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Summary

Chromosomal instability (CIN), the failure of cells to segregate chromosomes correctly during
cell division, is a typical feature of solid and hematopoietic tumors. By fostering intratumor
heterogeneity and facilitating therapy resistance CIN aids in the growth of tumors. Natural killer
(NK) cells have been shown to recognize and destroy cells with complex karyotypes in in vitro
experiments. Contrarily, immunosuppressive phenotype has also been noted in human
malignancies with high levels of CIN. However, which CIN-associated genetic characteristics
influence immune recognition during tumor progression still remains to be elucidated. Previous
research from our group demonstrated that overexpression of Polo-like kinase 1 (Plk1) in Her2-
positive mammary tumors, resulted in increased CIN levels along with a delay in tumor
initiation. Using the same mouse model, I demonstrate that Her2-Plkl tumors induce a
senescence-associated secretory phenotype (SASP) and mediate immune evasion by
upregulating PD-L1 and CD206 and inducing non-cell-autonomous NF-kB signaling (RELB).
Immune cells from early-stage induced mammary glands were sequenced and the results
disclosed the presence of Argl™ macrophages with EMT signatures, NK cells (CD11b-CD27")
with reduced effector capabilities along with increased infiltration of resting regulatory T cells
during development of Her2-Plk1 tumors compared to tumors with low CIN. Thus, immune
modulation in tumors possessing high CIN happens very early during tumor development with
multiple arms of the immune system playing an important role. We further corroborate similar
findings in human breast tumors expressing high levels of PLK1 and find upregulation of gene
sets associated with SASP, NF-kB signaling and immune suppression. In conclusion, the
results presented from in vivo experiments aid in understanding the interaction between
different levels of CIN and the immune system. The study also highlights the need for novel
adjuvant therapies such as anti-PDL1 or RELB inhibition in the context of chromosomally

unstable tumors expressing PLK1.






Zusammenfassung

Chromosomeninstabilitdt (CIN), also das Versagen von Zellen bei der korrekten Segregation
von Chromosomen wéhrend der Zellteilung, ist ein typisches Merkmal solider und
hédmatopoetischer Tumoren. Indem sie die Heterogenitét innerhalb des Tumors fordert und die
Therapieresistenz erleichtert, unterstiitzt CIN das Wachstum von Tumoren. Natiirliche
Killerzellen (NK-Zellen) haben in In-vitro-Versuchen gezeigt, dass sie Zellen mit komplexem
Karyotyp erkennen und zerstoren konnen. Umgekehrt wurde auch bei menschlichen
Malignomen mit hohem CIN-Gehalt ein immunsuppressiver Phanotyp festgestellt. Die Frage,
welche CIN-assoziierten genetischen Merkmale die Immunerkennung wihrend der
Tumorprogression beeinflussen, muss jedoch noch geklért werden. Frithere Forschungsarbeiten
unserer Gruppe haben gezeigt, dass die Uberexpression von Polo-like kinase 1 (Plk1) in Her2-
positiven Brusttumoren zu erhdhten CIN-Werten und einer Verzogerung der Tumorentstehung
fiihrt. Anhand desselben Mausmodells zeige ich, dass Her2-Plk1-Tumore einen Seneszenz-
assoziierten sekretorischen Phénotyp (SASP) induzieren und durch Hochregulierung von PD-
L1 und CD206 sowie Induktion der nicht-zellautonomen NF-kB-Signalisierung (RELB) eine
Immunevasion vermitteln. Immunzellen aus induzierten Brustdriisen im Frithstadium wurden
sequenziert, und die Ergebnisse enthiillten das Vorhandensein von Argl+-Makrophagen mit
EMT-Signaturen, NK-Zellen (CD11b-CD27+) mit reduzierten Effektor-Fahigkeiten
zusammen mit einer erhohten Infiltration ruhender regulatorischer T-Zellen wéhrend der
Entwicklung von Her2-Plkl-Tumoren im Vergleich zu Tumoren mit niedrigem CIN. Die
Immunmodulation in Tumoren mit hohem CIN findet also schon sehr friih wihrend der
Tumorentwicklung statt, wobei mehrere Arme des Immunsystems eine wichtige Rolle spielen.
Wir bestdtigen &dhnliche Ergebnisse in menschlichen Brusttumoren, die hohe PLKI-
Konzentrationen aufweisen, und finden eine Hochregulierung von Gensétzen, die mit SASP,
NF-kB-Signalen und Immunsuppression in Verbindung stehen. Zusammenfassend ldsst sich
sagen, dass die vorgestellten Ergebnisse aus In-vivo-Experimenten dazu beitragen, die
Interaktion zwischen verschiedenen Ebenen von CIN und dem Immunsystem zu verstehen. Die
Studie unterstreicht auch die Notwendigkeit neuer adjuvanter Therapien wie Anti-PDL1- oder
RELB-Inhibition im Zusammenhang mit chromosomal instabilen Tumoren, die PLKI1

exprimieren.
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1. Introduction

1.1 Chromosomal instability (CIN) and methods to detect CIN

Chromosomal instability (CIN) is a condition in which cells experience chromosome
segregation errors during mitosis, resulting in aneuploidy. Aneuploidy is associated with
chromosome copy number changes and structural modifications like deletions, amplifications,
insertions etc. Large-scale tumor analysis shows that 86% of solid tumors and 72% of
hematopoietic tumors are aneuploid and have high missegregation rates (Zasadil et al., 2013).
Although CIN and aneuploidy are sometimes used interchangeably, it's important to understand
the difference between the two. Aneuploidy is a genetic condition while CIN is a cellular state
that leads to aneuploidy. Ongoing CIN beginning from a euploid state results in various
missegregation events (Figure 1). However, cells can also be aneuploid without displaying
characteristics of CIN (Trisomy 21) and these are termed as stably aneuploid, as they carry the
same number of chromosomes in every cell division. Stable aneuploid cell lines are used in

vitro to study the effects of aneuploidy in the absence of CIN.

‘ A\ ~ Lagging

\t 777 chromosome

. \ Continuous /- Multipolar
/Jmissegregations /% spingles
N —_— \ // E— \ 4

EupIond ceII Missegregation of \\ @ Misaligned
chromosomes ‘ ) W chromosome

\

N 4

Aneuploidy :
Missing or extra Multinucleated
chromosomes ( cells

| Micronuclei

Figure 1: Different missegregation events generated as a consequence of ongoing chromosomal
instability beginning from a euploid state in a cell. Created with Biorender.com

There are many ways in which CIN can be studied both in vitro and in vivo. The effect of CIN
is mainly influenced by the rate of missegregation and also the type of missegregation induced.

Mouse embryonic fibroblast cells (MEFs), primary tumor cells and organoids isolated from
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mouse models of genetically induced CIN are primarily used in the in vitro setting to quantify
rates of CIN. In vitro quantification of CIN is mainly done through fluorescence in-situ
hybridization (FISH), immunofluorescence or immunohistochemistry of fixed cells in mitosis.
There are drawbacks associated with using in vitro models. Firstly, the ability to determine the
actual rate of missegregation (takes a snapshot of mitosis). Secondly, the absence of a
microenvironment involving the immune, nervous and endocrine systems and lastly the
influence of cell culture conditions on CIN behavior as different cell types respond differently
to CIN in vitro (Thompson et al., 2010). /n vivo measurements include the use of single-cell
DNA sequencing, time-lapse microscopy (mouse models expressing H2B-GFP) or intra-vital
imaging to monitor missegregation in mitosis over time. Overexpression of mitotic checkpoint
proteins like Plkl, Mad2 etc in different tumor models are predominantly used as genetic
models to understand the consequences of CIN in tumorigenesis. However, the only
disadvantages associated with in vivo measurements include the technical difficulty of creating
H2B-GFP animal models and high cost of sequencing. Therefore, in most cases levels of

aneuploidy are used as an end point measurement to quantify CIN levels in a particular cell

type.

1.2 Physiological consequences of chromosome missegregations

CIN induces both direct and indirect effects on the transcriptome. Gene dosage effects are the
direct consequence of chromosome copy numbers, where the RNA expression is proportional
to chromosome gains or losses (Williams et al., 2008). Besides the direct effects, it is also shown
in yeast that aneuploidy causes upregulation of 43-78% downstream genes located on other
chromosomes which are targets of the genes encoded on aneuploid chromosomes (Pavelka et
al., 2010; Rancati et al., 2008). To further see if changes in transcriptome translate to protein
level, Pavelka et al., 2010 and Torres et al., 2010 used multidimensional protein identification
technology (MudPIT) and stable isotype labeling with amino acids in cell culture (SILAC)
based mass spectroscopy to show that protein levels do corelate with DNA copy numbers in
yeast. Interestingly, it is found to be less pronounced in human cells because of dosage
compensation. SILAC analysis on HCT116 cells showed a 1.6-fold increase in protein levels
for genes encoded on chromosome 5 with tetrasomy compared to cells diploid for chromosome
5 (Stingele et al., 2012). However, such a reduction in protein levels in not because of a decrease
in translation but increase in protein degradation levels. Also seen in aneuploid cells is the
upregulation of genes corresponding to MHC complex, antigen presentation, metabolic

pathways and ER, Golgi and lysosome related pathways (Durrbaum et al., 2014). However, the
14



degree of stress depends on various factors like ploidy level, cell type and tissue of origin.

Different types of stress induced by aneuploidy are elucidated below:

Proteotoxic stress: Unbalanced gene expression often results in proteotoxic stress due to
defective protein folding and homeostasis (Deshaies et al., 2014, Morimoto et al., 2008). Cells
exhibiting CIN overproduce proteins that go beyond the ability of chaperones to fold them or
proteasome to remove misfolded or damaged proteins (Donnelly and Storchova et al., 2015).
Apart from upregulation of genes associated with ubiquitin proteasome system (UPS),
aneuploid cells show lysosome dependent activation of autophagy through increased LC3 and
p62 expression (Stingele et al., 2012). However, the ability of chromosomally unstable cells to

tolerate extra proteins differs from karyotype to karyotype.

Metabolic stress: Malfunctioning of a particular set of enzymes and their regulators leads to an
imbalance in metabolic homeostasis. Aneuploidy induced altered metabolism causes changes
in glutamine and glucose uptake (Williams et al., 2008). Other studies show downregulation of
proteins involved in RNA, DNA and carbohydrate metabolism while upregulation of
mitochondrial metabolism in tetrasomic HCT116 cells (Stingele et al., 2012). Metabolic defects
are also associated with increase in Reactive oxygen Species (ROS) levels (Apel et al., 2004)

causing further DNA damage and proteotoxicity.

Replication stress: Stalling of replication fork progression during DNA replication induces
replication stress (Mazouzi et al., 2014). Replication stress leads to cell cycle arrest as a result
of cell cycle checkpoint activation. Inability to repair the halted replication fork induces DNA
damage in the form of double stranded breaks (DSB). In addition to DNA damage, replication
stress also induces senescence and immunological detection of aneuploid cells (Adriani et al.,

2016; Santaguida et al., 2017).

Mitotic stress: Copy number changes lead to altered ratio of protein machinery involved at the
spindle assembly checkpoint (SAC), thus contributing to karyotype diversity. Classic example
of this comes from the treatment of RPE-1 cells with MPS1 inhibitor to generate cells with
different levels of aneuploidy (Santaguida et al., 2017). Followed by the removal of MPS1 and
in the presence of SAC, the daughter cells show high levels of mitotic aberrations like lagging
chromosomes and micronuclei during mitosis as observed by live cell imaging. Thus, mitotic

stress persisting in cells harboring aneuploidy contribute to further chromosomal instability.
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1.3 Chromosomal instability (CIN): A Hallmark of Cancer

The loss or gain of chromosomes can cause phenotypic differences due to changes in expression
of genes, as described previously. This is the key reason why CIN promotes tumor
heterogeneity and is linked with poor patient survival in many tumor types. Majority of
chromosome missegregations are caused by abnormalities in the mitotic process such as
amplification of centrosomes, pre-mitotic replication stress, incorrect microtubule-kinetochore
attachments and dysregulation of mitotic checkpoint (Holland et al., 2009; Vitre et al., 2012).
Both loss of function and hyper activation of the spindle assembly checkpoint proteins lead to
missegregations, with low rate of missegregations associated with loss of function phenotype
(Janssen and Medema et al., 2013). Studies from mouse models have shown that tumors
overexpress checkpoint proteins such as Plkl (de Carcer et al., 2018), Mad2 (Sotillo et al.,
2007), Bubl (Ricke et al., 2011), BubR1l (Baker et al., 2013). The consequence of
overexpression results in cell cycle arrest in G1 phase due to activation of DNA damage
signaling or further missegregations resulting in micronuclei (Rowald et al., 2016) or

binucleated cells (de Carcer et al., 2018) in Mad2 and Plk1 breast tumors respectively.

The role of CIN in tumor evolution remains very complex. The prevalence of CIN in tumors
generates new karyotypes promoting intra-tumor heterogeneity (ITH) and selecting
advantageous karyotypes. Interestingly, by looking at the levels of CIN in tumors, intermediate
levels induce tumor growth, while high and very high levels of CIN impair tumor growth and
also show good prognosis (de Carcer et al., 2018; Silk et al., 2013; Zasadil et al., 2016). One
theory put forward to support the tumor suppressive effects of CIN is the high production of
nonviable karyotypes or activation of p53 activity (Ohashi et al., 2015; Thompson et al., 2010,
Soto et al., 2017). Furthermore, CIN correlates with resistance to cytotoxic chemotherapy drugs
such as taxol in tumor-derived cell lines and human tissues (Bakhoum et al., 2011, Swanton et
al., 2009). Reciprocally, chromosome missegregations also sensitize glioblastomas to radiation
treatment and ovarian and breast tumors to cisplatin and 5-fluorouracil (5-FU) therapies
(Roylance et al., 2011; Swanton et al., 2009). Thus, it can be understood that CIN could have
profound effects not only on cancer cells but other cell types in the tumor microenvironment.
These can be termed as non-cell autonomous effects. Nevertheless, to say, tumors having high
levels of CIN such as triple-negative breast cancer, pancreatic cancer, lung cancer, anaplastic
thyroid cancer, poorly differentiated sarcomas and colorectal cancer show more propensity
towards therapy resistance, immune evasion, metastasis with decreased overall survival
(Bielski et al., 2018, Carter et al., 2012).
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Furthermore, understanding how different levels of CIN in different tissues affect tumor
formation is very important. Hoevenaar et al., 2020 used Cre-inducible CiMKi knock-in model
carrying conditional T649A(TA) or D637A (KD) kinase-dead mutation in spindle assembly
checkpoint kinase Mps! to induce different levels of CIN (in the intestine, CiMKi: Villin-Cre)
ranging from mild to very high. CIN lead to early and spontaneous tumor initiation, with the
strongest effect in animals with moderate CIN levels (multiple low-grade adenomas in the small
intestine and colon). To further understand the impact of CIN on tissues already predisposed to
cancer, Hoevenaar et al, used CiMKi mice with a mutant APC allele and found that moderate
to high CIN substantially increased the number of adenomas in the colon and small intestine,
with tumors appearing in the distal part of the colon, as seen in humans. Moderate to high CIN
accelerated tumor growth and initiation compared to low and very high (embryonic lethal)
levels of CIN and a similar phenotype was seen in organoids cultured from the tumors. In
humans, adenomas from the distal part of the colon are highly aneuploid, and sc-KaryoSeq of
the adenomas in the distal part of the colon induced by moderate to high CIN (mutant APC
allele) also showed elevated levels of aneuploidy and heterogeneity. These data suggest that
tumor formation and karyotype heterogeneity primarily depend on the degree of CIN and the
tissue of origin. Further studies, involving the use of mouse models with varying degrees of
CIN to induce spontaneous/inducible tumors in different tissues will add more value to the

existing evidence and determine the site-dependent effect of CIN.

1.4 PIK1 and its role in Tumorigenesis

Plk1, also known as polo-like kinase 1 is a serine/threonine protein kinase that mediates G2/M
transition during the cell cycle and also phosphorylates various substrates as the cell transitions
through different phases of mitosis until cytokinesis (Barr et al., 2004). Besides, Plk1 also plays
a crucial role in regulating the spindle assembly, centrosome maturation, chromosome
segregation and DNA replication etc (Liu et al., 2010; Song et al., 2011). The role of Plkl
remains ambiguous as studies show both the oncogenic and tumor-suppressive ability of this
gene. The oncogenic effects of Plkl have been associated with the modulation of tumor
suppressors like PTEN (phosphorylating at Ser385), REST (phosphorylation at Ser1030),
SUZ12 (phosphorylation at Ser539, Ser541), ZNF98 (phosphorylation at Ser303, Ser305,
Ser309) preventing its localization to the nucleus (Li et al., 2014) or favoring protein
degradation by the proteasome (Karlin et al., 2014). On the contrary, Plkl is known to
phosphorylate histone methyltransferase MLL2 at Ser4822 to activate tumor suppressors
downstream of the Estrogen receptor (ER) (Wierer et al., 2013). Furthermore, overexpression
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of Plk1, reduced tumor incidence in Her2 (50%) and Kras (85%) breast tumor models (Rowald
et al., 2016; de Carcer et al., 2018). Moving beyond breast tumors, Plkl knockdown in
combination with mutant APC allele increases the incidence of colorectal polyps (Raab et al.,
2018). Since this thesis focuses on the role of Plkl in breast cancer, I will elaborate more on

the phenotype associated with Plk1 expression in the mammary glands.

de Carcer et al, showed the in vivo effects of Plk1 overexpression in malignant transformation
by using an in vivo mouse tumor model that overexpresses Her2 (Neu) and Plk1 in an inducible
manner under the control of mammary gland tumor virus promoter (MMTV-rtTA). Plkl
overexpression in mammary tumors caused a delay in tumor initiation with first palpable tumors
appearing after 349 days compared to Her2 tumors with tumors appearing in 112 days after
doxycycline administration. These Her2-Plk1 tumors exhibited high percentage of somatic
copy number alterations and aneuploidy as seen by low coverage whole genome sequencing
(WGS) and fluorescence insitu hybridization (FISH). Further phenotypic validation revealed
that these tumors cells were arrested in the G1 phase of the cell cycle expressing high levels of
the CDK inhibitor p21 and p16 with reduced expression of proliferation markers such as Ki67
and PCNA. Interestingly, time-lapse microscopy of these cells showed abnormal chromosome
missegregations and cytokinesis failure resulting in polyploidy (binucleated cells). In summary,
a few key points to consider when talking about Plkl expression in tumors: Firstly, Plkl
expression by itself does not function as an oncogene. Secondly, Plkl can act as a tumor
suppressor when combined with oncogenes like Her2 or Kras (de Carcer et al., 2018) and
induces significantly high mitotic aberrations leading to CIN and lastly like many other cell
cycle checkpoint genes, Plkl is also commonly overexpressed in different cancer types and is
associated with bad prognosis (Ramani et al., 2015; Tut et al., 2015; Zhang et al., 2015). This
comes from the fact that several genes associated with the CIN70 signature
(proliferation/cellcycle) are frequently upregulated in cancers and Plk1 is a component of the
CIN70 signature (Maleki et al., 2017). Plk1 inhibitors (Volasertib, BI2536) are also presently
being tested clinically for various solid and hematopoeitic tumors. So far the cellular effects of
Plk1 overexpression in tumor development have been described, however the immune

responses associated with Plk1 overexpression still remain to be eluciated.
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1.5 Innate and adaptive immune system

The human immune system includes both innate and adaptive immune responses. The innate
immune system comprises of anatomical barriers (epithelial skin layers and glandular tissue
surfaces) along with cellular responses (phagocytosis and inflammation) to infection. It is made
up of cells like Macrophages, Natural Killer cells (NK), Dendritic cells, Mast cells, Neutrophils,
Basophils and Eosinophils. The innate immune system functions primarily by recruiting
immune cells to the site of infection by releasing cytokines and by activation of the complement
system. The complement system triggers the recruitment of inflammatory cells and tags the
surface of infected cells with proteins called opsonins. The infected cells coated with opsonins
are then phagocytized by scavenger cells like macrophages. Inflammation is a key cellular
response to infection, mediated by macrophages, neutrophils, mast cells etc. They present
exclusive receptors called pattern recognition receptors (PRRs) which recognize molecules
present on pathogens and damaged cells and mediate the release of inflammatory cytokines.
The molecules present on damaged cells are often referred to as pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns (DAMPs). Cytokines released
during inflammation include TNFa, IL-1, HMGBI etc (Turner et al., 2014).

On the other hand, the adaptive system, also called as acquired immunity is a slower response
compared to innate immunity, but is highly specific to the encountered pathogen and creates
immunological memory. It is comprised of B cells and T cells that develop from multipotent
hematopoietic cells in the bone marrow (Fischer et al., 2020). As the name suggests, B cells
develop and mature in the bone marrow. Naive B cells circulate in the lymphatic system until
they encounter an antigen and once the appropriate antigen is bound to the membrane bound
antibody receptor, B cells are activated to differentiate to plasma cell (producing antibodies) or
memory B cells. The diversity of B and T cell receptors is facilitated by somatic recombination
of gene segments resulting in a wide array of antigen specific receptors. Various immune cell

subsets are shown below (Figure 2).

Similarly, T cells migrate and mature in the thymus (Schmitt et al., 1995). In the thymus T cells
express T cell receptors (TCRs) along with CD4 or CDS8. Unlike B cells, T cell receptors
recognize antigen bound to MHC I or MHC II (major histocompatibility complex) molecules.
These MHC receptors are present on the surface of antigen-presenting cells like macrophages
and dendritic cells. For efficient functioning of T cells, they also undergo positive selection

(ensures MHC restriction) and negative selection (maintenance of self-tolerance). After the
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selection process, mature T cells are classified into three types: Helper T cells (express CD4
and aid in the activation of B cells and other immune cells), Cytotoxic T cells (express CD8
and aid in the removal of infected cells or pathogens) and Regulatory T cells (express CD4,
CD2S5 and aid in reducing the risk of autoimmune diseases by distinguishing self and nonself

molecules).
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Figure 2: Various cell types of the innate (left) and adaptive immune system (right). Created with
Biorender.com

1.6 Immune Responses to Chromosomal Instability

A key question in the field of aneuploidy is how an ongoing CIN shapes tumor evolution and
affects immune cell infiltration in the context of high and low CIN tumors. Several studies have
so far attempted to address this question through in silico studies and in vitro models along with
the identification of pathways mediating immune surveillance. One of the earliest
computational studies done by Davoli et al., 2017 showed the relationship between somatic
copy number alterations (SCNA) levels, mutations, immune cell markers and mitosis/cell cycle
genes in multiple tumor types. The study showed a positive correlation between SCNA levels
and number of mutations in 8 out of 12 TCGA tumor types, except for colorectal (CRC) and
endometrial carcinoma (UCEC) which showed a statistically negative correlation. The positive
correlation between high SCNA levels and mutations was seen in passenger genes (not
predicted to be cancer drivers) but not in driver genes (tumor suppressor genes and oncogenes).
Secondly, gene set enrichment analysis (GSEA) of tumors with high aneuploidy (SCNA levels

> 70™ percentile) showed downregulation of genes associated with the immune system. Gene
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sets associated with T cell and B cell receptors (CD3E, CD3D, CD247, Iga, 1gf), cytotoxic
functions of T cells and NK cells (GZMA, GZMB, GZMK, GZMM etc), IFN-8 pathway (JAK2,
IRF1, IRF2, GBP4) and genes corresponding to cytokine production (IL-14 IL-16, IL-18,
CCL3, CCL7, CCL22 etc) were downregulated compared to tumors with low aneuploidy
(SCNA levels < 30™ percentile). Similarly, clinical trial data from anti-CTLA-4 blockade in
melanoma patients (Van allen et al., 2015) shows that long-term survival post-immunotherapy
is dependent on tumor SCNA levels and thereby acts as an independent prognostic factor that

determines overall survival.

Moving forward to in vitro studies, there are several ways for inducing chromosome mis-
segregation. Compounds that disrupt microtubule function or microtubule-kinetochore
attachment, induce missegregation through delay in mitosis. Some of the common ways include
the use of DNA damaging agents (induce double-stranded breaks by interfering with DNA
synthesis), spindle poisons like taxanes (effect microtubule dynamics), vinca alkaloids
(depolymerization of microtubules), inhibition of mitotic proteins (Plk1, Mad2, Aurora B etc)
or chemical inhibitors like reversine (MPS1 inhibitor) and nocodazole (effect microtubule
polymerization). Santaguida et.al., 2017 used hTERT immortalized RPE1 cells treated with
reversine or NMS-P175 to induce chromosome missegregations. Cells were separated into
those that were dividing with low levels of missegregations (mostly euploid) and those that
experienced G1 arrest because of multiple chromosome gains and losses (aneuploid). These
arrested cells showed features of senescence (elevated levels of CDK inhibitors p16 and p21),
increased cytokine production and subsequent elimination by NK cells (Figure 3). Moving to
immune responses, arrested cells with complex karyotypes (aneuploid cells) upregulated gene
sets corresponding to inflammation and immune response along with cGAS-STING pathway
and proinflammatory cytokines like IL6, IL8 and CCL2 compared to cycling RPEI cells
(euploid cells). The trigger for immunogenecity (NK cell activation) in aneuploid cells came
from the activation of cell surface proteins like MICA, MICB and NKG2D ligands ULBP1,
ULBP2. Likewise, upregulation of CD112 and CD155 on aneuploid RPE1 cells mediated NK
cell interaction with aneuploid cells. Furthermore, co-culture of both aneuploid and euploid
karyotypes with NK-92 cells showed that NK cells were efficient in killing cells with high
levels of aneuploidy 6-12 hours post incubation through the activating receptor NKG2D.
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Figure 3: Ongoing chromosome missegregation creates complex karyotypes with high chromosomal
instability, which are eliminated by NK cells invitro. Modified from Santaguida et.al. 2017. Created
with Biorender.com

Wang et al., 2021, further explored mechanisms that contribute to NK cell-mediated elimination
of aneuploid cells, and identified the NF-kB pathway to be crucial for contributing to
immunogenecity (Figure 4). Several factors like G1 arrest associated with characteristics of
senescence, activation of both canonical and non-canonical NF-kB signaling, combination of
proteotoxic, oxidative and genotoxic stress associated with aneuploidy state appear critical for
NK cell-mediated cytotoxicity in aneuploid arrested cells. The study also shows that the levels
of aneuploidy positively correlated with NF-kB in transformed cancer cells, but concluded that
there are other factors acting in parallel to diminish NK cell-mediated immune response

compared to non-transformed cells.

1.7 ¢cGAS-STING pathway in chromosomal instability: Friend or Foe

The cGAS-STING pathway is part of the innate immune system, that detects and responds to
cytosolic DNA by the release of inflammatory cytokines (Decout et al., 2021). It plays a pivotal
role by mediating communication between tumor cells with chromosomal instability (release
of micronuclei into the cytoplasm) and the surrounding tumor microenvironment. Upon binding
to dsDNA in the cytoplasm, cGAS produces cGAMP via the C-terminal domain (Sun et al.,
2013).
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Figure 4: Cells with complex karyotypes are eliminated by NK cells invitro through the activation of
NF-kB signaling. Modified from Wang et.al. 2021. Created with Biorender.com

cGAMP then binds to STING (Stimulator of interferon genes), helping in the translocation of
STING from ER to Golgi (Ishikawa et al., 2008). In the golgi STING recruits TBK1 and IRF3
(Mukai et al., 2016) resulting in the phosphorylation of IRF3 and translocation into the nucleus
leading to the activation of Typel interferon genes and IRF3 target genes (Tanaka et al., 2012).
This activation of cGAS-STING and Typel interferon pathways leads to the recruitment of NK
cells to eliminate cells with CIN (Santaguida et al., 2017). Besides, it is also known that larger
fragments of DNA activate cGAS more effectively compared to short fragments (Luecke et al.,
2017).

Moreover, activation of cGAS-STING by antigen-presenting cells like dendritic cells and
macrophages during phagocytosis of cancer cells promotes recruitment and expansion of
tumor-specific T cells through interferon upregulation (Deng et al., 2014; Wang et al., 2017).
Likewise, STING-deficient mice also showed reduced infiltration of tumor-specific CD8 T
cells and activation factors like CD40, CD86 and IL12 (Woo et al., 2014). Furthermore, cGAS
also acts as a tumor suppressor by instigating mitotic cell death during prolonged cell cycle
arrest by suppressing caspase activation and inhibiting MOMP (Zierhut et al., 2019). Thus, it
can be understood that cGAS-STING pathway modulates both innate and adaptive immune
responses to suppress tumor growth by activation of IFN signaling and other interferon-

stimulated genes (ISG). What remains interesting is the fact that, cGAS-STING levels vary
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significantly between tumor types and in breast, prostate and head and neck tumors there is
increased expression as a result of decreased methylation at promoter regions (Bakhoum et al.,
2018; Konno et al., 2018).

On the contrary, the activation of cGAS-STING is also associated with tumor-promoting
effects. One classical example comes from the study of Bakhoum et al., 2018 where MDA-
MB-231 breast cancer cells in the presence or absence of a CIN phenotype were transplanted
into immunocompromised mice for monitoring metastasis. Mice with CIN phenotype showed
decreased average survival, increased in EMT and inflammatory genes and higher metastatic
burden. Interestingly, when STING was knocked down in high CIN MDA-MB-231 cells, the
cells showed reduced metastatic burden, downregulation of EMT genes and reduced non-
canonical NF-kB signaling. Furthermore, cGAS is also known to suppress homologous
recombination-mediated DNA repair to promote tumorigenesis (Liu et al., 2018). In addition to
this, pP38MAPK stress signaling also silences cGAS-STING mediated downstream effects by
inhibiting IFN production in the context of chromosomal instability (Dou et al., 2017). The
effects of cGAS-STING in the context of CIN are summarized below (Figure 5). Therefore, it
can be well understood that cGAS-STING signaling can be modulated for the treatment of
cancers in the context of chromosomally unstable tumors. But how the tumor activates or

deactivates this pathway is still under investigation.
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Figure 5: Two faces of cGAS-STING signaling associated with chromosomal instability. Created with
biorender.com.
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1.8 Breast Cancers and need for novel adjuvant therapies in the context of
CIN

Breast cancer is the most frequent cause of cancer death in women with statistics showing

264,121 new cases reported in 2019 with 42,280 deaths (www.gis.cdc.gov). For every 100,000

women there are 130 new cases reported in the United States. Risk factors include age, genetic
mutations (BRCA1 and BRCA2), familial history of breast cancer, reproductive history, obesity
etc. However, the highest incidence is seen in women with familial history and mutations in
BRACI and BRCA2 genes (Petrucelli et al., 2016). A high frequency of cell turnover increases
the probability of chromosomal abnormalities and incorrect DNA replication which also
increases the risk of cancer occurrence (Ashford et al., 2015). Different types of breast cancers
are determined by specific cells from which the cancer arises. Ductal carcinomas arise from the
milk ducts while lobular carcinomas arise from the lobules of the breast (site of milk
production). They are further classified as in situ vs invasive based on whether the cancer spread
across the surrounding breast tissue or not. Other types include triple-negative and
inflammatory breast cancers. Treatment for breast cancers include surgery which is done
preliminarily to remove the tumor (lumpectomy) or the entire mammary glands (mastectomy)
based on the size and staging of the tumor. It is often followed by chemotherapy, radiotherapy,
immunotherapy or targeted therapy in case of tumors expressing estrogen receptor (ER"),
progesterone receptor (PR") and human epidermal growth factor receptor 2 (Her2") (Burstein
et al., 2014; Moasser & Krop., 2015; Goel et al., 2016).

CIN has been at the pinnacle in conferring resistance to many anti-cancer therapies (Lukow et
al., 2021). Firstly, slower proliferation as a result of G1 cell cycle arrest and presence of higher
somatic copy number alterations in cancer cell lines is associated with resistance to
chemotherapeutics like cisplatin and paclitaxel (Swanton et al., 2009). Similarly,
missegregations induced (treatment with reversine) in cancer cell lines and exposing them to
chemotherapeutics revealed that survival of cancer cells was through karyotype evolution with
changes in dosage of specific genes associated with drug efflux pumps and metabolic enzymes
thereby selecting favorable karyotypes (Ippolito et al., 2021). On the other hand, studies have
identified molecules that could be responsible for resistance to chemotherapeutics in the context

of CIN.
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Firstly, patient-derived xenografts generated from triple negative and luminal breast cancers
treated with paclitaxel and docetaxel showed no effect on tumor growth, however targeting
p38a in these tumors made them sensitive to chemotherapeutics with aggressive tumor
regression (Canovas et al., 2018). One explanation is that inhibition of p38a increases DNA
damage, further elevates CIN levels beyond DNA repair. Secondly, activation of downstream
NF-kB signaling as a result of CIN is known to promote cellular invasion and metastasis besides
triggering resistance to both chemotherapy and radiation therapy in cancer cells (Gupta et al.,
2015). Considering the off-target effects associated with inhibition of signaling pathways like
NF-kB and p38, it remains crucial to identify various immunological targets for tumors with
high levels of CIN, which are discussed in the result section of the thesis.

All in all, to consider aneuploidy and CIN as an independent prognostic factor, it is important
to understand that aneuploidy plays a context dependent role in various tissues and targeting
the aneuploidy state/aneuploidy drivers and immune cells in the microenvironment per se aids
in recognition and eliminating of aneuploid tumor cells. Therefore, the use of in vivo models to
address these questions become more relevant from a clinical perspective. These results remain
critical in the development of novel adjuvant therapies for treatment of high CIN tumors

including breast cancer.
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2. Objectives and Aims of the Thesis

It is still unclear how aneuploid tumor cells interact with the tumor microenvironment in the
context of chromosomal instability. During the last decade, an enormous effort has been made
to identify if and how chromosomally unstable cells are sensed by the immune system during
the course of tumor progression. Whereas in vitro studies have demonstrated that aneuploidy
triggers an innate immune response, human malignancies with high levels of CIN have also
been reported to have an immunosuppressive phenotype. A crucial question in the field is to
understand this controversy and how different levels of CIN influence this phenomenon. The
majority of the studies shed light on conclusions from in vitro models where chromosome
missegregation was induced chemically. Hence, the translational impact of the relation between
aneuploid tumor cells and the immune system in vivo still remains to be understood. The current
thesis addresses these issues by utilizing mouse models and omics data generated for different
immune cell subsets during early and late stages of tumor development in high and low CIN

breast cancers.

2.1 Consequence of PIk1 overexpression in Her2" breast tumors:

PLK1 overexpression has been found in many human tumors and is often associated with poor
prognosis and increased metastatic potential. To design effective immunotherapy strategies, it
remains essential to understand the immune phenotype of Plkl overexpressing tumors. Here

we address the following from our in vivo experiments in end stage tumors:

» Identifying the gene expression profile of high and low CIN tumors.

* Quantifying immune cells in spleens and tumors along with the identification of
immune suppression markers.

* Understanding the signaling mechanisms associated with high CIN tumors expressing
PIk1.

* Corroborating immune cell phenotypes with TCGA-BRCA end stage human tumors
expressing high levels of PLK1.
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2.2 Innate and Adaptive immune cells during early stages of tumor
development in Her2" breast tumors with different levels of CIN:

The oncogenic effects of CIN/aneuploidy are well established. Contrarily, CIN induced by Plk1
expression also delays mammary tumor initiation in both Her2 and Kras mouse models. Thus,
it appears as if these chromosomally unstable cells are detected during early stages (due to delay
in tumor initiation) but eventually evade the immune system. To address this question and to
see if immune suppression is an early event during tumor initiation in Plk1 overexpressing high

CIN tumors compared to Her2 tumors with low CIN, we address the following:

* Determining somatic copy number alterations (SCNA) in early-stage Her2 and Her2-
Plk1 tumors.

* Understanding the relative percentage, gene expression profile including
activation/inhibition markers, phenotype and genes affecting functional development of
different subtypes of innate and adaptive immune cells at early stages during tumor

development through single-cell sequencing.
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3. Materials and Methods

3.1 Overview of the PLK1 transgenic mouse model

At the ColAl locus of KH2 embryonic stem cells (Beard et al., 2006), a FLAG-tagged human
PLK1 cDNA cassette was inserted under the regulation of the tetracycline response element by
homologous recombination using the FLP-FRT system (Figure 6). The ES cells were selected
using a hygromycin resistance cassette and ColA1-Plk1 animals were then bred with MMTV-
rtTA (Gunther et al., 2002), TetO-rat-Her2 (Moody et al., 2002), and H2B-GFP (Hadjantonakis
& Papaioannou., 2004) to carry all four transgenes. When doxycycline is administered to the
animals, it binds to the transcription factor rtTA which further binds to the promoter region

enabling gene expression.
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Figure 6: Schematic representation of human FLAG-PLK1 ¢cDNA inserted into ColA1 locus of KH2
ES cells via FLP-FRT system. Modified and created with Biorender.com

3.2 Breeding of mice and monitoring of the disease

Pathogen-free (SPF) environment with 12-hour day-night cycles and a median temperature of
21°C, was used to house all the experimental mice. All breeding and experimental methods
were carried out in accordance with the animal protocol (G231/15) and G-18/21 at the DKFZ,
Heidelberg, Germany. Food pellets (625 mg/kg, Harlan-Teklad) containing doxycycline (stable
tetracycline analog) was used to induce expression of transgenes in adult female mice (8-10
weeks) Tumor progression was monitored twice a week after the onset of the tumor, and

measurements were taken with vernier calipers. When the tumors surpassed 1.5 cm, mice were
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sacrificed by cervical dislocation method. Mice on FVB background were used for all the

experiments.

3.3 Stages of mouse estrous cycle

Before feeding mice with the Dox diet, Pap smears were conducted to assess the estrous phase
of the mice. Autoclaved distilled water, PBS, and 0.1 percent crystal violet were used for the
experiment. Vaginal lavage was performed by injecting 50ul of 1x PBS into the mouse's vaginal
canal. After aspirating 4-5 times to obtain sufficient quantity of cells, the cells were resuspended
and spread out on a superfrost slide to dry. The slides were stained with Crystal Violet (Sigma)
for 1 minute, then washed with water for 2-3 minutes. They are then air dried and examined

under a microscope for stage identification (Figure 7).

Proestrus Metestrus Diestru

Figure 7: Different stages in the mouse estrous cycle. Ratio of three cell types i.e. nucleated epithelial
cells, squamous epithelial cells and leukocytes (shown in arrows) are used in the identification process
of each stage. Source of the figure: Mclean et al., 2021.

3.4 Animal necropsy and removal of mammary glands

Prior to the process, the necropsy tools and other ancillary equipment was sanitized with 70%
ethanol. Externally, the mice were checked and obvious abnormalities were noted. Mice were
sacrificed via cervical dislocation. To open up the mammary glands on the flanks, a vertical
incision was made across the torso and the skin was pulled back. Mammary glands in positions
L1, R1, L2/3, R2/3, L4, and R4 (L=left, R=right) were collected (Figure 8). The tissue samples
were either snap frozen with liquid nitrogen for DNA and RNA analysis or processed in 10%
formalin (Sigma) for processing of histology slides or FACS buffer (PBS+5%FBS) used in the

preparation of single-cell suspension for flow cytometry analysis of immune cells.
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3.5 Genotyping

21 days after birth, mice are weaned, and ear punches are taken for genotyping. DNA was
recovered from the ear punches after 1.5 hours of incubation in 200puL 0.05M NaOH at 98°C
and neutralization with 20uL. 1M Tris HCI at pH7.5. 1uL of extracted tail DNA and 19uL of
PCR mastermix was diluted in an appropriate volume of dH20 and used in the PCR experiment.
Dream Taq green buffer (Thermo Scientific) 1X, 200uM dNTPs, Taq polymerase-1U/20ul,
0.25pmol/ul forward primer, and 0.25pmol/pl reverse primer make up the mastermix. All genes
were subjected to the below mentioned PCR program conditions: initial denaturation (94°C for
2 min), exponential amplification for 30 cycles [95°C for 30 s, 60°C for 30 s, 72°C for 30 s],
and a final denaturation (94°C for 2 min). The primers used for the identification of various

transgenes are listed below:
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Gene Primer Name Sequence

ColA1-Plkl Primer Coll fit A GCACAGCATTGCGGACATGC

Primer Coll fit B CCCTCCATGTGTGACCAAGG

Primer Coll fit C1 GCAGAAGCGCGGCCGTCTGG
MMTV-1tTA CMV-rtTA F GTGAAGTGGGTCCGCGTACAG

CMV-rtTAR GTACTCGTCAATTCCAAGGGCATCG

TetO-Neu TAN-IRES 3528F GACTCTCTCTCCTGCGAAGAATGG

TAN-IRES 3914B CCTCACATTGCCAAAAGACGG
H2B-GFP H2B EGFP (F) CAAGGGCGAGGAGCTGTT

H2B EGFP (R) AAGTCGTGCTGCTTCATGTG

Table 1: Genotyping PCR Primers

3.6 Immunohistochemistry (IHC) of tissue sections

The formalin-fixed paraffin-embedded sections were used to perform ITHC on mouse tumor
tissues. After deparaffinization with xylene, the samples were rehydrated with graded ethanol.
Antigen retrieval was done in a steamer for 30 minutes with 0.09 percent (v/v) unmasking
solution (Vector Labs). Endogenous peroxidases were inactivated for 10 minutes with 3%
hydrogen peroxide (Sigma). VECTASTAIN Elite ABC kits were used for secondary antibody
staining and biotin-streptavidin incubation (Vector Labs). For antibody detection, a DAB
Peroxidase Substrate kit (Vector Labs, SK-4100) was used. Bio-Optica and Vector Labs
provided the hematoxylin used for DNA counterstaining for the detection of nuclei. Anti-
Plk1(1:20) [Trakala et al., 2015], anti-PD-L1(1:150) [catalog: cellsignaling-64988T], and anti-
CD206(1:500) [catalog: R&D systems, AF2535] were employed as primary antibodies. The
sections were then incubated with the mentioned biotinylated secondary antibodies and
avidin/biotinylated enzyme reagents (ABC kit (PK-6101; PK-61-04)) in a sequential order.
StrataQuest software (Tissue-Gnostics) was used to perform the slide scanning and

quantification for PD-L1 and CD206. The total sum area of positive cells is determined.

3.7 Bulk RNA sequencing

According to the manufacturer's instructions, complete RNA was extracted from mammary
tumor tissues with the help of RNeasy Mini kit (Qiagen), buffer RLT and RNeasy spin columns
(Qiagen, Venlo, The Netherlands). Libraries were created using the Illumina TruSeq Stranded
mRNA Library Prep (Illumina, San Diego, California, USA). With the help of HiSeq 4000
(Ilumina), the libraries were sequenced as 50 base pair (bp) single-end reads and Kallisto

v0.46.1 was used to align the sequenced reads to Mm10 reference genome (Bray et al., 2016).
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Differentially expressed genes (DEGs) were calculated using DEseq2 package in after raw
counts were adjusted (Love et al., 2014). With the help of R packages ClusterProfiler,
enrichplot (Wu et al., 2021) and pathview (Luo & Brouwer., 2013), differentially expressed
genes were subjected to GO analysis and GSEA for the identification of signaling pathways. A

statistically difference between groups was measured with a significance of P<0.05.

3.8 Western Blotting

MCEF7 and Cal51 cells with and without the overexpression of Plk1 (rtTA-Plk1) were lysed in
Laemmli lysis buffer (0.25 M Tris-HCI pH 6.8, 2.5% glycerol, 1% SDS, and 50 mM DTT) for
the extraction of proteins from cell lines. Cells were scraped from the dish using a cell scraper
and the lysate is collected in a microtube. For the extraction of proteins from tumor tissues
(Her2/Her2-Plk1 and Her2-Mad2), the same buffer was used. Samples were put on a shaking
incubator at 100°C for 10 min and further centrifugation was done at 14000 rpm for Smins to
collect the protein sample. Tris-Glycine acrylamide gels were used for the separation of proteins
(BioRad) and later transferred to nitrocellulose membranes (BioRad). The gels were probed
with the following antibodies from cell signaling. Anti-PLK1(1:500) [catalog:4535S], anti-NF-
kB-p65(1:1000) [catalog:8242S], anti-RELB (1:1000) [catalog:10544S], anti-p38a (1:1000)
[catalog:9218S] anti-GAPDH (1:2000) [R&D systems], anti-Actin (1:6000) [catalog: A2066
Sigma]. Signal detection was done using super-signal chemiluminescence substrate (Thermo-
scientific) after incubation with anti-mouse/anti-rabbit secondary antibodies. Finally,

iBright1500 system (Invitrogen) was used for taking the pictures of the blots.

3.9 Sorting and Single cell RNA sequencing

Single-cell suspensions of mammary glands from 16 (Her2) and 22 (Her2-Plk1) day mice after
doxycycline administration was obtained through the disassociation of the tissue with the help
of collagenase IV (100 U/ml) and DNase I (50 U/ml). gentleMACS Octo Cell Disassociator
(Miltenyi Biotec) was used to incubate the cell suspension at 37°C with mild agitation. Cells
were washed with RPMI-1640 medium to stop the reaction. After two rounds of filtering,
samples were stained with anti-CD45 and anti-EpCAM antibodies in order to separate
hematopoietic cells from mammary epithelial cells. Using the gating strategy that was
previously described, sorting was done on FACS Aria II (Becton, Dickinson & Company) cell
sorter. 10x Genomics platform was used for single cell sequencing. Reverse transcription and

library preparation were done in accordance with the Chromium Next GEM sc 3 Reagent v3.1
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protocol. Following this, Illumina NovaSeq 6000 S1 was used to carry out paired end
sequencing runs. Processing of sequencing data was done using 10x Genomics Cell Ranger
3.0.0. (Zheng et al., 2017). The R package ‘Seurat’ was used to analyze the data (Butler et al.,
2018). If a cell had more than 200 genes and a mitochondrial content of less than 10%, it was
chosen for further investigation. The first 30 features based on principal component analysis
and manual examination of the accompanying "Elbow graph" were chosen for downstream
clustering and dimensionality reduction. With a resolution of 0.5, clusters were identified using
a shared closest neighbor modularity optimization built using the Louvain algorithm (Waltman
& Eck., 2013). Cells were annotated to a reference database (ImmGen) using the SingleR
program (Aran D et al., 2019). A Wilcoxon Rank Sum test was used to assess the differences
in gene expression between clusters as well as between samples within specific clusters. Using
datasets for hallmark genes (H), curated genes (C2), gene ontology genes (CS5), and
immunologic signatures (C7) from MSigDB, gene set enrichment analysis was carried out with
the help of R program clusterProfiler (Wu et al., 2012). The R program ggplot2 (Wickham H.,
2016) as well as the Python utilities matplotlib and seaborn were used for data visualization

(Waskom ML., 2021).

3.10 Invitro culture of MCF7 and Cal51 cells

Dulbecco’s modified eagles medium supplemented with 10% FBS (Gibco), 1%
penicillin/streptomycin (Life Technologies), non-essential amino acids (0.1mM), insulin (10
ug/mL), and sodium pyruvate (1mM, Life Technologies) was used to grow MCF7 cells.
Similarly, DMEM (high glucose) supplemented with 10% FBS (Gibco), 1% Penicillin-
Streptomycin (Life Technologies), and 1% glutamine (Life Technologies) was used for
culturing of Cal51 cells. To generate PLK 1-inducible cell lines, Puromycin (1g/ml) was used
to select MCF7 cells following infection with lentivirus expressing rtTA. Selection based on
GFP positive cells after infection was used for sorting Cal51 cells expressing rtTA. Second
infection was done using Tet-ON lentivirus carrying the human PLK1 ¢cDNA (pLenti CM Vtight
Hygro DEST) obtained from Addgene #26433). The infected cells are selected using
hygromycin resistance (350 png/ml). The cells were incubated in the presence and absence of

doxycycline (5mg/ml) for 24, 48 and 72hrs to see the expression of NF-kB related genes.

3.11 TCGA data sets, pre-processing and TME cell type inference

Gene expression data in the form of Log> normalized counts+1 was obtained from the Xena

browser (Goldman et al., 2020) for a total of 1108 breast cancer samples from TCGA. With the
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help of expression data, I separated tumors as PLK1 high and PLK1 low based on the Z-score
and identified 165 tumor samples as PLK1 low and 186 tumor samples as PLK1 high. Data was
retrieved from the legacy archive of GDC, normalized and filtered with the help of
R/Bioconductor package TCGAbiolinks version 2.22.3 (Colaprico et al., 2016) using
GDCquery, GDCdownload, and GDCprepare functions for tumor types (level 3) and platform
(“IlluminaHiSeq RNASeqV2”). Unsupervised clustering using principle component analysis
was used to identify the similarity between the PLK1 high and PLK1 low tumor cohorts.
CIBERSORT v.1.06 (https://cibersort.stanford.edu/) was used to determine the corresponding
fractions of 22 cell subsets within the tumor microenvironment (TME). lymphocyte populations
were computed based on batch-normalized gene-expression patterns for every tumor sample.
The application was run using the default LM22 reference matrix and total number of immune

cells in both Plk1-high and Plk1-low cohorts were estimated.

3.12 Fluorescence in-situ hybridization (FISH)

FISH was carried out on formalin-fixed paraffin-embedded Sum sections (Vector Labs,
California, USA, NA). Deparaffinization, rehydration, and antigen retrieval using unmasking
solution 0.09% (v/v) was done prior to starting the procedure. The BAC DNAs were tagged via
nick translation according to instructions in the kit. 3uL. of labeled probe and 7uL of Vysis
LSI/WCP Hybridization buffer were used to make the probe mix. The following program was
used to hybridize utilizing the Abbott Molecular Thermobrite system: Hybridization took place
at 37 °C for 20-24 hours after denaturation at 76 °C for 5 minutes. Chr 16-RP23-290E4 and
RP23-356A24 tagged with SpectrumOrange-dUTP (Vysis) and Chr 17-RP23-354J18 and
RP23-202G20 tagged with SpectrumGreen-dUTP (Vysis) were used to make pan-centromeric
probes (Vysis). In order to quantify the percentage of aneuploidy in both Her2 and Her2-Plk1
samples, a minimum of 400 cells from each sample and an average of 10 ROI (Region of

Interest) from each sample were taken into consideration.

3.13 Fluorescence-activated cell sorting (FACS)

Her2 and Her2-Plk1 tumors were digested at 37 °C with 100 U/ml collagenase IV and 50 U/ml
DNase-I. Spleen and tumor tissue single-cell suspensions were prepared to calculate immune
cell subset percentages. The following antibodies from Biolegend, anti-CD45[catalog:103115],
anti-Cd3[catalog:100320], anti-Ly6C[catalog:128007], anti-CD4[catalog:100537], anti-
CDS8Jcatalog:100714, anti-CD11c¢[catalog:117328], anti-MHCII[catalog:107606], anti-

CDl11b[catalog:101235], anti-Nk1.1[catalog:108709], anti-Nkp46[catalog:137611] and anti-
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CD25[catalog:102011] and anti-Foxp3[catalog:FJK-16s] (eBioscience) were used to stain the
cells. For intracellular staining, cells were treated with perm/fix solution (Foxp3 transcription
factor staining buffer kit, eBioscience) for 4 to 5 hours. Following permeabilization they were
stained with anti-Foxp3 to quantify intracellular Foxp3. Cells were acquired on a BD FACS
Canto (Becton, Dickinson & Company) flow cytometer and FlowJo (Version 10.1) software

was used to do the analysis.

3.14 Invivo NK cell depletion

NK cells in Her2 and Her2-Plk1 animals (6 weeks of age) were depleted by injecting 500 pg of
anti-NK1.1 (PK136) on day 1 followed by 250 ug on day 2 and a third injection of 250 pg on
day 10 until the time of doxycycline administration (8 weeks of age). The antibody was diluted
in 200 pl PBS and administered intraperitoneal (ip) to the recipient mice. From the time the
animals were put on doxycycline diet, a maintenance injection of 250 pg of anti NK1.1 (PK136)
was given every week until a palpable tumor was formed. Mice were then sacked to perform
necessary experiments. Cervical dislocation method was used to sacrifice the mouse and all the

mice were on a FVB background.

3.15 Statistical analysis

I used GraphPad Prism 8 software for statistical analysis in all the experiments. However,
appropriate R packages were used for determining statistical significance in single cell and bulk

RNA-seq analysis.
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4. Results

4.1 Immune response to Plkl overexpression in the mammary glands

4.1.1 PIk1 overexpression results in increased overall survival in Her2 breast
cancer model

One of the crucial mechanisms of immune evasion in malignancies is CIN (McGranahan et al.,
2017, Burrell et al., 2013, Watkins et al., 2020, Bakhoum et al., 2018, Rosenthal et al., 2019,
Davoli et al., 2017). Previous studies by de Carcer et al., 2018 showed the cell-autonomous
effects of PLK1, where PLK1 overexpression resulted in a significant delay in breast tumor
initiation with elevated levels of CIN (Average SCNA, Her2 = 2.3 and Her2-Plkl = 4 per
tumor). Similarly, Her2 tumors presented 24% mitotic errors in comparison to Her2-Plk1 cells
which showed about 50% (de Carcer et al., 2018). To better comprehend how varied degrees
of CIN shape and affect carcinogenesis, and to see the effects of PLK1 overexpression on the
immune system, I used the same in vivo mouse tumor model that overexpresses either Her2 or
Her2 in combination with PIk1 to see the expression of transgenes in mammary epithelial cells,
under the influence of the mouse mammary tumor virus promoter (MMTV-rtTA) (Figure 9A).
To confirm the phenotype, I followed up to see the overall survival in both the tumor groups
and found that Her2-Plkl tumors have a higher overall survival compared to Her2 tumors

(Median survival of Her2 = 72 days and Her2-Plk1 = 134 days) (Figure 9B).
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Figure 9: A) Schematic representation of the mouse models used in the study. B) Graph showing
overall survival in mice after doxycycline administration for oncogene activation. ****P<(.0001,
Mantel-Cox test.
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4.1.2 PIk1 overexpression in Her2 tumors results in a senescence associated
secretory phenotype (SASP)

To characterize the immune signatures associated with Plk1 overexpression, I investigated the
entire transcriptome of Her2 and Her2-Plk1 breast cancers by bulk RNA sequencing at humane
endpoint. Hierarchical clustering was used to determine the similarity between the two groups
(Figure 10A). There were in total 2096 differentially expressed genes between the two groups
as seen in the MA plot (Figure 10B). The results of differential expression analysis showed that
Plk1 overexpression resulted in elevated levels of SASP (Senescence Associated Secretory
Phenotype) markers. SASP was defined as a combination of inflammatory cytokines,
chemokines such as Tnfa, Cxcll2, Cxcll7, Cxcll5, S100al3, S100a4, extracellular matrix ECM
proteases such as Mmp3, Mmp9, Mmpll and molecules like Idol, Arg2 and Relb. Genes

associated with cell cycle regulation
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Figure 10: A) Heatmap of hierarchial clustering in Her2 (H) and Her2-PLK1 tumors (HP) samples
(n=3). B) MA plot showing the number of differentially expressed genes between the groups. C) Bulk
RNA sequencing of the entire transcriptome of Her2 and Her2-Plk1l tumors. Heatmap representing
differentially expressed cell cycle and SASP genes (Fold change (FC) >1.5 or < 1.5, p=0.05, n=3 tumors
per genotype). * Analyzed with assistance from Anand Mayakonda.
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such as Bubl, Kif20a, Kif20b, Cenpe, Aurkb, Mad2!l and DNA damage repair genes Brcal,
Brca2, Atm, Exol, Rad51 were downregulated (Figure 10C).

Her2-Plk1 tumor cells showed irreversible cell cycle arrest in G1 phase with the expression of
cyclin dependent kinase inhibitor p21 along with decreased expression of proliferation marker
PCNA. They are further characterized by flattened and enlarged morphology (de Carcer et.al).
So, I asked the question whether these tumor cells are senescent and tumor lysates from Her2-
Plk1 samples displayed increased B-galactosidase activity when compared to Her2, confirming
that Plkl overexpression induces senescence (Figure 11A). Next, I performed functional
analysis or over representation analysis to dissect pathways related to Plkl expression and
associated chromosomal instability. Gene set enrichment analysis (GSEA) showed enrichment
of pathways related to NF-kB, JAK-STAT, MAPK, NK cell mediated cytotoxicity and T cell
receptor signaling. Moreover, as predicted pathways related to cell cycle and DNA repair are
downregulated (Figure 11B). Additionally, I used ClusterProfiler (Yu et al., 2012) to analyze
GO terms associated with significant genes obtained from differential expression. The tool uses
hypergeometric testing and performs enrichment analysis by considering the significant gene
list and a reference gene list. The up and down regulated GO terms (biological pathways) in the
context of PLK1 overexpression were plotted using a dotplot. Interestingly, pathways
corresponding to immune suppression, angiogenesis, T cell activation, leukocyte activation and
migration etc were upregulated and pathways related to DNA replication, mitosis, DNA repair

and cell cycle etc were downregulated (Figure 14).
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Figure 11: A) [-galactosidase activity in Her2 and Her2-Plkl tumor lysates as measured by
fluorometric analysis (Mann Whitney test p<0.005**, n=10 (Her2) and n=16 (Her2-Plk1). B) Gene set
enrichment analysis using gene sets from KEGG pathways. Pathways overexpressed in Her2-Plk1
tumors are shown in yellow while Her2 tumors are displayed in blue.
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4.1.3 SASP induction in Plkl tumors leads to upregulation of cytokines
associated with inflammation and increase of inflammatory monocytes

SASP is known to disrupt normal tissue function by producing inflammatory cytokines
(Gorgoulis et al., 2019; Davalos et al., 2010). Similarly, inflammatory cytokines also suppress
immune system function (Coppe et al., 2014; Ben-Baruch., 2006). To corroborate the findings
from bulk RNA seq, I performed cytokine array analysis by extracting protein lysates from
Her2 and Her2-Plk1 tumors and saw elevated concentrations of SASP associated inflammatory
cytokines such as CXCL1, IL16 and anti-inflammatory IL1RN in the Her2-Plk1 group (Figure
12). CXCL1 and IL16 are known to mediate infiltration of neutrophils and T cells respectively
to site of inflammation (Li et al., 2015; Sawant et al., 2015; Sawant et al., 2021; Laberge et al.,
1998). Moreover, the upregulation of ILIRN serves to modulate the activity of IL1 family

proteins and dampen the inflammatory responses arising due to Plk1 expression.
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Figure 12: A) Cytokine array from Her2 and Her2-Plk1 tumor lysates displaying elevated levels of
CXCLI1, IL16 and ILIRN in the latter group. (p<0.05* p<0.0005***, 2-way ANOVA, Sidak’s
multiple comparison test, n=3).

Furthermore, I used flow cytometry to look at monocyte influx in response to SASP because
inflammation results in recruitment of monocytes that extravasate along the bloodstream (Shi
et al., 2011). Different types of macrophages/monocytes in the tumors were segregated based
on the expression of Ly6C and MHCII (Georgoudaki et al., 2016) (Figure 13A). Live CD45"
tumor cells were gated for the expression of CD11b. The CD45"Cd11b" double-positive cells
were then divided into four TAM (tumor-associated macrophage) subgroups based on the
expression of Ly6C and MHCII. Ly6Cheh MHCII®™ are termed as inflammatory monocytes,
Ly6C"t MHCII"e" cells are termed as immature macrophages, Ly6C'*" MHCII"e" cells were

40



termed as M1 TAMs and Ly6C™ MHCIIV cells as M2 TAMs. I detected a notable increase
in  CDI11b'Ly6CMe"MHCII®¥  inflammatory —monocytes and a reduction in
CD11b*Ly6¢c'*"MHCII"e" M1 tumor-associated macrophages (TAMs) in the Her2-Plk1 cohort
compared to Her2 alone (Figure 13B). Using the above classification M2 macrophages have
been described to be immunosuppressive and M1 macrophages are inflammatory and have
antitumor immunity. Thus, influx of inflammatory monocytes appears to be a consequence of

SASP induced by Plk1 overexpression in Her2 tumors.
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Figure 13: A) Schematic of gating monocyte populations based on the expression of Ly6C and MHCII
B) Flow cytometric analysis of inflammatory monocytes (Ly6c"®"MHCII") and M1 TAMs
(Ly6c"MHCII™" in endpoint tumors (Mann Whitney test p<0.05*, n=5 (Her2) and n=8 (Her2-
PIk1)).
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4.1.4 Gene Ontology analysis with biological processes associated with
overexpression of Plk1 in Her2 tumors
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Figure 14: GO overrepresentation analysis of differentially expressed genes between Her2 and Her2-
PIk1 tumor cohorts. The first 20 markedly (P<0.05) enriched GO terms from biological processes are
shown. A) Upregulated and B) Downregulated. The pathway adjustment enrichment score is
represented by color, and the dot size is depending on the number of genes enriched in the pathway



4.2 Validation of signaling pathways and immune suppression markers
associated with overexpression of Plkl in mammary tumors

4.2.1 High CIN activates NF-kB (canonical & non-canonical) signaling

Chronic stress, endogenous DNA damage, and the onset of senescence are all caused by
chromosome missegregation (Scheltzer et al., 2016; He Q et al., 2018; Torres et al., 2007).
Through the recruitment of NK cells, NF-kB: a principle transcription factor of senescence and
inflammation (Hayden et al., 2008) promotes immunological detection of chromosomally
unstable cells (Wang et al., 2021). Conversely, by facilitating migration, invasion, and
metastasis, NF-kB also promotes immune escape (Bakhoum & Cantley., 2018). Similarly, p38
MAPK is shown to be activated where it acts upstream of p53 to initiate cell cycle arrest in
response to prolonged mitosis or chromosome missegregations (Thompson & Compton., 2010;
Uetake & Sluder., 2010). Further, p38 MAPK also plays a role in aneuploidy tolerance by acting
as a stress sensor by responding to proteotoxic and oxidative stress (Cuadrado & Nebreda.,
2010; Cuenda & Rousseau., 2007). As my previous results point towards a SASP phenotype
with influx of inflammatory monocytes and upregulation of pro inflammatory cytokines, I
asked the question whether there is any upregulation of NF-kB and p38MAPK in the context
of high chromosomal instability induced by PLK1. Therefore, I performed western blotting of
NFkb-p65 (RELA), RELB, p38a, Phospho-p38 and PLK1 from tumor lysates of both tumor
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Figure 15: Protein levels of P38, Phopsho-p38a, RELB and NF-kB-p65 by western blotting in Her2
and Her2-Plk1 mammary tumors. GAPDH is used as a loading control. Bar graphs denote the relative
intensity of the signal with respect to GAPDH (* p<0.05, ** p<0.01, ns, not significant, Mann-Whitney
test, n=11 (Her2), n=13 (Her2-Plk1); numbers represent different tumors). For P-p38, n=4 (Her2), n=5
(Her2-Plk1).

groups and found elevated protein levels of p-p38a, NFkb-p65 (canonical signaling) and RELB

(non-canonical signaling) in the Her2-Plk1 group (Figure 15).

4.2.2 PIK1 overexpression results in upregulation of markers associated with
immune suppression

Highly aneuploid tumors show reduction in markers associated with cytotoxic cells, decreased
antigen presentation and elevated levels of anti-inflammatory cytokine production (Davoli et
al., 2017; Tripathi et al., 2019; Xian Su et al, 2021). Moreover, NF-kB is known to regulate PD-
L1 expression in tumor cells (Xu et al., 2019; Antonangeli et al., 2020). Therefore, to see if
senescence and SASP induced by NF-kb upregulation alter the tumor microenvironment of
tumor expressing high levels of Plk1, I preliminarily performed immunohistochemistry for PD-
L1 (CD274) and CD206, a marker for M2 macrophages in mammary tumor sections from both
groups. Her2-Plkl tumors showed increase in expression of PD-L1 and CD206, indicating a

suppressive microenvironment in these tumors (Figure 16).
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Figure 16: Immunohistochemistry showing expression of PLK 1, PD-L1 and CD206 in Her2 and Her2-
PIk1 tumor cohorts. Bar plots denote total sum area (um?). Positive regions are computed by dividing
DAB positive area in each ROI to the total area of the ROI (region of interest). The total sum area (um?)
of each sample is determined by adding positive regions from all the ROI’s. Scale bar: 100pm. (*,
p<0.05, **** p< 0.0001, Mann-Whitney test, n=5 (Her2), n=8 (Her2-Plk1).
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4.2.3 PIkl overexpression results in decreased infiltration of cytotoxic
immune cells

Many studies have reported PLK1 to be oncogenic and associated with poor prognosis (Xun et
al., 2020; Liu et al., 2022; Liu et al., 207; Dang et al., 2018; Hassan et al., 2018). Furthermore,
correlation of tumor immunity with PLK1 expression in different cancer types showed tissue-
specific effects (Li et al., 2018). Therefore, to see if there is an exclusion of cytotoxic immune
cells from the high CIN microenvironment, I performed flow cytometry to quantify the immune
cell populations (NK cells, CD4/CD8 T cells, Dendritic cells and Regulatory T-cells) in spleens
and tumors of both Her2 and Her2-Plkl cohorts. The schematic of the gating strategy is
described below (Figure 17). FACS analysis of specific immune cell types from breast tumor
tissues displayed elevated numbers of Tregs and dendritic cells in the Her2-Plkl cohort
characterized as CD3"CD4"CD25"Foxp3™ and CD11¢"MHCIIMeh respectively. Similarly, these
tumors also showed reduction in the total number of infiltrating NK cells which were
characterized as CD11c¢ Nkp46"/Nkl1.1" expressing cells (Figure 18). Interestingly, such a
phenotype was not seen in the spleens of these mice (Figure 19). Thus, these results conclude

that Plk1l expression inhibits cytotoxic tumor cell infiltration thereby effecting antitumor

immunity.
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Figure 17: Schematic of strategy used for analyzing NK cells, T cells, Dendritic cells and Regulatory
T cells (Tregs) in both Her2 and Her2-Plk1 tumors.
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Figure 18: Quantification of tumor-infiltrating lymphocytes by two-parameter dot plots in Her2 and
Her2-Plk1 tumors. A) Tregs (CD25"CD4 Foxp3"), B) Dendritic cells (CD11¢ " MHCII"e"), C) NK cells
(CD11¢ Nkp46/Nk1.17)) and D) T cells (CD3"°CD4", CD3"CDS8") in tumors (*, p<0.05, ** p<0.005,
% p< 0.0005, Mann-Whitney test n=6 (Her2), n=10 (Her2-Plk1)) and bar plots are shown as % of
CD45 positive cells. Percentage of each cell type is depicted in the boxes.

A Her2 Her2-PIk1

Her2-Plk1
19.57 59.50 ;

11.44

FOXP3

SPLEEN

129.40

46



ns

o5 ns 5 . ns 30 ns 40 ns 40 S
» — t
Do 20 0 4 R + ©30 . 530
ey S £ F20 S w 2
=015 ok =0 o0 = Na °
™9 T o &) O O20 O G20
& o 10 zZ 22 o 610 8 ‘S ® ‘S
O s 4 2y 5 O =10 80\010 ol
e ol o= ~ <

O T T G T T 0 G T T G T T
Her2 Her2-Plk1 Her2 Her2-Plk1 Her2 Her2-Plk1 Her2 Her2-Plk1 Her2 Her2-Plk1

Figure 19: Quantification of tumor-infiltrating lymphocytes by two-parameter dot plots in Her2 and
Her2-Plk1 spleens. A) Tregs (CD25'CD4 Foxp3"), B) Dendritic cells (CD11¢"MHCII"e"), C) NK
cells (CD11¢ Nkp46/Nk1.17)) and D) T cells (CD3"CD4", CD3'CDS8") in spleens (*, p<0.05, **
p<0.005, *** p< 0.0005, Mann-Whitney test n=5 (Her2), n=7 (Her2-Plk1)) and bar plots are shown
as % of CD45 positive cells. Percentage of each cell type is depicted in the boxes.

4.2.4 Activation of NF-kb signaling is a result of non-cell autonomous effects
of PIk1 overexpression

To test whether the activation of NF-kB (canonical and non-canonical) and p38MAPK
signaling is a direct consequence of Plk1 overexpression (cell-autonomous effect) or an indirect
effect mediated by the presence of immune cells (non-cell autonomous effect) in the tumor
microenvironment, [ wused human breast cancer cell lines MCF7 (expressing
estrogen/progesterone receptor) and Cal51 (Triple negative) to test the hypothesis in vitro. Cells
were cultured alone or infected with doxycycline-inducible PLK1 vector for 24, 48 and 72 hrs.
I discovered that MCF7 and Cal51-rtTA cells infected with a doxycycline-inducible PLK1
vector and grown in isolation without a surrounding microenvironment (immune cells) did not
exhibit significant differences in NF-kB-p65, RELB and p38a expression levels after
doxycycline induction. This experiment suggests the importance of immune cells in the tumor
microenvironment in activation of corresponding signaling pathways (Figure 20 A&B). Thus,
this experiment underlines the importance of using in vivo mouse models for studying the
consequences of chromosomal instability and also the significance of other cell types in the

tumor microenvironment.
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Figure 20: Protein levels of P38a, PLK1, RELB and NF-kB-p65 by western blotting in A) MCF7 and
MCF-PIk1 and B) Cal51 and Cal51-Plkl cells. The cells were incubated with doxycycline for 24, 48
and 72hrs. Vinculin was used as a loading control.

Next, to see if the activation of NF-kB (both canonical and non-canonical) signaling was merely
due to Plk1 expression or a consequence of high CIN, with the assistance of my colleague Maria
Ramos, we performed western blotting of the NF-kB family and p38MAPK proteins using
another breast cancer mouse model, which overexpresses Mad2 instead of Plk1 in the mammary
epithelial cells under the influence of the mouse mammary tumor virus promoter (MMTV-
rtTA). MAD?2 is an essential spindle checkpoint protein whose overexpression also induces
CIN in mammary tumors predominantly by the formation of micronuclei (Rowald et al., 2016).
Interestingly, I saw elevated expression of NF-kB-p-65, RELB and phospho-p38 in the tumors
expressing Mad2 (Figure 21), concluding that this upregulation of NF-kB and p38MAPK
pathways is a result of direct consequence of CIN induced by Plk1 and not due to increased

levels of Plk1.
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Figure 21: Protein levels of P38a, Phopsho-p38a, RELB and NF-kB-p65 from lysates of Her2 and
Her2-Mad2 mice by western blotting. Actin was used a loading control. Bar plots denote the relative
intensity of the signal with respect to actin (*, p<0.05, **, P<0.01, Mann-Whitney test, n=4 (Her2), n=5
(Her2-Plk1); numbers represent different tumors). * Western blot performed by Maria Ramos
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4.3 Modulation of immune cells during early stages of high CIN tumor
development

4.3.1 Somatic copy number alterations in early stage mammary glands
expressing PLKI.

Chromosomally unstable (mitotically arrested) cells upregulate gene signatures associated with
inflammation and cell surface proteins belonging to NKG2D family that are recognized by NK
cells to eliminate them in vitro (Santaguida et al., 2017). However, my preliminary data showed
that overexpression of Plkl in mammary tumors resulted in reduced infiltration of cytotoxic
immune cells and upregulation of PD-L1. This led to the hypothesis that chromosomally
unstable cells are initially recognized by the immune system but at some point, evade anti-
tumor immunity to facilitate tumor growth. Therefore, to comprehend how CIN alters the
immunological microenvironment to cause suppression, I collected pre-malignant stage
mammary glands from 16 days Her2 mice and 22 days Her2-Plkl mice respectively (Figure
22A). Moreover, to determine the aneuploidy levels, I performed immunohistochemistry of
Plkl (Figure 22B) and my colleague Sara Chocarro performed fluorescence in situ
hybridization (FISH) on the same sections (Figure 23 A&B). It is clear from these results that
Plk1 expression induces higher levels of somatic copy number alterations very early during

tumor development.
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Figure 22: A) H & E staining of mammary glands from early stages in both Her2 and Her2-Plk1 mice.
B) Immunohistochemistry showing expression of Plk1 in in both the cohorts.
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4.3.2 Single cell sequencing of early stage Her2 and Her2-Plk1 tumors

To understand the phenotype of immune cells at these early time points, I performed single cell

sequencing on 23120 sorted CD45" cells from both the cohorts. The schematic of the sorting

strategy is described below (Figure 24A). The Seurat package (Butler et al., 2018) was used to

analyze the data, and cell-type annotation using SingleR and the ImmGen database was carried

out to determine various populations of innate and adaptive immune cells. I identified 14

different immune cell subsets as shown in the UMAP below (Figure 24B). The analysis of

single cell data was done with the help of Lena Voith von Voithenberg and I sincerely thank

Charles Imbusch for his feedback and inputs during the discussions.
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Figure 23: A) Using two centromeric probes against chromosomes 16 and 17, fluorescence in situ
hybridization (FISH) of early stage mammary glands was performed. B) Aneuploidy percentage is
represented by bar plots. P=0.0073**, unpaired t-test. Scale bar: 50um. * Experiment performed by

Sara Chocarro.
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Figure 24: A) Schematic of FACS sorting to obtain CD45 hematopoietic cells at early stages in Her2
and Her2-Plk1 samples. Samples were extracted from three different mice per group. B) UMAP
displaying immune cell populations from both cohorts in color coded fashion. *Sorting done with the
assistance of Yuanyuan Chen.

Firstly, from the single cell analysis, the relative number of cells between the two groups is
represented in the UMAP and bar plot below (Figure 25 A&B). It is clear that the tumor
microenvironment of the two groups is dominated by T cells (approximately 60-70% of all
cells) based on the composition of immune cells. At baseline, Her2-Plk1 group has a relatively
larger fraction of T cells (CD4 T cells and Tregs) whereas macrophages and NK cells were

found in lesser numbers. The total number of cells that were captured from each cell type is

represented in the table below (Table 2).
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Figure 25: A) UMAP representing, total number of immune cells from each of the sample type Her2
and Her2-Plk1. B) Bar graph showing relative number of immune cells in Her2 and Her2-Plk1 early
stage mammary glands.
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Follicular B cells 2062 605 2667
CD4+ T cells 7808 2312 10120
Regulatory T cells 608 225 833
CD8+ T cells 4519 1043 5562
CD8+ effector T cells 239 73 312
CD11b+24" macrophages 120 15 135
CD11b+11c- macrophages 1082 71 1153
Macrophages steady-state 468 67 535
Natural killer cells (CD37, NK1.17) 950 118 1068
CD8+ plasmacytoid dendritic cells 121 36 157
Double negative dendritic cells (DN- 34 9 43
DC)
Neutrophils (arthritic) 349 30 379
Mast cells (MC.TR) 106 22 128
Fibroblasts 24 4 28
Total 18490 4630 23120

Table 2: Total number of cells captured per sample and cell type respectively.

Cell type annotation in single cell analysis starts with identification of markers that define a
cluster via differential expression. All the positive and negative markers in a single cluster are
identified compared to all other cells. The same strategy is employed to find markers in all other
remaining clusters. The features (markers) are detected based on a threshold: at a minimum
percentage and differentially expressed (on average) at minimum amount between the groups.
Finally, the cell type identity is determined by the expression of top 20-30 markers in each of
the cluster compared to all other clusters. Below is the heatmap showing different cell types

identified based on the expression of top markers in each cluster (Figure 26).
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4.3.3 Cell type annotation for different immune cells in early stage Her2
and Her2-PIk1 tumors
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Figure 26: Identification of cluster-specific marker genes detected through differential expression
analysis between the clusters. Heatmap representing normalized gene expression of different cluster
specific markers.
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4.3.4 Immune modulation in early stages of Her2-Plkl tumors — effect on
innate immune system (NK cells)

NK cells are innate immune cells that mediate cytolytic/anti-tumor effects against stressed cells
such as those experiencing high levels of DNA damage or tumor cells. Cells with complex
karyotypes exhibiting CIN are detected and eliminated by NK cells in vitro (Santaguida et al.,
2017) and furthermore, in vitro NK cell killing systems demonstrate NF-kB upregulation
central to eliciting a cytotoxic response in the context of CIN (Wang et al., 2021). To understand
the phenotype in vivo in the presence of a tumor microenvironment, I analyzed the NK1.1
cluster of the sorted CD45" cells. Firstly, I observed a stark difference in the expression of Cd27
and ltgam (CD11b) when comparing NK cells of both cohorts (Figure 27A). Surface expression
of Itgam and Cd27 in mouse NK cells defines their maturation status and cytotoxic ability (Abel
et al., 2018). This functional classification from the existing literature gave a hint that the NK

cells from Her2-Plk1 cohort showed reduced cytotoxicity.
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Figure 27: A) Scatter plots with normalized gene expression of Cd27 versus ltgam (CD11b) and B)
Cd27 versus Ccr7 in NK cells at the single cell level. The Spearman rank correlation coefficients and
p-adjusted values for differential gene expression between Her2 and Her2-Plk1 samples are shown.

Expression of another chemokine Ccr7, which plays a key role in NK cell migration to lymph
nodes (Campbell et al., 2001; Vitale et al., 2004) was seen in both the cohorts (Figure 27B). To
assess the levels of cytotoxicity between NK cells of both the cohorts, I looked into the
expression of key effector molecules like Gzma, Gzmb and Prfl and observed a trend with

downregulation of NK-effector molecules in the Her2-Plk1 group (Figure 28B).
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Secondly, other set of genes that aid in the activation of NK cells such as Nkg7, chemokines
(Ccl5, Ccl4, Ccl3) and activating receptors (Klrd1, Ncrl, Cd226, Kilrblc) were upregulated in
Her2 samples in comparison to Her2-Plk1 (Figure 28A). Surprisingly, activating receptor K/rkl
(NKG2D) which is upregulated in the context of aneuploidy was not significantly different
between both groups (Figure 28B), although both groups showed varying degrees of CIN.
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Apart from activating receptors and effector molecules, I looked to see if there are any
additional genes that effect the functional maturation, development, and trafficking of NK cells
within tumors exhibiting chromosomal instability and found upregulation of Socs3 and
downregulation of Cx3crl, Irf8 in the Her2-Plklcohort (Figure 28A). However functional
validation needs to be done to see the effect of up/down regulation of these specific
genes/transcription factors on the phenotype of NK cells. Furthermore, gene set enrichment
analysis of NK cells between the two cohorts showed downregulation of hallmark signatures
associated with I[FNa response, oxidative phosphorylation, and complement system in early

stage mammary glands of Her2-Plk1 mice (Figure 33B).
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Lastly, to corroborate some of the previous findings in vivo, and to validate whether NK cells
mediate immune sensing of aneuploid tumor cells, I treated Her2 and Her2-Plk1 animals with
an NK blocking antibody (anti-mouse NK1.1) intra peritoneally (ip) and monitored the survival
of the animals. Even though, Her2 tumors proliferated more quickly after NK cell depletion, I
found that this difference was not significant when compared to Her2-Plk1 animals, which had
significantly shorter survival times (Figure 29 A&B). Interestingly, blocking NK cells besides
reducing the survival time of high aneuploid tumors, also gave a hint on their reduced effector
capabilities during early stages. Therefore, a possible explanation in this scenario is that CIN
induced in early stages drives the tumor delay of Her2-Plk1 tumors (direct effect), while non-
cell autonomous effects drive NK cells in conjunction with other immune cells to a suppressive
state. Subsequent experiments aimed at elucidating the relationship between NK cells and
tumor microenvironment during different stages of tumor progression would aid in a better
understanding of their dual role in the context of CIN. Thus, it can be concluded based on this
functional validation that cytotoxic abilities of NK cells are viable only until a certain level of
CIN and beyond that threshold, non-cell autonomous effects of CIN kick in as a result of
increased rate of missegregations and irreversible cell cycle arrest. This results in modulation

of the activity of NK cells.
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Figure 29: A &B) Survival curves of Her2 (n=4) and Her2-Plkl (n=7) mice treated with NKI.1
blocking antibody. Survival probability and percentages of mice alive over time are displayed below the

graph.
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4.3.5 Immune modulation in early stages of Her2-Plkl tumors — Effect on
innate immune system (Macrophages)

Macrophages are specialized cells that help in phagocytosis and are considered an important
component of the innate immune system. CIN attracts neutrophils and macrophages, which
promotes the growth of tumors as a result of ongoing inflammation (Duijf & Benezra., 2013;
Roschke & Rozenblum., 2013). Therefore, I considered looking at the phenotype of these cells
in the context of CIN. Single-cell sequencing analysis showed the presence of two different
populations of TAMs (Tumor associated macrophages). The first group of macrophages
labelled as CD11b"CD11c¢™ expressed genes Cd209d, Mrcl, Retnla/Fizzl, Selenop, Fl3al,
Igfbp4 and Clecl0Oa, whereas the second group of macrophages that were labelled as
CD11b*CD24  expressed genes such as Fnl, Ctss, Hexb, Gatm, Ctsl and Runx3 (Figure 26).
Firstly, I looked to see if there was any inflammatory response change based on different
degrees of CIN in both cohorts. Interestingly I discovered that both subsets showed expression
of Tnf superfamily genes like Tnf, Tnfrsfla and Tnfrsfib. Similarly, gene sets activated in
response to inflammation triggered by the activation of Tnf pathway such as //1b, Traf2, Nirp3,
Tlr2, Nfkbl and Tmem173 were also upregulated in both cohorts regardless of their ploidy
status, with no discernible differences (Figure 30 A&B).
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Figure 30: Violin plots displaying normalized gene expression values of Tnf and other genes involved
in Tnf mediated inflammatory signaling. (A) CD11b"CDl11cand (B) CD11b"CD24 macrophages
respectively.
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Subsequently, from the differential expression of genes in CD11b"24- TAM subset, I saw
upregulation of genes such as Gpnmb, Adam8, Fam20c, Fcgr2b, Pdpn, Ahnak (Figure 31) and
Argl, Illrn, Pltp, Nrp2 and Timpl etc in the Her2-Plk1 group as shown in the heatmap below
(Figure 32). Other genes from toll like receptor family, Myd88 signaling, chemokines, super
oxide family members, endoplasmic reticulum genes etc are also displayed in the heatmap
(Figure 32). Argl, Nrp2 mediate immunosuppressive functions through catabolizing arginine
required for T cell activation/proliferation and regulating efferocytosis of apoptotic tumor cells
(Rodriguez et al., 2007; Bronte & Zanovello., 2005; Fadok et al., 2001) respectively. Similarly,
other overexpressed genes such as Gpnmb, Adam8, Fam20c, Pdpn, Ahnak also play a critical
role in angiogenesis, migration and invasion of tumor cells (Rose et al., 2007; Rose et al., 2010;
Schwab et al., 2021; Bieniasz-Krzywiec et al., 2019; Sohn et al., 2018). Additionally, these
macrophage subsets displayed decrease in expression of the MHCII-related genes H2-abl, H2-
Aa, and H2-Dma that affect their antigen presentation (Figure 32). Altogether, the phenotype

of these macrophages show decrease in effector functions, thereby dampening their cytotoxic

ability.
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Figure 31: Violin plots displaying normalized gene expression values (along with Adjusted p-values)
in CD11b"CD24™ macrophages for selected genes Gpnmb, Adam8, Fam20c, Fcgr2b, Ahnak, Pdpn.
Each dot represents an individual cell.
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Figure 32: Heatmap showing the normalized gene expression levels of antigen presentation, anti-
inflammatory and EMT related genes in CD11b"CD24™ macrophages. Her2 samples are displayed in
blue and Her2-Plk1 samples in yellow.

Lastly, differential expression analysis from the CD11b"11¢ subset revealed downregulation
of genes such as $700a8/5100a9, Ltb, Tptl, Smad7, Cripl, Ccl24 and Ccl6 in Her2-Plk1 cohort
(Figure 33A). These genes are known to be primarily involved in the transcriptional activation
of inflammatory signaling. However, there was no significant difference in the phenotype
between both the groups. Finally, angiogenesis and Epithelial-Mesenchymal Transition
pathways were shown to be elevated in Her2-Plkl samples according to GSEA analysis of
CD11b+24- macrophages (Figure 33B). This section gives a detailed overview in terms of the
phenotype of various innate immune cells (NK cells and Macrophages) in the context of CIN.
In conclusion, early differentiation of macrophages to Argl* TAMs and restraining effector NK
cell cytotoxicity contributes towards reduced anti-tumor responses in tumors displaying high

levels of CIN.
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Figure 33: A) Volcano plot displaying differentially expressed genes in the CDI11b"'CDI1lc
macrophage group. Up/downregulated genes in Her2-Plk1l group with respect to Her2 are plotted on
the graph (fold change of £0.6 and adjusted p-value of <0.05). B) Bar plots displaying pathways
enriched from gene set enrichment analysis in both macrophage groups and NK cells. Y-axis: hallmark
signatures and X-axis: normalized enrichment scores
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4.3.6 Impact of CIN on cells of the Adaptive immune system — B cells

B lymphocytes are cells of the adaptive immune system that play an important role in humoral
immunity. They express clonally diverse cell surface immunoglobulin receptors with the
capability to recognize various antigenic epitopes and aid in inhibiting tumor development.
However, due to their ability to produce autoantibodies (Lee et al., 2021) and differentiate into
regulatory B (He et al., 2014) cells, they can aid in the formation of tumors. To characterize the
phenotype of B cells in both Her2 and Her2-Plk1 cohorts, I performed differential expression
and found reduced expression of genes Mzb1, Ltb, Ccl6, Ighgl, Clga, Myl12b, Cd47, S100al0,
Ptpn6, Rgsl, Gimapl, IrfS, Ptpn22, Cd3g, Scdl and Cd79b in Her2-Plkl early stage mammary
glands (Figure 34). Additionally, prior research also demonstrated a close correlation between
Cd79, Mzbl, Scdl, Ptpn22 with altered B cell receptor (BCR) signaling, autoantibody
production and modified lipid metabolism (Hardy et al., 2014; Miyagawa-Hayashino et al.,
2018; Zhang et al., 2021). I have not done further validations on the phenotype, but it remains
interesting to see if Plk1 overexpression results in anti-dsDNA production and an autoimmune

phenotype.
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Figure 34: Volcano plots showing differentially expressed genes in the B cell subset of Her2 and Her2-
Plk1 mammary glands. Up/downregulated genes in Her2-Plk1 cohort with respect to Her2 are plotted on
the graph (by a fold change of £0.4 and an adjusted p-value of <0.05).
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4.3.7 Impact of CIN on cells of the Adaptive immune system —Regulatory T
cells (Tregs)

Finally, I performed sub-clustering of T cells at higher resolution in Her2 and Her2-Plkl
samples to evaluate T cell infiltration in high CIN samples. I found five unique T cell subsets
(Treg cells, CD4+ helper T cells, CD8+ cytotoxic T cells, CD8+ memory T cells, and CD8+
nave T cells) as well as two additional sub clusters (3T cells) with no definitive information

due to their extremely low cell numbers and relative proportions (Figure 35A).
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Figure 35: UMAP showing different sub-clusters of T cells. A) Cell type annotation reveals the
presence of seven different clusters. B) Relative distribution of the number of cells in each of the T

cell sub-cluster with Her2 in blue and Her2-Plk1 in yellow.

In the Her2-Plk1 samples, I found that the relative proportion of CD8" naive T cells, regulatory
T cells, and CD4" helper T cells increased while the proportion of CD8" cytotoxic T cells
decreased (Figure 35B). Regulatory T cells play an important role in maintaining self-tolerance
but can also suppress the recruitment and proliferation of effector T cells, thereby mitigating
antitumor immune responses (Mougiakakos et al., 2010). Surface expression of Ccr7 and
Cd62L (Sell) in mouse Tregs defines their activation status thereby being classified as
central/resting Tregs (Cd62LMeCcr7hieh) or effector Tregs (Cd62L°VCcr7°%). When I
compared Tregs from Her2 and Her2-Plk1 mammary glands, I found slight upregulation of Se//
(FC=0.5, pagj=0.4) and Ccr7 (FC=0.6, p.¢j=0.02) in Her2-Plk1 cohort, suggesting an increase in
the resting phenotype (Figure 36A). Similarly, I observed reduction in gene expression of Ccr2,
Ccl5, and Ccl8 which are found to affect Treg function (Zhan et al., 2020), compared to Her2
tumors. In high CIN tumors expressing Plk1, my data points towards a decrease in Treg activity

and an overall rise in the relative number of resting Tregs very early during tumor development.
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Figure 36: A) Normalized gene expression of Ccr7 versus Sell (Cd62L) at single cell level. The
Spearman rank correlation coefficient and p-adjusted values for differential expression between Her2
and Her2-Plk1 samples are displayed. B) Volcano plot showing differentially expressed genes in Tregs
of Her2 and Her2-Plkl mammary glands. Up/downregulated genes in Her2-Plk1 group with respect to
Her2 are plotted on the graph (with a fold change of £0.4 and an adjusted p-value of <0.05).

For the remaining subset of T cells, there was no significant difference in terms of the phenotype
(genes expressed), specially CD4 T cells and CD8 T cells. The single cell sequencing at early
stages gave a quantitative insight with regards to total numbers and gene sets that were
predominant in each of the cell type. Similarly, for the phenotype presented in other cell types
(Macrophages/Tregs/B cells/NK cells) invivo validation for different activation and
suppression markers is presently in progress. In conclusion, induction of CIN in mammary
tumors by expressing Plk1 affects the development of both innate and adaptive immune cells

leading to immune suppression.
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4.4 Understanding the impact of high PLK1 expression in human breast
cancers

4.4.1 Human BRCA tumors segregated into two cohorts based on the
expression of PLK1

To deepen our investigation into how immune responses of human breast cancers relate to
PLK1 expression, I obtained gene expression and copy number data from 1098 human breast
tumors (TCGA, PanCancer Atlas). Gene expression data was obtained from Xena Browser
(xenabrowser.net) as Log2(normalized counts+1)) and the copy number data in the form of
chromosome losses and gains for each chromosome arm from cBioPortal (cbioportal.org).
Tumors were segregated into two cohorts based on the expression of PLK1 as PLK1-high and
PLK1-low tumors (Figure 37A). PLK1-high tumors had a Z-score of > +1 and PLK1-low
tumors had a Z-score of < -1. The average expression of PLK1 in the cohort was 8.817 with a
Standard Deviation of 1.32. Individual Z scores are calculated by the formula Z= x-p/c, where
Z is the standard score, x is the expression of PLK1 in the particular sample, p is the mean of

PLK1 expression in the data set and o is the standard deviation of the dataset.

1098 Primary Tumors
TCGA-BRCA

Mean Expression PLK1=8.817
SD=1.32

Low
High
PLK1 Low <7.49
PLK1 High >10.1
(Z score of —1 & +1)

PLK1 Low tumors =165
PLK1 High tumors = 186

—40 0 40

Figure 37: A) Schematic of the segregation strategy used for identifying PLK1-high and PLK1-low
tumors from TCGA-BRCA cohort. B) Scatter plot showing unsupervised clustering of PLK1-low and
PLK1-high tumors using principle component analysis (PCA). Samples are color coded.
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Next, to show the separation between the two cohorts, I employed unsupervised clustering using
principle component analysis (PCA) to identify key variables in the data set (Figure 37B). The
two cohorts showed clear separation, with high PLK1 levels correlating majorly with aggressive
basal like breast cancers (triple negative) and low PLK1 levels with luminal subtype. PLK1-
high group has 92.9% of basal tumors (171 out of 184 tumors) and PLK1-low group has 52.2%
(84 out of 161 tumors) luminal subtype tumors and 47.8% (68 out of 161 tumors) basal tumors
(Table 3). Basal like breast cancers pose a major clinical challenge often associated with poor
outcomes, frequent relapses and early resistance to chemotherapy (Rakha et al., 2006; Li et al.,

2017; Nedelijkovic et al., 2019; Soares et al., 2021).

Breast invasive ductal carcinoma (basal tumors) 171
Breast invasive lobular carcinoma (luminal tumors) 7
Basal cell carcinoma 1
Metaplastic breast cancer 3
2

Breast invasive ductal + luminal carcinoma

Breast invasive ductal carcinoma (basal tumors) 68
Breast invasive lobular carcinoma (luminal tumors) 84
Basal cell carcinoma =
Metaplastic breast cancer -

Breast invasive ductal + luminal carcinoma 9

Table 3: Total number of basal and luminal subtypes present in PLK1-high and PLK1-low TCGA-
BRCA tumors.

These findings showing PLK1 to be mostly expressed by basal tumors confirm earlier research

that identified PLK1 inhibition as a possible target for treating triple negative breast

malignancies (Giordano et al., 2019; Nieto-Jimenez et al., 2020).

4.4.2 PLK1-high human BRCA tumors experience higher degree of somatic
copy number alterations

Furthermore, to corroborate our previous findings from the in vivo model, I checked to see if
there was any correlation between PLK 1 levels and somatic copy number alterations in human
BRCA tumors. As predicted, tumors with high levels of PLK1 showed elevated levels of

chromosome gains and losses compared to PLK1-low tumors (Figure 38A).
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High levels of PLK1 distinctively resulted in loss of chromosome arms 5p, 5q, 7p, 16p and 16q
while gain of 1p, 2p, 2q, 10q, 17p and 22q (Figure 38B). Among other regions that were
amplified in the high PLK1 cohort, chromosome 9p is of particular interest as it harbors the
Cd274 (PD-L1) gene. Budczies et.al, 2017 showed that TCGA tumors with chromosome 9p
amplifications are associated with proliferation and immune modulation signatures involving
the activation of PLK1 and other proliferation related kinases. This finding goes hand in hand
with the previous result where PLK1 overexpressing tumors showed elevated levels of PD-L1
(Figure 16). However, the gene dosage effects resulting from specific chromosome loss or gain

and its impact on the phenotype remains to be elucidated.
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Figure 38: A) Violin plots showing the overall percentage of copy number gains or losses in PLK1-low
and PLK1-high tumors of the TCGA-BRCA cohort. Each arm of the chromosome is represented by a
dot. *, P<0.05; **, P<0.005, Oneway ANOV A, Tukey’s multiple comparison test. B) Bar graphs showing
percentage gains or losses on each arm of the chromosome in both PLK-high and PLK-low groups.
Arrows show chromosomal regions that are gained or lost specifically in high PLK1 tumors.

4.4.3 PLK1-high human BRCA tumors show higher expression of signatures
associated with immune suppression, senescence and T-cell exhaustion

Earlier in the thesis, [ have shown that PLK 1 overexpression resulted in a senescence associated
secretory phenotype (SASP) with upregulation of non-canonical NF-kB (RELB) signaling,
increased expression of immune suppression markers PDL1 and CD206, infiltration of Tregs

and decreased number of cytotoxic NK cells. To validate whether, such a phenotype exists in
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human tumors expressing high levels of PLKI, I grouped a set of genes into three different
signatures. ARG2, CD274, IL10, PDCDILG?2 ,IDOI1, PDCDI, TGFBI, VEGFB, VEGFA and
CTLA4 (associated with immune suppression), TNF, CDKN2A, CDKNIA, MAPK14, HMGBI
IL1A, IL1B, MMP12, MMP13, MMPI, TIMP1, IFNG and NFKBI (associated with SASP) and
TNFRSF18/GITR, HAVCR2, LAG3, TCF7 and TIGIT (associated with T-cell exhaustion).
Interestingly, PLK1 expression directly correlates with expression of gene signatures associated
with immune suppression, senescence and T cell exhaustion (Figure 39). Some studies also
show how high CIN tumors alter tumor antigens and facilitating cancer immunoediting (Duijf
& Benezra., 2013). However, aspects related to antigen presentation, neo antigen burden were
not explored in detail in this study. Altogether, the data suggest that elevated PLK1 expression
inhibits antitumor immunity. Accumulation of pro-inflammatory cytokines, expression of PD-
L1 and infiltration of T cell (Tregs) makes these high CIN tumors “HOT” and also highlights

the need for immune checkpoint inhibitors as an adjuvant therapy alongside first line treatment.

I PLK1
TCF7
TIGIT
CTLA4
HAVCR2
LAG3

TNFRSF18

............................................................................................................................................................................. PLK1
CDKN1A
CDKN2A
| IL1A
IL1B
HMGB1
TNF
IFNG
MMP12
MMP13
MMP1
NFKB1
MAPK14
TIMP1
............................................................................................................................................................................. MKI67
PDCD1
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TGFB1
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Figure 39: Heatmap showing gene expression data (log2norm counts+1) from three different
signatures associated with T- cell exhaustion, senescence and immune suppression in both PLK1-high
(yellow) and PLK1-low (blue) TCGA-BRCA tumor cohorts. *Analysis done with assistance from
Anand Mayakonda.
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4.4.4 PLK1-high human BRCA tumors show increased infiltration of Tregs

To analyze the enrichment levels of various immune cell types, I used the deconvolution tool
CIBERSORTX (cibersortx.stanford.edu), which is designed to quantify infiltrating immune

cells obtained from high-throughput sequencing data extracted from bulk tissues. I estimated
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the relative number of tumor infiltrating lymphocytes (TIL’s), macrophages, dendritic cells and
NK cells (Figure 40). Tumors expressing high PLK1 showed elevated levels of Tregs, M0O/M1
macrophages and reduced infiltration of CD4/CD8, M2 macrophages and naive B cells.
However, it is interesting to note that the effect of PLK1 expression on immune cell infiltration
is tissue-dependent (Li et al., 2018). PLK1 expression negatively correlates with immune cell
infiltration in 10 different cancer types (LUSC, TGCT, STAD, GBM, ESCA etc) while
positively correlating in 4 different cancers (KIRC, THCA, THYM, LGG). Similarly, PLK1
expression correlates negatively with Treg recruitment in 16 different cancer types (THYM,
LUSC, GBM, TCGT, LUAD, STAD etc) while positively correlating in 5 different cancer types
(BRCA, THCA, KIRC, BLCA, LIHC). The above findings highlight how high levels of PLK1

mediate immune cell infiltration in mammary tumors.
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4.4.5 TCGA-BRCA tumors expressing high levels of Plk1 are predicted to
respond better to adjuvant therapies involving PD-L1 inhibition

To understand the correlation between PLK1 levels and PD-L1 specifically in Her2* tumors,
myself together with my colleague Lena Voith von Voithenberg, used the METABRIC cohort
(Pereira et al., 2016; Curtis et al., 2012) to segregate the tumors into basal (335 samples) and
non-basal tumors which includes luminal (1865 samples) and Her2" subtypes (247 samples).
We then looked at the gene expression levels of ERBB2 (Neu), CD274 (PD-L1) and PLK1 in
all the three subtypes (Figure 41). Similar to the TCGA PanCancer Atlas, basal tumors have
highest expression of PLK1 followed by Her2" subtype. Likewise, Her2" tumors also expressed

higher levels of PD-L1 compared to luminal subtype but lower compared to luminal tumors.
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Figure 41: Violin plots showing gene expression levels of ERBB2 (Her2), PD-L1 and PLK1 from three
different tumor subtypes, luminal, basal and Her2" of the Metabric study from TCGA. Welch t-test was
performed to determine the significance. * Analysis done in assistance with Lena Voithenberg

Finally, the data presented here sheds light on different immune suppression markers expressed
by high PLK1 tumors and highlights additional vulnerabilities that can be exploited. Although,
I have successfully demonstrated the non-cell autonomous effects of PLK1 expression in
mammary tumors using our mouse model, there are certain limitations to using this model for
therapeutic interventions. Firstly, Trastuzumab (Herceptin) a monoclonal antibody that
specifically binds Her2 receptor does not bind to rat or mouse ErbB2/Her2/neu (Phillips et al.,
2022).
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Secondly, doxycycline induction drives long lasting transcription of target genes which
mitigates the effect of alternate drugs like Lapatinib (dual inhibitor of HER2 and EGFR
pathways). Therefore, further experiments involving the use of immune checkpoint inhibitors
(PD-L1, CTLA4), senolytic inhibitors (drugs that remove senescent cells) and non-canonical
NF-kB inhibitors as adjuvant therapies need to be explored in an alternative mice model in the

context of high CIN tumors expressing PLK1.
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5. Summary of Results

The following are the main findings from this thesis:

e Overexpression of Plkl results in a Senescence Associated Secretory Phenotype

(SASP).

e Plkl1 overexpression leads to the upregulation of both canonical and non-canonical NF-

kB signaling.

e High CIN tumors express immune suppression markers such as PD-L1 as a consequence

of non-cell autonomous effects of chromosomal instability induced by Plk1.

e NK cells from early stage Her2-Plkl mammary glands characterized as CD11b-CD27*

have reduced cytotoxic abilities.

e Early stage Her2-Plkl mammary glands have increased infiltration of Arg/* TAM’s

and resting Tregs.

e Human BRCA tumors expressing high levels of PLK1 also show signatures of SASP,

immune suppression along with T cell exhaustion markers.

e Immune checkpoint blockade with anti-PD-L1, RELB/ Senolytic inhibitors could prove
to be effective as adjuvant treatment of high CIN tumors expressing PLK1.
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6. Discussion

The role of the immune system in the context of chromosomal instability has been in limelight
for the last few years. Several studies have used in vitro models to demonstrate the effect of
CIN on human cells (Santaguida et al., 2017; Alice et al., 2012; Wang et al., 2021; Lukow et
al., 2021). However, the missing pieces in the puzzle are the random missegregation
events/gene dosage effects induced by CIN (no voluntary control on the ploidy status) and the
presence of an active immune system in this context. Therefore, we used a Plk1 overexpressing
animal model to address the issue. Plkl is a prominent kinase which plays a key role in cell
cycle regulation, is known to induce CIN and is overexpressed in many cancer types. Our work
using in vivo models to address how different innate and adaptive immune cell respond to CIN
(Plk1 overexpression) will add to existing knowledge in the field and becomes resourceful for
any upcoming clinical trials involving immunotherapy and other adjuvant therapies for the

treatment of high CIN tumors.

6.1 SASP induction and role of NK cells in high CIN environment

CIN as a result of somatic copy number alterations is a hallmark of cancer and drives immune
evasion. On the contrary, the innate immune system helps in sensing chromosomally unstable
cells. Therefore, it remains important to understand the role of immune cells in the context of
tumor development in vivo as many other factors have been taken into consideration to address
this question. we used the tetracycline-inducible-model to study the effects of CIN induced by

Plk1 expression on the immune system.

Innate immune responses mediated by NK cells aids in the elimination of cells with complex
karyotypes by activating NKG2D receptors (Santaguida et al., 2017), NF-kB signaling (Wang
et al., 2021) or responding to a SASP like gene expression signature (Raulet & Guerra., 2009).
SASP signatures shown in our study are associated with chronic inflammation and immune
suppression markers (pro-tumorigenic) compared to signatures from in vitro studies (IL6, IL8
and CCL2) that show the expression of inflammatory cytokines and chemokines that recruit
various immune cells (anti-tumorigenic). This brings us to the idea that SASP could be dynamic
and changes over time during the process of tumor development under the influence of CIN.
Functional validation of the importance of NK cells in aneuploid tumor microenvironment by
blocking NK cells in vivo displayed reduction in overall survival of Plk1l expressing tumors
compared to Her2 alone, suggesting that NK cells besides triggering immune sensing, also plays
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an opposite role. Future experiments showing the interaction between NK cells at different
stages of SASP could explain the dual role of NK cells in the context of aneuploidy. Moreover,
the cytotoxic activity of NK cells is reduced through the exposure of inhibitory receptors in an
immunosuppressive microenvironment (Cézar et al., 2021). Even though the activation of
NKG2D (activating receptors) showed no significant differences, Plk1 expression during the
early phases of tumor development causes NK cells to remain in a mature state (CD11b"CD27")
with diminished effector capacities in comparison to tumors with low levels of CIN. We
identified important molecules such as Socs3, Irf8 and Cx3crl that could influence the
cytotoxic abilities and infiltration of these cells. These findings corroborate with some of the
previous studies that have shown the importance of these genes (Meisam et al., 2018; Mace et
al., 2016; Ponzetta et al., 2013) in the development of effector NK cells. Although, the findings
presented previously emphasize the importance of NF-kB signaling in eliminating
chromosomally unstable cells (Wang et al., 2021), we predict that the constituents of SASP
could actually drive the functional capabilities of NK cells in vivo. This is primarily because of

SASP being under tight regulation of NF-kB.

6.2 PD-L1 upregulation: a consequence of Plk1l overexpression

PD-L1 expression correlates with aggressive behavior and poor prognosis in many cancer types
(Carlsson et al., 2020; Gu et al., 2019; Noronha et al., 2022; Yu et al., 2020) and immune
checkpoints are exploited as key targets for anti-cancer therapies. Furthermore, PD-L1
expression in the tumors is used as a biomarker for initiating immunotherapy (Doroshow et al.,
2021). My results show that Her2-Plk1 tumors besides upregulating both canonical and non-
canonical NF-kB signaling also show increased expression of PD-L1. Although a direct link
between NF-kB and PD-L1 was not established in the present study, we hypothesize that
activated NF-kB regulates PD-L1 expression in the context of high chromosomal instability.
Previous studies show that PD-L1 is under tight regulation of NF-kB either directly, at
transcriptional level, where different binding sequences of NF-kB have been found at the
promoter region of PD-L1 (Chen et al., 1999). Similarly, inflammatory cytokines like TNFa
and IFNg acting via NF-kB pathway also regulate PD-L1 expression indirectly (Ju et al., 2020).
what is more interesting is that fact that chromosome 9p copy number gains involving PD-L1
upregulate proliferation related kinases and genes like PLK1, TTK, MELK etc across major
cancer types (Budczies et al., 2017). Apart from NF-kB, PD-L1 upregulation is also associated
with the infiltration of immunosuppressive macrophages and neutrophils which induce a EMT

phenotype (Taki M et al., 2021). EMT at gene level is known to be regulated by non-canonical
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NF-kB signaling (Asgarova et al., 2018) with TNFa and TGFp as key players in driving this
phenotype (Thiery & Sleeman., 2006). It also remains interesting to see if CIN induced (with
different drivers) in various other tissues elevate PD-L1 expression as this information could

aid in a better understanding of the relationship between non-canonical NF-kB and PD-L1 in

high CIN tumors.

6.3 Macrophages, Tregs and other targets in high CIN tumors

Essential innate immune cells that dominate in the aneuploid tumor microenvironment are
macrophages. (Thorsson et al., 2018). Macrophages play a dual role in the development of
tumors, either by aiding the phagocytosis of tumor cells (M1) or by stimulating angiogenesis
and mediating tumor invasion (M2) (Tamura et al., 2018). It is interesting to note that the results
from my research demonstrate an enrichment of the 4rg/™ TAMs subset in Her2-Plk1 tumors.
These Tumor associated macrophages are also implicated in TGF-f , reactive oxygen species
(ROS), and EMT signaling, which promote early modulation of immune responses. Although
Her2 tumors grow faster and are aneuploid, to a lesser extent compared to Her2-Plk1 tumors,
the Argl+ subsets never appeared in the early stages of tumor development. Therefore,
targeting Arg/ and other related EMT-related proteins simultaneously may offer a promising
method for repolarizing macrophages and boosting the effectiveness of checkpoint inhibition
in high CIN malignancies. Another interesting finding, is the early infiltration of resting Treg
cells in Plkl tumors. Tregs contribute to tumor development and progression through
suppression of T effector cell functions (Zou et al., 2006; Curiel et al., 2008). As an extrinsic
strategy to maintain immunological homeostasis in settings of chronic inflammation, Tregs are
attracted to the inflamed tissue to prevent excessive immune responses to self-antigen
(Gouirand et al., 2009). This could be the primary reason for Treg infiltration in Plkl
overexpressing tumors. In contrary, second line of thought shows sustained activation of
STING signaling enhances Treg infiltration in certain cancer types (Ni et al., 2022; Liang et al.,
2015). However, i saw that there was no difference in gene expression levels of STING among
macrophage susbsets of both the groups from my study. Therefore, it can be concluded that
Treg infiltration in Plk1 expressing tumors is a result of ongoing CIN and sustained chronic

inflammation.

Another crucial phase of immune response during stress-induced inflammation is cytokine
production, which has a negative effect on autoimmune diseases and cancer (Elenkov et al.,

2002). PIk1 is upregulated in splenic B220+ cells of lupus mice and also contributes to the
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progression of Systemic lupus erythematosus by activating Aurora-A/PLK1/mTOR signaling
and further producing autoantibodies (Li et al., 2022). The study underlines the importance of
several genes such as Cd79, Mzbl, Scdl and Ptpn2?2 affiliated with defective metabolism and
dysregulated B cell signaling in high CIN tumors. Although, autoimmunity remains out of
context in the scope of this thesis, it remains interesting to see the relation between CIN and
autoimmunity. In summary, below is a schematic of immune regulation in high CIN tumors

expressing Plk1 (Figure 42).
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Figure 42: Schematic showing the consequences of acute and chronic CIN in early and late stage Her2-
PIk1 tumors during the course of development.

6.4 Concluding remarks:

During the course of this PhD project, I have investigated the phenotype of various immune
cells as a consequence of non-cell autonomous effects induced by CIN. Interestingly, not only
did overexpression of Plkl result in an immunosuppressive phenotype, but also led to early
modulation of immune cells affecting their cytotoxicity, inspite of previous data pointing

towards a good prognosis as a result of increased survival time of these tumors (de Carcer et
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al., 2018). Moreover, some of the presented results like upregulation of NF-kB/p38MAPK
signaling remain in consensus with previously published data but additionally the study also
highlights key molecules like PD-L1, RELB and cells such as Arg/* TAMs and Tregs that can
be targeted in high CIN breast cancers. In conclusion, it can be postulated that SASP remains
upstream of NF-kB signaling while PD-L1 expression is a downstream effect of sustained
inflammation and NF-kB signaling.

It is to be understood that the conclusions presented in the thesis do not undermine the
importance of using Plk1 inhibitors for the treatment of cancer, as kinase inhibition during
tumor cell division produces anti-tumor effects. Moreover, targeting immune suppression
markers, repolarization of macrophages and activation of cytotoxic NK cells can be explored
in the context of high CIN. Furthermore, the effect of CIN induced by Plkl expression in
different tissues also need to be explored. Therefore, the study is directed to provide alternate

adjuvant strategies alongside existing first line treatments for high CIN breast cancers.
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