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Abstract:

Ewing Sarcoma (EWS) is a pediatric bone cancer that is characterized by a chromosomal
translocation giving rise to a neomorphic gene fusion. Although treatment of EWS has a 5-year
incident free survival rate of 66%, treatment has plateaued since the 1980’s. Natural killer (NK)
cells are an important innate immune cell due to their ability to recognize and lyse virally
infected and cancerous cells. Unfortunately, cancerous cells often employ strategies such as the
downregulation of major histocompatibility complex (MHC) I, or upregulation of inhibitory
ligands enabling the escape of T-cells and NK cell mediated killing. LLT1 is an inhibitory ligand
our lab had previously shown that it is expressed on TNBC and prostate cancer cell lines. The
expression of LLT1 and its function in Ewing Sarcoma (EWS) cell lines has yet to be performed.
Our hypothesis is that LLT1 is increased in EWS cell lines TC-32 and CHLA-258 when treated
with chemotherapeutic drugs vincristine and etoposide. Our results show that LLT1 is expressed
on EWS cell lines and inhibition of LLT1 increases NK cell cytotoxicity. These results indicate
that LLT1 is a potential immunotherapy target that needs to be further evaluated in an in vivo

model.
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CHAPTER |

EWING SARCOMA

1.1 Introduction

Cancer is something that continues to plague the lives of many individuals today. Great
advances have been made with current standard methods of care (i.e. chemotherapy and radiation
therapy), but immunotherapy-based cancer therapies continue to be at the forefront of exciting
new research. Ewing’s Sarcoma (EWS) is a malignant bone tumor or soft tissue tumor primarily
affecting younger individuals twenty years and younger. EWS was first described by Dr. James
Ewing in 1921. The disease was described as a “round cell sarcoma” with the presentation of
osteomyelitis — a term for inflammation of the bone — but responded well to radium. This was
uncharacteristic due to the typical diagnosis of osteogenic sarcoma which did not respond well to
radium. Dr. James Ewing noticed this illness followed a pattern in adolescent children — another
difference from osteogenic sarcoma. Given X-ray, other histological data, and various case
reports, Dr. James Ewing suggested that this disease was separate from osteogenic sarcoma?.
Later, it would be classified as Ewing Sarcoma — the name being symbolic for Dr. James Ewing
who is given credit as the discoverer of the disease. In 2020, an estimated total of 3600 new
cases will be diagnosed in the USS. Although the five-year survival rate has remained consistent
at around 66%, the death rate has remained constant, or plateaued suggesting that new, novel
therapies need to be developed*. Conventional treatments include surgical resection of the tumor,
radiation therapy, and chemotherapy. Current chemotherapy regiments follow the VDC/IE

protocol.> © This protocol alternates between two combinations of the drugs given every two to



three week®. The VDC/IE protocol is composed of vincristine, doxorubicin (Adriamycin),
cyclophosphamide, ifosfamide, and etoposide®. Treatment can be variable in length, but typically
ranges from six months to a year. Interestingly, demographic data has been compiled by the US
Surveillance Epidemiology and End Results (SEER) registry and upon analysis has found
distinct differences between sex and racial disparities” 8. Men accounted for ~60% whereas
women accounted for ~40% of all cases’. On a global scale, males still show a higher incident
rate than women in 10-19 year old children®. Broken down between race, ~92% were white, ~2%
were black, and ~6% were “other’”””. The exact cause in sex differences observed remain unclear,
but Jawad et al. suggest that environmental factors, exposures to specific mutagens, and
underlying genetic propensities could contribute to this discrepancy’. Birth weight and skeletal
growth during puberty have also been proposed, but the evidence supporting these hypotheses
provide mixed to little support®® 11, Additionally, access to quality healthcare and insurance

could be two contributing factors to the lack of reporting in black communities.'? 13

On a molecular level, EWS is characterized by a gene fusion occurring between FET-ETS
regions®. The FET family of proteins consist of FUS, EWSR1, and TAF15 that are involved in
binding to RNA and contribute to the control of transcription, and RNA processing!*. The ETS
family of proteins consist of transcription factors that play distinct roles in cellular proliferation,
apoptosis, differentiation, lymphoid cell development, angiogenesis, and invasiveness'® 6, The
most common FET-ETS gene fusion is between EWSR1 (the FET portion) and FLI1 (the ETS
portion) resulting in a chromosomal translocation t(11;22)(q24;912)'". The EWSR1-FLI1 fusion
accounts for ~85% of EWS cases and result in neomorphic functions by deregulating numerous
genes™ 7. Although the EWSR1-FLI1 gene fusion is the most dominant, there are other gene

fusion subtypes within the EWSR1-FLI1 gene fusion. This is dependent on the breakpoint of the



gene fragment either in the intron or exon causing variability between the EWSR1-FLI1 gene
fusion'®. Additionally, other gene fusions can occur within the FET-ETS families of protein.
EWSR1 can fuse to ERG, ETV1, and ETV4 among others® 1° 20, These gene fusions are not as

common, but the EWR1-ERG in ~10% of cases while the others occur in less than 1% of cases?.

The EWSR1-FLI1 gene fusion gives rise to a neomorphic protein acts as a transcription
factor and oncogene?!. The neomorphic gene fusion causes upregulation and downregulation of
genes such as DAX-1, GLI1, FOXO1, CCK, LOX, among many others leading to the increased
survival of EWS cells?2. The breadth of dysregulation that EWSR1-FLI1 causes is due to its
ability to retain certain characteristics of its native protein function. The N terminus of the
protein is occupied by the EWSR1 portion which retains its ability to interact with RNA
polymerase Il and recruit the BAF complex leading to a change from heterochromatin to
euchromatin? 24, The C terminus of the protein occupied by FLI1 retains its DNA binding
abilities. In fact, EWSR1-FLI1 is shown to preferentially bind GGAA-repetitive regions to
dysregulate gene expression?®. Another target of EWSR1-FLI1 is six transmembrane epithelial
antigen of the prostate 1 (STEAP1). Recently, Markey et al. showed that NK2 homeobox 2
(NKX2.2) is an important transcriptional co-regulator acting in tandem with EWSR1-FI1
indicating that EWSR1-FLI1 cooperates with other transcription factors to dysregulate genes?®.
Although ESWR1-FLI1 is a neomorphic protein, attempts to target the protein directly have
failed due to the inherent instability, lack of enzymatic ability, and lack of a small pocket for a
small molecule inhibitor to bind?’. Instead, targeting transcription factors that interact with
EWSR1-FLI1, or downstream proteins that are involved with cell signaling that is dysregulated in
EWS is an attractive option. Su et al. showed that targeting the deubiquitinase OTU domain-

containing protein 7A (OTUD7A) with a small molecule inhibitor termed 7Ai inhibited EWS



colony formations in vitro and in vivo providing support for targeting systems that interact with
the EWSR1-FLI1 protein?. This indicates the EWSR1-FLI1 can be targeted indirectly.
Additionally, Wang et al. showed that pharmacologic inhibition of EYA3 via Benzarone
treatment retards tumor growth and angiogenesis?®. Briefly put, EWSR1-FLI1 suppresses miR-
708 — which negatively regulates EYA3 expression®. Since the brake in this regulatory network
is let off, EYA3 can promote angiogenesis in EWS, but through pharmacologic inhibition of
EYAS3, the progression of EWS is halted. This provides further evidence of support that targeting
downstream influencers of EWS progression can be targeted to promote better outcomes. Thus
far, these types of therapies remain to be seen in the clinic, although their efficacy is being

evaluated in clinical phase trials®.

Debate continues with respect to the cell of origin that EWS cells come from. This is
complicated by the novel functions that the FET-ETS fusion proteins perform. Also, due to the
environment where EWS occurs (i.e. bone and soft tissue) potential candidates include cells from
the bone mesenchyme, comprising mesodermal and neural-crest-derived cell types®. Lack of a
definite cell of origin and various neomorphic gene fusions has also led to complications in
defining what EWS is and is not. Unfortunately, this creates further categorization dilemmas, and
over time the EWS classification has expanded to include EWS, Ewing-like tumors, and small
cell round tumors®2, For the purposes of this study, cell lines (i.e. TC-32 and CHLA-258) will
follow Kilpatrick et al. definition of EWS that follows the EWSR1 and ETS-family gene fusion

molecular event. Under this definition, this includes EWSR1-FLI1 and EWSR1-ERG gene fusion.

Standard treatment options of EWS include chemotherapy, radiation, and surgical
intervention. Current research is focused on augmenting treatment options by combining them

with targeted immunotherapy, or small molecule inhibitors. Experimental models are not limited



to these constraints, and additional — peculiar — methods do exist. Rademacher et al. utilized the
power of lentiviral transduction and interleukin-12 (IL-12) to activate the immune — notably NK
cells — system to fight EWS®2. By doing a lentiviral transduction, Rademacher et al. induced IL-
12 expression anchored to the plasma membrane of A673 EWS cell line and then injected the
cells into an NSG and NSG.Tg(Hu-IL-15) mouse. They showed that in both conditions, tumor
volume decreased and survival percentage increased in mice injected with A673-LV/hu-1L12
cells®, Similarly, they showed that in their NSG.Tg(Hu-IL-15) model produced prolific amounts
of IFN-y, but their NSG mouse model showed minimal production. Conceptually, this delivery
system is intriguing since it negates the need to inject IL-12, or other inflammatory cytokines,
that may cause an exacerbated response of the immune system. Instead, IL-12 expression is
relegated just to the cancerous cells. Intriguing as it is, increased efficacy and safety data needs
to be obtained and additional studies need to be performed to determine complete immune
activation that occurs since these cells can travel systemically. This study does highlight
unordinary measures that are being taken to combat cancers such as EWS. But a multimodal
method of attack needs to be employed using standard treatment options, immunotherapy, and

other experimental treatments to truly overcome EWS.

Concerning its involvement with the immune system, the EWS tumor mass has a
decreased expression of major histocompatibility complex (MHC) I indicating that EWS tumors
utilize this to escape immunosurveillance®*. This is particularly true when metastasis has
occurred with a further decrease in MHC | expression®* %, Interestingly, EWS cells lack immune
checkpoint molecules like programmed cell death protein 1 (PD1) and programmed cell death 1
ligand 1 (PDL1) indicating that there is a lack of tumor infiltrating lymphocytes (TIL) or that

other immunosuppressive mechanisms are employed®® ¥, Lack of MHC | expression further



indicates that Natural Killer (NK) cells will be an important immunotherapy option based on

their innate ability to recognize virally infected or cancerous cells which will be discussed later.

Vincristine belongs to the vinca alkaloids drug group and is derived from the periwinkle
plant (Catharanthus rosea). Vincristine acts to inhibit the microtubules to further inhibit cellular
proliferation during mitosis. It is used to treat multiple cancer types that include leukemia, acute
myeloid leukemia (AML), small cell lung cancer, among others. Common side-effects include
change in sensation, hair loss, constipation, difficulty walking, and headaches with the potential

to cause neuropathic pain, lung damage, and low white blood cell (WBC) counts®,

Etoposide is a semisynthetic compound that is a derivative of podophyllotoxin. It is
extracted from the mandrake root Podophyllum peltatum. Etoposide has potent antineoplastic
abilities. Its mechanism of action functions by binding and inhibiting topoisomerase Il resulting
in the accumulation of DNA breaks. The accumulation of these DNA breaks causes apoptotic
death. It is used to treat several types of cancer including testicular, lung, lymphoma, leukemia,
neuroblastoma, ovarian cancer, and Ewing sarcoma. Additionally, etoposide is used to treat
hemophagocytic lymphohistiocytosis®. Although there are multiple drugs used in the treatment
of EWS, the aim of this study will be looking specifically at vincristine and etoposide to mimic

chemoresistance that occurs during treatment.

The study of EWS in vivo remains elusive for a true orthotropic model. Instead, in vivo
models mainly consist of patient derived cell lines that can be injected into immunocompromised
mice to study pulmonary uptake — one prominent metastasis site — but lacks osseous tissue
uptake*. Although this model can discern some hypotheses, concerns for genetic drift occur for
cell lines that are grown in culture among others*. 3D scaffolding organoid models can be used,

but this still lacks a true in vivo system analysis*? 3, Patient derived xenograft (PDX) models are
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lacking for the study of EWS, but has been suggested as a potential orthotropic model in EWS to
study true local and metastasis potential*. The quest for a genetic animal EWS model has long
been sought after. To date, no such model exists. Although complicated, it is likely due to the
role that the EWSR1-FLI1 gene fusion and the toxicity it elicits during the early stages of mouse
development*®. Theoretically, it would be ideal if the chromosome translocation forming the
EWSR1-FLI1 could be directed, or ‘turned-on’ at a specific time causing EWS to be inducible.
Therefore, it could be a highly controlled model leading to systemic and reproducible models.

Unfortunately, this has yet to exist in practice®! 4,

1.2 Chemoresistance in Ewing Sarcoma

The effects of chemoresistance have been studied throughout various cancer types. In
EWS, chemoresistance is the main cause of treatment failure which contributes to why the death
rate has plateaued since the 1980°s*. In general, tumor heterogeneity contributes to
chemoresistance through the selection of cancerous cells that are fit to survive in a stress-induced
environment. The various intrinsic and extrinsic factors (i.e. epigenetic, transcriptomic,
proteomic changes, pH, and hypoxic environment) play a role in picking cancerous cells that are
fit to survive these conditions*. Chemoresistance can also occur through drug inactivation. A
major target for many cancers — including EWS — is the upregulation of glutathione S-transferase
family of enzymes. Indeed, high expression of glutathione S-transferase M4 (GSTM4) has been
reported in EWS and is correlated with poor patient outcomes*”. Multiple drug resistance can
occur through the difference in gene expression that occurs through induced stress of the
cancerous cells. These changes can contribute to the increased release of drugs outside the cell or

reduced absorption of the drug*. Interestingly, administration of vincristine to SK-ES-1 EWS



cells induced resistance through decreased expression of TUBALA which is involved in
microtubule function*®. TUBA1A encodes a-tubulin protein which is essential for organizing
microtubules during cellular proliferation®®. Due to resistance of conventional chemotherapy
drugs, combination therapies have been studied to determine their efficacy to overcome
chemoresistance. Recently, the use of Clotam (Tolfenamic acid or TA) — a small molecule
inhibitor — was used in combination with vincristine. This study showed that it increased the anti-
proliferative effects of vincristine in EWS*, Similarly, a small molecule inhibitor YK-4-279 was
used in combination with vincristine. Zéllner et al. showed that this combination worked in
synergy by inhibiting EWS-FLI1 function in both EWS cell lines and patient-derived xenograft
mouse models through the increase of proapoptotic isoforms MCL1 and BCL2%, Overall,
chemoresistance remains to be the cause of treatment failure in EWS, but targeted therapies are
being developed in combination with conventional chemotherapy to overcome resistance and
increase survival rates. Another option is to target the immune cells by use of monoclonal
antibody treatments to block immunosuppressive cytokines, or to block inhibitory
receptors/ligands so that immune cells can become activated to carry out their effector function.
Developing a EWS multimodal treatment will be essential to mitigate chemoresistance and
increase the survival rate by conversely decreasing the plateaued death rate among pediatric

patients.

1.3 The Tumor Microenvironment of Ewing Sarcoma

The tumor microenvironment (TME) is a complex system that aids tumor cells in the
suppression of immune cells and harbors an environment that is conducive to the viability of

cancerous cells. The TME provides the foundational support from which cancer can survive,



thrive, and metastasize. In the context of Ewing Sarcoma, the TME is in part composed of tumor
cells, osteoclast, osteoblast, and stromal cells. Exact composition of the different immune cells
that are present in EWS TME has not been performed. Of the immune cells derived from the
common lymphoid progenitor, infiltrating T cells make up a large proportion of the present
immune cells®™ 52, The exact composition of NK cells in the TME is unknown, but their
composition in other cancers is diminished in comparison to T cell populations®® %2, Among T
cells, regulatory T cells (Treg) have an immunosuppressive effect on innate and adaptive immune
cells. In EWS, T cells with a Treq phenotype (CD4* CD25" FoxP3*) are associated with
increased metastatic ability highlighting their importance as an immune cell that is utilized by
cancerous cells to escape immunosurveillance®®. Additionally, infiltrating CD3* T cells are
present intratumorally, but EWS cells show a higher expression of HLA-G leading to inhibition
and escape from CD3* T cells®. Overall, cancerous cells can utilize immune cells like Treg cells
to help modulate immune interactions, but they can also utilize their direct cell-to-cell

interactions to modulate the effector functions of immune cells.

In addition to utilizing distinct immune cells to promote a TME that is conducive to
escape of immunosurveillance and promotion of cellular proliferation, EWS cells can also
secrete cytokines, and other factors that foster a pro-tumor environment. What has been termed
the “vicious cycle” is a theory that can be applied to various cancers. Essentially, the tumor
provides factors that activate nearby cells. These cells can directly secrete factors, or they can
indirectly help secrete factors which lead to further activation of the tumor cells that aid them in
uncontrolled proliferation. In the context of EWS, the cancerous cells can secrete factors such as
interleukin-6 (IL-6), tumor necrosis factor-o. (TNF-a), or parathyroid hormone related-protein

(PTH-rP)%5:%6, These factors activate osteoclast and further drive their differentiation®"-5°,
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Osteoclast play an important role in the bone environment. They are a bone cell that resorbs, or
breaks down, the bone matrix releasing Ca?* among other factors®® &%, In the context of EWS,
demineralization of the bone matrix leads to secretion of transforming growth factor-beta, (TGF-
B), insulin growth factor-1 (IGF-1), and platelet derived growth factor (PDGF) among others®
62, These cytokines and factors can further activate tumoral cells that leads to further
proliferation. This process further exacerbates cellular proliferation and osteolysis, hence the

name “vicious cycle.”

The receptor activator of NF-kappa B ligand (RANKL/RANK) axis cannot be ignored
either. Osteoclast activation and differentiation is also mediated by the presence of RANKL
when it binds to osteoclast’s surface receptor RANK (Figure 1.1)% 3, Osteoprotegerin (OPG) is
secreted from osteoblast or osteogenic stromal stem cells that act as a sink for RANKL leading to
decreased activation of osteoclast™ . In the context of EWS, osteoblast cells are repressed
leading to a TME that promotes osteoclast activation. Even with repressed osteoblast function,
RANKL can still be secreted from other bone cells including EWS derived fibroblast and bone
stromal cells further activating osteoclast activation®. Overall, the “vicious cycle” is exacerbated

giving way to a TME that is conducive to the increased cellular proliferation of EWS cells.

Interestingly, osteoblast possess a cell surface ligand called osteoclast inhibitory ligand
(OCIL). This ligand is also called lectin-like transcript-1 (LLT1) which will be discussed in the
context of Natural Killer cells later. OCIL was first described on murine cells and in vitro studies
showed that it works independently of RANKL to regulate osteoclastogenesis during the
proliferative phase rather than the differentiation phase®®. This interaction inhibits osteoclast
formation leading to decreased levels and activity of osteoclast. hOCIL was later isolated

showing similar effects in vitro in human cell lines®’. There have been no studies looking at
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hOCIL expression in vivo both in homeostatic conditions, and EWS conditions. In a rat animal
model Zheng et al., showed that administration of PTH-rP (1-34) increased rOCIL expression®,
Indeed, if a similar effect occurs in humans, this is difficult to decipher. PTH-rP is related to
increased osteoclast activity, and is secreted from the EWS cells® 5. Yet, PTH-rP also increases
rOCIL expression. There are numerous explanations for this, but it ultimately comes down to the
lack of studies highlighting the complexities of cellular processes and interactions between

multiple cell types.

1.4 The Role of the Immune System in Ewing Sarcoma

Surprisingly, there is little information on the immune cell composition in EWS patients.
D’Angelo et al., performed a histological analysis, which showed a minimal amount of tumor
infiltrating lymphocytes (TIL) compared to the total amount of cells present, but this represents a
single sample®. As stated previously, PD-1 and PD-L1 expression is lacking in EWS cells , but
in this report, they show that PD-L1 expression is present on macrophages indicating that the
TIL’s that are present could be subdued by this population of macrophages®” 8. Due to the lack
of or minimal presence of TIL — specifically CD8" T-cells — EWS tumors are considered “cold-
tumors™.” However, there are a plethora of variables that determine the immune cell
composition in EWS tumors. In general, greater TIL is associated with improved outcomes of
survival in various cancers’7® In fact, one case report noted that their patient responded to a
salvage chemoimmunotherapy combination of paclitaxel (PTX) and Nivolumab (a PD-1
inhibitor) putting forth anecdotal evidence that combinatorial therapy and targeting the immune
system can lead to beneficial outcomes™. Recent work from several single-sample gene set

enrichment analysis (SSGSEA) associate prognostic outcomes with various immune related genes

12



in EWS, osteosarcoma, and other sarcomas’® 7. In part, the lack of immune data — especially that
of cancerous growth localized to the bone — is due to the absence of an animal model that
sufficiently resembles EWS in humans. Thus far, NSG and Nude mice variants have been used,
but typically involve metastasis models that do not include the formation of cancerous cells to
the bone. Additionally, these models lack certain immune cell subsets making it difficult to
gauge the true effect a particular immune cell subsets in a study have. Until a true orthotropic
model or additional analysis of EWS samples from patients is performed, the mystery of the

immune systems role in EWS will continue to elude researchers.

Even without a true orthotropic model, immune research continues in EWS. The
prominent trend with the field of immunotherapy is the formulation and use of chimeric antigen
receptor (CAR) T-cells. CAR-T cells are a potent killer of cancerous cells. Ideally, a cancerous
cell expressed an antigen or neoantigen that is restricted to EWS cells. Finding an antigen that is
specific to EWS is lacking, but there are several antigens being considered for their therapeutic
potential such as Insulin-like growth factor (IGF) receptor, LINGO1, and STEAP-1 — among
others®®, Indeed, the therapeutic response to CD19 CAR-T cells in patients with B-cell
lymphoma has been impressive, but it has failed to translate efficiently to patients with solid
tumors®. Huang et al., showed that IGF1R and ROR1 CAR T-cells were highly cytotoxic
against EWS cells, but their clinical benefit remains to be seen due to the potential of toxicities®?,
An alternative avenue is the use of CAR-NK cells. Kailayangiri et al., constructed a CAR-NK
cell against ganglioside antigen GD2 which showed efficacy in clearing EWS expressing GD2,
but did not translate into in vivo model efficacy®. Post-analysis showed that upregulation of
HLA-G played a role in EWS tumoral escape and suggest that a multimodal treatment option

will be important to have clinical efficacy in these immunotherapies®®.

13



Figure 1.1




RANK-RANKL-OPG Signaling Pathway

The balance between osteogenesis and bone resorption is governed by the RANK-RANKL-OPG
signaling pathway. In brief, Pre-fusion osteoclast express RANK which are activated by binding
RANKL which is secreted from osteoblast and osteocytes. Fine tuning of this system also
includes the release of the decoy receptor OPG which can bind secreted RANKL and prevents

binding to RANK.

Pre-fusion Multinucleated osteoclast
Macrophage osteoclast

*$

RANK
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Bone formation Bone resorption

Figure 2 | Simplified depictions of members of the RANK-RANKL-OPG signalling pathway identified through
genome-wide association studies for bone mineral density. Proteinsidentified as genome-wide-significant
through genome-wide association studies (GWASs) are indicated in bold font and with a bold outline. RANK is encoded
by tumour necrosis factor receptor superfamily, member 11a (TNFRSF11A), its ligand RANKL is encoded by TNFSF11, and
the decoy receptor OPG is encoded by TNFRSF11B. To generate activated osteoclasts, RANKL is secreted by osteoblasts
and osteocytes in bone, and these bind to its natural receptor, RANK, on the surface of pre-fusion osteoclasts. To
fine-balance this activation system, osteoblasts and osteocytes also secrete OPG, which is a natural decoy receptor for
RANKL and prevents binding of RANKL to RANK. *Indicates the relevance of the gene to human monogenic skeletal
disease. fIndicates genes with evidence arising from mouse knockouts. The figure is adapted, with permission, from

REF. 79 © (2008) Health Plexus Ltd.

Image credit: Richards, J., Zheng, H. & Spector, T. Genetics of osteoporosis from genome-wide association
studies: advances and challenges. Nat Rev Genet 13, 576588 (2012). https://doi.org/10.1038/nrg3228
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Natural Killer (NK) Cells

2.1 Natural Killer Cells (NK Cells)

Various types of immune cells are involved in the treatment and progression of cancer.
One of those cell types that is derived from the common lymphoid progenitor is called the
Natural Killer cell (NK cell). NK cells are a fascinating heterogenous group of cells whose
function is dictated by the activation and inhibitory signals it receives from the cells that it is
interacting which is independent of antigen presentation® . It is recognized that NK cell
effector functions include their natural cytolytic capacity, antibody dependent cellular
cytotoxicity (ADCC), cytokine, and chemokine secretion. Although NK cell receptor expression
can be highly variable depending on their maturation state, they are typically divided and
described based on their expression of neural cell adhesion molecule (CD56)%. As NK cells
mature from the hematopoietic stem cells, they gradually lose expression of CD34 (a
transmembrane phosphoglycoprotein) and gain expression of CD56%”. Additionally, acquisition
of CD94 commits NK cells to CD56 expression and also acts as an intermediate between
CD569M and CD56%™ NK cells®. CD56"9" and CD56%™ NK cells are the two main
subpopulations that are focused on when considering NK cell research. CD569" cells resemble
that of T cell lineages that are excellent at secreting cytokines while CD56%™ cells resemble the
cytotoxic capacity of T cells®. Indeed, CD56%™ cells are excellent with respect to their cytotoxic
capacity in part, due to their expression of CD16 (FcyRIII) that can recognize the fragment

crystallization region (Fc) of immunoglobulin G (IgG) family of antibodies®®.

NK cells elicit their cytolytic capacity by the release of perforin, granzymes, and

granulysin. Although cellularly complex, the ability to carry out its cytolytic function occurs in
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three main processes: (1) target cell recognition, (2) immune synapse formation, (3) and induced
death via exocytosis of cytolytic mediators®. As suggested in its name, NK cells make great
cells for clearing stressed or infected cells. Because NK cells can take in and decipher multiple
activating and inhibitory signals it gives them an advantage over T cells in the treatment of
cancer. Indeed, T cells are ideal for the direct killing of infected or cancerous cells, but due to
lacking specific tumorigenic antigens, NK cells offer a good immunotherapeutic potential. Still,
cancerous cells can escape the immunosurveillance of NK cells. This can be achieved by
upregulation of inhibitory NK cell receptors, secretion of immunosuppressive factors, and
shedding of NK cell receptor ligands®’. In the case of prostate and TNBC cell lines, there is
increased expression of LLT1 — an inhibitory ligand - contributing to decreased clearance of the
cancerous cells lines indicating that cancerous cells utilize increased inhibitory NK cell ligands
to escape immunosurveillance® %3, Factors such as TGF-B, prostaglandin Ez, indoleamine 2,3-
dioxygenase, and adenosine can be secreted from cancerous cells and inhibit NK cell effector
functions®%”. Shedding of NK cell receptor ligands — such as NKG2DL (MICA, etc.) — leads to
decreased expression of NKG2D on NK cells due to over stimulation of the NKG2D receptor®.
Although cancerous cells have methods to escape NK cell immunosurveillance, great efforts are
being made in cancer immunotherapy research to tip the balancing scale from inhibitory to

activating signals in NK cells.

Cancer immunotherapy is exciting for two reasons: (1) it utilizes our own immune system
to fight off cancerous cells, and (2) the treatment aims to minimize the use of chemotherapy and
radiation. Although chemotherapy and radiation have been the standards of care, using such
treatments can have unwanted side effects and off target effects. Using NK cells as an

immunotherapy platform is interesting because it does not require a specific antigen to target a
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cancerous cell and induce its cytolytic effects. Intratumoral NK cell population densities can
vary, but increased trafficking to intratumoral sites are correlated with increased survival®. This
implies that chemokine gradients play a major role in the recruitment of NK cells to the site of
the tumor like the CXCR3-CXCR4, CX3CD1, and CCR3-CCR5 receptor/ligand axis'®. But
higher chemokine serum levels do not necessarily mean that NK cells will effectively be
trafficked intratumorally®®. Several methods to effectively use NK cells as an immunotherapy
involved autologous adoptive transfer, CAR-NK therapy, or monoclonal antibodies. Adoptive
autologous NK cell transfer means that an individual, or the patient’s, own NK cells are isolated
from peripheral blood mononuclear cells (PBMC’s), expanded ex vivo, then transferred back to
the patient. This is beneficial since the patient’s own blood is being used it does not require the
use of immunosuppressive drugs and mitigates the risk of graft-versus-host disease (GvHD).
Although beneficial, treatment often fails due to inhibition by self-human leukocyte antigen
(HLA) molecules®. Chimeric antigen receptor NK cell therapy are similar to CAR-T cell therapy
in that the CAR construct consist of an extracellular single-chain fragment variable (scFv) of an
antibody directed against a tumor-associated antigen, a hinge region, a transmembrane domain,
and an intracellular domain generally composed of the signaling subunits of a costimulatory
molecule. Monoclonal antibodies offer a terrific way of targeting specific receptors or their
ligands on NK cells or cancerous cells. Because monoclonal antibodies are used, they are
specific and will directly target their specified receptor. Additionally, targeting with a
monoclonal antibody leads to antibody dependent cell-mediated cytotoxicity (ADCC) by binding

to CD16.

Overall, NK cells offer a great platform to be researched as a cancer immunotherapy due

to their ability to target cancerous cells based on their expression of inhibitory and activating
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receptors. Considerations need to be taken into mind when accounting for how cancerous cells
mask themselves from immune cells. Monoclonal antibodies offer novel immunotherapies by
their ability to target specific antigens which can lead to direct cytotoxicity or blocking of
receptor/ligand binding. Utilizing this can tip the balance back in favor of NK cell cytolytic
effector functions leading to increased clearance of cancerous cells. In this study, we will be
using an anti-LLT1 antibody to investigate the potential for novel cancer immunotherapy in the

treatment of Ewing’s Sarcoma.

2.2 Lectin-Like Transcript-1 (LLT1)

Lectin-like Transcript-1 (LLT1, CLEC2D, OCIL) is an NK cell receptor that was first
described by Boles et al. that is localized on chromosome 12 within the human NK gene
complex'®2, Early studies show that the LLT1 receptor is present on NK cells and upon
stimulation, increases the IFN-y secretion from NK cells'®. Interestingly, this did not affect the
cytolytic effect of NK cells to target cell'%%. Additional studies showed that LLT1 is the ligand
for NKR-P1A (CD161); a receptor present on NK cells!* 1%, In the same study, NKR-P1A-
LLT1 interaction led to a decrease in cytotoxicity of NK cells to target cells!®* 1%, Elucidation of
the crystal structure provides definite evidence for the NKR-P1A-LLT1 interaction with a

relatively low binding affinity of Kd~50uM?% 107,

LLT1 is present on different immune cells and tissues. Notably, LLT1 is present on
circulating B cells and monocytes'®. To a lesser degree, LLT1 is also present on CD4* and
CD8* T cells'®. When immune cells are stimulated, LLT1 expression increases in the CD4* and

CD8* T cells'®. LLT1 is also expressed in tissues such as the liver, pancreas, urinary and
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digestive tract, and the reproductive system%, This suggest that LLT1 plays a role in immune
regulation through its interaction with NKR-P1A. LLT1 has been implicated in Rheumatoid
Arthritis (RA) due to its expression on macrophages present in the synovial tissue'®. In the same
study, they showed that NKR-P1A expression is increased on T cells and suggested that
interaction between the macrophages and T cells will lead to an increase in interferon gamma
(IFN-y)!%, This suggestion does seem interesting since ligation of NKR-P1A on NK cells leads
to a decreased cytolytic effect'® 195, Indeed, some studies suggest that NKR-P1A-LLT1
interaction leads to increased IFN-y secretion in CD4* CD161* T cells''. Altogether, these
studies suggest that the expression of LLT1 can vary depending on if the target cell is in a resting
or stimulated state. Additionally, the effect after ligation of LLT1 can be different depending on

the cell type furthering implicating LLT1 to have a role in immune regulation.

Interestingly LLT1 expression is also evident in the case of cancer. Our lab has
previously shown and characterized the expression of LLT1 on prostate and triple-negative
breast cancer (TNBC) cells® %, In the prostate cancer study, all of the cultured cell lines showed
an increased expression of LLT1 (DU145, LNCaP, PC3 and 22Rv1) compared to the non-
tumorigenic PWR-1E cell line®. Similarly, in the TNBC study, tumorigenic MDA-MB-231 and
MDA-MB-436 cell lines showed increased expression of LLT1, while the non-tumorigenic
MCF10A did not show increased expression of LLT1%. Although blocking of LLT1 via a
monoclonal antibody improved NK cell’s ability to target and elicit its cytolytic effects, another
study suggested that increased LLT1 expression leads to better outcomes in Non-small-cell lung
carcinoma (NSCLC)% 9111 The study shows that tumor infiltrating lymphocytes (TIL’s) were
prone to resemble Thl cells with respect to their cytokine production such as IFN-y and tumor

necrosis factor alpha (TNF-a)''%. Overall, these studies further suggest that LLT1 plays a role in
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immune regulation with its differential effects on certain immune cell populations. Furthermore,
it highlights the significance of LLT1 in cancer. With respect to NK cells, upregulation of LLT1
on cancer cells can be considered an immunotherapy target to tip the balance back to a more
activating dominant signal and a subsequent increase in NK cell’s cytolytic ability. LLT1’s
expression, and role in Ewing’s Sarcoma has yet to be characterized. Based on preliminary data,
LLT1 is expressed in TC-32 and CHLA-258 cells lines with further increased expression of
LLT1 when treated with vincristine. Based off previous research done in TNBC and prostate
cancer cell lines, it would be interesting to see if blockade of LLT1 reinstates NK cell cytotoxic
clearance of EWS cells. Also, in future a xenograft model could validate the in vitro findings and

provide a rationale for a clinical translational study on a novel LLT1 based immunotherapy.

2.3 NKG2D and DNAML in Ewing Sarcoma

NKG2D (CD314) is a cell receptor primarily expressed on cytotoxic immune cells, like
NK cells. NKG2D belongs to the NKG2 family of C-type lectin-like receptors and is encoded by
the KLRK1 gene on chromosome 12 in the NK-cell gene complex (NKC)''2. NKG2D recognize
various ligands that include MHC class | polypeptide—related sequence A (MICA), MHC class |
polypeptide-related sequence B (MICB), and six members of the UL16 binding protein family
(ULBP1, ULBP2, ULBP3, ULBP4, ULBPS5, and ULBP6)'!3. Although NKG2D is an activating
receptor, stimulation alone of NKG2D is not sufficient to release cytokines, rather NKG2D work

in synergy with other activating NK cell receptors to elicit a robust cytolytic response®“.

DNAX accessory molecule 1 (DNAM1, CD226) is a glycoprotein receptor expressed on

NK, T cells, and monocytes and is a part of the immunoglobulin superfamily'5. DNAM1 is an
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activating receptor that can bind to poliovirus receptor (PVR, CD155, Necl-5) and Nectin-2
(CD112)1%, Ligation of DNAM1 causes Fyn-mediated tyrosine phosphorylation and triggering
of cytotoxicity in NK cells'®. Both CD155 and CD112 are upregulated in various cancers

indicating that DNAM1 plays an immunoregulatory role!!”-11°,

Both NKG2D and DNAMZ1 have been implicated in the context of Ewing Sarcoma as
activating receptors that aid in the clearance of cancerous cells*?. Although chronic engagement
of NKG2D soluble ligands (MICA) can decrease the expression of NKG2D on the surface of NK
cell, this does not seem to be the case in EWS®: 121 In the same study, Berghuis et al. showed
that expression of NKG2D and DNAM1 receptors were similar regardless of chemotherapy
sensitive or resistant cells, but using a histone deacetylase inhibitor and activating NK cells with
IL-15 reinstated the cytotoxic effector function?X. This suggests that inhibitory signaling
predominates in NK cell interaction with EWS and that further activation is required to reinstate
their cytotoxic function. Additionally, the inhibitory signals that predominate could be due to the
increased expression of LLT1 that is present on EWS cells. Combining a multimodal treatment
where LLT1 is blocked, and activation of NK cells occurs suggest that there could be increased

clearance of EWS cells through NKG2D and DNAM1 dependent mechanisms.

2.4 Hypothesis and Specific Aims

Hypothesis
Chemotherapy drugs enhance LLT1 expression in EWS cells and blocking LLT1-NKRP1A

interaction with anti-LLT1 mAb will lead to increased cytotoxicity of EWS cells by NK cells.

Specific Aims
22



The hypothesis will be tested under the following specific aims.

Specific Aim #1

Determine the expression of LLT1 on EWS cell lines TC-32 and CHLA-258.

Specific Aim #2

Evaluate the cytolytic function of NK cells by blocking LLT1 on EWS cells.

2.5 Significance

Ewing Sarcoma (EWS) primarily effects pediatric patients under the age of 19 years old
but is still known to effect adults. EWS is characterized by a chromosomal translocation with the
most common translocation occurring between the EWSR1-FLI1 which causes the dysregulation
of multiple genes. Even with conventional therapies such as surgery, chemotherapy, and
radiation therapy, the 5-year survival event free incidence has remained steady at 66%. This is
highly dependent on whether metastasis has occurred at the time of diagnosis. Metastasis and
chemoresistance greatly diminishes the efficacy of treatment with a meager 39% survival rate.
Since the 1980’s the number of cases has steadily increased while the death rate has plateaued.
This highlights the need for new forms of therapy to be developed. Chemoresistance remains a
prevailing issue for various cancer types and in EWS it is the main cause of treatment failure.
Research into combination therapies to overcome chemoresistance has been done, but their
clinical significance remains to be seen, or conducted. Immunotherapies are a promising
treatment option due to their ability to target cancerous cells while also promoting an

inflammatory response that can counteract the immunosuppressive environment EWS harbors.
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Studies have yet to be conducted on the expression and relationship that LLT1 has on
EWS cell in relation to NK cells. Current evidence from our lab shows that blocking LLT1
interaction with NKRP1A with a monoclonal antibody tips the balance in favor of increased NK
cell cytotoxicity. Therefore, by targeting LLT1 on EWS cells it will tip the balance of activating
and inhibitory signals back in favor of activating signals that will allow NK cells to elicit their
effector function on EWS. The significance of this study will be to determine the expression of
LLT1 on the cell surface of EWS cell lines TC-32 and CHLA-258 and the functional outcome
between EWS and NK cells. This will increase our understanding of the role that LLT1 plays in
NK cell immunosurveillance and lead to the development of potential target therapies either in

combination with current therapies or as a standalone therapy.
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Figure 2.1

NK Cell Function

(A) The balance of activating and inhibitory receptors dictates the function effector function of

NK cells. Interaction between healthy and NK cells leads to inhibition of the cytotoxic functions

of NK cells. (B) The “missing self” is caused by the lack or downregulation of MHC-I

complexes leading to an increase in activating signals being received. Lytic granules are directly

released to the target cell to lyse it. (C) Stressed or damaged cells can upregulate the cell surface

expression of activating ligands. Therefore, whenever a NK cell interacts with the target cell, the

increase in activating signals leads to an increase in cytotoxic and lysis of the target cell. (D)

Antibody-Dependent Cell-Mediated Cytotoxicity occurs through interaction with the Fc portion

of an antibody. The Fc portion binds to the CD16 receptor present on NK cells and leads to

direct mediated lysis of the target cell.
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Figure 1: Schematic representation of physiological NK cell functions.
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a | Abalance of signals delivered by activating and inhibitory receptors regulates the recognition of healthy cells by natural killer (NK) cells. b | Tumour cells that downregulate
major histocompatibility complex (MHC) class | molecules are detected as ‘missing self* and are lysed by NK cells. ¢ | Tumour cells can overexpress induced stress ligands
recognized by activating NK cell receptors, which override the inhibitory signals and elicit target cell lysis. d | Tumour antigen-specific antibodies bind to CD16 and elicit antibody-

Image Credit: Morvan, M., Lanier, L NK cells and cancer: you can teach innate cells new tricks. Not Rev Cancer 16, 7-19 (2016). https://doi.org/10.1038/nrc 2015.5
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Figure 2.2
Functional Outcomes of LLT1 Expression

The functional outcome of LLT1 is dependent on which cell it is expressed on. LLT1 is known
to interact with NKRP1A (CD161). Previous data from our lab shows that when LLT1 is
expressed and upregulated on cancerous cells it leads to decreased cytotoxicity in NK cells
which contributes to the escape of cancerous cells from the immune system. LLT1 is also
expressed on NK cells and upon stimulation with the L9.7 monoclonal antibody leads to an

increase in IFN-y secretion.
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Figure 2: LLT1 is expressed on specific tumor cells such as triple-negative breast cancer (TNBC), prostate cancer, and
B-cell non-Hodgkin’s lymphoma (NHL) cells. LLT1 on tumor cells interacts with NKR-P1A on NK cells, sending an
inhibitory signal to NK cells which decreases cytolytic function. Cancer cells have also been shown to upregulate LLT1
expression to increase the immune dampening effect.

Buller CW_. Mathew PA_ Mathew SO. Roles of NK Cell Receptors 2B4 (CD244). CS1(CD319), and LLT1 (CLEC2D)
in Cancer. Cancers (Basel). 2020 Jul 1;12(7):1755. doi: 10.3390/cancers12071755. PMID: 32630303; PMCID:
PMC7409338.
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Figure 2.3
Blocking LLT1-NKRP1A interactions enhances NK cell cytotoxicity

LLT1 interacts with NKRP1A (CD161). Expression of LLT1 on cancer cells inhibits the effector
function of NK cells. Blocking LLT1-NKRP1A interactions with a monoclonal antibody leads to

lysis by NK cells by blocking inhibitory signals.
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CHAPTER Il

MATERIALS AND METHODS

3.1 Cell Lines and Cell Culture

The Jurkat cell line is a non-adherent cell line and was grown in a culture flask
containing culture media with Roswell Park Memorial Institute (RPMI) supplemented with 10%
Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 1% amino acids (MEM NEAA), 10 mM
HEPES buffer and 100 units/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml amphotericin B.
TC-32 and CHLA-258 were cultured in Iscove's Modified Dulbecco's Medium (IMDM)
supplemented with 10% fetal bovine serum (FBS), 1% Insulin-transferrin-sodium selenite (ITS)
media supplement, and 100 units/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B. After cells reached confluency of 90-95% they were split and expanded as
needed. TC-32 is a EWS cell line (CCR) derived from a 31-month female that had received no
prior therapy and possesses the EWSR1-FLI1 translocation. CHLA-258 (CCR) is a EWS cell
line derived from a 14-year-old female who had already gone through chemotherapy. The sample
came from metastasis to the lung. This cell line also possesses the EWSR1-FLI1 gene fusion.
Cell lines were treated with increasing amounts of either vincristine (Sigma Aldrich, cat. #
V8879), etoposide (Sigma Aldrich, cat. # 1268808), or a mixture to select for chemoresistant
cells. Final concentrations of each drug were determined by performing a viability assay utilizing
CellTiter-Glo® Luminescent Cell Viability Assay and plotting of dose response curves to

determine the 1C50 concentration of each drug. Stock solutions of vincristine and etoposide were
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created by dissolving the drug in DMSO and stored in a -200C freezer. Aliquots were thawed

and serially diluted to reach desired working concentration of drug in cell culture media.

3.2 Viability Assay

To determine the 1C-50 drug concentrations used in this study, a viability assay was
conducted using CellTiter-Glo® Luminescent reagent and dose response curves were plotted. In
brief, a 96-well plate was used and 100ul of EWS cells (4,000 total cells) were placed in each
well. Control wells were established by placing media without cells in appropriate wells. Serial
dilutions of VCR and ETO were formulated. VCR concentrations were serially diluted as
follows: 2nM, 1nM, 0.5nM, 0.25nM, and 0.125nM. ETO concentrations were serially diluted as
follows: 1pug/mL, 0.5ug/mL, 0.25pg/mL, 0.125ug/mL, and 0.0625ug/mL. Drugs were incubated
with cells overnight. The following day 100ul of CellTiter-Glo® Luminescent reagent was added
and mixed for 2 minutes on a plate shaker. The plate was then incubated at room temperature for
10 minutes. Luminescence was then recorded on a 96-well plate reader. A log-transformed curve

was established to determine IC-50 concentration.

3.3 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)

RNA from treated and non-treated cell line was isolated using TRIzol (Invitrogen cat. #
15596026) reagent, converted into cDNA constructs, then amplified using TagMan primers to
determine Ct values and compare the fold expression increase in treated and non-treated cell
lines compared to a control cell line. Briefly put, 5*10° cells were spun down at 250Xg for 5
minutes. TRIzol was added and let sit for 5 minutes. Chloroform was added and shaken
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vigorously for a brief period. Samples were incubated at room temperature for a brief time then
centrifuged at 12,000Xg for 15 minutes at 4°C. After this, three distinct layers of separation were
visible. The clear (top) layer was pipetted out and placed in a new Eppendorf tube. In the new
tube 100% isopropanol was and incubated at room temperature for 10 minutes. Samples were
then centrifuged at 12,000Xg for 15 minutes at 4°C. Supernatant was removed and washed in
75% EtOH then centrifuged at 7500Xg for 5 minutes at 4°C. Supernatant was decanted off then
let dry in a Laminar Flow hood for no longer than 20 minutes. RNA was resuspended in RNase-
free water (DEPC-treated water) and vortexed to ensure proper reconstitution. Samples were
incubated on a heat block at 55-60°C for 10-15 minutes. RNA samples were checked for

concentration and purity using a NanoDrop (Thermo Scientific, cat. # ND-2000C).

cDNA conversion immediately followed RNA isolation using a High-Capacity cDNA
Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, cat. # 4374966). A
maximum amount of 2pg of total RNA was used in a 20l reaction setup. A reverse transcriptase
(RT) master mix (MM) was made per supplier’s protocol. 10ul of the MM was mixed with 10pul
of RNA sample, mixed by pipetting up and down, then transferred to a new microcentrifuge
tube. A programmable thermocycler was used following supplier’s protocol. Samples were either

immediately used to perform RT-gPCR or stored at -15 to -25°C.

RT-qPCR was performed using a StepOnePlus Real Time PCR-System (Applied
Biosystems, cat. #4376357). Briefly put, 15ng of cDNA was used and mixed with either TagMan
Gene Expression Assay LLT1 or GAPDH primers, RNase-free water, and TagMan Gene
Expression Master Mix to have enough to make quadruplicates. Once ready, 20ul of sample was
placed in a 96-well reaction plate, sealed, centrifuged briefly, then placed into the StepOnePluse

system and ran. Samples were normalized to the Jurkat cell line.
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3.4 Western Blot

Western blot was used to detect protein presence in treated and non-treated samples.
Briefly put, cell samples were grown out to 90-100% confluency then washed with
1XPBS+1mM EDTA. Then the cells were treated with RIPA buffer treated with a phosphatase
and protease inhibitor and incubated on ice for a short period. The cells were then aspirated with
the same RIPA buffer and transferred to a separate tube. Spin down at 16,000Xg for 30 minutes
and transfer the supernatant to a separate tube and placed on a heat block at 95°C for 10 minutes

then determined the protein concentration using a Thermo Fisher NanoDrop.

Samples were then prepared to load into a premade Bis-Tris gel (Invitrogen cat. #
NP0321BOX). The samples were mixed with a non-reducing sample buffer (Thermo Scientific
cat. #84788) and autoclaved H.O. A total of 20pg of protein sample was used and loaded.
Presharp Prestain and MagixMark XP Western Protein standard (Invitrogen cat. # LC5602) was
prepared and loaded. The gel was placed in a XCell SureLock™ Mini-Cell (Invitrogen cat.
#E10001). A working 1X solution of MOPS running buffer was prepared. The gel was run at
200V for ~60 minutes then placed in an iBlot 2 Transfer Stacks, nitrocellulose membrane
(Invitrogen, cat. # 1B23001) and transferred using the iBlot 2 Dry Blotting System (Invitrogen,
cat. # 1B21001). The nitrocellulose membrane was removed and blocked using the
StartingBlock™ T20 (TBS) Blocking Buffer (Thermo Scientific, cat. # 37543) for 1 hour. Goat
anti-human LLT1 primary antibody (R&D Systems, cat. # AF3480) incubation followed by
performing a 1:1000 dilution in StartingBlock™ T20 (TBS) Blocking Buffer (Thermo Scientific,
cat. # 37543) overnight at 4°C with constant rocking. The next day the membrane was washed

three times with StartingBlock™ T20 (TBS) Blocking Buffer (Thermo Scientific, cat. # 37543).

31



Donkey anti-Goat 1gG HRP conjugated antibody (R&D Systems, cat. # HAF109) and HRP
Donkey anti-rabbit 1gG antibody (BiolLegend, cat. #406401) were diluted at 1:1000 dilution and
incubated at room temperature for 1 hour. Membrane was washed three times. Pierce™ ECL
Plus Western Blotting Substrate (Thermo Scientific, cat. #32132) at a 1:1 solution then imaged
using a chemiluminescence western blot reader. Membranes were re-probed with Direct-Blot™
HRP anti-GAPDH Antibody (BioLegend, cat. # 649204) for 1 hour at room temperature then

detected using ECL substrate.

3.5 Flow Cytometry

Cells were harvested, centrifuged at 250Xg for 5 minutes then resuspended in 5mL of
1XPBS+BSA. Cells were counted on the Denovix Cell Drop using Trypan Blue staining to
analyze live cells. An adequate number of cells were taken so that sample tubes had 1*10° cells
total per tube. The cells were incubated with Fc block (1uL per 1*10° cells) for 5 minutes then
divided up into the appropriate sample tube. The primary antibody LLT1-PE (R&D, cat. #
FAB3480P) (5uL per 1*10° cells) and anti-mouse 1gG1-PE (BioLegend, cat. # 406607) (5uL per
1*10° cells) was added to each of the appropriate tubes. Primary antibody incubation occurred
for 30 minutes at 4°C in the dark. Samples were then washed (250uL) twice at 250Xg and
resuspended in 50uL 1XPBS+BSA. Samples were resuspended in 150uLAnnexin-V Binding
Buffer then incubated with Annexin-V and 7AAD (5uL per sample, each) per suppliers’
recommendation (BioLegend, cat. # 640922) and incubated in dark for 15 minutes. An additional
200uL of Annexin-V Binding Buffer was added to each sample then transferred to flow tubes.

Appropriate single stain positive controls and negative controls were prepared. Samples were
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placed on ice until ready to run either on BD LSR Il or Amnis ImageStream MK Il Imaging

Flow Cytometer.

3.6 Isolation of Human Peripheral Blood Mononuclear Cells and Primary Natural Killer Cells

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood obtained
from healthy human subjects with informed consent and prior approval by the Institutional
Review Board (North Texas Regional IRB # 20-28). Primary natural killer cells were then
isolated from PBMCs. Whole blood was collected from healthy volunteers using Acid dextrose
vacutainer tubes (BD cat. #364606) and was layered on top of Histopaque-1077 (Sigma Aldrich
cat. #10771) density gradient. The Histopaque-1077 density gradient was used to separate whole
blood into different layers (serum, PBMCs, platelets, and erythrocytes layers). Samples were
centrifuged in a 50mL Leucosep (Greiner Bio-One cat. #89048-932) tube for 20 mins. After
centrifugation, the white layer consisting of PBMCs was carefully isolated into new sterile 50
mL conical tubes and processed further according to PBMC purification protocol. Upon isolation
of PBMCs, PBMCs were counted using the Denovix Cell Drop to determine total cell count to
proceed with the following isolation of NK cells. Primary natural Killer cells were isolated from
PBMCs by following standard protocol instructions in the Miltenyi Biotec NK cell isolation kit
(Miltenyi, cat. #130-092-657). In brief, PBMCs were treated with a prepared buffer consisting of
phosphate-buffered saline (PBS at pH 7.2), 0.5% bovine serum albumin (BSA), and 2 mM
EDTA. NK cell biotin-antibody cocktail was, then, added to the buffer-treated PBMCs and
underwent a 5-minute incubation at 4°C. After incubation, PBMCs were treated with NK cell
microbead cocktail before the subsequent magnetic NK cell separation step. In theory,

lymphocytes except NK cells are labeled with the magnetic beads. Once the sample is run
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through the column and subjected to a magnetic field, the NK cells can be collected as the flow
through while the remaining lymphocytes remain in the column. Primary NK cells were cultured

in 4+ RPMI media supplemented with 10% fetal bovine serum in a fresh culture flask.

3.7 DELFIA Cytotoxicity Assay

PBMC’s were isolated prior to starting cytotoxicity assay following suppliers’ protocol
(Miltenyi, cat. #130-092-657). NK cells were placed on ice until EWS cells were prepped. EWS
cells were grown out in a culture flask until 90-100% confluent. Cells were harvest and
resuspended in 5mL of 1XPBS+BSA, transferred to a 15mL conical tube and counted on a
Denovix Cell Counter using the Trypan Blue viability stain. NK cells were incubated with Fc
block (1pL per 1*108 cells) then suppliers’ protocol was followed to carry out the remainder of
the experiment (Perkin Elmer, cat. #AD0116). In brief, after counting the cells the concentration
of cells was adjusted to 1*10° cells per mL and a total volume was adjusted to 2-4mL in fresh
IMDM media. Each sample tube was incubated with 5uL of the BATDA reagent and incubated
in an incubator at 37°C, and 5% CO; for 30 minutes. After the incubation period, the samples
were washed twice and spun down at 250Xg for 5 minutes each resuspended in fresh IMDM
media. The volume was adjusted to 5000 cells per 100uL in fresh IMDM media. 100uL of
solution was pipetted into a V-bottom 96-well plate sufficient to perform triplicates of your
samples. Various ratios of E:T were used (i.e., 25:1, 5:1, and 1:1). Effector NK cells were
resuspended in 4+RPMI media and serially diluted so that one tube has 125,000, 25,000, and
5000 cells per 100uL. The appropriate number of cells were pipetted out in triplicate and co-
incubated with the EWS cells for 2 hours at 37°C and 5% CO2. After the 2-hour incubation the

96-well plate was taken and centrifuged at 250Xg for 5 minutes. 20uL of the supernatant was
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taken from each well and placed in a new flat bottomed 96-well plate. Then it was mixed with
200puL of Europium solution for 15 minutes with constant agitation on a plate shaker covered.
The plate was then read on a BioTek Cytation 3 machine taking readings at excitation
wavelength 340nm and emission at 615nm. Control wells included 100% lysis control well
which contained EWS sample cells post-BATDA incubation and 10uL of supplier provided lysis
buffer. Spontaneous release included EWS cells post-BATDA incubation in media only.
Background noise was determined by plate wells that contained a 1:1 mixture of IMDM and

RPMI media.
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CHAPTER IV

RESULTS

Specific Aim #1: Determine the expression of LLT1 on EWS cell lines TC-32 and CHLA-
258.

Rationale

Lectin-Like Transcript-1 (LLT1) is a ligand that is present on NK cells, healthy tissues,
and is known to be expressed on different cancer types like triple negative breast cancer (TNBC),
prostate cancer, and B-cell non-Hodgkin’s lymphoma (NHL). LLT1’s natural ligand is NKR-
P1A (CD161), which is present on NK cells, among other immune cells. When LLT1 binds to
NKR-P1A, an inhibitory response occurs in NK cells, which decreases its cytotoxicity whereby
lysis of the target cell does not occur. In the context of cancer, this is bad because it allows
cancerous cells to escape NK cell immunosurveillance. Previous research has shown that LLT1
is present on cancerous cell lines including TNBC, prostate, colon, and B cell NHL. So far, there
is no published research on the expression of LLT1 on EWS. The objective of this aim is to
characterize the expression of LLT1 on EWS, and does treatment of EWS cell lines with
vincristine and etoposide increase expression of LLT1. The working hypothesis is that
chemotherapy drugs increase expression of LLT1 on EWS cells to prevent activation of NK cells

thereby contributing to escape of NK cell immunosurveillance.
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4.1 Ewing Sarcoma Cell Lines Express Lectin-Like Transcript 1 (LLT1)

4.1.1 Establishing I1C50 concentrations

Several reports indicate that LLT1 is expressed on other cancers® %, Here we have
investigated the expression of LLT1 in EWS cells and how the treatment of chemotherapy drugs
vincristine (VCR) and etoposide (ETO) effect the expression of LLT1 in EWS cells. IC-50
concentrations of the drugs were determined by treating the EWS cells with different
concentrations of vincristine and etoposide and analyze the cell viability utilizing CellTiter-Glo®
Luminescent reagent. A 96 round bottom well plate was used and 100ul of EWS cells (4,000
total cells) were placed in each well. Serial dilutions of each drug was used, and the cells were
treated at different concentrations. After the incubation period, the CellTiter-Glo® Luminescent
reagent was added and the fluorescence was measured. Data was analyzed to form a log-
transformed curve to determine the IC-50 concentration. TC-32 VCR IC-50 concentration was
0.38nM and TC-32 ETO IC-50 concentration was 0.20pug/ml (Figure 4.1). Although TC-32 IC-
50 concentration was 0.38nM, the TC-32 cell line was treated at 0.5nM VCR concentration
indicating that these are highly chemoresistant cells. CHLA-258 VCR IC-50 concentration was
0.43nM and CHLA-258 ETO IC-50 concentration was 0.14ug/ml (Figure 4.2). CHLA-258 VCR
cells were also treated at 0.5nM VCR concentration indicating these are highly chemoresistant
cells. Although not tested using the cell viability assay, a combination of VCR and ETO was
used to investigate the effect of combinatorial treatment of EWS cell lines has on LLT1
expression. Cell lines were progressively treated to their 0.5nM concentration then 0.5ug/ml of
ETO was added. Both the cell lines were treated for 2 weeks before experiments were done to

select for true chemoresistant cells.
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4.1.2 Increased mRNA expression in non-treated EWS cell lines

RT-gPCR analysis were conducted to determine the mRNA expression of LLT1 in
vincristine and etoposide treated cell lines compared to non-treated cells. RNA isolation was
performed using the TRIzol reagent with subsequent cDNA conversion. Utilizing TagMan
primers, LLT1 was amplified for a total of 45 cycles. The Jurkat cell line has little to no
expression of LLT1 and was used as the control to normalize the data against. Fold expression
change in RNA was determined using the AACt method indicating the increase or decrease in a
gene of interest against the control cell line. TC-32, TC-32 VCR, and TC-32 VCR/ETO values
were 0.6-, 0.35-, and 0.05-fold expression change, respectively. CHLA-258, CHLA-258 VCR,
CHLA-258 ETO, and CHLA-258 VCR/ETO values were 0.78-, 0.45-, 0.21-, and 0.21-fold
expression change, respectively (Figure 4.3). A students t-test was used to analyze the results of
the data with a significant value set at p<0.05 and p<0.001. Statistical analysis showed TC-32,
TC-32 VCR, and TC-32 VCR/ETO were all significant at p = 0.038, 0.039, and 0.018,
respectively. CHLA-258 and CHLA-258 VVCR were significant at p = 0.033 and 0.048,
respectively. Both CHLA-258 ETO and CHLA-258VCR/ETO were non-significant, but trending
towards significance at p = 0.053 and 0.067, respectively. These results indicate that there is
mRNA expression of LLT1 in EWS cells, but in both cell lines the total MRNA expression in

treated cells is decreased as compared to non-treated cells.
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4.1.3 Treated EWS cell lines do not show a change in total LLT1 protein expression.

5 million TC-32 and CHLA-258 cells were harvested and lysed with lysis buffer and the
cell lysate was ran on an SDS-PAGE Bis-Tris gel at 200V for 60 minutes then transferred to a
nitrocellulose membrane where they were blocked and probed with an anti-LLT1 antibody and
then probed with a horse-radish peroxidase (HRP) secondary antibody. The membrane was then
exposed to ECL substrate and imaged. After imaging the membrane was stripped and re-probed
with an anti-GAPDH-HRP conjugated primary antibody. The membrane was exposed to ECL
substrate and imaged. Western blot analysis indicates that treated cell lines do not show a change
in total protein concentrations of LLT1 as compared to non-treated cell lines (Figure 4.4). The
quantification of band intensity shows that the untreated TC-32 and TC-32 treated with VCR
showed almost identical LLT1 expression whereas there was a slight decrease in the LLT1
protein concentration in the cells treated with both VCR and ETO. CHLA-258 showed the
highest LLT1 expression. TC-32 ETO, CHLA-258 VCR, CHLA-258 ETO, and CHLA-258

VCR/ETO samples were also ran, but protein expression was not detected.

4.1.4 LLT1 is expressed on the cell surface of TC-32 and CHLA-258 and treatment with

vincristine further increases the expression.

Cell samples were harvested and counted with a Trypan Blue viability staining. The
appropriate number of cells were taken and incubated with Fc block. Then the samples were
incubated with either isotype control or LLT1-PE antibody. Samples were incubated with
Annexin-V and 7-AAD next then placed on ice until ready to run flow cytometry. Flow
cytometry analysis indicates that LLT1 is expressed on the cell surface of both EWS cell lines as
determined by mean fluorescent intensity ratio (MFIR) which is a ratio of the MFI that compares

expression of target of interest. Our initial experiments showed that TC-32 and CHLA-258 had
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cell surface expression with a MFIR of 1.3 and 1.5, respectively. TC-32 treated with VCR and
CHLA-258 treated with VCR showed a MFIR of 2.5, and 1.3, respectively. Flow analysis
showed an increased expression of LLT1 in TC-32 treated with VCR (p= 0.038) compared to the
non-treated TC-32 cell line (Figure 4.5 & 4.6). Treated cell lines TC-32 ETO and TC-32
VCR/ETO had increased expression of LLT1 but decreased expression in comparison to TC-32
VCR. These were single, independent, experiments due to these samples lack of viability.
CHLA-258 VCR treated cell line had an increased expression of LLT1 compared to the non-
treated cell line but lacked significance (p= 0.057). CHLA-258 ETO and CHLA-258 VCR/ETO
treated cell lines had decreased cell surface expression of LLT1, but comparable to CHLA-258
LLT1. CHLA-258 ETO and CHLA-258 VCR/ETO were also single, independent, experiments
due to lack of cell viability. A One-way ANOVA confirmed differences in the means of MFIRs
at p<0.05 for all cell lines. Dunnett’s multiple comparison post-hoc was used to test for statistical
significance of MFIRs compared to the control TC-32 and CHLA-258 non-treated cell lines (*

p<0.05, ** p<0.001).
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Figure 4.1
Dose response curves to determine 1C-50 concentration of TC-32 EWS cell line

CellTiter-Glo® Luminescent reagent was used to perform a cell viability assay. VCR was diluted
at 2nM, 1nM, 0.5nM, 0.25nM, and 0.125nM in IMDM media and incubated with 5000 TC-32
cells per well. ETO was diluted at 1pg/mL, 0.5pg/mL, 0.25ug/mL, 0.125pg/mL, and
0.0625pg/mL.in IMDM media and incubated with 5000 TC-32 cells per well. The 96 round
bottom plate was analyzed using a plate reader. Data was log-transformed to standard curve to

determine the 1C-50 concentration of VCR and ETO.
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Figure 4.2

Dose response curves to determine 1C-50 concentration of CHLA-258 EWS cell line

CellTiter-Glo® Luminescent reagent was used to perform a cell viability assay. VCR was diluted
at 2nM, 1nM, 0.5nM, 0.25nM, and 0.125nM in IMDM media and incubated with 5000 CHLA-
258 cells per well. ETO was diluted at 1pg/mL, 0.5pug/mL, 0.25ug/mL, 0.125pg/mL, and
0.0625pg/mL.in IMDM media and incubated with 5000 CHLA-258 cells per well. The 96 round
bottom plate was analyzed using a plate reader. Data was log-transformed to standard curve to

determine the 1C-50 concentration of VCR and ETO.
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Figure 4.3
Increased LLT1 mRNA expression in non-treated EWS cell lines

Total RNA was isolated from EWS cell lines using a TRIzol reagent and cDNA was
prepared using cDNA synthesis kit. LLT1 primers were then used to amplify LLT1 transcripts
for 45 cycles. GAPDH was used as the endogenous control. The Jurkat cell line was used as a
negative control as it has little to no expression of LLT1. Statistical analysis was performed

using a student’s t-test with a significant value set at (*) p<0.05 and (***) p<0.001.
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Figure 4.4
Treated EWS cell lines do not show a change in total LLT1 protein expression

An SDS-PAGE Bis-Tris gel was ran with cell samples TC-32, TC-32 VCR, TC-32
VCR/ETO, and CHLA-258 at 200V for 60 minutes followed by anti-LLT1 antibody incubation
then followed by HRP-conjugated antibody incubation. Membrane was exposed to ECL
substrate and imaged. Membrane was stripped then re-probed with anti-GAPDH-HRP antibody
and exposed to ECL substrate and imaged. The quantification of band intensity is shown in the

table below.

TC-32 TC-32 CHLA
TC-32 VCR VIE -258

LLT1

21.8 kDa
GAPDH
36 kDa
Area Mean intensity Minimum Maximum

TC-32 1248 157.148 10 255
TC-32+VCR 1248 157.142 20 255
TC-32+VCR+ETO 1248 143.624 22 255
CHLA-258 1248 237.510 42 255
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Figure 4.5

LLT1 is expressed on the cell surface of TC-32 and CHLA-258 and treatment with

vincristine further increases expression

Expression of LLT1 represented by median fluorescence intensity ratios was identified
by flow cytometry analysis by staining EWS cell lines TC-32 and CHLA-258 with anti-LLT1-

PE (tinted shade in histograms) or isotype IgG1-PE antibodies (unshaded in histograms).

One representative of all independent experiments shown next page.
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Figure 4.6
Treatment of TC-32 cells with vincristine shows increased expression of LLT1

Flow cytometry was used to detect cell surface expression of LLT1 on TC-32 and
CHLA-258 treated and non-treated cell lines. Mean fluorescence intensity ratio (MFIR) from
independent experiments (n=3 for TC-32, TC-32 VCR, CHLA-258, and CHLA-258 VCR, n=1
for the other cell lines) were averaged. TC-32 VCR and CHLA-258 VCR both have higher
averages than their control non-treated cell lines. A One-way ANOVA confirmed differences in
the means of MFIRs at p<0.05 for all cell lines. Dunnett’s multiple comparison post-hoc was
used to test for statistical significance of MFIRs compared to the control TC-32 and CHLA-258

non-treated cell lines (* p<0.05, ** p<0.001).
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Specific Aim #2: Evaluate the cytolytic function of NK cells by blocking LLT1 on EWS cells.

Rationale

NK cells have the innate ability to target and lyse cells through the release of their lytic
granules that contain factors such as granulysin, perforin, and granzyme. Through blocking the
inhibitory ligand LLT1 on Ewing Sarcoma cells, NK cells can target Ewing Sarcoma cell in two
ways. First, blocking of LLT1 with an antibody could tip the balance back in favor of activating
signals thereby inducing an activation response from NK cells whereby lysis of the target cell
occurs. Secondly, NK cells possess the CD16 (FcyRIII) receptor which can recognize the
fragment chain (Fc) portion specific to the IgG antibody family. This will directly activate NK
cells causing them to release their lytic granules. This process is known as antibody-dependent
cellular cytotoxicity (ADCC). The objective of this aim is to treat the Ewing Sarcoma cells with
a LLT1 blocking antibody and then evaluate the ability of NK cells to target and lyse those
Ewing Sarcoma cells while blocking CD16 on NK cell to determine the cell specific effect of the
LLT1-NKRP1A interaction on NK cell cytotoxicity. The working hypothesis is that blocking the
LLT1-NKRP1A interaction with an anti-LLT1 mAb will lead to increased clearance of Ewing

Sarcoma cells via increased cytotoxicity from NK cells.

4.2 LLT1 Expression Inhibits NK Cytotoxic Activity

4.2.1 Blocking LLT1-NKRP1A Interaction Leads to Increased NK Cell Cytotoxicity

A DELFIA cytotoxicity assay was performed in triplicates with target cells being the
EWS treated and non-treated cell lines. Effector cells were isolated human NK cells from a
PBMC sample. Briefly put, EWS cell lines were incubated with the BATDA reagent. After
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incubation, the EWS cells were co-incubated with NK cells that were previously Fc blocked. The
supernatant was taken from the sample and mixed with a Europium solution then analyzed using
a plate reader. mlgG1 isotype control samples indicate that NK cells have a decreased ability to
target and lyse LLT1 expressing EWS cells both treated and non-treated samples. Blocking the
LLT1 receptor increased the cytotoxic ability of NK cells with an increase in specific cell lysis
by utilizing an LLT1 antibody (R&D Systems, cat. # AF3480). TC-32 and TC-32 VCR cells
lines showed similar cytotoxic efficacy when blocked with the anti-LLT1 antibody (~50%) at all
E:T ratios. TC-32 had a % specific cell lysis of 49%, 48%, and 42% at a significance of p=0.009,
0.005, 0.0005, respectively (Figure 4.7). TC-32 VCR had a % specific cell lysis of 50%, 46%,
and 46% at a significance of p=0.012, 0.0017, and 0.025, respectively. TC-32 ETO showed
highly increased NK cell cytotoxic efficacy at % specific cell lysis of 160%, 152%, and 146% at
a significance of p=0.008, 0.004, and 0.002, respectively. CHLA-258 had the highest NK cell
cytotoxicity at 80% (25:1 ratio) with CHLA-258 VCR and CHLA-258 ETO showing good
efficacy as well at comparable cell specific lysis percentages. CHLA-258 had a % specific cell
lysis at 78%, 78%, and 73%, at a significance of p=0.0035, 0.0048, and 0.042, respectively.
CHLA-258 VCR had a % specific cell lysis at 62%, 59%, and 60%, at a significance of p=0.005,
0.02, and 0.003, respectively. CHLA-258 ETO had a % specific cell lysis at 51%, 46%, and
46%, at a significance of p=0.006, 0.0009, and 0.005, respectively (Figure 4.7). Statistical
significance was analyzed using a Student’s T-test with a Welch’s correction. Significance was

set at (*) p<0.05, and (***) p<0.001.
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Figure 4.7
Blocking LLT1-NKRP1A Interaction Leads to Increased NK Cell Cytotoxicity

Treated and non-treated EWS TC-32 and CHLA-258 samples were loaded with BATDA
reagent then co-incubated with PBMC derived NK cells for 2 hours. The supernatant was
analyzed after the incubation period by mixing it with a Europium solution and reading out the
results on a plate reader. Samples were run in triplicates at various effector to target ratios (E:T)
(i.e., 25:1, 5:1, 1:1). Statistical significance was analyzed using a Student’s T-test with a Welch’s

correction. Significance was set at (*) p<0.05, and (***) p<0.001.

One representative graph of the independent experiment shown next page.
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CHAPTER V

DISCUSSION, CONCLUSION, AND LIMITATIONS

The expression of LLT1 on TC-32 and CHLA-258 cell lines is consistent with our
previous findings that LLT1 is expressed on triple negative breast cancer (TNBC) and prostate
cancer cell lines® 3. Similarly, the cell surface expression of LLT1 is consistent with our
previous findings® *. A new finding of this research shows that LLT1 is expressed on the cell
surface of EWS cells and the expression is further increased in TC-32 cell line when treated with
VCR. CHLA-258 LLT1 cell surface expression remained consistent, or slightly decreased in
treated samples. Although cell surface expression is increased in TC-32 VCR treated cell line,
there is a discrepancy with the RT-gPCR and western blot data. The RT-qPCR data indicated
that the mRNA expression was decreased after treatment with vincristine and etoposide which is
possible as not every RNA transcript translates to protein. Western blot data showed that the total
LLT1 protein concentration in VCR treated TC-32 EWS cell line compared to untreated TC-32
did not change. Flow cytometry analysis shows that cell surface expression of LLT1 is increased
in TC-32 and CHLA-258 cell lines as compared to the non-treated TC-32 and CHLA-258 cells
based on the mean fluorescence intensity ratio (MFIR). Although the studies were not conducted
in this project, previous data in prostate cancer cell lines showed increased cell surface LLT1
expression with some intracellular expression of LLT1 as compared to normal prostate cells
showing more of intracellular LLT1 expression as compared to minimal or no expression on the
cell surface®. Since LLT1 expression is expressed both intracellularly and on the surface of the
cell membrane in prostate cancer cells, the same could be true for EWS cells. If LLT1 is

expressed intracellularly and on the membrane surface in EWS cells, the discrepancy in RNA
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expression and no change in total protein expression as indicated by the western blot data could
be due to either 1) efficient translation of LLT1 into the functional protein, or 2) decreased
regulatory mechanisms that inhibit overexpression of LLT1 transcripts, but traffic translated
LLT1 protein to the cell surface. Current regulatory mechanisms of how LLT1 is trafficked to
the cell surface and maintained within the cell are not known leaving a gap in our understanding
of what is occurring. Furthermore, the expression of LLT1 on the surface of TC-32 and CHLA-
258 indicates that LLT1 is present on the cell surface as a mechanism of immunosurveillance
escape from NK cells whereby negative signals predominate over activating signals. This is also
consistent with our previous data®® . Although expression of DNAM-1 and NKG2D was not
analyzed in this study, a previous study conducted by Verhoeven et al., showed that EWS are
lysed directly through these activating receptors'?°. Therefore, blocking LLT1 could lead to

increased cytotoxicity through DNAM-1 and NKG2D activating receptors.

The decrease in RNA expression in treated cells versus untreated cells is interesting but
not surprising as not all of the RNA transcripts translate into expressed protein. We were
interested in the relative RNA expression of LLT1 in these treated cell lines, but our most
important goal was to determine the expression of LLT1 on the cell surface and determine its
functional outcome. Flow cytometry showed that of the gated live cells, and compared to the
isotype control, CHLA-258 VCR, CHLA-258 ETO, and CHLA-258 VCR/ETO had a LLT1" cell
population of 63.0%, 3.11%, and 1.19% respectively. This indicates that LLT1 is expressed on
the cell surface of these cell lines with treatment of chemotherapeutic drugs. A caveat to this is
that for CHLA-258 ETO and CHLA-258 VCR/ETO cell lines were highly unstable and only one

independent experiment of flow cytometry occurred for these samples.
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From the flow cytometry results all cell samples had a distinct LLT1* population. From
the representative graphs, TC-32, TC-32 VCR, TC-32 ETO, and TC-32 VCR/ETO had an
LLT1* population of 75.7%, 60.0%, 43.3%, and 8.62, respectively. CHLA-258, CHLA-258
VCR, CHLA-258 ETO, and CHLA-258 VCR/ETO had an LLT1* population of 64.5%, 63.0%,
3.11%, and 1.19%, respectively. Cancer cell culture are not a homogenous culture and
differential LLT1* cell population expression indicates that the cultured EWS samples consisted
of a heterogenous population of cells. In future studies it will be interesting to see if LLT1
expression is correlated with expression of EWSR1-FLI1 expression since the EWSR1-FLI1 gene

is differentially expressed in healthy patients.

Although our results show that LLT1 is expressed on treated and non-treated cell lines,
the implementation of chemotherapeutic drugs in a monolayer system made samples such as TC-
32 ETO, TC-32 VCR/ETO, CHLA-258 ETO, and CHLA-258 VCR/ETO highly unstable and
difficult to perform any downstream applications. One method to circumvent this and have
reproducible results that increase viability to mimic chemoresistance is change the culture
method. 2D monolayer cell culture is the staple on in vitro studies but utilizing a 3D culture
model would be beneficial because it would mimic the solid tumor of a EWS tumor?? 1,
Another in vitro culture system that could be utilized is the Boyden’s chamber which opens the
possibility to study invasiveness and migration potential of tumor cells with the addition of other

variables'?,

To further investigate how increased LLT1 expression affects EWS and NK cell
interactions it is important to look at how cytotoxicity is affected. Previous cytotoxicity assays
utilized loading target cells (in this case EWS cells) with radioactive isotopes like chromium 51

(Cr®Y). In this study we utilized the DELFIA cytotoxicity assay which utilizes a non-radioactive
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molecule that becomes fluorescent when combined with the lanthanide — europium. When this
assay was performed at different effector to target ratios (E:T) such as 25:1, 5:1, and 1:1 we
show that blocking LLT1 interaction through the NKRP1A receptor on NK cells leads to
increased lysis of EWS cells with the largest percentage of lysis occurring at the 25:1 ratio
compared to the isotype control. Consistently high percent specific lysis occurred in both treated
and non-treated cell lines indicating that NK cells are effective at targeting EWS cells when the
LLT1-NKRP1A interaction is blocked. This is also consistent with our previous data providing
further evidence that when the LLT1-NKRP1A interaction is blocked, NK cell lysis increases
partially restoring the delicate balance between inhibitory and activating signals® %,
Interestingly, cytotoxicity assay data indicates that treated TC-32 and CHLA-258 with VCR and
ETO have an increased cytolytic ability compared to the non-treated TC-32 and CHLA-258 cell
lines. This is interesting for the TC-32 and CHLA-258 cell lines treated with ETO because our
flow cytometry results suggest that LLT1 surface expression is slightly decreased. An
explanation for this may be that since the total cell population that expressed LLT1 was slightly
decreased, the blocking antibody concentration was sufficient to saturate any LLT1 expression
which further increased the efficacy of NK cell mediated lysis. Due to the increased cytotoxicity
in vincristine and etoposide treated TC-32 and CHLA-258 cell lines, studies should investigate

the efficacy of NK cell to target EWS cells in vivo post, or during chemotherapeutic treatment.

For future studies it will be important to evaluate the efficacy of using LLT1 as a
standalone monoclonal antibody therapy and as a combinatorial therapy in tandem with
chemotherapy drugs. Based on the results of this study, treatment with vincristine to induce
chemoresistance will be ideal and then use anti-LLT1 antibody treatment before starting

chemotherapy in one group and starting it after chemotherapy in another group. Additionally,
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picking the right mouse model will be important to consider. NUDE mice offer a potential route
as they have deficient T cells and partially deficient B cells meaning that the efficacy of NK cells
in response to EWS tumor cells in vivo. NSG mice offer another in vivo route of study, but
additional considerations must be taken due to the null allele of the IL2 receptor common gamma
chain (IL2ry™") meaning that the NK cell population in nonfunctional. To circumvent this NK
cells could be adoptively transferred into the mice and activated via IL-15 or IL-2 prior to
administration, or NK cells could be co-incubated with K562 feeder cells that have IL-15

expressed on the cell surface!?*,

Additionally, the studies show that the EWS tumor mass is made up of a heterogenous
group of cells with various mutational burdens® 125127 EWSR1-FLI1 is also varied in expression
within this heterogenous group of cells!. Knowing that EWSR1-FLI1 expression is varied, it will
be important to determine if LLT1" expression is dependent on the varied expression of EWSR1-
FLI1 expression. It will also be important to determine the effect of administering VCR and ETO
has on EWSR1-FLI1 expression and if this acts in coordination with increased LLT1 expression
or not. Determining this information will give valuable insight into how LLT1 expression is
modified under these differing factors. Ultimately it will tell us if chemoresistance is contributing
to immunoresistance in the EWS cells, or if varied expression of EWSR1-FLI1 is contributing to
the fitness of these cells and driving immunoresistance. This idea is taken from our flow
cytometry data that showed distinct populations of LLT1* and LLT1 cells indicating that LLT1
is not ubiquitously expressed in EWS cells but does make up a distinct population of EWS cells.
Knowing this in-vitro information will allow us to tailor the treatment of o-LLT1 monoclonal

antibody treatment in-vivo.
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Furthermore, a prevailing issue with in-vivo immunotherapy studies is sufficiently
activating the NK cells without causing adverse side-effects*?-23%, |L-2 was commonly used but
can over activate the immune system and can be very dangerous!®. An alternative method that |
suggest being used in our in-vivo studies is co-incubating NK cells with IL-15 to further activate
the NK cells, then performing an adoptive transfer into the mice and analyze the results'?% 124133,
This will allow the NK cells to become activated since IL-15 is a potent activator and increased
viability of NK cells while minimizing the side-effects of activating cytokines. Lastly,
performing the same treatment in tandem with a TGFR inhibitory to ablate TGF-f signaling
will be important to look at. Administration of TGF-f is shown to decrease the cytotoxicity
potential of NK cells and suppress their effector function®, Inhibiting this signal pathway and
adoptively transferring IL-15 activated NK cells would enhance their effector function while

minimizing the effects of systemic treatment.

CONCLUSIONS AND LIMITATIONS

Lectin-Like Transcript-1 (LLT1) is an inhibitory ligand that is present in healthy tissues
but is also known to be upregulated in various cancers. The expression and function of LLT1 in
Ewing Sarcoma has not been performed in any known EWS cell lines nor patient samples. Here
we determined the expression of LLT1 on two EWS cell lines harboring the EWSR1-FLI1 gene
fusion; TC-32 and CHLA-258. Chemotherapeutic drugs remain a treatment standard for EWS
patients. Therefore, it is important to determine how chemotherapeutic drugs like vincristine and

etoposide effect LLT1 expression. In this study we also used vincristine and etoposide by itself
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and in combination to select for highly resistant cells through the application of selective
pressures. Through flow cytometry analysis we determined that LLT1 expression is present on
EWS cell line TC-32 and CHLA-258 and decreases when chemotherapeutic drugs are introduced
expect in the case of TC-32 VCR and ETO. Similarly, using an NK cell cytotoxicity assays we
determined that NK cells are efficient killers of EWS cell when treated with a blocking anti-
LLT1 antibody. Our study showed that by blocking LLT1 on EWS cells NK cells were
efficiently able to kill chemotherapy treated resistant EWS cells. Therefore, in future in vivo
studies it will be important to treat mice with anti-LLT1 blockade both during and prior to
chemotherapeutic treatment to determine its efficacy. In conclusion, LLT1 is expressed on EWS
cell lines TC-32 and CHLA-258 and blockage of LLT1 leads to increased cytotoxicity via NK
cell to target and clear EWS cells. Additionally, our data supports that for TC-32 and CHLA-258
treated cell lines, LLT1 expression is increased compared to non-treated TC-32 and CHLA-258

cells.

Although these studies show great promise in implementing LLT1 blockade to fight
EWS, there are limitations to the conclusion of these studies. These studies lack to complete
landscape of interactions that occur between EWS and NK cells. Additionally, this lacks the true
complexity of the bone stroma and TME. Little information is present on the complete immune
cell composition in EWS patients, but one common issue with solid tumors is the lack of TIL and
the immunosuppressive TME. Therefore, it will be crucial to investigate ways to traffic
lymphocytes — especially NK cells — to the TME without being suppressed by the TME. Caution
should be used to extend the results of this study to human application. In vivo studies have yet

to occur and until this model of treatment is established and well-studied in an organism, the
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effect it has on human subject will remain to be seen and conclusions should not be extended to

human application until in vivo studies conclude.
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Abbreviations

NK cell: Natural Killer cell

EWS: Ewing Sarcoma

SEER: Surveillance epidemiology and end results
EWSR1: Ewing Sarcoma Breakpoint Region 1
TAF15: TATA-binding protein-associated factor 2N
FLI1: Friend leukemia virus integration site 1
ETV1: ETS Variant Transcription Factor 1

ETV4: ETS Variant Transcription Factor 4

GLI1: GLI Family Zinc Finger 1

FOXO1: Forkhead Box O1

CCK: Cholecystokinin

LOX: Protein-lysine 6-oxidase precursor

BAF: Barrier-to-autointegration

STEAP1.: Six transmembrane epithelial antigen of prostate 1
NKX2.2: NK2 Homeobox 2

OTUDT7A: OUT Deubiquitinase 7A

EYA3: EYA Transcriptional Coactivator and Phosphatase 3
IL-12: Interleukin 12

IL-15: Interleukin 15

MHC I. Major Histocompatibility Complex I

PD1: Programmed cell death protein 1

PD-L1: Programmed cell death ligand 1

TIL: Tumor Infiltrating Lymphocytes

VCR: Vincristine

ETO: Etoposide

PDX: Patient derived xenograft model
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GSTM4: Glutathione S-Transferase Mu 4

TUBA1A: Tubulin Alpha 1a

TA: Tolfenamic Acid

TME: Tumor Microenvironment

Treg: Regulatory T cell

HLA-G: Human leukocyte antigen G

IL-6: Interleukin 6

TNF-a: Tumor Necrosis Factor alpha

PTH-rP: Parathyroid related Protein

TGF-B: Transforming Growth Factor beta

IGF-1: Insulin growth factor 1

PDGF: Platelet derived growth factor

RANKL/RANK: Receptor activator of nuclear factor kappa B ligand
OPG: Osteoprotegerin

OCIL: Osteoclast inhibitory ligand

LLT1: Lectin-like Transcript 1

PTX: Paclitaxel

SSGSEA.: single-sample Gene Set Enrichment Analysis
NSG: NOD SCID gamma mouse

NUDE: Athymic nude mouse

CAR-T: Chimeric antigen receptor T cell

LINGO1: Leucine Rich Repeat and Ig Domain Containing 1
ROR1: Receptor Tyrosine Kinase Like Orphan Receptor 1
CAR-NK: Chimeric antigen receptor Natural Killer Cell
GD2: Disialoganglioside
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