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Abstract

Adaptive immunity is vital for surveillance and protection against internal and external
threats. It is also essential for pathogen clearance and maintaining immune homeostasis in
organisms. CD8+ cytotoxic T-cells (CTLs) are central players in adaptive immunity. They
can kill infected/cancerous cells by forming specific and directional immunological synapses
with them and releasing cytotoxic granules at the synaptic interface. Although this has been
established in previous studies, the precise molecular machinery involved in the delivery and
the release of the granules at the synapse remains unclear. Additionally, cholesterol
seemingly plays a critical role in CTL activation and effector response, but its functional
pathways are yet to be brought to light. We address both these questions by modulating the
membrane cholesterol levels of CTLs with the help of pharmacological inhibitors such as
MBCD and U-Drug and look at the extent of degranulation in response to these treatments
under various activation conditions. This analysis reveals that while the aforementioned drugs
demonstrably influence the intracellular movement of granules, they don’t significantly
impact the degranulation process. This implies that the two processes are decoupled to a large

extent and thus can be regulated independently.
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Introduction

Immunity, from its Latin word immunis, is the state of being insusceptible or resistant to a
noxious agent or process, and Immunisation is the production of immunity in an organism
(Immunity, Immunization - Quick search results | Oxford English Dictionary). People have
been employing the principles of immunization without fully understanding the concepts of
immunity in multiple regions of the world for many years. Wan Quan’s account of smallpox
variolation in 1549 was one of the first documented instances of immunization in China
(Needham, 2000). Many years later, this method was reintroduced by English physician
Edward Jenner to target smallpox again using cowpox pustule fluid (Riedel, 2005). There
have also been Egyptian reports from the Ebers Papyrus describing how Imhotep externally
infected tumours using a poultice to induce their regression and partially ease patient distress
(Radha and Lopus, 2021). This concept was brought back by William Coley, who used heat-
killed Streptococcus as a vaccine against sarcomas (McCarthy, 2006). Taking note of these
instances, it's safe to say that we have come a long way in terms of the knowledge that we

now have about the functioning and the mechanistic underpinnings of immunity.

The vertebrate immune system represents an essential organ system indispensable for the
survival of multicellular organisms. Its primary function is maintaining a healthy homeostatic
state through a coordinated response against pathogenic entities. This multifaceted response
can be demarcated into three major functions. First is the direct elimination of these entities
and other atypical cells within the organism. Secondly, the generation of specific, potent and
long-lasting immunological memory during this process of elimination, and thirdly,
maintaining a fine balance to optimise pathogen clearance while minimising collateral

damage due to healthy host cells getting caught in the crossfire.

Mammalian immunity has at least two components that mediate function- the cellular and the
humoral. Cellular immunity consists of all the immune cells that provide protection against
both intracellular and extracellular pathogens in a direct manner, such as through
phagocytosis or by triggering apoptosis. Alternatively, humoral immunity comprises innate
and adaptive soluble factors like antibodies (Charles A Janeway et al., 2001a). Throughout
my thesis, I will focus on one of the central cell types contributing to cell-mediated

immunity, the T Lymphocytes (Broere and van Eden, 2019).
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T Lymphocytes belong to a much broader blood cell type called the leucocytes (White Blood
Cells), all arising from the Haemopoietic stem cells (HSC). HSCs give rise to Multipotent
Progenitors (MPP), which in turn give rise to granulocytes, antigen-presenting cells (APC)
and lymphocytes. The granulocytes comprise of neutrophils, eosinophils, basophils, and mast
cells which are primary components of innate immunity. Similarly, monocytes, macrophages
and dendritic cells contribute to the APC pool. APCs process and display an array of neo-
antigens from the pathogen as small peptide sequences through MHC class I or class II
molecules for other adaptive immune cells to recognise and to act on. Lymphocytes are
found in peripheral tissue spaces and constantly circulate through the lymphatic and
circulatory systems. They drain into the lymph nodes, where oftentimes they encounter
APCs. Lymphocytes are further divided into subtypes based on proteins that they express on
the cell surfaces called Cluster Differentiation (CD) proteins. Some major classes of
Lymphocytes are the B cells, the T cells and the NK cells. These classes are further
subdivided based on more specific cell surface markers. A brief schematic outlining the cell

types and their developmental origins and trajectories has been shown in

Another distinct classification method involves the developmental lineage, functional
parameters and time of action after infection of immune cells. This method of classification
differentiates between innate and adaptive immunity. The term ‘Innate’, which has been
borrowed from Latin, loosely translates to ‘existing at the time of birth’ and thus, Innate
immunity is an umbrella term for all the immune cell types that organisms are born with
(Charles A Janeway et al., 2001b). Due to this, the innate immune system forms the first line
of defence. The nature of the threats the innate immune system deals with are quite diverse
and sudden; thus, its cells are fast-acting but non-specific (Vivier and Malissen, 2005).
Complimentarily, the adaptive immune system is relatively slower-acting and highly specific
(Vivier and Malissen, 2005). It completely develops in humans around 2 years of age. It
shows a very large diversity both in its cell types and individual cell heterogeneity within a
cell type (Vivier and Malissen, 2005). These mechanisms are in place to aid its adaptability
and to fight against a plethora of pathogens. It also has some additional characteristics where
it can generate long-lasting memory and has a persistent and highly regulated effector
response. T and B lymphocytes are categorized under the adaptive immune system. In terms
of order of action, typically, the innate immune system tries to fight the infection first, and if

it cannot, adaptive immunity kicks in (Charles A Janeway et al., 2001b).
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Figure [- Schematic of the origin of the different immune cell types (Charles A Janeway et

al., 2001¢)

One of the primary functions of the immune system is to carry out surveillance in the body
(Ribatti, 2016). This surveillance like any other is done by inspecting and differentiating
self/non-self in an error free yet time efficient manner. The immune system receives a
barrage of signals through numerous pathways. It can detect digested peptides or foreign
DNA from pathogens, it can detect chemicals such as cytokines released by other immune
cells which in many cases point to loss in immune homeostasis. What’s worthwhile to note is

that the responses to these external cues are graded and dynamic.
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Immune cells employ 3 different cytotoxicity pathways to get rid of disease-causing cells
which are, direct contact, indirect contact and chemical stimulation (LI et al., 2015).
Chemically stimulated cytotoxicity is where cells undergo apoptosis due to cues present in
the extracellular environment. These cues are secreted by other immune cells that are not
necessarily in close proximity to the cells that they act on. This cytotoxicity is non-specific
and acts in a widespread manner. Direct contact cytotoxicity, on the other hand, is a
characteristic feature of T-cells and NK cells and is highly specific (Minute et al., 2020). In T
lymphocytes, especially CD8+ T-cells, cytotoxicity can be mediated through Fas-FasL
interaction and the pMHC-TCR interaction (Charles A Janeway et al., 2001d). The Fas-FasL
interaction is a self-regulatory mechanism established to eliminate potentially harmful T-cells
(Shrestha and Diamond, 2007). Conversely, pMHC-TCR interaction triggers direct contact
cytotoxicity-mediated killing (Charles A Janeway et al., 2001d). This pMHC-TCR interaction
that takes place between the CD8+ T-cell and the target cell is the central pathway that
effector CD8+ T-cells use for killing. Mechanistically, depending on the strength of the
pMHC-TCR interaction, a downstream cascade of signalling can be triggered, eventually

resulting in the directional degranulation of CD8+ T-cells (Ma et al., 2012).

Degranulation is not limited to effector T lymphocytes. It’s a much more widespread
phenomenon exhibited by many immune cell types where they release certain specialized
antimicrobial compounds which are stored in membrane bound vesicles called cytotoxic
granules, in response to stimuli (Mok et al., 2021). It’s an essential immune response
exhibited by Lymphocytes, macrophages, neutrophils, mast cells, eosinophils, and basophils
(Mok et al.,, 2021). Depending on the substances released, this process can regulate
inflammation and carry out directed cell killing. Dysregulation of degranulation can lead to
various immune disorders and diseases, such as autoimmune diseases and cancer. The two
major cell types that carry out directed cell mediated killing through degranulation across an
immune synaptic interface are NK cells and T-cells (Charles A Janeway et al., 2001d; Dustin
and Long, 2010; Prager and Watzl, 2019). Now, focussing on CD8+ T-cell degranulation
again, there are multiple stages between the first pMHC-TCR interaction and the final step of

degranulation. They are briefly described below.
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Firstly, Cytotoxic T cells recognize their target cells through the interaction between their
TCR and the peptide-MHC complex displayed on the target cell's surface. Numerous such
peptide-MHC and TCR interactions lead to the formation of the immunological synapse, a
specialized contact region with a relatively conserved arrangement of molecules at the plane
of the interface of the two cells (Dustin, 2014, p. 20). Once a stable immunological synapse is
formed, T-cells undergo a series of immediate downstream phosphorylations, which
ultimately increase the cytoplasmic calcium concentration of T-cells (Angus and Griffiths,
2013). After stabilising the immunological synapse, the CTL polarizes its microtubule-

organizing centre (MTOC) towards the synapse.

The MTOC reorganisation leads to the reorientation of granules and promotes their
directional transport towards the immune synapse. The granules then dock near the
immunological synapse awaiting degranulation. It’s important to note that all these steps
happen initially during the priming of the CTLs with specific antigens. This priming
generally happens in the lymph nodes through APCs. It’s the first round of activation which
triggers the production of granules in the CTLs. These cells do not degranulate immediately
after this activation. Instead, they produce and sequester the granules within them so that they
can degranulate thereafter. These primed CTLs are sent out into circulation again where they
carry out immunosurveillance. Upon encountering a specific antigen again such that the
threshold for pMHC-TCR signalling is crossed, the cytotoxic T cell releases the contents of
its granules onto the target cell. The major components of cytotoxic granules are Perforin,
Granzyme B and Granulysin (Charles A Janeway et al., 2001d). Perforin perforates the cell
membrane of the target cell (Osinska et al., 2014). Granzyme B which is the most powerful
pro-apoptotic member of the Granzyme family, has a caspase-like activity to cleave
substrates. It can also cleave and activate many procaspases directly (Trapani, 2001). In these
ways it triggers the apoptosis pathway, thereby killing and exposing any intracellular
pathogens that might be residing within the target cell (Sutton et al., 2000). Granulysin is a
unique cytolytic pro-inflammatory molecule only found in humans (Krensky and Clayberger,
2009). Along with perforin, it eliminates the intracellular pathogens (Hanson et al., 1999).
Granulysin also independently has antimicrobial activity where it can directly kill bacteria,
fungi and parasites. It does so by entering the target cells and perforating the cell walls of the
intracellular pathogens (Stenger et al., 1998). The cytotoxic granules also contain anchor
proteins such as serglycin which are responsible for effective storage and protection of the

antimicrobials inside the granules (Korpetinou et al., 2014).
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CTL Degranulation at the immunological synapse thus plays an essential role in adaptive

immunity (Cassioli and Baldari, 2022). It can potentially control the efficiency and the

specificity of the response mounted against various infections as well as cancer, and thus, it is

a central area of study. Altering the extent of degranulation could potentially be used to tune

CTL activity to regulate immune responses.
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Figure 2 -- Schematic depicting degranulation in CTLs (Biorender.com)
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Literature Review

The Immune Synapse

“Immunological synapses are antigen-specific cell-cell junctions with a synaptic cleft
stabilized by bona fide adhesion molecules for vectorial cell-cell communication between an
immune cell and an antigen-presenting cell” (Dustin, 2014). This definition of the immune
synapse is succinct but it’s worthwhile to break it down and elaborate on parts of it in a
piecewise manner. The first phrase to focus on is ‘antigen-specific’. Antigen specificity is an
inherent property of the immunological synapse (Huppa and Davis, 2003). A relatively strong
pMHC-TCR interaction is required to form the immunological synapse. Even though studies
have shown that a single pMHC-TCR interaction is sufficient to trigger T-cell response
(Huang et al., 2013), in most cases, a threshold number of pMHC-TCR interactions must be
crossed to activate CTLs and trigger degranulation. The next part that should be focussed on
is ‘bona fide adhesion molecules.” This implies that there are specialized adhesion molecules
that are present on the T-cell and the APC, such as LFA-1 and ICAM-1 which play a role in
stabilizing the immune synapse (Dustin and Cooper, 2000). Finally, we need to appreciate
‘vectorial’ communication. In this case, it implies directional information transfer between
the two cells. Molecules don’t just travel by random diffusion in the synaptic cleft. There are
mechanisms in place that help in the targeted delivery of cellular cargo. Another important
thing worth pointing out is that there is bi-directional cargo transport. There has been
evidence such as endocytosis of pMHC-TCR complexes and vesicular trafficking of other
molecules into the T-cell (Liu et al., 2009) showing transport from the target cell to the T-
cell. There has also been evidence of mitochondrial transfer from cancer cells to T-cells

(Zhang et al., 2023).

Now that a basic understanding of the immune synapse has been established let’s look at the
spatial organisation of the immune synapse and the rationale behind its conserved structure.
In 1998, Collin Monks and his team discovered that molecules participating in a typical CTL
immune synapse, contrary to a homogenized distribution that you’d expect, are segregated
into concentric regions which he termed as supramolecular activation clusters (SMACs)
(Monks et al., 1998). Less than a year later it was shown that there is a surge of Intercellular
Adhesion Molecule 1 (ICAM1) at the contact site between the 2 cells and TCR ligands were
being transported to the cSMAC (Grakoui et al., 1999).
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As the synapse progressed, ICAMs were pushed to the pSMAC and centre of the immune
synapse was populated with TCR-MHC complexes. Since then, the organisation of the
immune synapse has been extensively studied and many more molecular interactions have
been characterized. Figure 4 shows a simplistic depiction of immune synapse based on our

recent understanding of it.

Stage 1- Junction formation Stage 2- MHC-peptide Stage 3- Stabilization

transport
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Figure 3- Model of formation of the Immunological synapse (Grakoui et al., 1999). Junction
formation: T cell recognizes pMHC through TCRs and stop exploring further. MHC peptide
transport: Transport of pMHC-TCR to the cluster centre mediated by actin. Stabilization:

MHC'’s are “locked in” for effective signal transduction and activation.

APC

Figure 4- Model Immunological synapse (Dustin, 2014). Black = F-actin lamellipodium,
Blue = LFAI-ICAMI1 adhesion, Red = TCR-MHC, Green = CD28-CD80 costimulatory

molecules.
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Having looked at the structural organisation of the immune synapse, it’s important to briefly
discuss downstream signal transduction in the T-cell following the formation of the immune
synapse. There have been numerous studies recording the activities of protein regulators in T
cell activation (Koretzky and Myung, 2001). The TCR by itself doesn’t have tyrosine kinase
activity. It compensates for that with cytosolic protein tyrosine kinases (PTKs) such as the
SRC, SYK, and TEC families (Shah et al., 2021). These PTKs phosphorylate tyrosine
residues within immunoreceptor tyrosine-based activation motifs (ITAMs) of various CD3
subunits, which forms the binding site for ZAP70, a SYK-family PTK. ZAP70 then
subsequently phosphorylates LAT and SLP76, further relaying the signal (Finco et al., 1998;
Yablonski et al., 1998; Zal et al., 2002). Activation of PLCyl by SLP76 leads to IPs
production, which causes cytosolic free calcium accumulation. The phosphorylated SLP76
binds to VAV, which activates RAC/RHO GTPase activity that is essential for actin

reorganization through the Guanine Nucleotide Factor (GEF) (Kraynov et al., 2000).

l l
Activation of transcription factors
e.g. NFAT, NF-kB

Actin o
reorganization

Nucleus

Figure 5- Downstream signal transduction in T-cells (Koretzky and Myung, 2001).
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Cholesterol
There are various external factors that regulate CTL degranulation and the subsequent

adaptive immune response. One such factor that has been studied previously to a large extent
is the effect of cholesterol on effector T-cell activity. Cholesterol is an irreplaceable yet
enigmatic molecule which plays significant roles in cellular function and maintaining
homeostasis (Yeagle, 2022). It is ubiquitously found in cellular organelles and forms major
parts of the endomembrane system where it fulfils multiple roles (Lippincott-Schwartz and
Phair, 2010). Specifically, cholesterol plays a central role in T-cell function and thus
perturbations made to cholesterol concentrations can have a major impact on their effector

responses.

There have been quite a few studies investigating how altering cholesterol concentrations can
lead to changes in CD4 and CD8 T-cell responses but the observations and the conclusions
drawn from them have been varied and a unified mechanism of how cholesterol operates in
facilitating/impeding T-cell function is absent (Heiniger et al., 1978; Ma et al., 2019; Yan et
al., 2023; W. Yang et al., 2016). I will try to highlight some of the caveats and shortcomings
of these studies due to which a consistent set of observations aren’t available and a general
causative mechanism cannot be proposed. The first caveat is the indispensability of
cholesterol (Yeagle, 2022). Due to its essentiality in cell survival and cell health,
perturbations to its concentrations within the cell are limited to ones that don’t significantly
hamper cell viability. Thus, a stark contrast can’t be obtained to appreciate the differences in
cell function perspicuously. The second point is the ubiquitous presence of cholesterol in
most regions of the cell (S.-T. Yang et al., 2016). This is in part due to its indispensability but
it poses a unique problem. The concentrations of cholesterol in the cell are very dynamic and
never uniform (Ikonen, 2008). Cholesterol is in a constant state of flux where there are multi-
step internal pathways that are responsible for cholesterol synthesis such as the mevalonate
pathway and influx/efflux pumps found conserved in most cell types which are responsible
for the uptake of dietary cholesterol and releasing cellular cholesterol into the blood stream.
Thus, the cholesterol content of the cell is controlled by the uptake, biosynthesis and efflux
all driven by intracellular sensors in a tight regulatory circuit (Hu et al., 2023). With so many
potential points of intervention, regulating whole cell cholesterol levels is not
pharmacologically feasible as one would have to use multiple drugs to target each of these

pathways for cholesterol modulation. Not to mention that this could also compromise cell

health.
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Figure 6- Cholesterol metabolism and mechanisms to maintain cholesterol homeostasis. (Hu

etal., 2023)

Studies so far use pharmacological modulators that alter cholesterol levels for specific
organelles. This is a great way of approaching the larger question where you
compartmentalize and focus on specific regions of the cell. The problem that arises with this
is that if the mechanistic understanding for the drug’s action on cholesterol function in that
subcellular region is not established then it’s difficult to pinpoint why the altered phenotype
is seen. What adds to this difficulty of cholesterol perturbation is that it doesn’t have a
universally stimulatory or inhibitory effect in terms of the effector phenotype readout. To
elaborate on this, I will highlight two studies. Xingzhe Ma and colleagues showed how
excessive cholesterol in the tumor microenvironment causes ER stress in the CD8+ Effector
T-cells and the stress can be alleviated by depleting cholesterol (Ma et al., 2019). On the
other hand, a study published by Chengsong Yan and colleagues underscored the fact that
tumor infiltrating CD8+ effector T-cells were infact cholesterol deficient due to which they
were not able to carry out effective tumor clearance (Yan et al., 2023). Both these studies
have looked at cholesterol content in different pathways and that seems to be the primary
reason why they have contradicting conclusions. Thus, depending on the subcellular

compartment that the drug targets, you can have both activating and inhibitory effects.
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Now that enough groundwork has been laid down to appreciate the complexity and nuances
of the problem at hand, a transition can be made into the background of the specifics of the
system that we used for the work done during my thesis. Previously in the lab, granular
recruitment at the synapse has been studied through lattice light sheet microscopy. A planar
lipid bilayer system was used for this, where the glass surface was coated with ICAM-1 and
specific pMHC complexes which were conjugates for TCRs that the T-cells were expressing.
These ligands were embedded in the bilayer to mimic the APC surface. The T-cells were
treated with an array of pharmacological inhibitors and then were put onto the bilayer to form
synapses. The imaging of these synapses was done and granular movement was characterized
through different parameters such as distance, linear velocity, angular velocity and so on.
Two of these small molecule inhibitors caused a discernible change in granule movement-
Methyl-B-cyclodextrin (MBCD) and CK666. MBCD treatment slowed down granule
movement in the cell implying that reduction in the cholesterol levels reduced the linear
velocity and increased the distance of granular movement since it’s a small molecule
inhibitor that lowers the cholesterol in membranes of the cell. CK666 which is a small
molecule actin polymerization inhibitor also had the same effect on granule movement where
it showed reduced linear velocity. CK666 binds to the 7 subunit Arp2/3 complex which is an
actin nucleating factor (ANF) (Hetrick et al., 2013). Arp 2/3 is responsible for branched chain
actin formation where it acts as a hinge at the intersection of two F-actin strands (Mullins et
al., 1998; Rotty et al., 2013). This implied that reduced branched chain actin formation
caused a reduction in granule movement. This was hypothesized to be due to the fact that
branched networked actin structures are necessary for facilitated diffusion across large areas

(Rizvi et al., 2009). The data for this has been shown in figure 6.

Of these two, the effect of cholesterol reduction on granule movement was something we
decided to pursue further as it had previously become apparent that the effect of cholesterol
in T-cell effector function was unclear. To work around the generality and complexity of the
question, we decided to study a specific case where we, characterized CTL degranulation
while varying the cell membrane cholesterol content. Here we were restricting ourselves to
the cell membrane which was optimal since it forms the interface where degranulation
eventually takes place. It seemed like the natural next step after finding a reduction in
granular movement after MBCD treatment. Thus, we have looked at the effect of cholesterol

enriched/depleted cell membranes on degranulation efficiency in primed CTLs.
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Figure 7 -Distance and velocity measurements of granular movement inside T-cells after

treating with multiple small molecule inhibitors.

Cholesterol plays a consequential role in membrane dynamics, both in the cell membrane and
the endomembrane system. It contributes to the membrane fluidity, thickness, compressibility
and the intrinsic curvature of the membranes in which it resides (S.-T. Yang et al., 2016).
Cholesterol plays an eminent role in TCR activation and clustering as well. It binds to the
TCRP chain of inactive receptors and maintains them in that state in the absence of
stimulation and thus is an allosteric inhibitor of TCRs (Hu et al., 2023). Surprisingly though,
an excess of cholesterol in the membrane can lead to enhanced TCR clustering which
increases the avidity of the cell and lowers the threshold activation required by antigen
stimulation (Pathan-Chhatbar et al., 2021). These are cardinal events that precede the

formation of the immune synapse and can potentially affect degranulation.
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Figure 8- Arrangement of cholesterol in TCR conformations and clustering. (Hu et al., 2023)

Having touched upon cholesterol’s role in T-cell activation, it’s important to understand the
role of the two small molecule inhibitors that we employed in order to enrich/deplete
cholesterol in the cell membrane. They were Methyl-B-cyclodextrin (MBCD) and U18666A
(U-Drug) respectively. Both of them have antagonistic effects on cell membrane cholesterol
levels (Cenedella, 2009; van Gestel et al., 2005). MBCD is a cyclic oligosaccharide with a-
1,4 glycosidic bonds. It is a widely used membrane cholesterol inhibitor (Ulloth et al., 2007).
It’s mechanism of action for cholesterol exclusion from the cell membrane is that it traps
cholesterol within its cavity and in doing so disrupts the structure of lipid rafts as well
(Mahammad and Parmryd, 2015; Rodal et al., 1999). It competitively excludes cholesterol in
an irreversible manner and hence cells are very sensitive to the action of MBCD. It is
generally used in low concentrations over very short time-scales in order to maintain cell
viability. U-Drug on the other hand does the opposite of this and enriches the cell membrane
and the endomembrane system with cholesterol by stagnating cholesterol transport (Song,
2022). U-Drug goes and binds to the sterol sensing site of Neimann-Pick C1 (NPC1) which is
a lysosomal membrane protein (Lu et al., 2015). It is a cationic amphiphilic drug that
accumulates in the acidic intracellular compartments of lysosomes (Salata et al., 2017). In
doing so, it inhibits lysosomal cholesterol recycling and thus eventually cholesterol ends up
accumulating in the cell membrane. It is not as toxic as MBCD and thus can be used at
relatively higher concentrations and treatments are given for longer periods of time to obtain
the desired effect. At these higher concentrations U-Drug stagnates cholesterol transport in

the endoplasmic reticulum, golgi and cell membrane (Poh et al., 2012).
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Through this study, I aim to decipher the role of cell membrane cholesterol in the
degranulation of cytotoxic T-cells and hope to provide functional insights into how cell
membrane dynamics play a role in T-cell mediated cytotoxicity. Our findings could
potentially provide targets for therapies to modulate T-cell cytotoxicity and thus

heighten/dampen the adaptive immune response based on disease conditions.
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Materials and Methods

Isolation of Immune cells from Mouse Lymph nodes and Spleen

A T25 Flask was coated with IgG antibody (100ung/ml). Mice were rendered unconscious
using Isoflurane and then euthanized by cervical dislocation. The skin and fur were cut off
over the mouse's ventral side (abdomen), taking care not to rupture the peritoneum. Inguinal
(Lower side) and brachial (Upper side) lymph nodes were extracted by surgical forceps. They
were muddled through a 40-micron cell strainer with the base of a sterile syringe piston. The
mesenteric (middle) lymph node was extracted from the base of the intestine after cutting
open the peritoneum. The spleen was extracted similarly, and both were passed through the
40-micron filter with the help of the base of a sterile syringe piston as well. The filtered cell
suspension was centrifuged at 600rcf for 5 minutes at 4°C. To remove the RBC fraction, we
added 1-2 ml of RBC lysis buffer (1X) and let it sit on ice for 7 minutes. The reaction was
quenched with excess PBS. The cells were spun down again at 600rcf for 5 minutes at 4°C.
Now, the cells were transferred to the IgG-coated flask and incubated for 45 to 50 minutes to
eliminate immune cell types which expressed the FcyR, which left behind an enriched
population of T-cells suspended in media. This step was repeated once again to enrich the T-
cell population further. The T-cells were pelleted down at 600rcf for 5 minutes and seeded in
a 6-well plate with the appropriate cell number per well. They were then given the requisite

activation and were maintained in IL2 (10 units/ml) to aid survival and proliferation.

PBMC Isolation from human blood

20 ml of blood was collected in sodium heparin tubes and diluted with PBS in a 1:1 ratio. It
was layered with density gradient medium in a 2:3 ratio and centrifuged at 500rcf with an
acceleration of 4 and deceleration of 0 at room temperature (RT) for 30 minutes. The buffy
coat was isolated and washed with 10ml plain Rosewell Park Memorial Institute (RPMI) and
then spun down at 500rcf for 10 minutes. This process was repeated once more to get rid of
any leftover density gradient media. The isolated PBMCs were then counted and seeded in
appropriate-sized plates/flasks. The cells were activated with either 25ng/ml Phorbol
Mpyristate Acetate (PMA) and 0.5uM lonomycin or 5ug/ml each of coated anti-CD3 and
soluble anti-CD28. The cells were maintained in IL2 (10 units/ml) supplemented media and

cultured at 37°C and 5% CO; for further experiments.
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Biotinylation of Antibody

This process was done individually for every antibody. We took 1mg/ml of each antibody
and then added 50pul of NaHCOj3 for every 0.5ml of Antibody solution. We added Ez-link
sulfo-NHS biotin such that the ratio of moles of antibody to the moles of biotin is 1:20. These
mixtures were incubated on the shaker for 2 hours, shielded from light at RT. The reaction
was quenched using 1M Tris-base such that 2.5 pl of it was added for every 100 pl of biotin-
antibody mixture. The separation columns were equilibrated with PBS once. Then, the
biotinylated-antibody solution was washed 5 times with PBS through this separation column,
and each time after washing, the separation column was spun down at 2000rcf at 4°C. To
make the antibody cocktail, we mixed the biotinylated goat anti-mouse B220, CD4, IgG and
CD16/CD32 in the ratio of 3:2:2:3. This was done to match the ratio of the corresponding cell
populations, which bind to these specific antibodies and are found in splenic and lymph node
isolates from mice (Veldkamp et al., 1974). For the positive human CD8+ T-cell isolation,

we only used biotinylated mouse anti-human CD8 antibody.

Murine CD8+ T-cell isolation (Negative Selection)

We spun down 50 million cells and resuspended them in a falcon with 500ul of Magnetic
Activated Cell Sorting (MACS) separation buffer. After adding 100u1 of Fetal Bovine Serum
(FBS) to this mixture, we added the biotinylated antibody cocktail such that its final
concentration in the cell solution was 5 pg/ml. The FBS was added to prevent any non-
specific binding of the antibody cocktail in the cell mixture. After this, we incubated the
mixture for 15 mins on ice. At the end of this incubation, the volume of the cells-antibody
mixture was made up with ice-cold PBS and the cells were spun down at 350rcf for 8 mins at
4°C. This wash was given to get rid of any unbound antibody that might be present in the
solution. Subsequently, streptavidin-coated magnetic beads (stock concentration = 1.5 x 10®
beads/ml) were mixed in with the biotinylated antibodies and cells such that the ratio of beads
to cells was 4:1. Then the beads plus cells mixture was incubated for 15 mins at RT and was
repeatedly mixed gently by swirling to allow biotin-streptavidin crosslinking. This
suspension was transferred into a FACS tube, and the volume was made up to 3.5 ml with
MACS buffer. After placing the FACS tube in the magnet, it was rotated gently a few times
and then left undisturbed for 3 minutes. The solution was decanted into a falcon without
removing the magnet. This helped separate out the CD8+ enriched fraction. After this, the

FACS tube was removed from the magnet, and the bead-cell dimers were washed and
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resuspended with MACS buffer. This fraction was the CD8+ depleted population of cells.
Both these cell populations were spun down at 600rcf for 5 mins and cultured in IL-2
containing RPMI medium. The isolation efficiency was checked through flow cytometry by
measuring the fraction of CD8+ cells in both these fractions as well as the pre-sorted fraction
of cells. In the subsequent times that murine CD8+ isolation was done, the CD8+ depleted
population was discarded, and the enriched population was activated and cultured for further

experiments.

Human CD8+ T-cell isolation (Positive Selection)

We started with 10 million PBMCs and resuspended them in 200 pul of MACS buffer in a
falcon. To this, we added biotinylated mouse anti-human CD8+ antibody such that the final
concentration of it in the cell solution was 5 pg/ml. This mixture was incubated at RT for 10
mins. Streptavidin-coated magnetic beads (stock concentration = 1.5 x 10® beads/ml) were
added to the cell antibody mixture such that the ratio of beads to cells was 1:1. Now, this
bead antibody cell mixture was incubated at RT for 5 mins. Once the incubation was over, the
entire contents were transferred into a FACS tube where the volume was made up to 3.5 ml
with MACS buffer. The FACS tube was placed in the magnet, rotated gently a few times and
then left undisturbed for 5 minutes. Subsequently, the solution was decanted into a falcon
without removing the magnet. This flowthrough was the CD8+ depleted fraction. Now, the
FACS tube was taken out of the magnet, and the bead-cell dimers were washed and
resuspended with MACS buffer. This solution contained the CD8+ enriched fraction. Both
these cell populations were spun down at 600rcf for 5 mins and cultured in IL2 containing
RPMI. The isolation efficiency was checked through flow cytometry by measuring the
fraction of CD8+ cells in both these fractions as well as the pre-sorted fraction of cells. In the
subsequent times that human CD8+ isolation was done, the CD8+ depleted population was

discarded, and the enriched population was activated and cultured for further experiments.

Flow cytometry to check CD8+ isolation/antibody biotinylation efficiency

We checked the CD8+ isolation efficiency by staining with Fluorescein isothiocyanate
(FITC) labelled anti-mouse CD8 antibody and Pacific Blue anti-human CDS antibody. We
used 50l of staining solution for 0.1 million cells. To check the biotinylation efficiency of
the antibody, we stained with fluorescently labelled streptavidin beads. Post-staining, the

protocol for both these experiments was the same. We washed the cells twice with flow
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buffer and then spun them down at 520rcf for 6 mins. After discarding the supernatant, we
fixed the cells in 3.7% Paraformaldehyde (PFA) for 20 mins at RT. These cells were then

stored at 4°C until they were taken for flow cytometry.
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Figure 10 - CD8+ T-cell isolation outline for (4) Mice and (B) Humans (Biorender.com)
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Drug treatment (*¥)

CK666 — No pretreatment, 100 uM for the duration of the experiment across all experiments.
U-Drug — Pretreatment of 1uM for 30 minutes across all experiments.

MBCD — Pretreatment of 5pM for 5 mins during filipin staining. No pretreatment, 0.9 pM for

the entire duration of the CTL degranulation assay and the cytotoxicity assay.

Cell Activation conditions

In Degranulation and Cytotoxicity assay experiments, the isolated CD8+ T-cells were
primed/activated using one of two methods. In the first method, CD3-CD28 based activation
was carried out where the cells were incubated in wells coated with 5 pg/ml anti-CD3 along
with 5 pg/ml soluble anti-CD28 in the media overnight. Then, these cells were rested for 48
hours in IL-2 containing RPMI and used for further experiments. In the second method, the
cells were stimulated with 25ng/ml of PMA and 0.5uM of ionomycin both dissolved in RPMI
media. After overnight stimulation, they were rested for 48 hours, and then the cells were

used for further experiments.

Figure 11- Schematic representing the activation of CTLs in 2 ways. One with anti-CD3 and
anti-CD28, the other with PMA and lonomycin (Biorender.com)
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Filipin Staining

Cells were fixed with 3.7% PFA for 20 mins at room temperature (RT). After rinsing them
with phosphate buffer saline (PBS) thrice, they were stained with 0.05mg/ml filipin for 1
hour at RT. Once again, the cells were washed thrice with PBS, resuspended in flow buffer,
and viewed by epifluorescence microscopy using a UV filter set (340-380 nm excitation, 40
nm dichroic, 430 nm long pass filter). The same protocol is used for staining in microscopy

chambers as well.

Note:
1. Protect Filipin solutions from light. Filipin is very light-sensitive and undergoes rapid
photobleaching.
2. This protocol has been adapted from the Tabas Laboratory (“Ira Tabas, MD, PhD,

Columbia University,” n.d.)

CTL Degranulation Assay

We took the CD8+ activated cells and kept them in IL-2-free media overnight. 2 hours before
the experiment, we put them for serum starvation to prevent any non-specific premature
degranulation due to proteins that are already present in the media. Then, we treated the cells
with CK666, U-Drug and MBCD. The specific conditions of drug treatment that were used
have been mentioned previously (*). These pretreated cells were then further stimulated to
degranulate in two separate ways. In the first condition, a well coated with 5 pg/ml of anti-
CD3 was used along with 5 pg/ml of soluble anti-CD28 in the media. In the second
condition, 25 ng/ml of PMA was used along with 0.5 pM/ml of ionomycin. After this, we
added 2pg/ml of Phycoerythrin (PE) labelled LAMP-1 antibody in case of human CTLs and
Alex Fluor 647 in case of murine CTLs and incubated at 37°C for 1 hour. Then, we added
100ng/ml Brefeldin (golgi stop) to freeze Golgi movement and transport and prevent
internalisation of any LAMP-1 that has been tagged on the cell's surface. We incubated at
37°C for another hour. Finally, we fixed the cells with 3.7% PFA for 20 mins at RT. The
cells were stored at 4°C until they were taken for flow cytometry. The percentage of the
parent population was measured for LAMP-1 (660nm) and compared across the various drug

conditions. The plate set up for the experiment is given in Figure 11.
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Figure 12 - Plate Layout for Degranulation Assay. UT = Untreated, US = Unstained, CD3 =
Stimulated with anti-CD3 and anti-CD28, PMA = Stimulated with PMA and ionomycin

(Biorender.com)

Granzyme B staining synapse experiment

We carried out a synapse imaging experiment where we took primary mouse primed CD8+
T-cells and looked at their actin intensity and features along with granzyme content under 2
synapse timepoints - 2 mins and 10 mins. We coated pre treated 8 well imaging chambers
with Sug/ml of mouse anti-CD3 antibody and 2 pg/ml of ICAM-1 overnight. Subsequently
we treated the cells with CK666, U-Drug and MBCD. The specific conditions of drug
treatment that were used have been mentioned previously (*). 0.1 million cells were added
per well for the 10 min synapse and 0.5 million cells were added for the 2 min synapse. This
proportion was used in order to get uniform distribution of cells in each well. All the cells
were immediately fixed with 3.7% PFA for 20 mins at RT to arrest the synapse dynamics at 2
and 10 mins. They were then permeabilized using 0.2% Tween 20 for 20 mins at RT. The
reason for using Tween 20 and not Triton X 100 was that Tween is a milder detergent and it
doesn’t disrupt cholesterol content of the cell. Since, we also wanted to do Filipin staining to
mark the cholesterol, we chose to use Tween. After permeabilization, the cells were
incubated overnight at 4°C with Alexa Fluor 488 Phalloidin and Alexa Fluor 647 anti-

human/mouse Granzyme B antibody. Phalloidin binds to F-actin polymers and thus its stains
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the actin architecture of the cell. The granzyme B antibody stains granzyme B molecules
present in cytotoxic granules that are present within the cells and haven’t degranulated. The
next day the cells were washed twice with PBS and then filipin staining was done as
mentioned before. 100X epifluorescence imaging was carried out where actin was visualised
with the help of phalloidin under the FITC channel, Granzyme B was seen with the help of
Cyanine 5 (Cy5) channel and the Filipin staining was visualised with the help of the DAPI

channel.

2 mins uT CK666 || MBCD

.L A\ A.
s N N
8 J

10 mins uT CK666 | | MBCD

Figure 13 — 8 well chamber layout for the Granzyme B synapse timepoint experiment.

(Biorender.com)

Image Analysis

All the image analysis was done using Image] for quantifying cholesterol in different
treatment conditions. ROI drawing was done for every field by virtue of thresholding. The
mean fluorescence intensity was measured for all the cells in each condition and was then

plotted to compare the differences between the various treatment conditions.
Flow cytometry Analysis
All the flow cytometry analysis was done using FlowJo version 10.8.1 for analysing

degranulation assay. It was also used to look at the CD8+ T-cell isolation purity and the

biotinylation of the antibody.

Statistics

All the statistical tests were done using GraphPad Prism 8.0. Parametric unpaired students’ T-
tests were done to look at the significance of the epifluorescence data from the filipin staining
as well as the synapse plate experiment. All the flow cytometry data was analysed by non-

parametric unpaired T-tests.
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Results

Verifying the effect of MBCD and U-Drug on cell membrane cholesterol levels.
We saw a clear difference in the cholesterol levels present on the cell membrane of T-cells,
which were treated with MBCD and U-Drug. Epifluorescence images were captured at 30X
using Olympus IX83 for quantification. Representative images have been shown at 100X in
Figure 13. The whole cell mean fluorescence intensity (MFI) was analysed for over 500 cells
in each condition. As expected, MBCD depleted the cholesterol levels in the cell membrane
as shown in previous studies (Mahammad and Parmryd, 2015; Zidovetzki and Levitan,
2007). U-Drug on the other hand saturated the cholesterol levels as expected (Cenedella,
2009; Lu et al.,, 2015; Salata et al., 2017). Analysis was done by parametric unpaired
students’ T-test.

MBCD Untreated U-Drug

3134

@
Q

Figure 14 - 100X epifluorescence microscopy images of cells treated with MpCD & U-Drug.

Upper panel = Representative images of the three conditions. Lower Panel = Images

converted into thermal scale in order to highlight the contrast.
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Figure 15 - Comparison of MFI of cells across the three conditions. Significance analysis

done by parametric unpaired students’ T-test (n > 500).

Checking biotinylation of antibodies used for murine CD8+ T-cell isolation

We carried out flow cytometry to check if the biotinylation of the antibody had worked
before proceeding with the murine CD8+ T cell isolation. We checked for individual
antibody-labelled populations of immune cells from single cell suspension of lymph nodes
and splenic isolates of mice. We did this by incubating separate tubes of cells with
biotinylated antibodies and then checked for the number of cells that were labelled with the

antibody using fluorescently labelled streptavidin.

Biotinylation of the anti-CD4 antibody had worked since the number of cells it was binding
to was comparable to the physiological number of CD4+ T-cells found in the spleen and
lymph nodes. This was also observed for IgG which marks B-cells. Thus, we saw that the
percentage of labelled cell populations were comparable to numbers reported in studies done
previously (Nolte et al., 2000) and concluded that the biotinylation of the antibodies was
successful. The percentage of parent plots for each antibody are shown in figure 14 along
with a plot depicting the physiological numbers of the different immune cells found in the

mouse spleen and lymph nodes (Nolte et al., 2000).
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Checking the biotinylation of the anti-human CDS antibody couldn’t be carried out since the
physiological numbers for CD8+ T-cells vary drastically for each individual (Sender et al.,
2023).
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Figure 16 - Left Graph = Biotinylated antibody labelled cells checked with fluorescent
streptavidin beads. Right Graph = Representative data from a study that estimates the
amount and distribution of the various immune cell types in the spleen and lymph nodes
(Nolte et al., 2000). The bars indicated in blue and green are the ones that should be

compared.

Checking the efficiency of CD8+ T-cell isolation

Human

We checked the efficiency of human CD8+ T-cell isolation through flow cytometry. We did
this by staining for CD8+ T-cells in the enriched and depleted fractions as well as the pre-
sorted fraction. The samples were stained using a Pacific Blue (PB) anti-human CD8
antibody as well as Brilliant Ultra Violet (BUV) 661 anti-human CD3 antibody. The cells
that were double positive (CD3+ and CD8+) were considered, as CTLs express both the
ligands on their cell surface (Charles A Janeway et al., 2001e). There was a significant
increase in CD8+ T-cell proportion within the CDS8 enriched fraction when compared with
the whole PBMC fraction. Analysis was carried out using non-parametric unpaired T-test.
Our homemade kit gave an efficiency of around 75 - 80%. The commercial kit on the other

hand claimed an efficiency of around 90 - 95% (“Human CD8+ T Cell Isolation - IN,” n.d.)

Page | 39



and was significantly more expensive. As there wasn’t a drastic difference between the
isolation efficiencies of the homemade V/s the commercially available kit, we continued to
use the inhouse method for future experiments. Standardization of this protocol was carried

out in the lab. The experiment was repeated 3 times to test validity.
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Figure 17 - Flow cytometry data for checking human CDS8+ T-cell enrichment after isolation
with the homemade kit. Left Graph = Percentage CD8 T-cell fraction seen in Unstained
(US), whole PBMCs, CD8+ves and CD8-ves. Significance was checked by paired students’
T-test. Right Graph = Dot plot showing single replicates of all the fractions from the left
graph and their spread across a 2D space formed by the 2 antibody stains (n = 3).

Mouse

After checking for the biotinylation of the antibodies and making the antibody cocktail, we
carried out the CD8+ T-cell isolation and checked for its efficiency. Through flow cytometry
we checked for the fraction of CD8 T-cells in the CDS8 enriched and depleted fractions as
well as the pre-sorted fractions as done previously in the case of human isolation. Flow
cytometry data of the different fractions was obtained using FITC anti-mouse CD8 antibody.
We compared the isolation efficiency from the homemade kit with the efficiency of isolation
of a commercially available kit that we had (“Dynabeads™ Untouched™ Mouse CD8 Cells
Kit,” n.d.). The plots for both of these experiments are shown in Figure 18 and 19. Both the
kits showed a significant increase in CD8+ve fraction in the CDS8 enriched V/s the presorted

populations. Analysis was carried out using non-parametric unpaired T-test.
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The commercial kit gave us an efficiency of around 80 - 85% whereas the homemade kit

gave us an efficiency of around 70 - 75%. Since the difference between the two wasn’t too

large and the homemade kit was significantly more cost effective, we continued to use it for

further experiments. Similar to the Human isolation kit, standardization of this protocol was

also carried out in the lab. These experiments were replicated twice to check validity.
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Figure 18 - Representative SSC V/s FSC plots for the CD8 enriched (CD8+ve) and the CD8

depleted (CD8-ve) fractions showing the distribution of cells. The top panel is for the

commercial kit isolation and the bottom panel is for the homemade kit isolation. You can

clearly see the enriched lymphocyte population in the positive fraction which is absent in the

negative fraction.
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Commercial Kit Homemade Kit
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Figure 19 - Data for checking efficiency of mouse CDS8+ T-cell isolation using the
commercial kit and the homemade kit. In both the graphs, there are the Unstained (US), Pre-
sorted, CD8+ve and CDS8-ve fractions. Significance analysis carried out by non-parametric

unpaired T-test (n = 2).

Effect of cholesterol perturbation on degranulation in CTLs

Human and murine CD8+ T-cells after isolation using homemade kits were primed with
PMA and lonomycin and used for the degranulation assay. The extent of degranulation was
detected with the help of the proportion of cells that were LAMP-1 positive. Changes in the
frequency of the parent population were measured across various activation and treatment
conditions to see if the small molecule inhibitors did in fact have an effect on the extent of
degranulation. Figures 20 and 21 contain the data for the extent of degranulation in human
CTLs. There was no significant change observed in the extent of degranulation after
treatment with the inhibitors. The same was observed for murine CTLs as shown in the
figures 22 and 23. The experiment was repeated once both in case of murine as well as
human CTLs to test validity. The protocol for degranulation assay was standardized for the

lab.
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Figure 20 - Degranulation assay data for human CTLs activated with anti-CD3 and anti-

CD28. The frequency of parent was plotted on the Y axis along with the various treatments

and activation conditions on the X axis. The difference in degranulation between conditions

were non-significant. Significance was checked using non-parametric unpaired T-test. (n =

2)
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Figure 21 — Degranulation assay data for human CTLs activated with PMA and lonomycin.

The frequency of parent was plotted on the Y axis along with the various treatments and

activation conditions on the X axis. The difference in degranulation between conditions were

non-significant. Significance was checked using non-parametric unpaired T-test. (n = 2)
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Figure 22 - Degranulation assay data for murine CTLs activated with PMA and lonomycin.
The frequency of parent was plotted on the Y axis along with the various treatments and
activation conditions on the X axis. The difference in degranulation between conditions were

non-significant. Significance was checked using non-parametric unpaired T-test. (n = 2)
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Figure 23 - Degranulation assay data for murine CTLs activated with anti-CD3 and anti-
CD28. The frequency of parent was plotted on the Y axis along with the various treatments
and activation conditions on the X axis. The difference in degranulation between conditions
were non-significant. Significance was checked using non-parametric unpaired T-test. (n =

2)
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Multiple studies have reported multi-fold increases in the percentage of the parent population
as well as the median fluorescence intensity during their degranulation assays when they
quantified LAMP-1 expression on the cell surface (Lorenzo-Herrero et al., 2019; Terrén et
al., 2023; Weigelin et al., 2021). As we don’t see such a stark difference, we conclude that
cholesterol might not play as large a role in controlling the release of cytotoxic granules as it

might play modulating CTL activity through various other pathways.

Effect of CK666, MBCD and U-Drug on cytotoxic granules and actin

Since we couldn’t see any changes in the degranulation extent of CTLs after treating with
these pharmacological inhibitors. We thought it would be worthwhile to see if there was
granular accumulation in the T-cells that these drugs were causing. We looked at the actin
architecture during synapse formation as a control since others in the lab had already looked
at the effect of some of these drugs on the actin framework during synapse formation. The
cells were allowed to synapse for a short duration and a longer duration. 2 minutes was
chosen to observe the early synapse properties of the cells. 10 minutes on the other hand is a
long time in terms of synapse progression and was chosen to visualise the properties of the
cells stabilizing the synapse. The mean fluorescence intensity was measured for cells across

various conditions and plotted. Significance analysis was carried out by students’ T-test.

There was no significant change observed in the amount of granzyme B staining across all
the conditions in both the 2minute and 10minute synapsing cells. This implied that none of
these drugs caused the stagnation of cytotoxic granule transport or granule accumulation in
primed CTLs. The presence of granules was confirmed visually as punctate structures within
the cells as have also been shown in the representative images in figure 25. Although the
proportion of cells that were positive for granzyme staining were relatively less. This could
be due to the fact that the primed CTLs might be degranulating due to external stimulation
from certain media components. Thus, although previously in the lab it had been shown that
MBCD and CK666 slow down granular movement within the cell. They don’t seem to

stagnate it and they certainly are not causing accumulation of granules.

Analyzing the phalloidin staining data, CK666 caused a reduction in the mean phalloidin
intensity as compared to the Untreated (UT) cells both in the 2minute and 10minute case.
Phalloidin binds to F-actin polymers and thus reduction in its intensity implies that the

amount of F-actin is going down in the cell. This is a widely observed phenotype and the
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molecular mechanism behind this has also been studied (Henson et al., 2015; Hetrick et al.,

2013).

An interesting point to note is that in the 2minute synapse, U-Drug was also causing a
reduction in the mean fluorescence intensity but that difference disappeared at the 10minute
timepoint. This however was not observed when the experiment was repeated and thus could

be due to a handling error.

The trends seen in filipin fluorescence intensity were conserved and were identical to the
variation seen in the first result described. CK666 did not change the cellular cholesterol

content and thus showed a non-significant change when compared to the untreated cells.
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Figure 24 - Scatter Plots depicting the variation in mean fluorescence intensity for granzyme
B (A & B) as well as Phalloidin (C & D). Graphs A & B show the variation in Granzyme B
levels across different treatment conditions after 2minute and [0minute synapses
respectively. Graphs C & D show the variation in Phalloidin stained actin levels across
different treatment conditions after 2minute and 10minute synapses respectively. Significance

analysis was carried out using students’ T-test. (n = 2)
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Discussion

The work focussed on studying the effect of cell membrane cholesterol on degranulation in
cytotoxic T-cells. The data gathered confirmed that MBCD and U-Drug both do in fact work
antagonistically to modulate the cholesterol concentrations of the membrane of the cell. Their
mechanisms of action and effects have been shown in multiple scenarios and they do behave
in a similar manner when it comes to T-cells as well (van Gestel et al., 2005) (Mahammad
and Parmryd, 2008). Although both these drugs have other effects on the cells as well, by
optimizing their concentrations and the time of treatment, we have been able to minimize
undesired effects in order to mimic conditions that we require to study the effect of

cholesterol in the cell membrane and how it can affect degranulation.

We standardized the CD8+ isolation protocols for both murine and human models. Our
primary motive to do this was to make the process of CD8+ T-cell isolation cost effective and

efficient.

As it was seen previously, MBCD and U-Drug both affected endosomal movement within the
cell prior to degranulation. However, MBCD and U-Drug did not have an effect on the extent
of degranulation in both human and murine CTLs. Even across different activation and
priming conditions for the CTLs, we didn’t see any significant change. This hints to the fact
that maybe the processes of granule movement and degranulation might be decoupled and
aren’t completely dependent on each other. This implies that the movement of the granules
towards the synapse is not necessarily a rate limiting step for degranulation and there might
be prior accumulation of granules over a period of time before the cell decides its ready to
degranulate (Anikeeva and Sykulev, 2011). Granules accumulation and degranulation might
be governed by separate mechanisms. This is in keeping with the multiple hit theory of T-cell
degranulation. This theory assumes that you require more than a certain threshold of granules
to cause target cell killing and hence it benefits to have granule accumulation in the T-cell in

order to ensure effective target cell killing.

We also observed that these drugs didn’t lead to stagnation of granule transport nor did they
cause abnormal granule accumulation in CTLs which was checked by virtue of Granzyme B

staining.

Thus these studies provided major insights into into the effect of degranulation and the role

that the cholesterol present in the cell membrane plays in the process.
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