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Abstract

Interaction of immunoinhibitory molecules, lymphocyte activating gene-3 (LAG-3) and
programmed cell death protein-1 (PD-1) on tumor infiltrating lymphocytes with their respective
ligands, contributes to an exhausted immune phenotype. However, soluble LAG-3 (sLAG-3)
enhances immunity by inducing dendritic cell maturation by binding MHC-II associated with
lipid rafts.

The first part of this thesis assessed the importance of MHC-1I/lipid rafts versus
peptide/MHC-II complexes (pMHC-II) as sSLAG-3 ligands. Analysis of SLAG-3 binding to B-
cell lines was done using flow cytometry. Results indicated stable pMHC-II play a larger role in
sLAG-3 binding than incorporation of pMHC-II in lipid rafts.

sLAG-3 binding, MHC-II, CD59 and PD-L1 were assessed by flow cytometry on IFN-y
treated melanoma cell line (MDA-MB-435) and different breast cancer cell lines (BCCL). Lipid
raft disruptor, methyl-B-cyclodextrin was used to treat cell lines to determine if LAG-3 binding
was affected by lipid rafts. Cell lines were MHC-II" and PD-L1%, but only MDA-MB-435 bound
sLAG3. Deficient LAG-3 binding to BCCL could not be explained by HLA-DM or lipid raft
deficiency. Lipid raft disruption increased sLAG-3 binding, this could not be explained by
MHC-II or CD59. This suggests that lipid raft disruption may expose MHC-II and other ligands
to promote sLAG-3 binding.

Altogether, results indicate LAG-3 binding is cell-context dependent and more complex

than simply binding p/MHC-II complexes, preferentially located in lipid rafts.
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General summary

The body’s immune system has many molecules that inhibit the immune response.
Cancer cells use these molecules to their advantage in order to escape the immune response and
continue to grow. One of these molecules is called LAG-3, which interacts with MHC class II,
inhibiting downstream immune responses. Research has shown that LAG-3 is found on immune
cells that surround tumours. Less is known about how MHC class II on cancer cells interacts
with LAG-3.

We have developed a method to detect soluble LAG-3 binding on cancer cell lines. We
have found that LAG-3 bound strongly to a melanoma cell line but significantly less to Burkitt’s
lymphoma and breast cancer cell lines. Factors that influence LAG-3 binding are complex, and
differ among cell types.

Immunotherapies blocking interactions between LAG-3 and tumour cells are being well
studied. Having a deeper understanding of the mechanisms involved will contribute to the

success of these therapies.
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Chapter 1: Introduction

1.1 Major histocompatibility complex overview

The major histocompatibility complex (MHC) is a polymorphic region of approximately
4000 kb which encodes numerous genes involved in both innate and adaptive immune
regulation. In humans, MHC is referred to as the human leukocyte antigen (HLA) system and is
located on the short arm of chromosome six (6p.21.3) [1]. HLA is comprised of three regions,

class I, class II and class III.

HLA class I (HLA-I) region codes for classical antigens HLA-A, -B and -C. HLA-I is
expressed on nearly all nucleated cells, including tumour cells. HLA-I is a heterodimer
comprised of HLA encoded a chain which has three domains, a 1, a 2 and a 3, as well as non-
HLA encoded B 2 microglobulin. a 1 and a 2 form the peptide binding groove which can display
peptides of 8-10 amino acids in length that have been digested within the cell and presents them
to CD8" cytotoxic T cells [2], [3]. Only foreign antigens or altered self-antigens are recognized

by CD8" T cells in a healthy functioning immune system.

HLA class IT (HLA-II) molecules are constitutively expressed on professional antigen-
presenting cells (APC), including B cells and dendritic cells (DC). APCs also express various co-
stimulatory molecules and have efficient class II antigen presentation systems [4]. The HLA-II
region encodes for genes of classical HLA-II antigens HLA-DR, -DP and DQ, and non-classical
HLA-DM (DM) and HLA-DO (DO). Both classical and non-classical HLA-II are comprised of
polymorphic a and B chains, which form heterodimers [4]-[6]. HLA-DR, DP and DQ are surface
glycoproteins that present exogenous proteins approximately 12-24 amino acids in length to

CD4" T cells [5], [6].



HLA-II is comprised of four extracellular domains: a chain (al and a2) and 3 chain (B1 and
B2). To accommodate long peptides at a high degree of specificity the peptide binding groove is
open ended with a variable amino acid sequence (Figure 1.1). Each of the three HLA regions
encodes for proteins vital for normal immune function.
Expression of HLA-II can be induced on non-APCs through stimulation with cytokines,
including but not limited to IFN-y [7]-[9]. IFN-y stimulation can induce HLA-II expression and
upregulate HLA-I expression on tumour cells [10]. Studies have shown that high expression of

HLA, results in a better outcome for cancer patients [9].

1.2 HLA complex class II presentation pathway

HLA-II a and B chains, as well as multifunctional companion molecule invariant chain
(I1) are made in the rough endoplasmic reticulum (ER) [11]. These three molecules form a nine
subunit complex comprised of three aff dimers and an Ii trimer (aff)s3liz [12]-[14]. In this
complex Ii is bound to the HLA-II peptide binding groove to deter non-specific peptide binding
[13]. Ii also aids by facilitating signals involved in the transport of the complex from the ER to
the Golgi apparatus and to the late endosomal-lysosomal antigen processing compartment where
antigenic peptides congregate. Foreign and cell surface antigens are internalized by APCs
through several specific and non-specific mechanisms including micropinocytosis, phagocytosis,
and receptor-mediated endocytosis [15]-[17]. Early endosomes formed during antigen
internalization fuse with the antigen processing compartment which has abundant HLA-II

molecules [18].

In the MHC class II loading compartments (MIIC), Ii is cleaved leaving behind class II-

associated Ii peptide (CLIP) in the peptide binding groove [13], [19]. The protease that facilitates
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Figure 1.1: Human leukocyte antigen class II structure. The HLA-II molecule is comprised of
two non-covalently linked domains. The a chain and the B chain are anchored to the plasma
membrane by the transmembrane domain and the cytoplasmic tail. Reproduced with permission

from [20], Copyright Massachusetts Medical Society.



Ii cleavage is cell dependent, in many professional APCs cathepsin S completes the final step of
Ii cleavage [21]-[23]. CLIP is the template for peptide loading. Peptide editor DM is a class II
like molecule that exchanges CLIP in favour of high affinity peptides [24]—[27]. DM binding to
HLA-II leads to the destabilization of hydrogen bonds ultimately leading to the release of CLIP
from the peptide binding groove [28], [29]. DM keeps the open class Il complex stable to allow
for high affinity peptide binding. It chaperones the association and dissociation of peptides from
HLA-IT until a high affinity peptide is bound [30]. If DM is not present, CLIP remains in the
peptide binding groove, therefore, any peptide complexes that do form are unstable [31]. DO
partially regulates DM activity. DO associates with DM in the same site as it binds HLA-II,
thereby inhibiting its catalytic activity [32]. Following peptide loading, peptide-HLA-II
complexes (pHLA-II) travel from the antigen processing compartment to the cell surface, where

T cell interaction and subsequent activation can occur (Figure 1.2).

1.3 Regulation of HLA-II expression

HLA-II expression is primarily regulated at the level of transcription by the class 11
transactivator (CIITA). CIITA is the master regulator of cytokine induced HLA-II expression
[33]. It is considered a transcriptional co-activator as it does not directly bind DNA, rather it
associates with a binding platform consisting of a group of transcription factors referred to as the
class II enhanceosome [34], [35]. The enhanceosome consists of regulatory module SXY,
located in the promoter region of genes that code for HLA-II a and B chains. The SXY module is
made up of four sequences, S, X, X2 and Y, each of which binds specific transcription factors
[33], [36]. Regulatory factor X (RXF) binds X, cyclic-AMP-responsive element binding protein

(CREB) binds X2, nuclear factor Y (NFY) binds Y, and an unknown transcription
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Figure 1.2: Human leukocyte class II presentation pathway. HLA-II a and B chains, as well as
invariant chain (Ii) are made in the endoplasmic reticulum and form a nine-unit complex
((ap)3liz). This complex moves through the Golgi apparatus and into the MHC class II loading
compartment. Ii is degraded leaving behind class II associated peptide (clip) in the pHLA-II
binding groove. DM associated with DO facilitates the exchange of clip with high affinity stable
peptide. Peptide loaded HLA-II molecules are transported to the cell surface for presentation to

CD4" T cells. Adapted with permission from [37].



factor/molecule binds S [38]—[41]. This complex serves as a binding platform for CIITA [34].
CIITA functions as a transcriptional integrator it binds to the enhanceosome to connect essential
transcriptional factors to the class II transcriptional machinery, ultimately leading to the initiation

of HLA-II gene transcription [33] (Figure 1.3).

1.4 Interferons

Interferons are cytokines that promote immune responses and play various roles in the
immune system [42]. They were initially discovered as proteins that interfere with viral
replication [43]. Interferons are secreted by first defender cells of the innate immune system
including natural killer (NK) cells and natural killer T (NKT) cells, as well as CD4" and CD8" T
cells [44]. Interferons are divided into three distinct types: type I (IFN-a and IFN-), type 11
(IFN-y) and type III (IFN-A). The remainder of this introduction will focus on IFN-y, its

signaling pathway and its role in HLA-II expression.

1.5 Interferon gamma signalling pathway

When secreted by activated immune cells (T cells and NK cells), interferon gamma (IFN-
v) binds to the IFN-y receptor (IFNGR) on the cell surface [44]. IFNGR consists of two subunits,
interferon gamma receptor 1 (IFNGR1) and interferon gamma receptor 2 (IFNGR2), which are
responsible for ligand binding and signal transduction, respectively [45]. IFNGR1 is
constitutively expressed, while IFINGR2 expression is regulated by the needs of the cell [46],
[47].

IFN-y binding induces a conformational change to IFNGR causing subunits IFNGR1 and

IFNGR?2 to get closer in proximity. Janus kinase 1 (JAK1) and Janus kinase 2 (JAK2) are
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Figure 1.3: Regulation of HLA-II expression. Expression of HLA-II is regulated at the
transcriptional level through the binding of regulatory factor X (RFX), cAMP responsive
element binding protein (CREB) and nuclear transcription factor Y (NF-Y) to the S, X, Y
module located on the HLA-II promoter. This complex is a binding platform for class II
transactivator (CIITA) which regulates transcription machinery. Adapted with permission from

[33].
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associated with IFNGR1 and IFNGR?2 respectively, prior to IFN-y binding [44]. The
conformational change in the IFNGR subunits allows for JAK1 and JAK?2 to activate. JAK1
phosphorylates IFNGRI1 at tyrosine 440 (Y440), this phosphorylated tyrosine serves as an anchor
for signal transducer and activator of transcription 1 (STAT1). STAT]1 is then phosphorylated on
tyrosine 701 (Y701) by JAK2 [48] and forms a dimer allowing it to translocate to the nucleus
facilitated by importin-a-1 nucleoprotein 1 (NPI-1) [49]. In the nucleus, phosphorylated STAT1
dimers bind IFN-y activator sequence (GAS) in the promoter region of genes responsive to IFN-y

[33], [44] (Figure 1.4).

The classical JAK/STAT signaling pathway described above may be oversimplified.
Approximately 30% of genes stimulated by IFN-y are activated independently of STAT
signaling, suggesting that other pathways may be involved [50]. These include the
phosphoinositide-3 kinase (PI3K/AKT) pathway and mitogen-activated kinase (MAPK) pathway
[50], [51]. IFN-y can cause the induction and upregulation of important immune surface

molecules including HLA-II [10].

1.6 HLA-II inducible expression by IFN-y

HLA-II expression can be induced on various cancer cells. Similar to constitutive
expression, [IFN-y induced expression is regulated by CIITA [52]. In the presence of IFN-y,
activated STAT1 dimers translocate to the nucleus and bind the GAS sequence of CIITA
promoter IV [53]. Cooperative binding of upstream stimulatory factor-1 (USF-1) to the enhancer
box (Ebox) and IRFI to the IFR element (IRF-E) help stabilize the complex, which helps to

activate CIITA [54] (Figure 1.4).
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Figure 1.4: HLA-II upregulation by IFN-y. IFN-y binds the IFNGR on the cell surface. This
initiates the activation of Janus kinase (JAK) and the phosphorylation of signal transducer and
activator of transcription 1 (STAT1). Phosphorylated STAT1 dimer translocates to the nucleus
where it activates target promoters for transcription of IRF1 and CIITA. Adapted with

permission from [33].
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1.7 HLA-II function

While HLA-II is often seen as having a valuable role in immune responses, there are
certain circumstances where the presence of HLA-II can be inhibitory. As part of the generation
of an antigen-specific immune response, HLA-II is involved in antigen presentation. APCs,
which constitutively express HLA-II [4], degrade foreign peptides and present them on the
surface via HLA-II molecules to CD4+ T helper cells [5]. This leads to a number of downstream
effects including, but not limited to apoptosis, B cell activation, etc. [55], [56]. However, the
presence of HLA-II is not always positive. As described in further detail in the sections below,
HLA-II can dampen the immune response as it is a major ligand of immune inhibitory molecule

LAG-3.

1.8 LAG-3 discovery and structure

Lymphocyte activating gene-3 (LAG-3) was first identified in 1990 on activated CD4"
and CD8" T cell clones and a subset of NK cells [57]. The coding region for the 489 amino acid
membrane protein was traced to the distal part of the short arm of chromosome 12. Further
structural analysis found LAG-3 to be a member of the immunoglobulin (Ig) superfamily [57].
These early findings suggested that LAG-3 is an evolutionary ancestor to human CD4 as their
coding regions are adjacent on chromosome 12 and there are similarities in structure [58]. LAG-
3 contains a unique 30 amino acid loop on the first Ig domain and an intracellular KIEELE motif
which is required for LAG-3 function (Figure 1.5). The KIEELE motif was believed to be
imperative for downstream LAG-3 functions [59]. More recently, it was shown that deleting the

KIEELE motif had no effect on T cell function [60]. This group, Meada et al., identified two

14
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Figure 1.5: Structure of LAG-3. LAG-3 is a transmembrane protein structurally similar to
human CDA4. It has four extracellular IgG domains with a unique extra loop. Intracellular amino
acid sequence KIELLE is required for proper LAG-3 function. LAG-3 can also exist in a soluble
form with is functionally different from the membrane bound form. Adapted with permission

from [61].
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mechanisms through which LAG-3 transduced inhibitory signals, one through the membrane
proximal FXXL motif and the other through the C-terminal EX repeat [60]. These features
differentiate this molecule from CD4 as well as all other Ig superfamily molecules [62]. While
there are substantial differences between human LAG-3 and CD4, they share about 20% amino

acid homology, suggesting they are derived from a common evolutionary ancestor [63].

1.9 LAG-3 binding to HLA-II

The early identified structural similarities between CD4 and LAG-3 inspired
investigations into functional similarities. LAG-3 transfected cells were able to bind B cells and
their interaction could be blocked with antibodies against both LAG-3 and HLA-II [62]. This
suggests that LAG-3 and CD4 share a common ligand, HLA-II. Binding of LAG-3 to HLA-II is
facilitated through a cluster of amino acids at the base of the unique D1 domain loop of LAG-3
[64]. This is a smaller surface area of amino acids compared to CD4-HLA 1I binding.
Accompanied with differences in binding motifs are variances in HLA-II affinity. Kinetic

analysis has shown that LAG-3 binds HLA-II with much higher affinity than CD4 [65].

1.10 Alternate ligands for LAG-3

While the major ligand of LAG-3 is HLA-II, evidence has emerged for alternate LAG-3
binding mechanisms. Galectin-3 (Gal-3) is a galactoside binding soluble lectin that is expressed
on a wide variety of cell types, including breast tumour cells [66], [67]. Gal-3 plays a role in
many immune inhibitory mechanisms [68]—[70]. Association of LAG-3 and Gal-3 has been

shown to be required for Gal-3-mediated suppression of tumour-specific cytotoxic T cells [71].

17



Interaction of LAG-3 and liver sinusoidal endothelial cell lectin (LSECtin) has immune
inhibitory properties. LSECtin is commonly expressed on melanoma cells and upon association
with LAG-3 in the tumour microenvironment decreases secretion of IFN-y by T cells [72].
Binding of LSECtin to LAG-3 can be blocked with antibody C9B7V which targets the D2

domain of LAG-3 indicating that it binds to a different part of LAG-3 than HLA-II [72].

Fibrinogen-like protein 1 (FGL1) has also been associated with LAG-3. FGL1 is most
commonly secreted by hepatocytes and has been found on breast cancer cells [73]. In a mouse
model, mutation of the D1 domain of LAG-3 did not affect FGL1 binding [74]. This suggests
that FGL1 binds to a different region than HLA-II. This would mean that even using antibodies
known to block LAG-3 interactions may not inhibit binding of all ligands depending on the
target region of the antibody and ligands present. The discovery of these alternate ligands means
that LAG-3 has a broader inhibitory effect on the immune system than once thought. Thereby

strengthening the potential impact of immunotherapy studies involving LAG-3.

1.11 LAG-3 function

Due to the substantial structural similarities between CD4 and LAG-3, early studies
investigated whether these molecules are functional equivalents. The first group to investigate
this notion showed a negative regulatory function of LAG-3. LAG-3 binding hindered T cell
function and CD4" T cell proliferation was greater when all LAG-3 interactions were prevented

[65], [75]. This is a stark contrast to CD4 which plays a stimulatory role in T cell activation.

The mechanism behind the negative regulatory function of LAG-3 is not entirely
understood [76]. LAG-3 binding inhibits T cell receptor (TCR) signaling by interfering with the

TCR/CD3 complex, leading to a decrease in calcium influx to the T cell [77], [78]. Upon LAG-3

18



binding fundamental signals are transmitted; these signals prevent cells from entering the S
phase of the cell cycle, thereby inhibiting T cell expansion [59], [79]-[81]. The above-mentioned
inhibitory signals were once thought to be transmitted by means of the KIEELE motif, however

more recently other potential mechanisms have been identified and is referenced in Section 1.7.

While most of the work concerning LAG-3 function has focused on CD4" T cells, CD8"
T cells were not overlooked. Just like CD4" T cells, naive CD8" T cells express low levels of
LAG-3 but expression increases upon activation [82], [83]. Several studies in both mice and

human cells have demonstrated significantly increased CD8" T cell proliferation in LAG-3

knockout or deficient conditions [59], [81], [84], [85].

LAG-3 is expressed on both natural and induced regulatory T cells (Tregs) [86] and is a
characteristic of a regulatory T cell phenotype [86], [87]. Treg differentiation is stimulated by
LAG-3 and the blockade of LAG-3 binding steers T cell differentiation away from a regulatory
phenotype [75]. LAG-3 has a functional role for Tregs, with findings showing increased
suppressive activity of LAG-3" Tregs compared to deficient ones [88]. Binding of Treg
associated LAG-3 with MHC class II (MHC-II) inhibits DC function [89]. When LAG-3
interactions on Tregs are blocked their suppressive activity is abolished. However, when non-
regulatory T cells in the microenvironment were transfected with LAG-3, Treg activity was

upregulated [86].

1.12 Soluble LAG-3

In addition to the membrane bound form, LAG-3 has a natural splice variant soluble

LAG-3 (sLAG-3). Cell bound LAG-3 is cleaved by metalloproteases ADAM 10 and ADAM 17
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between the membrane proximal D4 domain and the transmembrane domain. All activated T

cells express LAG-3 and cleavage of LAG-3 can restore normal T cell function [90], [91].

Both forms of LAG-3 have the same major ligand, HLA-II. However, there are some
functional variations between soluble and membrane bound LAG-3. Despite multiple reports in
various models demonstrating the inhibitory role of LAG-3 on T cell activation, the soluble form
of LAG-3 has been shown to enhance immune responses. sSLAG-3 enhances the antigen
processing capacity of the immune microenvironment through HLA-II binding [92]-[95]. sLAG-
3 binds HLA-II associated with lipid rafts on immature DC, inducing the cells maturation. This
leads to an increase in production of cytokines by Th1 cells as well as greater antigen
presentation and co-stimulatory molecules [84], [93]. High levels of sSLAG-3 are associated with
resistance to numerous diseases including tuberculosis [96] and certain cancers including breast,
lung and gastric [97]-[99]. While high levels of serum LAG-3 are associated with good
prognosis, details on what cells are producing the sSLAG-3 and what role it has are not fully

understood.

For this reason, sSLAG-3 has been studied for its adjuvant properties, particularly in
vaccination and cancer. Studies show that vaccination plus sSLAG-3 generated greater Thl
immune responses [100]. Several clinical trials using sLAG-3 therapies are underway as

explained further in Section 1.17.

1.13 Lipid rafts and LAG-3
Lipid rafts play a vital role in various cellular processes, including endocytosis, cell
adhesion, signal transduction and T cell activation [101]-[103]. A substantial portion of peptide

bound HLA-II resides constitutively in lipid raft microdomains [104]. Lipid rafts aid in the
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concentration of HLA-II on the cell membrane to help facilitate efficient T cell activation.
During T cell-APC interactions, peptide loaded HLA-II associated in lipid rafts traffic to the
immunological synapse. While lipid rafts are helpful for antigen presentation and T cell
activation, these processes are also affected by LAG-3 and other inhibitory molecules. Therefore,
studies have addressed whether LAG-3 preferentially binds HLA-II incorporated in lipid rafts.
Lipid raft disruption through methyl-beta-cyclodextrin (MBCD) treatment has resulted in
decreased sLAG-3 binding on immature DCs [93], [94]. These data suggest that LAG-3 is
partially restricted to binding to HLA-II in lipid rafts [93], [105]. Since a large amount of HLA-II
on APCs is present in lipid rafts and they play a role in antigen clustering, this makes HLA-II

easily available for LAG-3 binding.

1.14 LAG-3 and disease

Infection, especially chronic infection, involves prolonged antigen exposure. In an
environment where antigen is always in abundance, the surrounding immune cells, while
working in attempt to manage the infection will eventually become exhausted. T cells that have
developed an exhausted phenotype have high expression of inhibitory molecules, including PD-
1, Tim3, CTLA-4 and LAG-3. Therefore, these exhausted T cells have decreased proliferation
and function allowing the infection to propagate. Upregulated expression of LAG-3 has been
found on T cells of patients with infections such as HIV and tuberculosis [83], [95], [106], [107].
Synergistic cooperation has been found between LAG-3 and PD-1 in preventing autoimmunity
and in suppressing T-cell immunity in cancer models [108]-[112].

The basis of any autoimmune disease is a loss of immune self-tolerance. In autoimmune

diseases, the immune cells react to the body’s own antigens and cells as if they were foreign,
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thus destroying cells required for proper function of the system in question. In healthy people,
inhibitory receptors like LAG-3 are present in small amounts, nevertheless they play a big role in
self-tolerance. Therefore, widespread inhibition of these inhibitory molecules, such as occurs in
cancer immunotherapy using immune checkpoint inhibitors, can decrease self-tolerance and

increase occurrence of autoimmune diseases [113].

1.15 LAG-3 involvement in cancer

Similar to chronic infections, cancers are associated with prolonged exposure to antigens
which can lead to the development of dysfunctional T cells. Because of this tumour infiltrating T
cells tend to develop an exhausted phenotype [114]—[117]. This is characterized in part by high
expression levels of molecules including LAG-3, Tim3, PD-1 and CTLA-4 [99], [115], [118]—
[122]. Through these inhibitory molecules there are consequently multiple potential avenues for

tumor immune escape, all using vastly different signaling pathways and ligands.

The action of blocking signaling through exhaustion markers has been extensively
studied in various cancer models. Inhibition of interaction through molecules such as LAG-3
with specific antibodies prevents ligand binding and subsequent downstream signaling that
would contribute to the downregulation of T cell function and proliferation. Addition of LAG-3
antibodies to hinder HLA-II interaction and partially restore T cell function has been examined
in both pre-clinical and clinical studies [60], [123], [124]. Since a single tumour infiltrating
lymphocyte often expresses multiple inhibitory molecules on their surface, blocking signaling
through just one may only partially restore immune cell function. Therefore, many potential

antibody therapies have been studied both alone and in combination.
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LAG-3 represents only half of the signaling equation. Expression of its major ligand
HLA-II in the tumour microenvironment must also be considered. HLA-II molecules are
constitutively expressed only on antigen-presenting cells. IFN-y stimulation can induce HLA-II
expression on tumour cells including breast cancer cells [10]. Induction of HLA-II expression on
cancer cells is important to consider in terms of therapies involving LAG-3. Blocking all HLA-II
interactions in hopes of knocking out interaction with LAG-3 would likely do more harm than
good. In the context of cancer immunity, the primary function of HLA-II is to present tumour
specific antigen to CD4" T cells. With more of its ligand present, there are more chances of

LAG-3 engagement and subsequent T cell dysfunction.

1.16 PD-L1 involvement in cancer

Programmed cell death ligand 1 (PD-L1) is an immune inhibitory molecule. Similar to
LAG-3, PD-L1 is being widely studied in cancer immunotherapy. Programmed cell death protein
(PD-1) is commonly expressed on tumor infiltrating lymphocytes alongside other immune
inhibitory molecules including LAG-3 [100], [119], [120], [125]-[127]. Cancer cell lines have
been known to have up-regulated levels of PD-L1 expression [128]. PD-1/PD-L1 interaction
inhibits T cell activation, proliferation and cytokine secretion [129], [130]. This combination of
PD-L1 expression on cancer cells and PD-1 on tumor infiltrating lymphocytes aids in the evasion
of the cancer immune response. Thus, this immune inhibitory interaction is a promising target for

cancer immunotherapy.

Therapies that target multiple parts of the PD-L1 and PD-1 interaction are being
investigated. PD-L1 interaction is currently being studied and used for treating cancer alone and

in combination with other therapies. While antibody therapies targeting the PD-1/PD-L1,
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Pembrolizumab and Nivolumab, interaction offer encouraging results, there are differences in
results depending on factors like cancer type [131], [132]. Analysis of The Cancer Genome Atlas
Program (TCGA) breast cancer data has shown that LAG-3 expression is strongly correlated
with expression of PD-L1 and other immune inhibitory markers [133]. Given this correlation, the
goal of combining multiple therapies is to see a synergistic effect on anti-tumor immunity.

Combinations of LAG-3 and PD-L1 blockade are further discussed in Section 1.17

1.17 LAG-3 antibody therapies

For LAG-3 to facilitate T cell dysfunction, binding of HLA-II or an alternate ligand is
required. Therefore, blocking all LAG-3 interactions with anti-LAG-3 antibodies could inhibit
the negative regulation of tumour-specific T cells. Early LAG-3 studies have shown that
blocking interactions through LAG-3 on T cells increases rates of growth and cytokine
production [65], [75], [134]. Experiments in cancer models have shown similar results.
Treatment with anti-LAG-3 can result in greater T cell function, as shown through increased

cytokine production and cell proliferation [134].

While results with anti-LAG-3 alone have been positive thus far, it is unlikely that T cell
function will be fully restored. Immune cells in an environment with prolonged antigen
exposure, as in the tumour microenvironment, often express multiple inhibitory markers.
Therefore, there are certain cases where simply blocking anti-LAG-3 interaction may not be
enough to significantly improve T cell function. There may be other inhibitory receptors that
overpower the effects of LAG-3 inhibition. Alternatively, even if there are immediate benefits,
they may not stand the test of time as the other inhibitory molecules present may evolve to be

stronger as an immune evasion mechanism. For these reasons, anti-LAG-3 has been studied in
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combination with chemotherapies and other antibody therapies. The main antibody combination
therapy studies have involved anti-LAG-3 and anti-PD-1 [135], [136]. Multiple models have
shown synergistic increases in T cell function when both antibodies are used in combination

compared to either alone [73], [108]-[110], [112], [114].

1.18 sSLAG-3 role in cancer treatment

As mentioned in Section 1.12, LAG-3 exists in a soluble form that functions differently
from membrane bound LAG-3. The immune adjuvant properties of sSLAG-3 make it a promising
candidate for cancer therapy. Various clinical studies have been completed and there are even
more underway[ 137]. Motivation behind these studies is strengthened by reports suggesting
sLAG-3 may be a good cancer prognosis marker. In a cohort of breast cancer patients, high
serum levels of SLAG-3 at the time of diagnosis before the start of treatment were associated

with increased overall survival in estrogen and progesterone positive subtypes [97].

IMP321 is a chimeric molecule that comprises the extracellular portion of LAG-3 fused
to human IgG1 and has been used in numerous clinical trials, both completed and ongoing. It has
been shown to act as a vaccine adjuvant through induction of DC maturation and increased
production of stimulatory cytokines [93], [138]-[140]. Given that T cells, including tumour-
specific T cells, can be activated indirectly by IMP-321 [141]-[143], it could enhance the
success of tumour vaccine treatments [100]. IMP321 was found to bind nearly all DCs in human
blood samples of metastatic cancer patients [95] and subsequently could induce antigen-specific

T cells to produce Thl cytokines including IFN- y and TNF-a [144].

The first sSLAG-3 clinical trial was in metastatic renal carcinoma. A subset of these
patients who received IMP321 had significantly higher levels of CD8 activation and stable

disease at three months [145]. Combination of IMP321 with chemotherapeutic agent gemcitabine
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in pancreatic cancer patients, while safe, treatment did not result in immune system activation
[146]. In a phase II trial involving metastatic breast cancer IMP321 was found to work as a
chemo-immunotherapeutic when combined with chemotherapy drug paclitaxel. At the end of six
months 10% of patients had progressive disease compared to over 50% progressive disease in the
historical control group receiving just paclitaxel. Patients also had significantly higher levels of
natural killer cells, DCs and effector memory T cells compared to baseline [ 147]—[149]. Clinical
studies in melanoma have shown that treatment with IMP321 contributes to a greater anti-tumour

immune response with increased activation of APCs and DCs [148], [149].

1.19 Rationale and Objectives

High levels of SLAG-3 in sera of patients with hormone positive breast cancer was
reported to associate with a better prognosis; however, the underlying mechanisms for this
association were not elucidated. Among the suggested explanations by the authors were: 1) the
possibility sSLAG-3 stimulates anti-tumor immune responses by binding and activating pAPCs.
This same group had previously shown sLAG-3 activates and matures DC by preferentially
binding MHC-II localized to lipid rafts and has adjuvant properties. 2) sSLAG-3 acted as an
inhibitory molecule for LAG3+ regulatory T-cells, thus preventing them from interacting with
MHC-II positive cells. This intriguing idea suggested sSLAG-3 may bind cancer cells that
upregulate their MHC-II during an anti-tumour immune response. Indeed, the Drover group and
others have previously shown a significant proportion of breast carcinomas contain MHC-II
positive tumour cells, whereby the prognosis is dramatically improved if the tumor cells also
express the MHC-II peptide editor, DM. DM was also shown to play an important role in LAG-3

binding due to its stabilizing effects on MHC-II/peptide conformation. To our knowledge no
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studies have addressed whether LAG-3 (cell bound or soluble) directly interacts with MHC-II
positive cancer cells, or whether lipid rafts on these cells or the presence of DM or other
chaperones modulate sSLAG-3 binding. Thus, the thesis work described here was performed to
address these unknowns. An additional goal, relevant to the potential of LAG-3 and another
immune checkpoint molecule, PD-1 as co-targets for immunotherapy, was to determine the
expression of both ligands, MHC-II and PD-L1, respectively, on breast cancer cells treated or not

with the Tul cytokine, IFN-y.

Objectives:

1) Using human B-cell lines:
a. Validate the assay to detect SLAG-3 binding.
b. Explore the role of DM and peptide stability in LAG-3 binding to B-cell lines.
c. Investigate SLAG-3 binding to Burkitt lymphoma cells.
2) Using a melanoma cell line and a panel of breast cancer cell lines (BCCL), treated or not
with IFN-y, to:
a. Determine sLAG-3 binding, MHC-II and PD-L1 expression.
b. Analyze the effect of lipid raft disruption on sLAG-3 binding, MHC-II and PD-L1

expression.
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Chapter 2: Materials and Methods

2.1 Cell culture
2.1.1 Adherent cell lines

A cell line panel comprising a wide variety of BCCL as well as a melanoma line were
used for this study (Table 2.1). All adherent cancer cell lines were initially obtained from the
American Type Culture Collection (ATCC), and stocks are maintained in the Drover laboratory.
Cell lines were tested for mycoplasma and authenticated by short tandem repeat (STR) analysis.

Cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) (Invitrogen)
supplemented with 10% heat-inactivated fetal calf serum (FCS) (Invitrogen), 2mM L-glutamine
(Invitrogen) and 2 mM antibiotic antimycotic (Invitrogen). Cells were maintained in a 5% CO>
atmosphere at a temperature of 37 °C on 10 cm? tissue culture dishes (Falcon, Becton Dickenson
Bioscience). An adherent monolayer of cells was refreshed with complete medium every 3-4
days and harvested at 80-90% confluency. Once cells reached desired confluency all medium
was removed and the plate was washed with phosphate buffered saline (PBS), then incubated
with 0.25% Trypsin EDTA (Invitrogen) at 37 °C for a few minutes to facilitate cell detaching.
After separation from the plate, media was added to deactivate the trypsin. In order to maximize
cell recovery, media was pipetted back and forth in the plate. The cell suspension was then
transferred to a 15 mL tube and centrifuged at 500 x g for 7 minutes at 8-12 °C. After the
supernatant was decanted, the cell pellet was washed with medium and centrifuged under the

same conditions. Cell pellet was resuspended in medium, and cells were counted using a

28



hemocytometer and phase contrast microscopy. Cells were plated at a density of 5.0 x 10°ina 10

cm? tissue culture dish with 10 mL complete medium.

Table 2.1 Human cell lines used in this study

Cell line Identification Cell type Cs:lncer- Recept.o '
classification expression
10" International
SAVC Histocompatibility EBV transfprmed N/A
B cell line
Workshop
Daudi ATCC CCL-213 B cell Burkitt lymphoma N/A

8.1.6 B cell N/A

8.1.6 DRB1

0401 transfected B cell N/A

9.5.3 B cell N/A

953 DRB1

0401 transfected B cell N/A
9.5.3 DM DM transfected N/A

B cell

524 DRBI1

0401 transfected B cell A

524 DRBI1 and DM N/A
0401 DM transfected B cell

Bjab B cell Burkitt lymphoma N/A

Bjab DRBI .

0401 transfected B cell Burkitt lymphoma NA
Bjab DO bo trazjf“ed B Burkitt lymphoma N/A
Bjab DO DO and DRBI )

0401 transfected B cell Burkitt lymphoma NA
Bjab V2 VectorC(;(l)ln trol B Burkitt lymphoma N/A
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MDA- 1 . 2
MB-435 ATCC HTB-129 Melanoma Ductal carcinoma N/A
MDA- Adenocarcinoma ER 3, PR 4,
MB-231 ATCC HTB-26 TNBC basal B HER2?
BT-20 ATCC HTB-19 TNBC Carcinoma basal A | T PR
HER2
Luminal A ) ER", PR,
T47D ATCC HTB-133 BCCL Ductal carcinoma HERD-
) ER, PR,
SKBR3 ATCC HTB-30 HER2 BCCL Adenocarcinoma HERD"
Luminal A . ER", PR,
MCF-7 ATCC HTB-22 BCCL Adenocarcinoma HERDY-

' MDA-MB-435 was originally classified as a triple negative breast cancer cell, but is now

accepted as a melanoma cell line [150]

2 Not applicable for this section

3 Estrogen receptor

4 Progesterone receptor

> Human epidermal growth factor receptor 2
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2.1.2 Non-adherent cell lines

Human B cell line (BCL) SAVC originated from the 10" international histocompatibility
workshop, while cell lines and transfectants 8.1.6, 8.1.6 0401, 9.5.3, 9.5.3 0401, 9.5.3 DM, 5.2.4
0401 and 5.2.4 0401 DM were kindly provided by Dr. E.D Mellins (Stanford University).
Human Burkitt lymphoma (BL) cell line Bjab was provided by Dr. J. Thibodeau (University of
Montreal). Bjab transfectants (BjabDO and BjabV2) were provided by Dr. P. Roche (National
Institute of Health). These Bjab cells were transfected with DRB1*04:01 in the Drover
laboratory by Chris Corkum (Bjab 0401and Bjab DO 0401) [151]. Daudi, another BL cell line

originated from ATCC.

All non-adherent cell lines were grown in 25 cm? cell culture flasks (Corning) in Roswell
Park Memorial Institute (RPMI) (Invitrogen) with 10% inactivated FCS (Invitrogen), 2 mM L-
glutamine (Invitrogen), 2 mM antibiotic antimycotic (Invitrogen) and 1 mM sodium pyruvate
(Invitrogen). Cells were maintained at a maximum of 5.0 x 10° cells/mL in 37 °C conditions at

an atmosphere of 5% COo.

2.2 IFN-y treatment of adherent cancer cell lines

Constitutively, many breast cancer cell lines, including those used in this study, express
little to no HLA-II on their surface. IFN-y has the ability to upregulate HLA-II expression [10].
Since HLA-II is the major ligand of LAG-3, it was important to analyze sLAG-3 binding on
IFN-y treated and untreated cells.

Twenty-four hours after cells were plated, 100 units of human recombinant IFN-y (BD
Biosciences) was added to each appropriate culture and incubated at 37°C for 72 hours. The

concentration and incubation time was found to be optimal for stimulating HLA-II cell surface
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expression on breast cancer cell lines through previous experiments in the Drover laboratory

[152].

2.3 Flow Cytometry
2.3.1 Cell surface assay

Adherent cultures were harvested as described in Section 2.1.1 and washed with 5 mL
Fluorescence Activated Cell Sorting (FACS) buffer, which consists of 0.02% heat-inactivated
FCS and 0.01% sodium azide in PBS. After decanting the supernatant, cells were resuspended at

1.5-2.0 x 10° and 100 uL of cells was added to 5 mL polystyrene round bottom tubes (Corning).

For non-adherent cells, cell suspension containing the desired number of cells was
removed from the culture flask, washed twice, once with medium and once with FACS buffer
and 100 pL of cell suspension in FACS buffer was added to 5 mL round bottom tubes as detailed

above.

Primary antibodies were diluted at optimally determined concentrations (Table 2.2) in
FACS buffer. After the addition of 25 pL of antibody dilution per tube, tubes were incubated at
4°C for 30 minutes, washed twice with 2 mL FACS buffer at 1550 RPM for 5 minutes at 8-12
°C. Twenty-five ul of optimally diluted secondary antibody (Table 2.3) was added to each tube
and incubated for 30 minutes at 4 °C in the dark. Cells were then washed twice with FACS
buffer and fixed by adding 150 uL paraformaldehyde (PFA) (Sigma) diluted in PBS. Cells were
stored at 4 °C in the dark until time of analysis. Tubes were analyzed at 10,000 events per tube
using FACS Calibur flow cytometer (Becton-Dickinson) and Kaluza Software (Beckman

Coutler).
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Table 2.2 Primary antibodies used for flow cytometry

. e s Working
Antibody | Isotype Specificity concentration Source
Human AdipoGen Life
IgG1 19G/ control 10 pg/mL Sciences
Mouse .
P3.6.2.8 control 5 ug/mL eBioscience
IgGi
Mouse
NSG2a control 5 pg/mL Local source
IgGZa
Human Human LAG3 F.
P18627 TeGh chimera protein 10 pg/mL R&D Systems
Mouse .
Tu39 HLA-DR, DP, DQ Biolegend
IgGZa
MEM-43 | iouse CD59 Abcam
IgGZa
MaP.DM] l\fggse HLA-DM 10 pg/mL BD Bioscienes
1
Mouse
MIH2 1eG PD-L1 5 ng/mL Abcam
1
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Table 2.3 Secondary antibodies used for flow cytometry

. oo Working
Antibody Isotype | Specificity concentration Source
R-Phycoerythrin Affini Pure 1¢G Jackson
(Fab’)2 Fragment goat anti- Mouse 1/40 Immunoresearch
mouse IgG Fcy fragment specific
Fluorescein Affini Pure Jackson
Fragment goat anti-mouse IgG IgG Mouse 1/40
) Immunoresearch
Fcy fragment specific
R-Phycoerythrin Affini Pure Jackson
Fragment goat anti-human IgG IgG Human 1/100
. Immunoresearch
Fcy fragment specific
Fluorescein Affini Pure Jackson
Fragment goat anti-human IgG IgG Human 1/100
Immunoresearch

Fcy fragment specific

34




2.3.2 Intracellular assay

For analysis of intracellular proteins, cells were fixed with 2% PFA on ice for 15 minutes
and washed twice, once with medium and once with PBS. Cells were then permeabilized with
permeabilization buffer consisting of 0.2% Tween-20 (Sigma) in PBS on ice for 15 minutes.
Following a wash in perm-wash buffer (0.5% FCS and 0.2% Tween-20 in PBS), cells were
resuspended in buffer and added to 5 mL round bottom tubes. Primary and secondary antibody
incubations are described above (Section 2.1), however all washes were done using perm-wash
buffer as opposed to FACS buffer. All tubes were analyzed for 10,000 events using FACS

Calibur flow cytometer (Becton-Dickinson) and Kaluza software (Beckman Coutler).

2.4 LAG-3 binding assays
2.4.1 sSLAG-3 binding detection assay

Flow cytometric analysis was used to access the ability of SLAG-3 to bind HLA-IL
Recombinant human LAG-3 F. chimera protein (R&D Systems), which consists of the four
extracellular domains of LAG-3 fused to the F. portion of human IgG1, can be detected by

fluorescence goat anti-human IgG Fcy fragment specific.

Cells were prepared according to Section 2.2.1, but prior to distribution in round bottom
tubes, cells were incubated for 1 hour with 10% heat-inactivated human AB serum to prevent
non-specific binding. Following blocking, two extracellular flow cytometry procedures (Section
2.1) were performed 1) using human LAG-3 F. chimera protein and human IgG1 control and 2)
anti-HLA-IT and mouse I1gG2a isotype control Binding was detected using appropriate secondary

antibodies (Table 2.2 and 2.3).
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2.4.2 Interpretation of sSLAG-3 binding results

Kaluza software was used to quantify mean fluorescence intensity (MFI) and percentage
of positive cells (%) for 10,000 events. Test results were considered positive if MFI was at least
double the isotype control. The extent of LAG-3 binding was determined by dividing the
expression of SLAG-3 by the expression of HLA-II using the two following formulas: [(MFI
sLAG-3 - MFI human IgG1) / (MFI class II — MFI mouse 1gG2a)] x 100 and [(%+ sLAG-3 - %+
human IgG1) / (%+ class II - %+ mouse 1gG2.))] x 100. Statistics were evaluated using Microsoft
excel. ANOVA was used to compare cell lines and treatments. A p value of equal to or less than

0.05 was determined to be significant.

2.5 Lipid raft disruption

MBCD disrupts cholesterol in the plasma membrane thereby altering protein association
in lipid rafts. Lipid raft disruption was facilitated by 37°C incubation with 10 mM MBCD
(Sigma) dissolved in serum free media for 30 minutes. Cells were washed once with serum free
media before and after MBCD incubation. FCS was omitted from media to limit cholesterol
incorporation into the cell membranes. In order to prevent lipid raft reassembly, cells were fixed
with 2% PFA in PBS on ice for 15 minutes. Fixation was halted by washing with 100 mM

glycine in PBS followed by a PBS wash.

sLAG-3 binding along with expression of HLA-II and CD59 was analyzed by flow
cytometry. Optimal MBCD treatment concentration was achieved through previous experiments

in the Drover laboratory [151].
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2.5.1 Interpretation of lipid raft disruption results

MFTI and %+ of cells were quantified using FACS calibur flow cytometer and Kaluza
software. Antibody or sSLAG-3 binding was determined to be positive if MFI was double that of
the negative control antibody. Ratio of MBCD treated/untreated was obtained by dividing (MFI
test antibody - isotype control for MBCD treated cells) / (MFI test antibody — isotype control for
untreated cells) or (% positive test antibody — isotype control for MBCD treated cells) / (%
positive test antibody — isotype control antibody for untreated cells). Interpretation was as
follows; ratio of 1, MBCD treatment had “no effect”; ratio >1, MBCD treatment increased
binding; ratio <1, MBCD treatment inhibited binding. The percentage of SLAG-3 binding was
determined using the same formulas as described in Section 2.3.1. Statistics were evaluated using
Microsoft excel. ANOVA was used to compare cell lines and treatments. A p value of equal to or

less than 0.05 was determined to be significant.
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Chapter 3: Results

3.1 Proof of principle using BCL

LAG-3 Fc chimera protein was used to detect LAG-3 binding on human cell lines by
flow cytometry. The protein is comprised of the four extracellular domains of human LAG-3
fused to the Fc portion of IgG1. Through interaction of LAG-3 Fc chimera protein with HLA-II
positive cells, the extent of LAG-3-HLA-II binding can be quantified using a fluorescent-labeled

anti-human IgG1 antibody that binds the Fc region of the LAG-3 chimera protein.

Published reports indicate LAG-3 binds strongly to HLA-II molecules on mature DCs
[105] and Epstein-Barr virus (EBV) transformed BCL [62]. Its binding strength to HLA-II
appears dependent on localization of HLA-II in lipid rafts [93], [95], [105] as well as stability of
pHLA-II [153]. To evaluate SLAG-3 chimera protein binding efficiency, we first did a single
flow cytometry assay using three different HLA homozygous EBV-transformed B cell lines and
the BL cell line, Daudi. As shown in Table 3.1, sSLAG-3 binding to SAVC was strongest
followed by that to Jesthom and Sweig, while binding to Daudi cells was almost nil. This was
true when sLAG3 binding was normalized to the amount of HLA-II expressed by each cell line.

A potential explanation for negligible SLAG-3 binding to Daudi is absence of lipid rafts.

To further validate SLAG-3 binding and explore whether lipid rafts affected binding,
three independent assays were performed on SAVC and Daudi. In addition to sSLAG-3 binding,
cells were analyzed for HLA-II expression and CD59, a lipid raft marker (Figure 3.1). We found
significantly increased sSLAG-3 binding to SAVC as compared to Daudi (Figure 3.1A, B and
3.1E). Both cell lines express high amounts of HLA-II (Figure 3.1A and 3.1C), but Daudi was

clearly negative for CD59 (Figure 3.1A and 3.1D), indicating lipid raft deficiency. This finding,
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Table 3.1: sLAG-3 binding to EBV transformed and Burkitts cell lines

B-Cell HLA-II DRB HLATI SLAG-3 Binding | STACG-3/Class 11
Line Alleles expression (%)
MFI'! | %+ | MFI | %+ | MFI' | %+
SAVC DRB1*0401 12.6 72.3 22 47.5 17.6 65.7
Jesthom DRB1*01:01 11.9 66.3 1.4 20.0 11.3 30.2
Sweig 007 | DRBI1*11:01 19.7 76.5 1.6 17.1 7.9 22.4
* .

Daudi DRBI;_OI;OI’ 190 | 801 | 07 4.6 3.6 5.7

! Mean fluorescence intensity calculated using formula: MFI test antibody - MFI isotype control.
2 Percentage of positive cells, calculated using formula: %+ test antibody - %+isotype control.
3 Relative binding of SLAG-3 to HLA class II using the formula: MFI - control sSLAG-3 / MFI-

control Class II (%) and % positive-control sSLAG-3 / % positive-control Class II (%).
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Figure 3.1: Differential SLAG-3 binding to human B-cell lines expressing different levels of
lipid raft marker, CD59 A) sLAG-3 binding, HLA class II and CD59 expression on BCL SAVC
and BL cell line Daudi. Grey histogram represents isotype control, red histogram represents test
antibody. Histograms are representative of one of three independent experiments. Values on
histograms represent the percentage of positive cells. B-D) Bar diagrams depicting average MFI
and % positive cells using the formula, MFI test antibody — MFI isotype control (left axis, blue
bars) and % positive test antibody — % positive isotype control (right axis, orange bars): B)
sLAG-3 binding, C) HLA class II and D) CD59 expression. E) Depicts the relative binding of
sLAG-3 to HLA class II using the formula, MFI - control sSLAG-3 / MFI - control Class II (%)
(left axis, blue bars) and % positive - control SLAG-3 / % positive - control Class II (%) (right
axis, orange bars). Error bars represent mean + SEM of three independent experiments (*p<0.05,

**p<0.01 and ***p<0.001 by ANOVA).
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consistent with previous reports that Daudi lacks GPI-anchored proteins CD59 [154], [155],

suggested deficient SLAG3 binding to Daudi may be due to its lipid raft deficiency.

Given the above results and the aforementioned dependence of LAG-3-HLA-II
interactions on lipid rafts and pHLA-II stability, we next analyzed sLAG-3 binding using a set of
B cell mutants. These have been extensively studied by the Mellins group [27] and in our
laboratory [151] and are instructive for effects of DM and lipid rafts on pHLA-II stability. They
included 8.1.6, which has stable pHLA-II; 9.5.3, a derivative of 8.1.6 that has lost DMf3
expression, is lipid raft deficient and expresses mainly unstable HLA-II/CLIP complexes; 9.5.3
DM, a DM transfectant; 8.1.6 0401 and 9.5.3 0401, each transfected with DR1 0401 cDNA;
5.2.4 0401, also derived from 8.1.6, but is both DM and DO deficient and the double transfectant
5.2.4 0401DM. The DRB1*04:01 transfectants were included to explore whether sSLAG-3
binding was stronger than on the parent cells (HLA-DRB1*04:01), since the

DRB1*04:01+SAVC line was the strongest sSLAG-3 binder (Table 3.1).

8.1.6 and 9.5.3 along with DRB1 and DM transfectants express abundant HLA-II, but the
amounts on 9.5.3 cells, including 9.5.3 DM, are significantly reduced compared to 8.1.6 cells
(Figure 3.2A and 3.2C). sLAG-3 binding, detected on all 8.1.6 and 9.5.3 parental cells and
derivatives, clearly bound more strongly to 8.1.6 and 8.1.6 0401 (Figure 3.2D) than to 9.5.3 or
9.5.3 0401 (Figure 3.2A, 3.2B and 3.2E). We initially postulated that this was due to the lipid raft
deficiency in 9.5.3 cells (Figure 3.2D); however, binding to 9.5.3 DM was comparable to 8.1.6
(Figure 3.2B and 3.2E). These results suggest that DM, which stabilizes pHLA-II, may play a

more important role in LAG-3 binding than do the presence of HLA-II in lipid rafts.
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Figure 3.2: sSLAG-3 binding to human BCL is modulated by DM expression. A) sLAG-3
binding, HLA class II and CD59 expression on human BCL 8.1.6 and 9.5.3, DRB1-transfectants
8.1.6 0401 and 9.5.3 0401 and DM transfectant 9.5.3 DM. Grey histogram represents isotype
control, red histogram represents test antibody. Histograms are representative of one of three
independent experiments. Values on histograms represent the percentage of positive cells. B-D)
Bar diagrams depicting average MFI and % positive cells using formula, MFI test antibody —
MFTI isotype control (left axis, blue bars) and % positive test antibody — % positive isotype
control (right axis, orange bars) B) sSLAG-3 binding, C) HLA class II expression and D) CD59
expression. E) Depicts the relative binding of sSLAG-3 to HLA class II using the formula, MFI -
control sSLAG-3 / MFI - control Class II (%) (left axis, blue bars) and % positive - control sSLAG-
3 / % positive - control Class II (%) (right axis, orange bars). Error bars represent mean = SEM

of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by ANOVA).
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To confirm the contribution of DM to LAG-3 binding and to further explore whether the
DM regulator, DO, is also implicated in sSLAG-3 binding, we utilized 5.2.4 0401 and 5.2.4 0401
DM cells. As previously noted, the 5.2.4 cell line, derived from 8.1.6, lacks DM and DO [151],
but is abundant in lipid raft marker CD59 (Figure 3.3 D). Similar to results for 9.5.3 cells, LAG-
3 binding to 5.2.4 0401 is greatly reduced; however, unlike fully-restored binding observed with
9.5.3 DM, sLAG-3 binding is only partly restored by DM-transfection in 5.2.4 0401 DM cells
(Figure 3.3A and B). A larger ratio of sSLAG-3 positive binding relative to HLA- II positive cells
is observed in 5.2.4.0401 DM (Figure 3.3 E). Since sLAG-3 binding is increased when DM is
expressed, regardless of CD59 and HLA-II expression, this further supports the importance of
DM in optimizing HLA-II for binding sSLAG-3. However, the DO-deficiency in 5.2.4 [142] may

potentially explain the less-than-optimal restoration of sSLAG-3 binding to 5.2.4 0401DM cells.

3.2 sLAG-3 binding to BL cell lines

The lack of sSLAG-3 binding to Daudi, described in Section 3.1 could not be explained by
a deficit of lipid rafts. BL cells are known to have antigen presentation deficiencies which
possibly could affect pHLA-II stability [27]. We next tested sSLAG-3 binding to BL cell line,
Bjab, which is DO deficient but DM-positive [151] and therefore, does not have a typical
functioning HLA-II presentation system. This cell line and its transfectants had previously been
shown to express unstable DRB1:0401 epitopes [151]. Despite having abundant HLA-II and
CD59 expression, sSLAG-3 binding was poor on Bjab (Figure 3.4A, 3.4B and 3.4C), although
stronger on Bjab 0401. Furthermore, sSLAG-3 binding was not restored in the Bjab-DO

transfectant. Together, these and the preceding results (Figures 3.1, 3.2 and 3.3), indicate the
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Figure 3.3: sSLAG-3 binding to human BCL 5.2.4 0401 transfectant is influenced by DM-
expression. A) sSLAG-3 binding, HLA class I and CD59 expression on human B cell
transfectants 5.2.4 0401 and 5.2.4 0401 DM. Grey histogram represents isotype control, red
histogram represents test antibody. Histograms are representative of one of three independent
experiments. Values on histograms represent the percentage of positive cells. B-D) Bar diagrams
depicting average MFI and % positive cells using the formula, MFTI test antibody — MFI isotype
control (left axis, blue bars) and % positive test antibody — % positive isotype control (right axis,
orange bars) B) sSLAG-3 binding, C) HLA class II expression and D) CD59 expression. E)
Depicts the relative binding of SLAG-3 to HLA class II using the formula, MFI - control sSLAG-3
/ MFI - control Class II (%) (left axis, blue bars) and % positive - control sSLAG-3 / %positive -
control Class II (%) (right axis, orange bars). Error bars represent mean = SEM of three

independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by ANOVA).
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Figure 3.4: sSLAG-3 binding to BL cell lines is unaffected by DO transfection. A) sSLAG-3
binding, HLA class II and CD59 expression on human BL cell lines Bjab and BL transfectants
Bjab 0401, Bjab DO, Bjab DO 0401 and Bjab V2 (vector control). Grey histogram represents
isotype control, red histogram represents test antibody. Histograms are representative of one of
three independent experiments. Values on histograms represent the percentage of positive cells.
B-D) Bar diagrams depicting average MFI and % positive cells using the formula, MFI test
antibody — MFI isotype control (left axis, blue bars) and % positive test antibody — % positive
isotype control (right axis, orange bars) B) sSLAG-3 binding, C) HLA class II expression and D)
CD59 expression. Error bars represent mean = SEM of three independent experiments (*p<0.05,

**p<0.01 and ***p<0.001 by ANOVA).
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requirement for strong LAG-3-HLA-II interactions is more complex than an APC simply

possessing peptide editors and displaying pHLA-II in lipid rafts.

3.3 Investigation of sSLAG-3 binding and PD-LI expression on cancer cell lines

Since the sSLAG-3 binding assay demonstrated effective, but cell context dependent
sLAG-3 binding to BCL, we next interrogated sLAG-3 binding to non-lymphoid HLA-II
positive cancer cell lines. Constitutively, HLA-II is expressed at very low amounts, or not at all,
on cancer cell lines. However, expression can be induced by treating the cells with IFN-y.
Likewise PD-L1, the ligand for the checkpoint inhibitor PD-1, is frequently present on cancer
cells and is IFN-y inducible [128]. As LAG-3, PD-1 and PD-L1 are immune checkpoint
molecules targeted for cancer immunotherapy, it would be instructive to determine LAG-3
binding, HLA-II and PD-L1 expression simultaneously on cancer cell lines, treated or not with
IFN-y.

To date several studies on breast cancer have shown tumor infiltrating lymphocytes
frequently express LAG-3 among other immune inhibitory markers including PD-1 [125]-[127]
and tumor cells may be positive for HLA-II and/or PD-L1. High serum sLAG-3 levels in breast
cancer patients are associated with a good prognosis [97]. While PD-L1 and HLA-II expression
on breast cell lines have also been studied [156]—-[158], there is not extensive knowledge on

sLAG-3 binding to breast cancer cells that co-express HLA-II and PD-L1.

Here we explored sLAG-3 binding, HLA-II and PD-L1 expression on melanoma cell line
MDA-MB-435 and a diverse panel of breast cancer cell lines. These included two triple negative

breast cancer (TNBC) cell lines, MDA-MB-231 and BT-20; ER" lines, T47D and MCF-7 and
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HER" cell line, SKRB3. Following 72 hour IFN-y treatment or not treatment, cell lines were

analyzed by flow cytometry as described in Section 2.4.

3.3.1 Melanoma cell line MDA-MB-435, binds LAG-3 and expresses PD-L1

MDA-MB-435 was chosen because other HLA-II positive melanoma cell lines were
reported to bind membrane bound and sSLAG-3 [159]. As shown in Figure 3.5, MDA-MB-435
has low levels of constitutive HLA-II and PD-L1 that are significantly upregulated by treatment
with IFN-y (Figure 3.5A, 3.5C and 4.5D). sLAG-3 binding to untreated MDA-MB-435 cells was
negligible, most likely due to weak HLA-II expression. However, sSLAG-3 binding was
significantly increased in IFN-y treated cells (Figures 3B and 3E), consistent with reported LAG-

3 binding to several HLA-II positive melanoma cell lines [159].

3.3.2 MHC Class II'' BCCL poorly bind sLAG-3

Untreated MDA-MB-231 (TNBC) expressed no-HLA-II and bound no sLAG-3 (Figure
3.6). IFN-y treatment induced significant HLA-II expression (Figure 3.6C), but sLAG-3 binding
remained at levels comparable to untreated cells (Figure 3.6B). PD-L1 was expressed on these
cells with and without IFN-y treatment (Figure 3.6D). A second TNBC, BT-20, expressed little
constitutive HLA-II and bound small amounts of sSLAG-3 (Figure 3.7A, 3.7B and 3.7C). I[FN-y
significantly upregulated HLA-II and PD-L1 (Figure 3.7 C and 3.7D). Only a small portion of
IFN-y treated HLA-II positive cells bound sLAG-3 (Figure 3.7B). While these TNBCs express
HLA-IT with IFN-y treatment, the extent of sSLAG-3 binding is not much different from sLAG-3

binding to untreated cells.

Luminal A breast cancer cell lines, T47D and MCF-7, also expressed little constitutive

HLA-IT and bound little SLAG-3 (Figure 3.8 and 3.9). IFN-y treated T47D upregulated both
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HLA-II and PD-L1 (Figure 3.8 C and D); PDLI expression on MCF-7 cells was not ascertained
here, but a previous study [160] showed it was not present or upregulated by IFN-y. sLAG-3
binding to T47D (Figure 3.8 B) was significantly increased in IFN-y treated as compared to
untreated cells, but levels were very low, under 10% of the cells were positive, and likely
physiologically irrelevant (Figure 3.8A and 3.8B). Similarly, sSLAG-3 binding was barely
detected on IFN-y treated MCF-7 cells (Figure 3.9 A and B) despite nearly 100% of cells
expressing abundant HLA-II (Figure 3.9 C). Thus, deficient sSLAG-3 binding to these TNBC and
luminal A cells, even with abundant IFN-y induced HLA-II, suggests pHLA-II conformers may
not be optimally displayed for SLAG-3 binding and further suggests a deficit of other available

LAG-3 binding ligands.

Approximately 3 % of SKBR3 cells bound any sLAG-3 in the absence of constitutive
HLA-II expression (Figure 3.10). While IFN-y treated SKBR3 cells increased HLA-II, this was
not accompanied by increased LAG-3 binding. In fact, SLAG-3 binding decreased post IFN-y
treatment (Figure 3.10B and 3.10C), suggesting low levels of sSLAG-3 binding to untreated

SKBR3 may be due to an alternative HLA-II ligand, that is not IFN-y inducible.
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Figure 3.5: MDA-MB-435 binds LAG-3, expresses HLA class Il and PD-L1. A) sLAG-3
binding, HLA class II and PD-L1 expression on constitutive and IFN-y induced (100 units/mL
for 72 hours) MDA-MB-435 cells. Grey histogram represents isotype control,

and red histogram represents [FN-y treated. Histograms are a representative
of one of three independent experiments. Values on histogram represent the percentage of
positive cells. B-D) Bar diagrams depicting average MFI and % positive cells using the formula,
MFT test antibody — MFI isotype control (left axis, blue bars) and % positive test antibody — %
positive isotype control (right axis, orange bars) B) sSLAG-3 binding, C) HLA class II expression
and D) PD-L1 expression. E) Depicts the relative binding of sSLAG-3 to HLA class II using the
formula, MFTI - control sSLAG-3 / MFI - control Class II (%) (left axis, blue bars) and % positive -
control sSLAG-3 / % positive - control Class II (right axis, orange bars). Error bars represent
mean + SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by

ANOVA).
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Figure 3.6: IFN-y increases HLA class II and PDL1 expression on MDA-MB-231, but not
sLAG-3 binding. A) sLAG-3 binding, HLA class II and PD-L1 expression on constitutive and
IFN-y induced (100 units/mL for 72 hours) MDA-MB-231 cells. Grey histogram represents
isotype control, and red histogram represents IFN-y
treated. Histograms are representative of one of three independent experiments. Values on
histogram represent the percentage of positive cells. B-D) Bar diagrams depicting average MFI
and % positive cells using the formula, MFI test antibody — MFI isotype control (left axis, blue
bars) and % positive test antibody — % positive isotype control (right axis, orange bars) B)
sLAG-3 binding and C) HLA class II expression and D) PD-L1 expression. Error bars represent
mean = SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by

ANOVA).
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Figure 3.7: IFN-y increases HLA-class II and PD-L1 on BT-20 but not sSLAG-3 binding. A)
sLAG-3 binding, HLA class II and PD-L1 expression on constitutive and IFN-y induced (100
units/mL for 72 hours) BT-20 cells. Grey histogram represents isotype control,

and red histogram represents [FN-y treated. Histograms are representative of
one of three independent experiments. Values on histogram represent the percentage of positive
cells. B-D) Bar diagrams depicting average MFI and % positive cells using the formula, MFI test
antibody — MFI isotype control (left axis, blue bars) and % positive test antibody — % positive
isotype control (right axis, orange bars) B) sSLAG-3 binding and C) HLA class II expression and
D) PD-L1 expression. Error bars represent mean + SEM of three independent experiments

(*p<0.05, **p<0.01 and ***p<0.001 by ANOVA).

62



Il MFI-control
B %+-control

63

Class 11 PD-L1
100
| 1.62 1.62
304 1004 60
i 98.58 88.07
o 60 H | ¥ § 40+ ’
T47D & s il 3"
Y] 9 g ﬁ‘
l 204
20 |' \\ \'M\
0 J y i et - 10 l 0 102 0
107 10' 107 10° PE
Mean Fluorescence Intensity (MFI)
1 Isotype control
No IFN-y
] IFN-y treated
B sLAG-3 C Class II
100 250 - 100
% Kk
— 90 __ _ 90 []
80 200 80
70 |3 70 |3
=) 60 E = 150 60 'g
= 2 = 2
i 50 | & o 50 |&
5 O 5 <
< 40 % | 100 40 gﬂ
30 g 30 2
z E
20 50 20
— v v ) [ — - v 10 L
—_ e N o
T47D T47D+IFN-y T47D T47D+FN-y
D PD-L1
25 100
_ o0
20 80
0 |3
Q
=| 15 60 |5
i 50 |2
5 B3
=z 10 40 %
30 3
5 20
- | e
0 f— 0
T47D T47D+IFN-y




Figure 3.8: IFN-y induces HLA class I and PD-L1 on T47D with a small increase in sSLAG3
binding. sSLAG-3 binding to T47D. A) sLAG-3 binding, HLA class II and PD-L1 expression on
constitutive and IFN-y induced (100 units/mL for 72 hours) T47D cells. Grey histogram
represents isotype control, and red histogram represents
IFN-y treated. Histograms are representative of one of three independent experiments. With the
exception of PD-L1 which was measured once. Values on histogram represent the percentage of
positive cells. B-D) Bar diagrams depicting average MFI and % positive cells using the formula,
MFT test antibody — MFI isotype control (left axis, blue bars) and % positive test antibody — %
positive isotype control (right axis, orange bars) B) sLAG-3 binding and C) HLA class II
expression and D) PD-L1 expression Error bars represent mean £ SEM of three independent

experiments (*p<0.05, **p<0.01 and ***p<0.001 by ANOVA).
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Figure 3.9: IFN-y induces HLA class Il on MCF-7 but not sSLAG-3 binding. A) sLAG-3 binding
and HLA class II expression on constitutive and IFN-y induced (100 units/mL for 72 hours)
MCEF-7 cells. Grey histogram represents isotype control,

and red histogram represents IFN-y treated. Histograms are representative of one of three
independent experiments. Values on histogram represent the percentage of positive cells. B-C)
Bar diagrams depicting average MFI and % positive cells using the formula, MFI test antibody —
MFTI isotype control (left axis, blue bars) and % positive test antibody — % positive isotype
control (right axis, orange bars) B) sSLAG-3 binding and C) HLA class II expression. Error bars
represent mean = SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001

by ANOVA).
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Figure 3.10: IFN-y induces HLA class I on SKBR3, but reduces sLAG-3 binding. A) sLAG-3
binding and HLA class II expression on constitutive and IFN-y induced (100 units/mL for 72
hours) SKBR3 cells. Grey histogram represents isotype control,

and red histogram represents IFN-y treated. Histograms are representative of one of three
independent experiments. Values on histogram represent the percentage of positive cells. B-C)
Bar diagrams depicting average MFI and % positive cells using the formula, MFI test antibody —
MFTI isotype control (left axis, blue bars) and % positive test antibody — % positive isotype
control (right axis, orange bars) B) sSLAG-3 binding and C) HLA class II expression. Error bars
represent mean + SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001

by ANOVA).
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3.4 Poor sLAG-3 binding to BCCL is not due to a deficit of lipid rafts and DM expression
Differences in the SLAG-3 binding capacity between the melanoma cell line, MDA-MB-
435 and the panel of BCCL, could potentially be due to differences in lipid raft domains or
expression of the pHLA-II editor, DM. Our previously described results using B-cell lines
(Section 3.1) suggested DM-stabilization of pHLA-II are more important in LAG-3- binding
than localization of HLA-II in lipid raft microdomains. To investigate this further, MDA-MB-
435 and BCCLs were treated with IFN-y, as described in Section 2.2, and analyzed by flow
cytometry for the lipid raft marker, CD59, and intracellular DM expression. We found abundant
CD59 and high levels of intracellular DM on all cell lines (Figure 3.11). These results suggest
sLAG-3 binding differences between MDA-MB-435 (high sSLAG-3 binder) and BCCLs: MDA-
231, BT-20 and T47D (low sLAG-3 binders) are not due to a deficit of lipid raft-rich
microdomains or available DM-assisted peptide loading of HLA-II molecules; however, whether

lipid rafts contain stable pHLA-II was not determined.

3.5 Disruption of lipid rafts on HLA-II positive melanoma line enhances LAG-3 binding

Lipid raft microdomains play a role in a number of cellular processes, including antigen
presentation, with a substantial portion of pHLA-II on APCs residing in lipid rafts [104]. It was
previously shown that lipid raft disruption on DCs decreases LAG-3 binding to HLA-II,
suggesting LAG-3 is partially restricted to binding HLA-II located in lipid raft microdomains
[93]. Since sSLAG-3 binding to IFN-y induced HLA-IT on MDA-MB-435 was similar to that on
the normal BCL (Section 3.3), we questioned whether disruption of lipid rafts would alter sSLAG-

3 binding or expression of HLA-IL, PD-L1 and CD59. To address this,
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Figure 3.11: Expression of CD59 and DM on a panel of human cancer cell lines. CD59 and DM
expression on constitutive and IFN-y induced (100 units/mL for 72 hours) MDA-MB-435,
MDA-MBA-231, BT-20 and T47D cells. Grey histogram represents isotype control,

and red histogram represents IFN-y treated. Histograms are
representative of one of three independent experiments. Values on histogram represent the

percentage of positive cells.
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MDA-MB-435 cells were treated with IFN-y for 72 hour, followed by lipid raft disruption using

MBCD, which separates membrane cholesterol thereby disrupting cellular lipid rafts [161].

Treatment of MDA-MB-435 cells with MBCD, as compared to control diluent, resulted
in markedly reduced CD59 and HLA-II expression (Figure 3.12 A) indicating successful
depletion of lipid rafts. Surprisingly, sSLAG-3 binding was dramatically increased following
MBCD treatment (Figure 3.12). This result was puzzling as reduced HLA-II would be expected
to reduce sSLAG-3 binding. Notably, PD-L1 expression, like SLAG-3 binding, was also increased

by MBCD-treatment.

3.6 Lipid raft disruption of breast cancer cell lines modifies LAG-3 binding

Given the aforementioned results for lipid raft disruption MDA-MB-435, we next
investigated whether MBCD treatment of MDA-231, BT-20, T47D and SKBR3 would increase
LAG-3 binding. Intriguingly, moderate sLAG-3 binding was observed for all four control treated
cells (Figures 3.13 to 3.16), which is incongruent with results in Section 3.3, where very little
sLAG3 binding was observed.

Potential explanations for this variance will be addressed in the Discussion (Section 4.4).
However, like the preceding results for MDA-MB-435, sLAG-3- binding was enhanced in
MBCD-treated MDA-MB-231 (Figure 3.13), BT-20 (Figure 3.14) and T47D (Figure 3.15); the
exception was MPBCD-treated SKBR3, where sLAG-3 was decreased compared to the control
(Figure 3.16). Effects of MPBCD treatment on the other immune markers varied according to the
cell line: 1) HLA-II was decreased on MDA-MB-231 and BT-20, but not on T47D and SKBR3;
2) CD59 decreased on MDA-MB-231, increased on BT-20 and was unchanged on T47D and

SKBR3; 3) PD-L1 decreased on MDA-MB-231 and BT-20, was unchanged on T47D and
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increased on SKBR3. Since MBCD had variable effects on CD59, it cannot be concluded that
MBCD-mediated changes in SLAG-3 binding resulted from lipid raft depletion. Possibly, MBCD
treatment rendered HLA-II more accessible for LAG-3 binding and HLA- II on some cancer cell
lines may be restricted by lipid rafts in a way that limits sSLAG-3 binding. Alternatively, MBCD

may have increased the display of non-HLA ligands for LAG-3.

73



sLAG-3 Class 11
“ 1.24 1.43
601 ]
y 78.54) | 62.96
< |4 3.
2 I 20
MDA-
0 T T i 0 &
- 10° 10! 10¢ 107 107 10 100 10°
1;‘; cDs9 PDLI
1 1.43
£ g “ 54.50
S 3] f
v ‘*-;lﬂn—' 1‘0' ’ 0 s 10" TP(‘]é 10 10°
Mean Fluorescence Intensity (MFI)
] Isotype control
Untreated
0 MBCD treated
B MBCD Treated/Untreated C sLAG-3/Class II (%)
9 0 100 100
X g % 90 90 ?3
E , ; § g 80 80 g
- hade <! = 'z
=} a3 « |70 70 8_
«g 6 6 8; § E X
5 S £ O |60 60 |3
pagle -1 wn P [ n
8 gl Iz 4 S |0 50 |Q=
= o 8 > S
é%“ ‘g g & [ 0120
= 3 3 &g 5 30 30 T";
) N = 2
IS IS¢ =3 1=
5 |2 21 S |20 20 |2
> < =]
< %% § 10 10 <
! i ' O [] .
) al ol &l 0 :
SLAG3  ClassIl  CDS9  PD-LI Untreated+IFN-y - MBCDHFN-y

B MFI-control
B %+-control

74




Figure 3.12: Effect of MBCD on LAG-3 binding and expression of immune molecules on MDA -
MB-435 cells. A) sLAG-3 binding, HLA class II, CD59 and PD-L1 expression on IFN-y induced
MDA-MB-435 cells treated or not with MBCD (10 mM). Grey histogram represents isotype
control, and blue histogram represents MBCD
treated expression. Histograms are representative of one of three independent experiments.
Values on histograms represent the percentage of positive cells. B) Bar graph depicting the ratio
of the MFI test antibody — isotype control antibody for MBCD treated cells / MFI test antibody —
isotype control antibody for untreated cells (left axis, red bars) and ratio of the % positive test
antibody — isotype control for MBCD treated cells / % positive test antibody — isotype control for
untreated cells (right axis, orange bars). C) Depicts the relative binding of sSLAG-3 to HLA class
IT using the formula, MFI sLAG-3 — isotype control / MFI HLA class II — isotype control (%)
(left axis, red bars) and % positive sSLAG-3 — isotype control / % positive HLA class II — isotype
control (%) (right axis, orange bars) for MBCD treated and untreated cells. Error bars represent
mean = SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by

ANOVA).
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Figure 3.13: Effects of MBCD on LAG-3 binding and expression of immune molecules on
MDA-MB-231 cells. A) sLAG-3 binding, HLA class II, CD59 and PD-L1 expression on IFN- vy
induced MDA-MB-231 cells treated or not with MBCD (10 mM). Grey histogram represents
isotype control, and blue histogram represents
MBCD treated expression. Histograms are representative of one of three independent
experiments. Values on histograms represent the percentage of positive cells. B) Bar graph
depicting the ratio of the MFI test antibody — isotype control antibody for MBCD treated cells /
MFT test antibody — isotype control antibody for untreated cells (left axis, red bars) and ratio of
the % positive test antibody — isotype control for MBCD treated cells / % positive test antibody —
isotype control for untreated cells (right axis, orange bars). C) Depicts the relative binding of
sLAG-3 to HLA class II using the formula, MFI sSLAG-3 — isotype control / MFI HLA class II —
isotype control (%) (left axis, red bars) and % positive sSLAG-3 — isotype control / % positive
HLA class II — isotype control (%) (right axis, orange bars) for MBCD treated and untreated
cells. Error bars represent mean + SEM of three independent experiments (*p<0.05, **p<0.01

and ***p<0.001 by ANOVA).
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Figure 3.14: Effects of MBCD on LAG-3 binding and expression of immune molecules on BT-
20 cells. A) sLAG-3 binding, HLA class II, CD59 and PD-L1 expression on IFN- y induced BT-
20 cells treated or not with MBCD (10 mM). Grey histogram represents isotype control,

and blue histogram represents MBCD treated
expression. Histograms are representative of one of three independent experiments. Values on
histograms represent the percentage of positive cells. B) Bar graph depicting the ratio of the MFI
test antibody — isotype control antibody for MBCD treated cells / MFI test antibody — isotype
control antibody for untreated cells (left axis, red bars) and ratio of the % positive test antibody —
isotype control for MBCD treated cells / % positive test antibody — isotype control for untreated
cells (right axis, orange bars). C) Depicts the relative binding of SLAG-3 to HLA class II using
the formula, MFI sLAG-3 — isotype control / MFI HLA class II — isotype control (%) (left axis,
red bars) and % positive sSLAG-3 — isotype control / % positive HLA class II — isotype control
(%) (right axis, orange bars) for MBCD treated and untreated cells. Error bars represent mean +

SEM of three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 by ANOVA).
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Figure 3.15: Effects of MBCD on LAG-3 binding and expression of immune molecules on
T47D cells. A) sLAG-3 binding, HLA class II, CD59 and PD-L1 expression on IFN- y induced
T47D cells treated or not with MBCD (10 mM). Grey histogram represents isotype control,

and blue histogram represents MBCD treated
expression. Histograms are representative of one of three independent experiments. Values on
histograms represent the percentage of positive cells. B) Bar graph depicting the ratio of the MFI
test antibody — isotype control antibody for MBCD treated cells / MFI test antibody — isotype
control antibody for untreated cells (left axis, red bars) and ratio of the % positive test antibody —
isotype control for MBCD treated cells / % positive test antibody — isotype control for untreated
cells (right axis, orange bars). C) Depicts the relative binding of SLAG-3 to HLA class II using
the formula, MFI sLAG-3 — isotype control / MFI HLA class II — isotype control (%) (left axis,
red bars) and % positive sSLAG-3 — isotype control / % positive HLA class II — isotype control
(%) (right axis, orange bars) for MBCD treated and untreated cells. Error bars represent mean +

SEM of three independent experiments. ANOVA revealed no significant differences.
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Figure 3.16: Effects of MBCD on LAG-3 binding and expression of immune molecules on
SKBR3 cells. A) sSLAG-3 binding, HLA class II, CD59 and PD-L1 expression on IFN- y induced
SKBR3 cells treated or not with MBCD (10 mM). Grey histogram represents isotype control,

and blue histogram represents MBCD treated
expression. Histograms are representative of one of three independent experiments. Values on
histograms represent the percentage of positive cells. B) Bar graph depicting the ratio of the MFI
test antibody — isotype control antibody for MBCD treated cells / MFI test antibody — isotype
control antibody for untreated cells (left axis, red bars) and ratio of the % positive test antibody —
isotype control for MBCD treated cells / % positive test antibody — isotype control for untreated
cells (right axis, orange bars). C) Depicts the relative binding of SLAG-3 to HLA class II using
the formula, MFI sLAG-3 — isotype control / MFI HLA class II — isotype control (%) (left axis,
red bars) and % positive sSLAG-3 — isotype control / % positive HLA class II — isotype control
(%) (right axis, orange bars) for MBCD treated and untreated cells. Error bars represent mean +

SEM of three independent experiments. ANOVA reveled no significant differences.
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Chapter 4: Discussion

Early studies showed LAG-3 and sLAG-3-Ig fusion proteins bind to B cells [61], [64],
[65] and DCs [103], preferentially binding to MHC-II associated with lipid rafts. More recently,
using CIITA-deficient or CIITA-proficient MHC-II expressing cells, Maruhashi et al. showed
LAG-3 binding requires stable pMHC-II complexes [153]. This was attributed to DM-expression
in the CIITA-proficient cells. DM, together with its co-chaperone, DO, plays a critical role in
intracellular peptide loading of MHC-II and subsequent expression of pMHC-II complexes on
the cell surface. In DM-deficient cells pMHC-II complexes are largely unstable, consisting of
CLIP or other self-peptides [31]. Localization of pMHC-II complexes in lipid raft microdomains
is well-documented and is required for optimal antigen presentation and T-cell activation [31],
[102]. In this study using normal and mutant BCL, BL, melanoma and BCCL, we investigated
both the contribution of pMHC-II complexes and lipid rafts to sSLAG-3 binding. The results
showed DM-modulation of pMHC-II complexes, at least in B-cell lines, is a critical factor for
LAG-3 binding, but as discussed in the next sections, LAG-3 binding to cancer cells is more

complicated with other factors involved.

4.1 sLag-3 binding to B cells and Burkitt ymphoma cells

Part one of this study investigated differential SLAG-3 binding to a panel of normal and
mutant human BCL and BL cells, deficient or not in CD59 (lipid raft marker), DM and/or DO.
Key findings include: 1) expression of DM-modulated pMHC-II complexes contribute more
strongly to SLAG3 binding than does pMHC-II complexes in lipid raft microdomains; ii) co-
expression of DO, a DM-negative regulator of peptide binding to MHC-II, may also play a role

in the display of some sLAG-3 binding to pMHC-II complexes; iii) negligible sSLAG-3 binding
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to BL cells could not be consistently attributed to deficient lipid rafts, DM or DO, but our

experiments cannot exclude suboptimal DM:DO ratios or other factors specific to BL cells.

The main conclusion is that DM modulation of pMHC-II complexes is more important
for SLAG-3 binding to BCL than is pMHC-II clustering in lipid rafts, stems from significantly
increased sSLAG-3 binding to 9.5.3-DM cells, despite their lipid raft deficit. The lipid raft deficit
in these cells, initially identified by a previous student in the Drover Lab using anti-CD59, anti-
CD55 and the fluorescent aerolysin assay [151], was confirmed here by negative CD59 staining
(Figure 3.2). Indeed, sLAG-3 binding to 9.5.3-DM was greater than to the parental cell line
8.1.6, possibly due to decreased CLIP/MHC-II complexes in 9.5.3-DM compared to 8.1.6 (data
not shown). Our data showing lipid rafts are not critical for sSLAG-3 binding to BCL differ
somewhat from a previous study [93] which showed diminished LAG-3 binding following lipid
raft disruption of immature DC. In that study LAG-3 binding to pMHC-II on mature DC was
greatly enhanced as compared to binding on immature DC. Most likely this reflects increased
display of DM-modulated and stable p/MHC-II, which tend to localize in lipid rafts on mature

DC.

While sLAG-3 binding to DM-transfected DO positive 9.5.3 cells was fully restored,
only partial restoration was observed for DM transfected DO negative 5.2.4 0401 cells,
suggesting co-expressed DO and DM may be required for display of high LAG-3 binding
pMHC-II complexes. Nearly all DO protein is bound to DM, but about 50% of DM is free, thus
allowing unedited (DM-sensitive) and edited (DM-resistant) pMHC-II complexes to be
expressed [27]. DM:DO ratios vary considerably by cell type, activation and differentiation, and

as such, influence the pMHC-II repertoire [162]. For example, most circulating mature B-cells
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have high DO and DM levels, but after B-cell activation and entry into the lymphoid germinal
centers, DO levels are severely reduced, then rise again on transition to memory B-

cells. Recently, Nanaware et al, comparing the peptide repertoire from a homozygous DO
knockout BCL (HLA-DR1"DM) to the wildtype cell line, found the DO knockout significantly
reduced expression of DM-sensitive peptides, such as CLIP, but not DM resistant peptides [163].
It can be surmised then, if the amount of DO bound to DM and the amount of free DM left to
catalyze peptide exchange modulates the abundance and diversity of pMHC-II in APCs, it

consequently affects LAG-3 binding.

Factors other than DO and DM contributing to the peptide repertoire could also affect the
amount of sSLAG-3 binding in 9.5.3 and 5.2.4 cells. Although both cell lines originated from
8.1.6, they differ substantively in their MHC deletions [151]. 9.5.3 cells have the MHC-II region
deleted on one chromosome 6, while the other is intact except for a mutation in DMB. Thus, it is
DO'DM- and expresses abundant CLIP/MHC-II peptides. By contrast, 5.2.4 cells have both
MHC-II and MHC-I regions deleted on one chromosome, nearly all the MHC-II encoding region
deleted on the second chromosome, is DMDO, and expresses very low levels of HLA-I. The
latter could potentially affect the abundance and diversity of the pMHC-II repertoire as most
peptides bound to HLA-II molecules in uninfected cells are derived from self-proteins including
MHC-I molecules [164] The potential impact of MHC-II diversity on LAG-3 binding is another
ill-defined factor with one study showing no allelic effect on LAG-3 binding using HLA-
DRB1*01:01 and HLA-DRB1*04:01 [165]; by contrast, a study by Ming et al, showed
differential LAG-3 binding to certain mouse and human MHC-II allotypes [166]. Undoubtedly,
peptide binding to certain MHC-II alleles, notably HLA-DRB1*04:01, is less DM-dependent,

displays reduced CLIP affinity and expresses some stable pMHC-II complexes [167].
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Intriguingly, in this study the ratio of SLAG-3/HLA-II binding is higher for the HLA-
DRB1#*04:01 transfectants than their parent lines (Sections 3.1 and 3.2) while a preliminary
screen of four homozygous BCL with different MHC-II allotypes, showed sLAG-3 binding most

strongly to DRB1#04:01 SAVC line (Table 3.1).

An explanation for deficient SLAG-3 binding to BL cell lines is complicated by cell-
specific differences. Like most BL, Daudi and Bjab express markers consistent with germinal
centre (GC) B-cells, suggesting they arose from GC B-cells. Bjab is one of the rare EBV-
negative BL lines [168] and while Daudi is EBV-positive, it has retained a very limited number
of EBV genes. EBV transformed BCL from healthy individuals such as SAVC are derived from
circulating B-cells and express the full complement of EBV genes [169]. Negligible SLAG-3
binding to lipid raft deficient Daudi [154], [155] lend support to SLAG-3 preferentially binding
MHCH-II located in lipid rafts [93], [94]. However, as previously discussed, strong sSLAG-3
binding to lipid raft deficient 9.5.3-DM appears to counter that theory and suggests factors other
than lipid raft microdomains are responsible for poor sSLAG-3 binding to Daudi cells. For
example, Daudi is HLA-I negative due to a deficit of beta-2 microglobulin [170]; as noted above
for 5.2.4 cells, this may affect the pMHC-II repertoire since most pMHC-II on BCL contain self-
HLA-I derived peptides [171]. Since this thesis study, the Drover lab showed Daudi has an
inverse DM:DO ratio with copious amounts of CLIP/MHC-II (data not shown). Altogether, these
data suggest deficient SLAG-3 binding may be due to a limited peptide repertoire consisting of
abundant unstable pMHC-II complexes with CLIP. Our results for Daudi are inconsistent with
those from a previous study which showed positive LAG-3 binding to Daudi [65]. Potential
explanations are methodological differences. In the Huard study, LAG-3 expressing transfectants

were incubated with Daudi cells and the assay was performed at 37 "C. Herein, a fluorescent
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chimeric sSLAG3-IgG construct was used in a standard flow cytometry assay using live cells and
performed at ambient temperature. As will be discussed later, the assay differences are also
likely to affect LAG-3 binding.

Deficient sSLAG-3 binding to Bjab cannot be explained by lipid raft deficiency
or decreased MHC-II levels. Previous studies [172] showed Bjab has moderate amounts of DM,
essentially no DO, and little to no CLIP/MHC-II complexes, a common phenomenon in DO-
negative cells. Based on the aforementioned findings of differential SLAG-3 binding to DO+
9.5.3DM and DO- 5.2.4 04:01DM+ cells, we hypothesized increased sLAG-3 binding to the
Bjab-DO transfected with DO. The transfected cells were previously shown to express both DO
and CLIP/MHC-II complexes, with the latter consistent with cells having a functional DO
protein [151]. Again, the deficit of SLAG-3 binding could be a suboptimal DM:DO ratio even
with DO-transfection, or alternatively due to other defective antigen processing mechanisms that

have been described for BL [173].

4.2 sLag-3 binding to melanoma and breast cancer cell lines

Most studies on LAG-3 in cancer have focused on its functional role as a checkpoint
inhibitor expressed primarily on tumour infiltrating CD8" and CD4" T-cells [75], [83], with
promising findings for prognostic and therapeutic implications [137]. Treibel’s group reported an
association of high serum sLAG-3 levels with a better prognosis in patients with hormone-
receptor-positive BC, possibly suggesting sSLAG-3 may block LAG-3-positive regulatory T-cells
from interacting with HLA-II ligands [97]. HLA-II upregulation on various types of tumor cells
is well documented [10] and HLA-II positive melanoma cells were shown to bind sLAG-3 [159].

Herein, we showed, despite IFN-y induced HLA-II expression on all cell lines, only the
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melanoma cells, MDA-MB-435, strongly bound sLAG-3. Of the five BCCL tested, only T47D
significantly increased (albeit weak) sSLAG-3 binding post IFN-y treatment. The differences
between sLAG-3 binding to melanoma and breast cannot be attributed to DM-deficiency as
intracellular DM was present in all IFN-y treated cell lines. Although DO and CLIP levels, which
contribute to pMHC-II repertoire, were not analyzed in these experiments, previous studies in
our laboratory found negligible CLIP/MHC-II expression in either MDA-MB-435 or BCCL
[152], suggesting DO may not be upregulated. Altogether, the data suggest HLA-II expression is
not a good indicator for LAG-3 binding to BCCL.

Observation of noticeable SLAG-3 binding to non-induced (HLA-II negative) BT-20 and
SKBR3 cells suggests one of several recently described non-MHC ligands (Section 1.10) may be
expressed on these cells. Among potential candidates are FGL-1 [72], found on the surface of
cells in various cancer types including breast cancer [71]; Gal-3, expressed on breast cancer cells
and considered to be a potential therapeutic marker and LSECtin, expressed on melanoma cells
[70] and found in lipid raft fractions [146]. While some of these ligands are associated with lipid
rafts [146], [147], there are no reports on whether LAG3 binding to MHC-II or non-MHC
ligands depends on their clustering in lipid rafts in cancer cells. Lipid rafts, abundant in most

cancer cells [174], were confirmed by CD59 expression on the melanoma and BCCL cells.

4.3 Lipid raft disruption enhances sLAG-3 binding to melanoma and breast cancer cell lines

As previously mentioned, considerable amounts of pMHC-II complexes are localized in
lipid raft microdomains [93], [94] and their depletion in MBCD-treated DC diminishes sLAG-3
binding [93], [94]. Thus, our finding of increased sLAG-3 binding to MBCD-treated MDA-MB-

435 cells was unexpected (Figure 3.12). Moreover, it occurred despite decreased MHC-II and
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CD59 expression, indicators of successful lipid raft disruption. These results were reproducible,
as were follow up experiments showing MPBCD-treatment dramatically augmented sLAG-3
binding to three of four HLA-II'BCCL. Only MBCD-treated SKBR3 showed reduced sLAG3
binding compared to control-treated cells. The results do not correlate with levels of HLA-II or
CD59, which were variably altered by MBCD on BCCL. It is possible MBCD altered the lipid
density in the cell membrane in such a way as to more optimally expose MHC-II or non-MHC-II
ligands for stronger LAG-3 interactions. Indeed, a recent study reported lipid membrane packing
made target cells including MDA-MB-231 resistance to NK cell lysis, which could be overcome
by lipid raft disruption, presumably by increasing ligand availability [133].

Intriguingly, control-treated BCCL in the lipid raft depletion experiments also displayed
increased binding over that observed in the previous experiments. This inconsistency could be
related to methodological differences. Up to this point the SLAG-3 binding assay used live cells,
pre-incubated with 10% AB serum to block non-specific F. receptor binding. For MBCD- and
control-treated cells, cells were post-fixed with 2% PFA to prevent lipid raft reassembly and serum
was removed from all buffers to prevent cholesterol incorporation into the cell membranes. Given
strong sLAG-3 binding to normal B-cells and MDA-MB-435, it seems improbable that free
sLAG3 in FCS would interfere with sLAG-3 binding to BCCL. Another possibility is PFA, which
cross links proteins during fixation, somehow allowed for more optimal display of LAG-3 binding
ligands; the caveat here is increased binding to the control-treated cells only occurred with BCCL
and not with MDA-MB-435.

A preliminary experiment, done to explore the effects of incubating sSLAG3 with live
cells for 24 hours at 37°C, revealed similar levels of SLAG-3 binding to MDA-435 as those in

experiments where cells were incubated with sSLAG-3 for 30 min (data not shown). However,
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sLAG-3 binding to MD-MB-231 and BT-20 were substantially higher than in the previous two
experiments. The most likely explanation is either prolonged incubation, change in incubation
temperature to 37°C or both. Notably, prolonged LAG-3 incubation did not significantly affect

expression of MHC-II, PD-L1 or DM on these cells as ascertained by flow cytometry.

4.4 PD-L1 expression on cancer cell lines

Although PD-L1 was not the main focus of this work, it was included since like MHC-II,
it is upregulated by IFN- y and together with its ligand, PD-1, and LAG-3 are targets for
checkpoint immunotherapy. PD-L1 expression on BL was not included but previous studies
show BL cells [175], [176] do not express PD-L1. The results here confirm the presence and/or
upregulation of PD-L1 on melanoma and some breast cancer cell lines, work done by a previous
student in the Drover lab [156]. Here we additionally tested whether PD-L1 expression was
altered by lipid raft disruption. Effect of PD-L1 expression by MBCD treatment varied by cell
line. Post MBCD treatment PD-L1 expression increased on MDA-MB-435 and SKBR3, while
PD-L1 decreased on MDA-MB-231 and BT-20. The explanation for these finding is currently

unclear and requires further experimentation.

4.4 Future directions

It is clear from these results and recent literature that the process of LAG-3 binding has a
number of intertwining factors that differ among cell types. LAG-3 is a target for many cancer
treatment therapies, with numerous studies and clinical trials investigation the efficacy of LAG-3
immunotherapies, both alone and in combination with other medications. The more we learn about

how LAG-3 interacts with cancer cells, the better we can develop and test immunotherapies. Based
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on the results from these experiments some additional experiments that would provide valuable

knowledge include:

1.

Results from LAG-3 binding to lymphoblast experiments suggest that the ratio of DM and DO
may play an essential role in the level of LAG-3 binding. Measuring levels of DO expression
on both lymphoblast and cancer cell lines could provide helpful information on how the MHC-
II processing pathway can affect LAG-3 binding to MHC-II.

The flow cytometry protocol for MBCD treatment of cancer cell lines analyzed CD59 as an
indicator of lipid raft integrity. However, on cancer cell lines the decrease in CD59 was not as
large as expected if lipid rafts have been entirely obliterated. Adding additional methods such
as Western blotting to measure lipid raft markers would give more information as to how well
the MBCD treatment worked. As well, using a fluorescent marker to label lipid rafts pre- and
post-treated MBCD cells would help to effectively interpret results from lipid raft disruption.
There were differences in LAG-3 binding to BCCL in initial sSLAG-3 binding experiments
compared to MBCD untreated cells in lipid raft disruption experiments. There were some
differences in the preparation of cells in each of these sets of experiments. Further exploring
the differences between these protocols through investigating whether blocking with AB serum
or fixing cells significantly affect LAG-3 binding. This would determine if the precautions
taken to limit lipid raft reassembly during MBCD experiments can explain the unexpected
alLAG-3 binding results in untreated cells.

Since commencing this study, much research has been published on alternate ligands for LAG-
3. During the course of these experiments the only ligand quantified was the primary ligand of
LAG-3, MHC-IL It would be interesting to measure levels of expression of LSECtin, Gal-3

and FGL-1. Other important information would be how these proteins are affected by IFN-y

92



treatment of cancer cell lines as well as whether expression is increased post lipid raft

disruption by MBCD treatment.
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