treat-
ment was shown to increase the expression of tumor suppressor genes such as
S100A414, kriippel-like factor 2 (KLF2) and KLF 6 (Fig. 10a). Furthermore,
pitavastatin treatment was shown to induce an overall pro-inflammatory gene
expression profile. After 24 h treatment with pitavastatin (10 uM), 158 DEGs
were uniquely upregulated in co-culture (Fig. 10b). Enrichment analysis of
these genes identified processes such as positive regulation of apoptotic cell
clearance and regulation of immune effector processes among the top 10 en-
riched terms (adjusted P-value < 0.05) (Fig. 10c).

Additionally, the inflammatory mediators CCL20 and BIRC3 stood out in co-
cultures treated with 1uM and 10 uM pitavastatin as the two genes with the
highest gene expression fold change increases (Fig. 10d). When analyzing the
transcriptome of epithelial cells, CCL20 is typically found among the most
highly induced genes following pro-inflammatory stimuli’, suggesting a pro-
inflammatory effect of pitavastatin treatment.
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Figure 10. Pitavastatin treatment induces a pro-inflammatory gene expression
profile in vitro. a) Gene expression fold change for DEGs common to all cultures
(HCT116-GFP monoculture, PBMC-monoculture, and co-culture) after 24 h treat-
ment with pitavastatin (1 pM and 10 uM) compared to DMSO vehicle. b) Venn dia-
gram showing the number of DEGs (fold change > 2), and for selected cultures the
number of upregulated DEGs within brackets, 24 h post treatment with pitavastatin
(1uM and 10 uM) compared to DMSO vehicle. ¢) Enriched terms (adjusted P-value
< 0.05) obtained from enrichment analysis using the GO Biological Process 2021 da-
tabase. The enrichment analysis was performed using the 158 DEGs (fold change >
2) that were uniquely upregulated in co-culture treated with 10 uM pitavastatin. d)
Average log2 expression of DEGs found in co-culture treated with 10 uM pitavastatin
but not in either of the monocultures.

Summary and conclusion. In paper II1, we developed a phenotypic screen-
ing platform. A pilot screen was performed which identified statins, a drug
family gaining increasing interest as repurposing candidates for cancer treat-
ment, as enhancers of immune cell-induced cancer cell death. Statins are
widely prescribed to manage high cholesterol and are generally considered
anti-inflammatory’'. However, the data presented herein supports the growing
notion that the variety of pleiotropic effects exerted by statins also include
enhancement of pro-inflammatory responses. Several recent studies have re-
ported a clinical benefit for cancer patients that receive statin treatment®’
697273, e speculate that this results not only from statin induced tumor-cell
apoptosis™’ but rather is dependent on the combined effect exerted by statins
on both cancer- and immune cells.
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Paper IV

Selvin T, et al. The immuno-oncology Hollow Fiber Assay. Manuscript.

To facilitate the translation of novel immunotherapies from bench to bedside,
continued development of predictive preclinical models is essential. Currently
available model systems for evaluating immuno-oncological agents on human
cancer and immune cells are labor intense and often costly. In paper IV, we
developed the immuno-oncology HFA to bridge the gap between cell based
in vitro assays and more complex mouse models for evaluation of immuno-
oncological agents.

Development of the immuno-oncology HFA. HCT116-GFP cells were cul-
tured as monocultures or co-cultured with PBMCs at a 1:4 ratio inside semi-
permeable HFs. The HFs were scanned every 12 h for 4 days using the Live
Cell Analysis system IncuCyte S3 (Fig. 11a). A steady cancer cell growth was
observed and the formation of 3D structures could be visualized inside the
HFs. During initial in vitro characterization of the assay, monocultures and
co-cultures were grown as conventional monolayers in parallel with the HFs.
IL-2 treatment was administered, with and without simultaneous T-cell acti-
vation using aCD?3, to induce immune cell-mediated cancer cell death. After
4 days, the cells were harvested and clonogenic assay was performed to assess
the reproductive viability of the cancer cells in the two models (Fig. 11b). As
demonstrated by the number of colonies formed during clonogenic assay, the
effect of immune cell stimulation was enhanced in the HFs compared to in
conventional monolayers (Fig. 11¢-d).
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Figure 11. Development of the immuno-oncology HFA. Schematic of a) the im-
muno-oncology HFA and b) clonogenic assay. ¢-d) Monocultures and co-cultures
grown in hollow fibers and as monolayers for 96 h with and without aCD3 stimulation
and IL-2 treatment. Clonogenic assay colony count after 10 days of regrowth. Data
shown as mean + SEM from three independent experiments. ** =P <0.01, *** =P <
0.001, and **** =P <0.0001 compared to untreated monoculture, determined by Or-
dinary one-way ANOVA with Dunnett’s multiple comparison test.
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Increased cell proximity augments immune cell activation and effector
function. We hypothesized that the increased efficacy in the HF model could
be attributed to the increased proximity of the cells. Cells cultured in HFs will
be in closer proximity to each other compared to cells spread out in a mono-
layer which may result in improved cell-cell interactions, higher local cyto-
kine concentrations, and a more efficient transfer of cytotoxic proteases from
effector to target cells. To test the hypothesis, we employed 384-well ultra-
low attachment U-bottom plates. The ultra-low attachment surface of the
plates prevents cell adhesion and promotes a 3D configuration of the cells that
mimic the spatial organization inside the hollow fibers. Supporting the hy-
pothesis, the results obtained using U-bottom plates had a striking resem-
blance to the results obtained in the hollow fiber model. Increasing the cell
proximity alone resulted in decreased cancer cell viability (Fig. 12b), in-
creased secretion of pro-inflammatory cytokines (Fig. 12 d-g), and accelerated
release of granzyme B (Fig. 12h-i).

Furthermore, as it has been suggested that GFP-labeling can exert cytotoxic
effects and increase the immunogenicity of the labeled cancer cells’®, experi-
ments in U-bottom plates were also performed with HCT116wt. In our model
system, no indications of cytotoxicity or increased immunogenicity in GFP-
labeled cells were observed as equivalent results were obtained with HCT116-
GFP and HCT116wt (Fig. 12b-1).
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Figure 12. Increased cell proximity augments immune cell activation and effector
function. a) Example images of HCT116-GFP monocultures and co-cultures grown
in U-bottom plates for 96 h with and without aCD3 stimulation and IL-2 treatment. b)
Clonogenic assay performed on HCT116-GFP and ¢) HCT116wt monocultures and
co-cultures grown in U-bottom plates for 96 h with and without aCD3 stimulation and
IL-2 treatment. Colony count performed after 10 days of regrowth in 6-well plates.
Data shown as mean = SEM from three independent experiments for HCT116-GFP
and two independent experiments for HCT116wt. *** = P < 0.001 and **** =P <
0.0001 compared to untreated monoculture, determined by Ordinary one-way
ANOVA with Dunnett’s multiple comparison test. d) TNF-a, e) IFN-y, f) IL-15, g)
CM-CSF and h) granzyme B concentrations measured in co-culture supernatants col-
lected after 24 h and i) granzyme B after 96 h using a Luminex MAGPIX system.
Data shown as mean + CV% from technical duplicates.
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The immuno-oncology HF A captures immune cell-mediated cancer cell
killing in vivo. To assess the functionality of the assay in vivo, a pilot study
was performed using Hsd:Athymic Nude-Foxnl1™ mice. The HFs were pre-
pared on day -1 and cultured in vitro for 18 h before three fibers per mouse
were surgically implanted i.p. The mice received local injections of 150 uL
aCD3 (100 pg/mL) at the time of implantation and/ or systemic IL-2 via i.p.
injections of 200 ng/kg IL-2 once daily for 3 consecutive days. On day 4, the
fibers were explanted and the viability of the cancer cells was assessed using
clonogenic assay (Fig. 13a-b). For mice implanted with HCT116-GFP mono-
cultures, a large variation was observed within the untreated group (Fig. 13b).
However, the remaining control groups generated robust data. As expected,
no effect was observed when mice implanted with HF-monocultures received
the combination of aCD3 and IL-2 (Fig. 13b). In mice implanted with HF-co-
cultures, the combination of aCD3 and IL-2 resulted in a significant decrease
in cancer cell viability compared to untreated mice and mice receiving IL-2
alone (Fig. 13b). These data suggest that the assay is applicable also in vivo,
although the variation in the monoculture control group warrants further in-
vestigation.
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Figure 13. In vivo evaluation. a) Schematic illustration of the in vivo experimental
layout. b) Clonogenic assay. Number of colonies counted after 10 days of regrowth.
Each fiber (9 fibers/ treatment group) shown as an individual data point. Bars indicat-
ing means and error bars indicating SD. Ordinary one-way ANOVA with Turkey’s
multiple comparisons test used to compare the mean of each group to the mean of
every other group, ** =P <0.01.
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Summary and conclusions. We developed the immuno-oncology HFA to
serve as a tool for initial in vivo evaluation of small molecule drugs with im-
muno-oncological activity. The pilot study suggest that the assay can capture
immune-mediated cancer cell killing in vivo, although the large variation in
the monoculture control group warrants further in vivo validation. In sum-
mary, the assay currently represents a simplified model of the in vivo TME,
yet, it allows for rapid assessment of immune-mediated killing within a matter
of days.
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Summary and Future perspectives

The overall aim of this thesis was to advance and apply preclinical model sys-
tems for the identification and evaluation of immunomodulatory drugs. In pa-
per I, we co-cultured CRC cells with PBMCs and used scRNA-seq to study
immunological effects of FTD in the co-culture system. To date, sScRNA-seq
is the most widely used single-cell omics in cancer research”. Although few
studies have utilized scRNA-seq to investigate mechanisms underlying im-
mune-modulating therapies, the method has undeniably enriched the field of
immuno-oncology. For example, recent sScRNA-seq studies have revealed pre-
viously unknown subpopulations of immune cells, for instance CD8" T cells
that primarily express LAG3 rather than PD-1 or CTLA-4%. Findings of this
nature, that enhance our comprehension of the intricate TIME, will support
the development of more effective treatments. However, it is worth noting that
the explosion of articles featuring sScRNA-seq in the last years has sparked an
ongoing debate; to what extent can we derive conclusions about tumor biology
solely from the analysis of transcript abundance? In light of this, I think it is
safe to assume that the emerging trend of single-cell multi-omics is here to
stay. By combining scRNA-seq with other omics like proteomics and epige-
nomics, now feasible at the single-cell level with spatial information, investi-
gations with an unprecedented resolution are now attainable. The emergence
of spatial multi-omics, and the integration of artificial intelligence-driven ma-
chine learning to manage expanding datasets, hold promise for intriguing rev-
elations in the tumor biology field.

In recent years, we have witnessed advancements not only in omics ap-
proaches but also in the development of in vitro and ex vivo model systems.
However, there is still a shortage of model systems that can capture aspects of
the TIME while being compatible with high-throughput phenotypic drug
screening. In paper II-11I, we scaled up our tumor-immune model system to
enable evaluation of large drug libraries. In paper II, we demonstrated the ro-
bustness of the assay and used it to evaluate a broad panel of standard anti-
cancer agents. In paper 111, it was utilized to screen 1280 FDA approved drugs.
In this pilot screen, statins, a drug family gaining increasing interest as repur-
posing candidates for cancer treatment, were identified as enhancers of im-
mune cell-induced cancer cell death. The literature regarding pleiotropic ef-
fects of statins is continuously growing. For instance, in a recent study by Jarr
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et al., they utilized an unbiased approach to investigate gene expression pat-
terns triggered by CD47-SIRPa blockade and revealed an unexpected link be-
tween statins and efferocytosis®'. The study demonstrated that statins can en-
hance the phagocytic capacity of macrophages by suppressing the “don’t eat
me” molecule CD47. This study focused on atherosclerosis but, as targeting
phagocytosis checkpoints has emerged as a promising strategy for cancer
treatment, an intriguing future direction could be to explore statin-induced
CD47 suppression also in a cancer context.

The model system used to identify statins as repurposing candidates is focused
on elements provided by PBMCs and their short-term interaction with each
other and the target cells. While not exhaustive, the screening platform has
demonstrated the ability to capture previously described immunological ef-
fects of anticancer agents and identify repurposing candidates. This under-
scores the feasibility of using simple means in the initial stages of drug devel-
opment. Although more complex model system may offer enhanced clinical
translatability, increased complexity also introduces challenges related to ex-
perimental designs, informative readouts, and data interpretation. As the drug
screening field is progressively transitioning from 2D to 3D, finding a balance
between reproducibility and physiological relevance is essential.

Along this line, as described in paper IV, we have established a co-culture
system utilizing 384-well U-bottom ultra-low attachment plates. These plates
prevent cell adhesion and thus facilitates a 3D cell configuration. The model
remains robust with a straightforward readout while increasing physiological
relevance in comparison to 2D models. In paper IV, the model system was
only used to examine the influence of cellular proximity when characterizing
the immuno-oncology HFA. However, given its characteristics, future appli-
cations will surely include immuno-oncology drug screening.

The immuno-oncology HFA assay was developed to bridge the gap between
cell based in vitro assays and more complex mouse models. Although cur-
rently representing a simplified model of the TME due to its utilization of a
cancer cell line and allogeneic immune cells, its clinical translatability could
be enhanced by the incorporation of primary patient-derived cells. Im-
portantly, it is not intended to replace more advanced models but rather to
serve as an initial tool for in vivo evaluation, guiding the selection of com-
pounds for further investigation. It also provides ethical advantages as shorter
experimental timelines reduces the suffering of the animals. Additionally,
given the complexity and timeframe associated with studies in e.g., humanized
mouse models, we believe that our model system, when positioned upstream
of such models, can serve as a valuable tool to decrease the number of animals
used and increase the success rate in more complex models.
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In summary, the work presented in this thesis provides a research approach
that covers immuno-oncology drug screening, in vitro validation, and initial
in vivo evaluation. As George E.P. Box once said, “All models are wrong, but
some are useful”. No immuno-oncology models are perfect, but when used
according to their strengths they can still provide answers to specific research
questions. It is my hope that the methodologies presented herein can be of
support to other researchers in their pursuit for answers.
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