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Abstract

1. Abstract

Cytotoxic T lymphocytes (CTLs) are major players to eliminate aberrant cells such as
tumor cells and infected cells. To kill their target cells, CTLs employ in most cases two
mechanisms: cytotoxic protein containing lytic granules (LG) and Fas/FasL pathway.
High levels of blood glucose, also termed hyperglycemia, is a typical symptom of
diabetes mellitus. Although it is known that CTLs are involved in development of
diabetes, to date, however, the functional impact of high glucose on CTLs and the
corresponding mechanisms remain largely elusive. To address this question, primary
human CD8" T cells were used, which were stimulated by CD3/CD28 beads and
cultured in medium containing either high glucose (HG, 25 mM) or normal glucose
(NG, 5.6 mM). I found that expression of cytotoxic proteins including perforin,
granzyme A, granzyme B and FasL and LGs release remained unchanged in HG-
cultured CTLs. Interestingly, TNF-related apoptosis-inducing ligand (TRAIL) was
upregulated in CTLs by HG. With flow cytometry and inhibitors, I have identified that
ROS and the PI3K-Akt-NF«kB axis play an important role in the HG-induced TRAIL
expression. In addition, TRAIL expressing CTLs can induce apoptosis of insulin-
producing beta cells, which is significantly higher in the case of HG-CTLs compared
to their counterparts cultured in NG. Further investigation shows that both metformin
and vitamin D can reduce HG-enhanced expression of TRAIL in CTLs and coherently
protect beta cells from TRAIL-mediated apoptosis by HG-cultured CTLs. This effect
of metformin and vitamin D on down-regulation of TRAIL is also confirmed in CTLs

isolated from patients with diabetes. Thus, this work reveals an antigen-independent
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pathway regulated by HG to modulate CTL killing efficiency, suggesting a novel
mechanism of CTL involvement in progression of diabetes and proposing a
combination of metformin and vitamin D as a potentially promising strategy to protect

beta cells of diabetic patients.



Zusammenfassung

1. Zusammenfassung

Zytotoxische T-Lymphozyten (CTLs) spielen eine wichtige Rolle bei der Eliminierung
abweichender Zellen wie Tumorzellen und infizierter Zellen. Um ihre Zielzellen
abzutdten, wenden CTLs in den meisten Féllen zwei Mechanismen an: zytotoxisches
Protein, das lytische Granula (LG) enthdlt, und den Fas/FasL-Weg. Hohe
Blutzuckerwerte, auch Hyperglykédmie genannt, sind ein typisches Symptom von
Diabetes mellitus. Obwohl bekannt ist, dass CTLs an der Entwicklung von Diabetes
beteiligt sind, bleiben die funktionellen Auswirkungen hoher Glukose auf CTLs und
die entsprechenden Mechanismen bis heute weitgehend unklar. Um diese Frage zu
beantworten, wurden primdre menschliche CD8" T-Zellen verwendet, die durch
CD3/CD28-Kiigelchen stimuliert und in Medium kultiviert wurden, das entweder hohe
Glukose (HG, 25 mM) oder normale Glukose (NG, 5,6 mM) enthielt. Ich fand heraus,
dass die Expression von zytotoxischen Proteinen, einschlieBlich Perforin, Granzym A,
Granzym B und FasL und LGs-Freisetzung, in HG-kultivierten CTLs unverdndert blieb.
Interessanterweise wurde TNF-verwandter Apoptose-induzierender Ligand (TRAIL) in
CTLs durch HG hochreguliert. Mit Durchflusszytometrie und Inhibitoren habe ich
identifiziert, dass ROS und die PI3K-Akt-NFxB-Achse eine wichtige Rolle bei der HG-
induzierten TRAIL-Expression spielen. Dartiber hinaus konnen TRAIL-exprimierende
CTLs die Apoptose insulinproduzierender Betazellen induzieren, die im Fall von HG-
CTLs signifikant hoher ist als bei ihren in NG kultivierten Gegenstiicken. Weitere
Untersuchungen zeigen, dass sowohl Metformin als auch Vitamin D die HG-verstirkte

Expression von TRAIL in CTLs reduzieren und Betazellen kohdrent vor TRAIL-
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vermittelter Apoptose durch HG-kultivierte CTLs schiitzen kdnnen. Diese Wirkung von
Metformin und Vitamin D auf die Herunterregulierung von TRAIL wird auch in CTLs
bestitigt, die aus Patienten mit Diabetes isoliert wurden. Somit enthiillt diese Arbeit
einen Antigen-unabhingigen Weg, der durch HG reguliert wird, um die CTL-
Abtotungseffizienz zu modulieren, was auf einen neuen Mechanismus der CTL-
Beteiligung am Fortschreiten von Diabetes hindeutet und eine Kombination aus
Metformin und Vitamin D als potenziell vielversprechende Strategie zum Schutz von

Betazellen von Diabetikern vorschlédgt Patienten.



Introduction

2. Introduction

2.1 Immune System: a masterpiece of nature

The immune system is a defense network covering our whole body, acting as a
sophisticated force to protect our health day and night. The main threats to our health
include disease-causing pathogens and tumor cells. Pathogens vary very much in the
size, composition of surface molecules, mechanisms of invasion and replication. Tumor
cells are also highly heterogenous in their origin and tumorigenic mutations.
Nevertheless, the immune system can recognize invaded pathogens and transformed
tumor cells to eliminate them, at least in most cases. This is an amazing masterpiece of
nature. Human immune system is complex and same as all vertebrates. Humans possess
two immune system arms: the innate immune system and the adaptive immune system.
These two systems complement each other, cooperate and undertake different tasks.
2.2 The innate immune system

The innate immune system is responsible for non-specific immunity, is an immune
system that a person has along with birth and the activity of which does not require
priming of the pathogens or tumor cells. It can be found in plants, fungi and
multicellular organisms. As a first line of defense, it responses fast with a wide range
of action [1]. The innate immune system is made up of physical barriers, chemical
barriers, complement system and innate immune cells [2] [3] [4]. Physical barriers
include skin and mucous membranes. The skin is the largest organ of the body, covering
almost the entire outer body surface [5] [6]. Mucous membranes cover breathing and

digestive tracts. Together, they form a continuous, impassable physical barrier to block
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pathogen entry [7]. Chemical barriers consist of those parts of the body in which
potential pathogens can come into contact with host cells. The chemical barrier is
composed of different proteins that belong to antimicrobial peptide (AMP) family.
Proteins in the AMP family have the ability to clear bacteria and virus. In addition to
these proteins, a variety of proteases and protease inhibitors that maintain proteolytic
balance play an important role in the host and/or pathogen [8]. If pathogens manage to
overcome physical and chemical barriers and enter the body, for example through
wounds, innate immune cells will be recruited and undertake the job to fight the
pathogens.

Innate immune cells encompass granulocytes, dendritic cells, monocytes, monocyte-
derived macrophages and natural killer (NK) cells [9] [10]. Granulocytes encompass
neutrophils, eosinophils, basophils. Following inflammation, granulocytes are recruited
to sites of tissue damage or infection, where they are activated and perform their
effector functions [11]. Dendritic cells are responsible for collecting and presenting
pathogen-derived antigens to activate the adaptive immune cells [12]. Monocytes are
the largest type of leukocyte in blood, which can differentiated to macrophages once
enter tissues [13] [14]. Macrophages phagocytose invading pathogens and secrete
antimicrobial and pro-inflammatory factors. Additionally, macrophages can uptake and
degrade debris, dead cells and tumor cells [15] [16]. They play an important role in the
homeostasis by phagocytes and have regulatory and repair functions [17]. Like
Dendritic cells (DCs), macrophages can also serve as professional antigen presenting

cells. They are essential for the activation of naive CD4" T cells. These innate cells can
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have an extensive communication with effector CD4" T cells via peptide-loaded MHC-
I surface expression or transfer, co-stimulatory and co-inhibitory molecules expression,
and polarizing cytokines secretion [18] [19].

NK cells are specialized type of effector lymphocytes in the innate immune system,
which possess intrinsic cytotoxicity and can also secret cytokines [20]. To kill their
target cells, either tumor cells or infected cells, NK cells release cytotoxic proteins
including perforin and granzymes or secret cytokines like granulocyte macrophage—
colony-stimulating factor (GM-CSF), tumor necrosis factor-alpha (TNF-0) and
interferon-alpha (IFN-a), as well as chemokines such as CCL1, CCL3, CCL4, CCL5,
and CXCLS (ref) to induce destruction of target cells [21] [22] [23].

There are also agents, mainly proteins, in plasma or tissue fluid, which can interfere
with replication of pathogens or help to break down the invaders. One specialized
proteins group termed complements which work with the innate immune system to
target and clear the invading pathogens [24]. The other group is interferon (IFN). IFN-
stimulated genes (ISGs) constitute the pillar in the innate immune system and are vital
for the limiting replication and spread of intracellular and intercellular virus [25]. In
addition, reactive oxygen species (ROS), mainly secreted by immune cells at the
inflammation sites, also have antimicrobial effect, which can directly induce
destruction of the invading microbes [26].

2.3 The adaptive immune system

The other branch of immune system is the adaptive immune system, also termed as

acquired immune system. Contrary to the innate immune system, the adaptive system
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identifies unique antigens derived from pathogens or tumor cells and produces antigen-
specific immune responses [27]. Different from the almost immediate innate responses
upon pathogen invasion, it takes 7-9 days for the adaptive immune responses to peak
for the first exposure to the pathogen, as the adaptive immune cells need be primed,
activated, and differentiated into effector cells, which proliferate to reach sufficient
number to fight pathogens. When the pathogens are wiped out successfully, the majority
of the effector cells undergo apoptosis, whereas some cells stay alive and differentiate
into memory cells, serving as fast responder to fight the next invasion of the same
pathogen [28] [29] [30] [31] [32] [33]. The adaptive immune cells include B cells and
T cells [34]. B cells mediate humoral immune response and T cells mediate cellular
immune response [35] [36]. B cells are responsible for producing antibodies in response
to antigen recognition and also serve as professional antigen presenting cells to present
antigens to T cells [37]. T cells, also known as T lymphocytes, are generated from in
the bone marrow and mature in the thymus [38]. In the thymus, T cells go through a
selection process where most developing T cells (called thymocytes) that recognize
self-antigens are removed from the pool [39]. Each T cell clone possesses T cell
receptors (TCRs) with specificity to a particular antigen [40]. The T cells, which survive
during the thymic selection, mature to naive functional T cells. Afterwards, they leave
the thymus for lymph nodes, ready to meet their cognate antigens [41] In lymph nodes,
naive T cells can engage with antigen-presenting cells (APCs), which express major
histocompatibility complexes (MHC) molecules to present antigen [42]. CD4" and

CDS8" T cells recognize antigens presented by MHC class II and class I molecules,



Introduction

respectively. Upon engagement with antigen: MHC complexes, naive T cells are
activated and differentiated into effector cells to exert effector function [43] [44].
2.3.1 Cytotoxic T lymphocytes

Cytotoxic T lymphocytes (CTLs) are effector CD8" T cells, which play a key role in
killing virally infected cells and tumorous cells [45]. To search for their target cells,
CTLs need to migrate through tissues and scan the cells they encounter. Once they
encounter their target cells, cytotoxic T cells recognize the antigen: MHC I by their
TCRs and an intimate contact is formed at the CTL-target contact interface, which is
termed immunological synapse (IS) [46]. Then the killing machinery is oriented
towards the IS to initiate destruction of target cells.

2.3.1.1 Migration and IS formation

The navigation and migration of CTLs is through peripheral tissues, which are
complicated biological microenvironments. And extracellular matrix (ECM) is a key
component of it [47]. For ECM, it is a three-dimensional network and collagen, as the
main components, play important roles in the regulation of almost all cellular functions
[48] [49]. In many cancers, the ECM becomes dense, stiff, and linearized near the
tumors, creating a physical environment that facilitates the metastasis, invasion, and
prognosis of cancer cells [47] [50]. In addition, the high-density matrix also induced
the reduction of T cell proliferation, impairment of CTLs infiltrating into the target cell,
as well as the diminished killing efficiency [51] [52]. Dr. Renping Zhao found that
migration of CTLs was substantially impaired in dense collagen matrix, accompanied

with the reduced killing efficiency of CTLs against tumor cells [47].
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The cytoskeleton, which is consisted of actin filaments and microtubules, plays a
critical role in the regulation of CTLs migration [53] [54]. During migration, the
polymerization of actin drives T cells to produce protrusions at the leading edge [55].
The contraction of F-actin regulated by myosin yields force to revoke the uropod and
then move T cells forwards [56]. In adhesion-dependent migration, the forces have to
be transferred from the cell membrane to the matrix. This step is mainly mediated by
adhesion molecules (integrins) [57].

Once CTLs recognize the matched antigens presented on the surface of target cells via
an engagement of T cell receptors (TCRs), the activated TCRs will trigger a series of
downstream signaling pathways to induce the tight contacts between T cells and target
cells termed the immunological synapse (IS) [58]. Following T cell activation, the
concentration of intracellular Ca?" is markedly increased via Ca?" influx. Ca®* serves as
an second messenger in T cells and is required for regulating the activation,
proliferation, and effector functions [59]. In our lab, Dr. Xiao Zhou also found that the
killing of CTLs against target cell is in a bell-shaped Ca** dependence, characterized
by clearing up cancer cells at fairly low [Ca®"], (23-625 uM) and [Ca®*]i (122-334 nM)
[60].

2.3.1.2 Killing mechanisms

CTLs usually exert major killing mechanisms: lytic granules and Fas/FasL pathway.
Lytic granules, also called cytotoxic granules, which contains cytotoxic proteins. Lytic
granules are specialized lysosomes with an acidic pH value of around 5.5 [61] [62].

Different from classic lysosomes that are responsible for protein degradation, lytic

10
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granules serve as one of the most efficient ammunition in CTLs to kill target cells [63].
Upon TCR activation, lytic granules are initially enlisted around the microtubule-
organizing center (MTOC). During dynein-dependent transport, the granules migrate
along microtubules toward the MTOC in the minus-end orientation [64]. Lysosome-
associated membrane protein (LAMP)1/CD107a, as a marker of NK cell degranulation,
influences the mobility of lytic granules and leads to reduced levels of perforin in the
granules [65]. The cytotoxic content of lytic granules released into the cleft contains
mainly pore-forming protein perforin and serine proteases granzymes [66]. Perforin
forms pores on the plasma membrane of target cells in a calcium dependent manner.
Studies showed that calcium is required for perforin to perform lytic and granzyme
delivery function [67] [68].

Granzymes belong to serine protease family and expressed widely on CTLs and NKs.
There exist at least 12 granzymes. Among of these, five granzymes have been found in
humans: Granzyme A, B, H, K and M [69] [70] [71]. By far, granzymes A and B are
the most exclusively studied members in the granzyme family. Granzyme A, the richest
expressed granzyme in CTLs, can initiate perforin-dependent events leading to cell
apoptosis. It can also induce apoptosis with granzyme B in an independent but
coordinated manner [72] [73] [74]. Granzyme B is the most exclusively studied member
in the granzyme family. It is a serine protease and traditionally well-known for its pro-
apoptotic function in a perforin-dependent manner. This function underlies the ability
of killing virus-infected target cells or tumor by cytotoxic T lymphocytes (CTLs) and

natural killer (NK) cells [75]. Granzyme B entry into target cells is highly dependent
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on perforin, perforin specifically prompts the cytoplasmic granzyme B to redistribute
into the nuclei of dying cells, leading to DNA degradation and cell death [76] [77].
Fas/FasL pathway is another key killing machinery tightly regulated by TCR activation.
FasL, belonging to tumor necrosis factor (TNF) superfamily, is normally stored in
intracellular vesicles, which in some cases colocalize with perforin and in some cases
not. Upon TCR activation, FasL-containing vesicles are transported towards the IS [78]
and after fusion, FasL is integrated into plasma membrane of CTLs. Fas, also known as
CD95, is found on target cell surface. It contains a death domain in the cytoplasmic
region that is indispensable for inducing apoptosis [79]. Engagement of FasL with Fas
induces recruitment of the Fas-associated death domain (FADD) and subsequent
interaction with procaspase-8, ultimately leading to target cell apoptosis [80].
Interestingly, there is another rather unusual killing machinery employed by CTLs,
which is independent of TCR activation: TRAIL (TNF related apoptosis inducing
ligand). TRAIL could induce cell death by binding with its receptors and trigger cancer
cell apoptosis but not normal cells [81] [82].

2.3.2 TRAIL

TRAIL, similar as FasL, also belongs to a member of TNF superfamily. TRAIL
expression can be found on the surface of NK cells, T cells, macrophages and dendritic
cells. Its most typical function is to induce the apoptosis including tumor, infected or
transformed cells. There exist two forms of TRAIL: membrane TRAIL (mTRAIL) and
soluble TRAIL (sTRAIL). Soluble secreted form of TRAIL can be obtained from

membrane-bound TRAIL by cell surface cleavage. Both forms can be found in different
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immune cells and regulated by different stimuli. Phytohemagglutinin (PHA) plus
interleukin (IL-2) and lipopolysaccharide (LPS) could induce secretion of soluble
TRAIL in T cells, B cells and monocytes. whereas IFN-f leads to both secretion of
soluble TRAIL and enhancement of the surface-bound TRAIL in monocytes, but not in
T cells [83]. TRAIL induces apoptosis by binding its death receptors. To bind with their
receptors, TRAIL normally undergo oligomerization to form trimeric complexes
[84].There are five different receptors: TRAIL-R1, -R2, -R3, -R4, and osteoprotogerin.
TRAIL-R1 (DR4) and TRAIL-R2 (DR5) are death receptors, both of which contain
complete cytoplasmic death domain at their cytoplasmic tail. Upon engagement with
TRAIL, downstream signaling cascades will be activated including receptor
oligomerization, DISC (death inducing signaling complex) formation, caspases
activation and finally DNA fragmentation [85]. TRAIL-R3 (DR1) and TRAIL-R4 (DR2)
are decoy receptors, as they lack truncated cytoplasmic domain, and thus cannot
activate apoptotic signaling [86]. However, these decoy receptors can compete with
death receptors to tune efficiency of TRAIL-mediated apoptosis. Osteoprotogerin is a
soluble protein that may also act as a decoy/inhibitor by binding to TRAIL
extracellularly [87]. Based on the fact that tumor cells are more sensitive to apoptosis
induced by TRAIL, it is considered as a promising target to treat cancer [88].
Administration of TRAIL receptor (TRAIL-R) agonists or recombinant TRAIL are
recognized as two main therapeutic approaches. And more interestingly, TRAIL-based
therapeutic strategy shows toxicity to normal tissues when delivered systemically to

animals and humans [89] [90].
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Interestingly, TRAIL and its receptors have also been implicated in the development of
diabetes and diabetes-associated complications [91]. It is reported that for diabetic
nephropathy (DN), a major complication of diabetes, TRAIL was highly expressed in
DN kidneys and was correlated with disease in the clinical and histologic severity. In
vitro, both glucose and proinflammatory cytokines regulated TRAIL expression in the
human proximal tubular cell line HK-2. TRAIL induced the apoptosis of tubular cell in
a dose dependent manner. This effect was more pronounced in the presence of high
levels of glucose and pro-inflammatory cytokines. It is proposed that TRAIL-induced
cell death could play an important role in the progression of human DN [92]. Here there
is a similar study showing that expression of TRAIL in glomerular and tubulointerstitial
is increased in the model of DN. Additionally, a high-glucose microenvironment
sensitizes renal tubular cells to TRAIL-induced apoptosis [93]. In addition, study also
demonstrated that people diagnosed with T2DM and cardiovascular disease (CVD) had
a higher ratio of OPG/TRAIL, compared with controls or people newly diagnosis with
type 2 diabetes mellitus (Type 2 DM). It suggested that OPG/TRAIL ratio may predict
cardiovascular disease in patients with Type 2 DM [94].

2.4 Glucose metabolism in T cells

Glucose plays a central role in energy consumption. The glucose cannot diffuse into the
cell membrane, as it has a high molecular weight. Thus it needs glucose transporters to
help its diffusion into the cell membrane [95]. Once the glucose enters into the cell via
glucose transporters, the glucose can be utilized for energy releasing by oxidative

phosphorylation or aerobic glycolysis [96]. The adaptive immune system's ability to
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destroy tumors and pathogenic microorganisms is based on a complex set of signals
that drive the activation and differentiation of T cell subsets. It has now been established
that immune cell function and differentiation can be regulated by cellular metabolism
[97]. Tt is evident that in the subsets of CD4" T cells, effector T cell and Th17 depend
on aerobic glycolysis [98]. The research from Yin and colleagues showed that the
oxidative phosphorylation is highly induced during the activation of CD4" T cells [99].
Emerging evidence also demonstrate that the differentiation and proliferation and
cytokine production in T cells is strongly rely on their cellular metabolism [100] [101]
[102] [103]. And glucose metabolism and access to glucose properly are essential for
maintaining the effector function, particularly for the killing function in CTLs [104].
There is also study showing that the calcium influx elicited is reduced upon binding to
target cell and CTL killing function is enhanced in an excessive glucose condition [105].
The reactive oxygen species (ROS) are generally referred to the free radicals and
reactive molecules deriving from molecular oxygen [106]. ROS were deemed to arise
almost entirely from mitochondrial metabolism [107]. However, more and more
evidence demonstrate that a cellular enzyme named NADPH oxidase also generates
lots of ROS in human [108]. It has been previously demonstrated that ROS act as
mainly signaling molecules to regulate the regular physiological functions at cellular
level. For example, ROS could prompt cell proliferation, differentiation and apoptosis,
thereby inducing the process of natural aging [109] [110] [111]. Overexposure to UV
radiation, improper diet and stimulant using can lead to increased production of free

radicals [112]. Under physiological conditions, there is a balance between the
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production and scavenging of free radicals in the body [113]. Overfull generation of
free radicals can contribute to oxidative stress, causing damage at molecular and
cellular level. ROS in vitro give rise to chemical modifications and destructive
influence to proteins (aggregation), lipids (peroxidation) and nucleotides (DNA
structure changing), contributing to the progress of free radical-mediated diseases [112].
Oxidative stress has extremely harmful effects on respiratory, circulatory and nervous
systems [114] [115] [116]. Here, there is a review presenting some new concepts that
damage caused by glucose in diabetes is by the increased generation of oxygen free
radicals. ROS regulate various biological functions via stimulating the transduction
signals, some of which are related with diabetes pathogenesis and complications [117]
[118]. It is now increasingly clear that ROS play essential roles in the immune system
and are closely related with many different aspects of immune response. For example,
they are involved in host defense, interaction and activation the immune cell and
immunosuppression [119] [120]. It has been demonstrated that addition of antioxidant
could inhibit the T cell proliferation, activation and IL-2 receptor expression [121].
2.5 Diabetes

Diabetes mellitus, a metabolic disease featuring with high levels of blood glucose for a
prolonged period [122]. Diabetes is a serious chronic disease; it has been listed one of
the top ten causes of death in adults worldwide, with a marked increase of 9.3% of the
world's population. That is, 463 million people had diabetes in 2019, and this number
is estimated to go up to 10.9% by 2045 [123]. The symptoms of diabetes include

frequent urination, excessive hunger or thirst and weight changes [124] [125] [126].
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The most common types of diabetes are Type 1 diabetes mellitus (Type 1 DM) and Type
2 diabetes mellitus (Type 2 DM). Type 1 DM has been shown to be an autoimmune
disease and CTLs make a big difference to disrupt pancreatic beta cells [127]. A rich
body of evidence indicate that both CD4" helper and CTLs are key effectors in the
development of Type 1 DM [128] [129]. Two sequential steps are involved in the onset
of diabetes in anatomically distinct tissues. First, autoreactive T cells escaping the
tolerance checkpoint are activated by antigen-presenting cells (APCs) which display
the B-cell antigens in lymph nodes draining the pancreas (pLN) [130] [131]. At this
stage, CD4" T cells is needed to activate CD8" T cells [132] [133]. Then activated CTLs
penetrate the pancreas [134]. CTLs can destroy beta cells directly in an antigen-
dependent manner [135]. In addition, autogenic antibody is also involved the
development of Type 1 DM, subclinical period before Type 1 DM onset is featured by
the being of autoantibodies (AAbs) targeted against islet-specific autoantigens [136].
For Type 2 DM, it is characterized by insulin resistance. There was growing evidence
suggesting that adaptive immune system, especially T cells also play a critical role in
the pathogenesis of Type 2 DM. Obesity, as a major pivotal risk factor for Type 2 DM-
induced insulin resistance. Study by Shirakawa et al. showed that activated CD4" T
cells (CD4"CD44"CD62L'°) was enhanced in the adipose tissue of obese mice [137].
CD4" helper T cells also play a pivotal role in Type 2 DM-associated complications,
showing that inflammatory cytokines and activated T lymphocytes were improved in
kidneys in Type 2 DM [138] [139]. For CTLs, along with other factors are also

associated with the initiation and progression of Type 2 DM [140].
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2.6 Vitamin D and metformin

Vitamin D, also referred to as calciferol, is a nutrient in our body, which is very
important for building and keeping healthy bones [141]. We can obtain vitamin D from
food, sun exposure and supplements. Many studies have shown that vitamin D regulates
various functions in our body including bone metabolism, fighting cancer, blood
pressure, cognitive health [142] [143] [144] [145]. In addition, vitamin D also plays an
important role on the regulation of innate and adaptive immune systems [146]. This
importance is proved by the finding that vitamin D receptor is expressed in almost all
immune cells [147]. Vitamin D directly bind the vitamin D receptor on the antigen-
presenting cell (APC) to exerts its regulation on T-lymphocytes. The effect of vitamin
D on the T lymphocytes is dependent on the status of activation as they acquire higher
vitamin D receptor concentrations upon activation [148]. Vitamin D could also inhibit
the generation of Thl cytokines (i.e., IL-2, IFN-y), Th9 cytokines and Th17 cytokines
(i.e. IL-17, IL-21) [149] [150] [151].

Epidemiological data show that vitamin D deficiency is linked with immune system
deficits, increasing risk of infection, and susceptibility to autoimmune diseases such as
Type 1 DM and Hashimoto's thyroiditis [148] [152]. For Type 1 DM, the destruction of
B-cell is mediated by T cells, and vitamin D can protect beta cell and its function from
autoreactive T cells-mediated infiltration within the pancreatic islets [153]. For
hashimoto's thyroiditis (HT), vitamin D supplements intake orally could reduce the
thyroid autoantibodies titers in women with postpartum thyroiditis treated with

levothyroxine [154]. In summary, vitamin D plays an important role in the immune
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function and we still have to learn more about the mechanisms by which vitamin D
regulate the immune system.

Metformin is a composite derivative of guanidine, which is separated from the extract
of the plant called Galega officinalis and it has significant antidiabetic effects [155].
Except for the consolidated role in Type 2 DM, emerging evidence in human has
demonstrated that some split-new regulatory properties of metformin, such as kidney-
and cardio- protection, antiproliferative, anticancer and antiaging effects [156] [157]
[158] [159]. Furthermore, in vivo and in vitro studies support the new hypothesis that
metformin may exhibit immunomodulatory properties [160] [160]. Metformin also
modulates the cellular functions including the development and maintenance of
autoimmunity. Meanwhile, metformin is also involved in the recovery of immune
homeostasis and amelioration of disease severity in autoimmune animal models [161].
Nath et al. investigated the effect of metformin on the experimental autoimmune
encephalomyelitis (EAE), a multiple sclerosis (MS) which is mediated by T cells in the
mouse model. In this work, they found that metformin treatment slowed the progression
of disease, reduced the entry of inflammatory cells into the central nervous system
(CNS), and also decreased the expression of cytokines such as IL-17, IL-6 and TNF-a
[162]. Similarly, in a collagen-induced arthritis (CIA), a fully developed animal model
of rheumatoid arthritis (RA), metformin can suppress systemic inflammation and
synovitis. And it exerts bone protection by inhibiting the degradation of cartilage layer
matrix, formation of osteoclast and apoptosis of chondrocyte [163]. Taken together,

these findings above suggest that metformin paly an immunomodulatory role in T cell-
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mediated autoimmunity and are capable of recovering the balance of tolerogenic and

pathogenic T cell populations.

2.7 Goals

As described above, high glucose is a typical symptom of diabetes. CTLs play an

important role in the pancreatic beta cell destruction and initiation and progression of

diabetes. However, the impact of high glucose on CTL function is poorly understood.

To address this question, the goal of this thesis is to understand how the functionality

of CTLs changes in environment with high glucose. To reach this goal, the following

aims were defined:

1. Is cytotoxic function of CTLs regulated by high glucose?

2. If yes, which steps are affected? Key events of cytotoxicity, such as expression
levels of cytotoxic proteins, degranulation, migration, cytokine production,
should be analyzed.

3. Investigate the underlying molecular mechanisms.
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3. Materials and Methods

3.1 Antibodies and reagents

All chemicals are from Sigma-Aldrich (highest grade) unless otherwise mentioned. The
following antibodies and reagents were purchased from BioLegend: Alexa 488 anti-
human CD107a (LAMP-1) Antibody (Cat#328610, RRID:AB 1227504), APC-Cy7
anti-human CD3 antibody (Cat#300318, RRID:AB_314054), BV421 anti-human CD8
antibody (Cat#344748, RRID:AB_ 2629584), Alexa 488 anti-human Granzyme A
antibody (Cat#507212, RRID:AB_528909), Alexa 647 anti-human perforin antibody
(Cat# 308110, RRID:AB_ 493254), PE anti-human Fas-L antibody (Cat#306407,
RRID:AB 2100664), PerCP  anti-human CD3  antibody  (Cat#300326,
RRID:AB 2616610), BV421  anti-human CD3 antibody (Cat#300434,
RRID:AB 10962690), APC antihuman CD253 (TRAIL) antibody (Cat#308210,
RRID:AB 2564398), APC anti-mouse CD253 (TRAIL) Antibody (Cat#109310,
RRID:AB 2721457), BV421 anti-mouse CD8a Antibody (Cat#100753,
RRID:AB 2562558), PE anti-mouse CD3 Antibody (Cat#100206, RRID:AB 312663),
PerCP anti-human CD25 antibody (Cat#356131, RRID:AB 2563591), APC anti-
human CD62L antibody (Cat#304810, RRID:AB_ 314470), APC anti-human CD262
(TRAIL-R2) (Cat#307408, RRID:AB_ 2240691) and 7-AAD viability staining
solution (Cat#420404). FITC anti-human CD69 antibody (Cat#11-0699-42, RRID:
AB _10853975) was purchased from eBiosciences. FITC anti-human CD44 antibody
was purchased from DAKO. Purified NA/LE mouse anti-human CD253 (RRID:

AB_393955), BV421 mouse anti-human CD263 (TRAIL-R3) (Cat#744764, RRID:
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AB_2742464) and Alexa647 mouse anti-human GLUT1 antibody (Cat#566580, RRID:
AB_2869787) were purchased from BD Biosciences. Human TRAIL R1/TNFRSF 10A
PerCP-conjugated antibody (Cat#FAB347C-100) and human TRAIL R4/TNFRSF 10D
PE-conjugated antibody (Cat#FAB633P) were purchased from R&D Systems.
NucView Caspase-3 enzyme substrate (Cat#10402) was purchased from Biotium.
Idelalisib (Cat#S2226), MK-2206 (Cat#S1078) and Rapamycin (Cat#S1039) were
purchased from Selleckchem. MG-132 (Cat#474787), N-acetyl-L-cysteine (NAC)
(106425), Vitamin 1,25D3 (Cat#PHR1237), DMSO (Cat#D4540), Metformin
hydrochloride (Cat#¥M0605000), H>O, (Cat#31642) and Streptozotocin (Cat#572201)
were purchased from Merck. Caffeic acid phenethyl ester (CAPE) (Cat#2743) was
purchased from (R&D Systems). Mitoquinone (MitoQ) (Cat#10-1363) was purchased
from Biotrend. Cellular ROS Assay Kit (Cat#ab113851) was purchased from Abcam.
Calcipotriol (Cat#2700) was purchased from TOCRIS. Protein transport inhibitor
(Cat#554724) was purchased from BD.

3.2 cell culture

3.2.1 cell lines

For the preparation of cell lines, there are cell culture team in our lab. Cora Hoxha,
Gertrud Schiefer, Kathrin Forderer and Sandra Janku are responsible for the split and
culture of suspension and adherent cells. In my work, suspension cell line Raji and
adherent cell line human pancreatic beta cell line 1.4E7 were used. The steps they take
to process the cells are as follows: Raji cells were cultured in RPMI-1640 medium

(ThermoFisher Scientific) supplemented with 10% FCS and 1% Penicillin-
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Streptomycin and the cells were split on Monday (1:6), Wednesday (1:6), and Friday
(1:8). Human pancreatic beta cell line 1.4E7 (Cat# EC10070102) was purchased from
Merck and cultured in RPMI-1640 medium containing 2 mM glutamine, 1% Penicillin-
Streptomycin plus 10% FCS and were split on Monday (1:6) and on Friday (1:5). The
cell was conducted as follows: (1) Check the growth status of the cells with microscopy.
(2) Remove the old medium from the flask and rinse the cells with D-PBS gently. (3)
Add 2 ml of pre-warmed Trypsin-EDTA solution to cells and incubate for 2 min at room
temperature (RT). (4) Check if the cells are detached and bang the side of flask with
hand gently to ensure the cells detached thoroughly. (5) Add fresh medium with usually
an equal volume of the Trypsin (to inactivate the activity of trypsin). (6) Add fresh
medium to a new flask and add the corresponding portion of the trypsinized cells to it.
Raji and 1.4E7 cells were cultured at 37 °C with 5% CO2.

3.2.2 PBMC preparation

Our technician Carmen Hissig was responsible for the isolation of PBMCs. PBMCs
from healthy donors were prepared from the leukocyte-reduction system (LRS)
chamber as follows: (1) LSM 1077 (Lymphocyte Separation Medium 1077) should be
always placed at RT in dark. (2) Add 15-17 ml LSM 1077 medium to a leucosep tube
and centrifuge at 1000 g for 30 sec. (3) Clamp the LRS chamber vertically on a stand,
cut the tubing at both marked points using sterilized scissors (70% EtOH) and put the
lower tubing in the prefilled leucosep tube. (4) Connect a 20 ml syringe with HBSS
(hose, yellow tip, combifix adapter) with the upper tubing and flush material in the

chamber into the leucosep tube. (5) Fill up the leucosep tube with HBSS up to 50 ml.
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(6) Keep 1 drop of the elute in a 3 cm dish in HBSS and examine the morphology of
erythrocytes under a microscope. (7) Centrifuge at 450 g for 30 min at RT (22 °C) (Note:
brake:0 acc:1, Gradient centrifugation, handle with care). (8) Aspirate the upper
yellowish layer, transfer the leukocyte ring into a 50 ml falcon tube (approx. 8 ml), then
fill the tube with HBSS up to 50 ml (the leukocyte ring can also be transferred directly
with a 5 ml pipette). (9) Centrifuge at 250 g for 10 min at RT (Note: brake:9, acc:9).
(10) Discard the supernatant and add 1-3 ml of erythrocyte lysis buffer (155 mM NH4Cl,
10 mM KHCOs3, 0.1 mM EDTA, pH = 7.3) to resuspend the pellet very carefully and
keep at RT for 60-120 sec (depending on pellet size). (11) Add HBSS up to 50 ml to
stop the erythrocyte lysis. (12) Centrifuge at 130 g for 10 min at RT (Note: brake:9,
acc:9). (13) Discard the supernatant and add 20 ml of pre-chilled PBS/0.5% BSA. (13)
Count the cells and keep the cells on ice for further use.

3.2.3 CD8" T cells preparation and stimulation

Our technician Carmen Héssig was also responsible for the isolation of primary human
CD8" T cells with Human CD8* T Cell isolation Kits (Miltenyi Biotec) followed by the
manufacturer’s instruction. Primary human CD8" T cells were cultured in AIMV
medium (ThermoFisher Scientific) at the density of 3x10° cells/ml at 37 °C with 5%
CO; overnight. Then these cells were stimulated with human T-activator CD3/CD28
beads (Cat#11132D ThermoFisher Scientific) at a density of 1.5x10° cells/ml with the
cell to bead ratio of 1:0.8 and cultured in DMEM medium containing either normal (5.6
mM, NG, Cat#31885-023) or high glucose (25 mM, HG, Cat#41966-029)

(ThermoFisher Scientific) for 3 days unless otherwise mentioned. On day 2, to maintain

24



Materials and Methods

the glucose concentration, half of medium was removed and supplemented with fresh
medium plus recombinant human IL-2 (100 U/ml, Miltenyi, Cat#130-097-748).
Glucose levels was examined using “Contour Next Sensoren” test strips (SMS
Medipool). If cells were cultured longer than three days, we added supernumerary
glucose (stock concentration: 889.5 M) into the medium every two days to reimburse
the consumption of glucose. All cells were cultured at 37 °C with 5% COx.

3.3 Regent preparation

Metformin (stock solution: 100 mM) and NAC (stock solution: 100 mM) were
dissolved in ddH2O. The other reagents were dissolved in DMSO including Vitamin D
(stock solution: 50 mM), Idelalisib (stock solution: 50 mM), MK-2206 (stock solution:
10 mM), Rapamycin (stock solution: 10 mM), CAPE (stock solution: 50 mM), MitoQ
(stock solution: 10 mM).

3.4 Degranulation assay

To assess degranulation, primary human CD8" T cells were stimulated with human T-
activator CD3/CD28 beads in NG (5.6 mM) or HG (25 mM) medium for three days.
The protocol of SEA/SEB-pulsed target cells is as follows: (1) Take out 0.5x10° of Raji
cells and centrifuge at 200 g for 5 min at RT. (2) Remove the supernatant and resuspend
in 100 pl AIMV medium. (3) Place the cells in a 96-well plate, then add 1 pl SEA and
1 ul SEB into the medium. (4) Incubate the cells at 37 °C with 5% CO- for 30 min. For
the degranulation assay, SEA/SEB-pulsed Raji cells were settled with activated CD8"
T cells mentioned above at a ratio of 1:1 in 100 pl of medium in the presence of protein

transport inhibitor (GolgiStop, 1:200, BD) for 4 hours at 37 °C with 5% COx.
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Afterwards, the cells were stained with BV421 anti-human CDS8 antibody (1:50) to
distinguish target cells from CD8" T cells and Alexa 488 conjugated anti-human
CD107a antibody (1:50) for 30 min at 4 °C in dark. Then the samples were analyzed
with flow cytometry.

3.5 Flow cytometry

To stain surface molecules, at least 0.5%10° cells were used. The cells were first
centrifuged at 250 g for 5 min at RT, then supernatants were removed and the pellets
were washed twice with 500 pul PBS/0.5% BSA. Afterwards, the cells were stained with
the corresponding antibodies for 30 min at 4 °C in dark. Finally, the cells were washed
twice with 500 ul PBS/0.5% BSA and resuspended in 100 pul of PBS/0.5% BSA for
FACS analysis. When additional intracellular staining required, after surface staining,
the cells were fixed in pre-chilled 4% PFA for 15 min at RT and then permeabilized for
10 min in PBS/0.5% BSA containing 0.1% saponin and 5% FCS, followed by antibody
staining in permeabilizing solution for 45 min at RT in dark. Then the cells were washed
twice with 500 pl of PBS/0.5% BSA prior to FACS analysis. Data were acquired with
a FACSVerse flow cytometer (BD Biosciences) and were analyzed by FlowJo v10
(FLOWOIJO, LLC).

3.6 Apoptosis assay

To assess 1.4E7 cell apoptosis, NucView® 488 Caspase-3 Substrate (Biotium) was used.
Co-culture day 3 activated CD8" T cell with 1.4E7 at an E:T ratio of 20:1 in 300 pl of
NG (5.6 mM) or HG (25 mM) medium in a 96-well plate for 4, 8 and 12 hours. Transfer

the cells to a 1.5 ml EP tube, wash twice with 500 pl of PBS/0.5%BSA. Stain cells with
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BV421-CD3 antibody (1:50) in 50 ul of PBS/0.5%BSA for 30 min at 4C° in dark. Wash
the cells twice with 500 pl of PBS/0.5%BSA. Add 0.5 pl of substrate solution (stock
concentration: 1 mM) to 100 pl of cell suspension in PBS/0.5%BSA and mix gently but
thoroughly. Incubate the cells at RT for 30 min in dark. After staining, wash cells twice
with 500 ul of PBS/0.5%BSA. Add 150 nul of PBS/0.5%BSA to resuspend the cells.
Analyze data by flow cytometry in the green detection channel (excitation/emission:
485 nm / 515 nm).

3.7 Multiplex cytokine assay

To determine the cytokines released by activated CD8* T cells, primary human CD8* T
cells were stimulated with CD3/CD28 activator beads in NG (5.6 mM) or HG (25 mM)
for 3 days. Then cells were collected by centrifuging with 1000 g at 4 °C for 30 min.
The supernatants were aliquoted in 100 pl and stored at -80 °C. The pre-set CD8/NK
panel (BioLegend) was used and all samples were performed by LEGENDplex™ bead-
based immunoassays kits according to the manufacturers’ instructions. Two sets of
beads are used in the human CD8/NK panel. The smaller beads include 6 bead
populations and the larger beads include 7 bead populations. According to the size and
internal fluorescent dye of the beads, this panel can detect 13 analytes simultaneously.
For the assay preparation step, we should prepare 1x wash buffer, protein standards and
samples. There are three points to be noted in this step. Firstly, the 20x wash buffer
should be equilibrated to RT beforehand and mixed the salts into solution. Secondly,
the standard should be mixed and kept it for 10 min at RT. Thirdly, cell culture

supernatant should avoid multiple (>2) freeze-thaw cycles, and the sample can be tested
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without dilution, as the sample concentration varies a lot. For the assay procedure step,
a V-bottom or a filter plate is used. There are several remarks: (1) All reagents should
be brought at RT before use. (2) Always keep the plates upright to avoid losing the
beads. (3) The plates should be protected from light. (4) Protein standards and the
samples should be performed in duplicate and arranged as suggested (vertically on the
plate) for easy data acquisition and analysis. After that, we can start the experiment, the
details are as follows: (1) Load 50 pl the standard and samples into the plate as listed
in the table. (2) Vortex the mixed beads for 30 sec and add 25 pl of beads into the plate.
Note: the mixed beads should be shaked intermittently to avoid settling. (3) Seal the
plate with a plate sealer and cover it with an aluminium foil to avoid light. Then put the
plate on a plate shaker for 2 hours at RT. Note: the shaking speed should be adjusted in
an optimal condition to guarantee a thorough mix of beads with other reagents. (4)
Centrifuge the plate at 250 g for 5 min. (5) Remove the supernatant avoiding agitating
the beads. (6) Wash the plate with 200 pl of wash buffer, repeat the steps 4 and 5. (7)
Add 25 pl of detection antibody into each well. (8) Seal the plate with a plate sealer.
and cover it with an aluminium foil to avoid light. Then put the plate on a plate shaker
for 1 hour at RT. (9) Add 25 pul of SA-PE into each well. (10) Seal the plate with a plate
sealer and cover it with an aluminium foil to avoid light. Then put the plate on a plate
shaker for 30 min at RT. (11) Repeat the steps 4 and 5. (12) Wash the plate (200 pl wash
buffer/well), repeat the steps 4 and 5. (13) Add 150 pl of wash buffer to resuspend the
beads. (14) Analyse the samples using the flow cytometry. Data were quantified using

BioLegend’s LEGENDplex™ data analysis software.
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3.8 Diabetic mouse model

C57BL/6N mice were prepared by Prof. Leticia Prates Roma’s group. Leticia Prates
Roma and Susanne Renno take on the task of preparation of diabetic mouse model. To
induce the diabetic mouse model, we firstly weighted the mice and then injected
streptozotocin intraperitoneally into the mice for five consecutive days (50 mg/kg per
day). After that, the person in charge housed these mice until day 21. During this period,
we obtained blood samples from the mice tail vein and tested the blood glucose levels
every day using “Contour Next Sensoren” test strips (SMS Medipool). If blood glucose
level exceeded 250 mg/dL one week after injection, we determined the mice as diabetes.
At day 21, mice were killed by cervical dislocation. The chest of mice was open and
then spleen was obtained. After that, the mice splenocytes were isolated from the spleen.
The details are in the following: (1) Add 20 ml cold PBS/0.5%BSA/2mM EDTA in a
peri dish and place a 70 uM cell strainer in it. (2) Put the spleen in peri dish as soon as
possible after the removal of spleen from mice. (3) Cut the spleen into small pieces and
put the sliced spleen in the cell strainer. (4) Grind the spleen by a piston of a 2 ml
syringe through a 70 um cell strainer. (5) Wash the cell strainer with pre-chilled
PBS/0.5%BSA/2mM EDTA until homogenised spleen has been rinsed from the cell
strainer. (6) Transfer the rinsed splenocytes to a 50 ml falcon tube. (7) Wash the petri-
dish with cold PBS/0.5%BSA/2mM EDTA and fill the falcon tube with
PBS/0.5%BSA/2mM EDTA up to 50 ml. (8) Centrifuge the splenocytes for 8§ min at
240 g and 4 °C. (9) Discard the supernatant, add 1 ml erythrocyte lysis buffer and

carefully resuspend the pellet. (10) Incubate the pellet for 1 min at RT. (11) After that,
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fill the falcon with PBS/0.5%BSA/2mM EDTA to 50 ml to stop erythrocyte lysis. (12)
Count the splenocytes with Z2. (13) Centrifuge the cells with at 240 g for 8 min at 4 °C.
Then the isolated splenocytes were stimulated with mouse T-activator CD3/CD28 beads
(ThermoFisher Scientific, Cat#11453D) in NG (5.6 mM) or HG (25 mM) medium at
the density of 1.5 x 10%ml in 500 pl for three days in presence of human IL-2 (20 U/ml,
Miltenyi) and 50 uM of beta-Mercaptoethanol.

3.9 Microarray and analysis

Caroline Diener and Martin Hart are responsible for carrying out Microarray. Eckart
Meese helped with the result interpretation. The steps they process are as follows:
Primary human CD8" T cells stimulated with CD3/CD28 activator beads in NG (5.6
mM) or HG (25 Mm) medium for three days were used. Total RNA was picked up with
miRNeasy Mini Kit (Qiagen) followed by the manufacturer’s instructions. The RNA
was quantified by NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific).
RNA quality was evaluated by RNA Integrity Number value using an Agilent 2100
Bioanalyzer instrument and the RNA 6000 Nano analyser from Agilent Technologies
(Santa Clara). All samples had an RIN value of 10, indicating a good quality for the
total RNA. In total 100 ng of RNA was used for microarray. Microarray data were
analysed by Andreas Denger and Volkhard Helms. Briefly, Linear Models for
Microarray Data (limma) R package was utilized to analyse the Agilent microarray data
for differential expression. Firstly, they perform background correction (NormExp) and
quantile normalization for the samples, respectively. From the dataset, they removed

juxtaposed probes for background correction, probes with no associated gene symbols,
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and genes that were categorized as unexpressed by Agilent feature extraction software
for at least 22 of the 24 arrays. After the filtering step, the dataset includes 22,658
transcripts totally, which corresponds to 15,360 genes. For the analysis of differential
expression analysis, they fitted a linear model to each individual sample. Then they
calculated the linear model between samples in NG (5.6 mM) or HG (25 mM)
conditions. A t-test was used for the identification of differentially expressed genes. The
calculation of associated p-values for each gene and adjustment of multiple testing were
performed by the empirical Bayes method and the Benjamini-Hochberg method,
respectively. If the adjusted p-value of genes were below 0.05, then the gene was
categorized as differential expression (DE) for a given contrast. Among the DE genes,
gene annotations were enriched using the limma package.

3.10 Seahorse assay

To determine the oxidative phosphorylation and glycolysis, the seahorse assay was
carried out by Leticia Soriano-Baguet and Dirk Brenner from Luxembourg Institute of
Health. Primary human CD8" T cells were stimulated either in NG (5.6 mM) or HG (25
mM) medium for three days. At day 3, the activated CD8" T were seeded in pre-warmed
DMEM medium at a cell density of 3 x 10° cells/well and kept for 45 min to 1 hour at
37 °C without CO> prior to the assay. The extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) were tested by Leticia Soriano Baguet with the XF
Glycolytic Stress Test and XF Cell Mitochondrial Stress Test kits, respectively.

3.11 Preparation of PBMC from diabetic patients

To investigate the clinical relevance of TRAIL regulation, we cooperated with the
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Department of Internal Medicine II at the University Medical Centre in Homburg,
Saarland, Germany. Frederic Kiippers and Grigorios Christidis were responsible for
collecting blood samples from diabetic patients and healthy individuals. The test for
diabetes is according to the present diagnostic criteria from the American Diabetes
Association-ADA. And healthy samples were tested in the light of a HbAlc <5,7% on
the day of the blood collection. All subjects obtained the written informed consent prior
to the blood sampling collection, strictly accordance with the procedure described in
the ethical approval of the ethic committee of the medical association of Saarland (Ethic
Vote Nr: Ha 84/19). After getting the collected blood samples, all samples were tested
the blood glucose level by “Contour Next Sensoren” test strips (SMS Medipool). After
that, the isolation of PBMCs from patients and healthy controls was carried out as
described in 3.2.2. The isolated PBMCs were stimulated with human CD3/CD28
activator beads (cell to bead, 1:0.8) and cultured in DMEM containing NG (5.6 mM)
or HG (25 mM) for three days at the density of 3x10%ml, with additional recombinant
human IL-2 (100 U/ml, Miltenyi) at 37 °C with 5% COa.

3.12 Intracellular ROS detection

For the detection of ROS production, DCFDA (dichlorofluorescein diacetate)-Cellular
ROS Assay Kit (Abcam) was used. Primary human CD8"* T cells were stimulated in
NG (5.6 mM) and HG (25 mM) medium with CD3/CD28 activator beads for 6 hours
in the presence of recombinant human IL-2 (100 U/mL, Miltenyi). After stimulation,
cells were washed twice with 500 ul of PBS/0.5% BSA and stained with antibody

against CD8 for 30 min at 4 °C in dark. In between, prepare 1x staining buffer and a
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working DCFDA solution. For 50 ml of 1x Buffer, add 5 ml of 10x Buffer with 45 ml
ddH>0O and mix gently and thoroughly. After that, combine 1 pl of 20 mM DCFDA
solution with 1 ml of 1x Buffer. The final concentration is 20 uM. After staining, cells
were washed twice with 500 pl of PBS/0.5% BSA and incubated with 20 uM of
DCFDA for 30 min at 37 °C in dark. Finally, the samples were analysed directly by
flow cytometry analysis without washing and were quantified with FlowJo v10
(FLOWOIJO, LLC).

3.13 H,0; treatment

To determine whether ROS is involved in the TRAIL expression, we treated cells with
H>0,. H20; (stock concentration: 9.8 M) was diluted with 1x PBS. Primary human
CD8" T cells were stimulated in NG (5.6 mM) and HG (25 mM) medium with
CD3/CD28 activator beads in the presence of different concentrations of H>O» indicated
in the figure legends (1, 3, or 10 mM) and kept at 37 °C with 5% COa.. For the control
group, the cells were treated with 1x PBS. As H>0O is unstable, H-O> was added to the
culture medium every 24 hours.

3.14 Quantitative RT-PCR

The mRNA expression analysis was performed by Gertrud Schifer as described before
[164]. Primary human CD8" T cells were stimulated with CD3/CD28 activator beads
for three days in NG (5.6 mM) and HG (25 mM) medium. After stimulation, the cells
were treated as follows: (1) Centrifuge the cells in a sterile tube with 1000 rpm at 4 °C
for 5 min and discard the supernatant. (2) Add ice-cold, sterile D-PBS to wash cells,

centrifuge the cells with 1000 rpm at 4 °C for 5 min and discard as much the supernatant
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as possible. (3) Add 500 pl TRIzol reagent to lyse the cell pellets. (4) Cell pellets were

stored at -20 °C before use. Total RNA was extracted from activated CD8" T cells using

TRIzol reagent followed by the user guide (ThermoFisher Scientific, SKU#A33251).

Afterwards, reverse transcription of isolated RNA to complementary DNA (cDNA) was

done. Relative expression of gene was carried out by qRT-PCR by CFX96Real-

TimeSystemC1000 Thermal Cycler (Bio-Rad Laboratories). We used TBP (TATA box-

binding protein) as a housekeeping gene used for the normalizing target genes. Primer
sequences that have been used are listed as follows (forward/reverse): TBP (5°-

CGGAGAGTTCTGGGATTGT-3’/5’-GGTTCGTGGCTCTCTTATC-3’), GZMA (5’

TTGGGGCTCACTCAATAACC 3°/5’ TGGTTCCTGGTTTCACATCA 3°), GZMB (5’
GAGACGACTTCGTGCTGACA 3°’/5> CTGGGCCTTGTT GCTAGGTA 3°),

FASLG (5 GCACACAGCATCATCT TTGG 3°/5° CAAGATTGAC CCCGGAAGTA
3°). For perforin (NM_005041 and NM_001083116), the primer sequence was forward
5! ACTCACAGGCAGCCAACTTT 3 and reverse 5’

CTCTTGAAGTCAGGGTGCAG 3’ as referred in [165]. Pre-designed primers for
TRAIL (QT00068957) and Glutl (QT00079212) were purchased.

3.15 CTL viability assay

To determine the effect of vitamin D and metformin treatment on the CTLs viability, 7-

AAD viability staining was performed. 7-AAD (7-amino-actinomycin D) is

fluorescent chemical compound with a high DNA affinity, which can be excited by 488

nm and detected by the PE-Cy®5/PerCP channel. Primary human CD8" T cells were

stimulated with CD3/CD28 activator beads in NG (5.6 mM) or HG (25 mM) medium
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in the presence of vitamin D and metformin for three days. After that, the cells were
stained as follows: (1) Centrifuge the cells at 250 g for 30 min at RT. (2) Discard the
supernatant and add 500 pl of PBS/0.5% BSA to resuspend the cells. (3) Repeat the
steps 1 and 2. (4) After washing twice, stain the cells with CD8 antibody at 4 °C for 30
min in dark. (5) Wash cells with 500 ul of PBS/0.5% BSA twice. (6) Resuspend the
cells in 500 ul of PBS/0.5% BSA and then add 5 pl of 7-AAD staining solution (per
million cells). (7) Incubate the cells for 10 min at RT in dark. (8) Data was acquired by
flow cytometry without washing and analysed by FlowJo v10 (FLOWOJO, LLC).
3.16 Statistical analysis

Statistical analysis was carried out by GraphPad Prism 6. For two-group comparisons,
two-tailed paired/unpaired Student’s t-test was used. For multiple-group comparisons,
one-way or two-way ANOVA was performed followed by Bonferroni’s test. All data
are presented as mean + SD if not mentioned otherwise. All p values were shown in the

figures.
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4. Results

In our previous work, Dr. Zhu Jie found that the killing efficiency was increased in HG-
cultured CTLs compared to their counterparts in NG. I followed up this project and
investigated the underlying mechanisms. I first focused on the canonical killing
mechanisms employed by CTLs to destroy target cells, namely lytic granules (LGs) and
Fas/FasL pathways. No difference was identified in these two classical pathways
(cytotoxic protein expression and degranulation). CTL Migration and cytokine release
was also not altered by HG. Finally, TRAIL was identified to be the molecule
responsible for HG-enhanced CTL killing efficiency. ROS and PI3K/Akt/NFkB are
involved in regulating increased TRAIL expression induced by HG. I also found that
metformin and vitamin D reduced HG-enhanced TRAIL expression on CTLs and
therefore protected apoptosis of pancreatic beta cells mediated by HG-CTLs.

4.1. CD107a expression is not altered by HG

To investigate whether the killing machinery is changed by HG, firstly, I explored the
impact of HG on releasing of LGs using degranulation assay. To this end, we stimulated
negatively isolated primary human CD8" T cells with CD3/CD28 T cell activator beads
in the medium presence of NG (5.6 mM) or HG (25 mM) for three days, then we
examined CD107a expression on the surface of CTLs by FACS. CD107a has been
identified as a degranulation marker of NKs and activated CD8* T cells [166]. The
recognition and killing of tumour cells by cytotoxic lymphocytes, such as CD8" T
lymphocytes and NK cells, is primarily through the secretion of immune lytic particles.

During this process, the granule membrane is fused with the cytoplasmic membrane of
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effector cells, which results in lysosome-associated proteins exposed to the surface,
such as CD107a [167]. From our results, we found that there was no difference of

CD107a expression between and NG- or HG-cultured CTLs (Figure 1A-C).
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Figure 1. CD107a expression was not altered by HG. Primary human CD8" T cells were stimulated
with CD3/CD28 activator beads in NG (5.6 mM) or HG (25 mM) medium for three days. Then CD8* T
cells were incubated with SEA/SEB-pulsed Raji cells for 4 hours. Afterwards, degranulation assay was
carried out to determine the expression of CD107a on CTLs. One representative donor is shown in (A)
and the quantification is shown in (B, C) (n = 6 donors from three independent experiments). MFI, Mean
fluorescence intensity. Data were analysed by two-tailed paired Student’s t test. * p < 0.05; ns, not

significant. Figure and legend modified from [104].

4.2. HG does not affect LGs pathway

Subsequently, we analysed cytotoxic proteins expressionincluding perforin, granzyme
A (GzmA) and granzyme B (GzmB). The results showed that at the mRNA level
perforin and GzmB were not changed by HG, but GzmA was moderately down-
regulated in HG-cultured CTLs (Figure 2A-C). At the protein level there was also no

difference of perforin expression between HG and NG, whereas a slightly reduction of
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GzmA in HG-cultured CTLs (Figure 2D-G), which is in a good agreement with the
data at the mRNA level. Nevertheless, the reduced GzmA level would not contribute to

HG-enhanced CTL killing.
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Figure 2. HG does not affect the LGs pathway. Primary human CD8" T cells were stimulated with
CD3/CD28 activator beads for three days in the medium with high or normal glucose. Then cytotoxic
proteins expression was determined by quantitative PCR and flow cytometry. Expression of cytotoxic
proteins at the mRNA level (A-C) (n = 6 donors from three independent experiments) and at the protein
level (D-G) (n = 6 donors from three independent experiments). MFI, Mean fluorescence intensity. All
data were analysed by two-tailed paired Student’s t test. * p < 0.05; ns, not significant. Figure and legend
modified from [104].

4.3. HG does not influence Fas/FasL pathway

Next, we examined the Fas/FasL pathway. We found that at the mRNA level the
expression of FasL. was up-regulated in HG-cultured CTLs (Figure 3A), but at the
protein level it remained unchanged (Figure 3B, C). Taken together, these results
suggest that the HG-enhanced CTL killing is not attribute to the canonical CTL killing

machineries, i.e., LGs and Fas/FasL pathway.
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Figure 3. HG does not influence the Fas/FasL pathway. Primary human CD8" T cells were stimulated
with CD3/CD28 beads for three days in the medium with high or normal glucose. Then cytotoxic proteins
expression was determined by quantitative PCR and flow cytometry. Expression of FasL at the mRNA
level (A) (n = 6 donors from three independent experiments) and at protein level (B, C) (n = 4 donors
from two independent experiments). MFI, Mean fluorescence intensity. Data were analysed by two-tailed

paired Student’s t test (A-J). * p <0.05; ns, not significant. Figure and legend modified from [104].

4.4. HG does not alter cytotoxic proteins and cytokines release

Since LGs and Fas/FasL pathway were not changed by HG, next I examined whether
the release of cytotoxic proteins and cytokines was altered in CTLs by HG. A bead-
based multiplex cytokine assay was used, which can measure up to 13 analytes from
the same samples at the same time. This assay can overcome Enzyme-linked
immunosorbent assay (ELISA). ELISA is a most widely used and effective method for
the measurement of proteins or cytokines, but is not well suitable for high throughput
multiplex analyses [168]. This multiplexing assay allows for time/cost economy and
makes sure that all of measurements are carried out under the same conditions [169].
The assay is composed of six main cytotoxic granules including GzmA, GzmB, perforin,
granulysin, soluble FasL and soluble Fas, and seven key cytokines released by CD8
cells including IFNy, IL-2, IL-4, TNFa, IL-6, IL-10 and IL-17A. Primary human CD8"
T cells were stimulated with CD3/CD28 T cell activator beads in NG (5.6 mM) or HG
(25 mM) for three days. Then cells were collected by centrifuging with 1000 g at 4 °C

for 30 min. Afterwards, the supernatants were aliquoted and stored at -80 °C before
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testing. As shown in Figure 4, there was no difference identified in concentration of
cytotoxic proteins or cytokines in the supernatant between NG- or HG-cultured CTLs.
These data suggest that the enhanced killing capacity in HG-CTLs is not due to altered

release of cytokines or cytotoxic proteins.
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Figure 4. Release of cytokines and cytotoxic proteins in CTLs. Negatively isolated primary human
CD8" T cells were stimulated by CD3/CD28 activator beads for three days in medium with NG or HG.
Supernatants were collected and stored at -80 °C until it was used for experiments. Then the bead-based
multiplex assay was carried out to analyse the cytokines production and n = 8 donors from four
independent experiments. Data were analysed by two-tailed paired Student’s t test. Figure and legend
modified from [104].

4.5. TRAIL is up-regulated in environments with high glucose
The next coming question is if HG does not affect LGs and Fas/FasL pathway, which
molecules are responsible for HG-enhanced CTL killing. I turned my focus to TRAIL

pathway. TRAIL has a similarity with as FasL and is also a part of TNF superfamily. It
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has been shown that TRAIL is a potent apoptotic inducer in various cancer cells in vitro
and effectively restricts the growth of tumour in vivo without disrupting the normal
tissues [170]. In negatively isolated primary human CD8* T cells stimulated with
CD3/CD28 T cell activator beads in NG (5.6 mM) or HG (25 mM) for three days,
TRAIL expression was determined using quantitative PCR and flow cytometry. We
found that TRAIL was substantially enhanced in HG-cultured CTLs compared to that
of in NG-cultured CTLs at the level of mRNA (Figure 5A). Concomitantly, we also
identified that both the total TRAIL expression (Figure 5B, C) and surface TRAIL
expression (Figure 5D-F) were substantially increased in HG-cultured CTLs at the
protein level. To test whether high glucose also elevates TRAIL expression in vivo, 1
used a diabetic mouse model. In this model, streptozotocin was injected into C57BL/6N
mice, which secrete more insulin than that of the C57BL/6J substrain responding to
glucose in vitro [171]. Blood glucose level higher than 250 mg/dL was considered
diabetic. Interestingly, we found that compared to control CTLs, diabetic CTLs
displayed significantly enhanced level of TRAIL expression (Figure 5G, H), which is
in a good agreement with our observation with primary human CD8" T cells
stimulated in vitro. Furthermore, the blood glucose level was positively correlated with
the TRAIL expression (Figure 5I). In addition, we also examine the clinical relevance
of the regulation of TRAIL in environments with high glucose in diabetic patients.
Frederic Kiippers and Grigorios Christidis at Internal Medicine II, University Hospital
Saarland collected the blood from patients diagnosed with diabetes and healthy

individuals. Heathy individuals were recruited as the control group. Then we isolated
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PBMCs from the patients and analysed the TRAIL expression in freshly CTLs.

Interestingly, we found that there is a positive correlation between TRAIL expression

and blood glucose level of diabetic patients (Figure 5J). These results showed that the

expression of TRAIL in CTLs could be induced and even up-regulated under

environments with high glucose.
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Figure 5. Expression of TRAIL in CTLs was up-regulated under environments with high glucose.
Primary human CD8" T cells were stimulated with CD3/CD28 antibody-coated beads for three days in
NG (5.6 mM) or HG (25 mM) medium. (A) TRAIL expression in CTLs at mRNA level was quantified
by qRT-PCR (n = 6 donors from three independent experiments). (B-F) Total and surface TRAIL
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expression in CTLs at protein level were determined by flow cytometry, respectively. CTLs were stained
with antibody against CD8 and TRAIL after permeabilization (B, C) or without permeabilization (D-F).
(D) One representative donor out of six. Quantification of Total TRAIL (B, C) (n = 6 donors from three
independent experiments) and surface TRAIL in CTLs (E, F) (n = 6 donors from three independent
experiments). (G, H) TRAIL expression is increased in diabetic mice. Mouse splenocytes were isolated
from STZ-induced diabetic mice or controls, then cells were stained with PE-mCD3, BV421-mCD8, and
APC-mTRAIL for flow cytometry analysis (Ctrl =4, STZ mice = 8). (I) TRAIL expression in CTLs from
mice is positively correlated with the blood glucose levels. (J) Positive correlation of TRAIL expression
in freshly isolated CD8" T cells and the blood glucose levels from 11 diabetic patients. MFI, mean
fluorescent intensity. Data were represented as Mean + SD. Data were analyzed by two-tailed paired
Student’s t test (A, B, C, E, F), two-tailed unpaired Student’s t test (G, H), trendline analysis (I), Person’s
correlation coefficient analysis (J). The connecting lines are the data from the same donor. Figure and
legend modified from [172].

4.6. TRAIL expression in diabetic CTLs was higher than that of
in healthy CTLs
For the healthy individuals and diabetic patients collected from Internal Medicine II ,
University Hospital Saarland, we isolated PBMCs and stimulated with CD3/CD28
antibody-coated beads in the medium with HG or NG for three days . Then we anaysed
TRAIL expression by flow cytometry. After stimulation, we identified that compared
to TRAIL expression in healthy individuals, the TRAIL expression was markedly
increased in diabetic CTLs for both NG and HG environments (Figure 6A-C). Notably,
we also found that the expression of TRAIL in CTLs from diabetic patients in NG
medium has a comparable level with the expression of TRAIL in CTLs from healthy
CTLs in HG medium. Additionally, we also identified that there was no difference of
TRAIL expression in diabetic CTLs between type I and type II diabetes (Figure 6D, E)
or between males and females (Figure 6F, G) and no correlation with the age (Figure

6H-K).
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Figure 6. TRAIL expression was markedly increased in diabetic CTLs for both NG and HG
environments. PBMCs were isolated from diabetic patients or healthy individuals and then stimulated
with CD3/CD28 T cell activator beads in NG (5.6 mM, pink shade) or HG (25 mM, blue shade) medium
for three days. TRAIL expression was analysed by flow cytometry (Ctrl, n= 13 from thirteen independent
experiments; diabetic patients, n = 33 from twenty-four independent experiments). One representative
donor from either group is shown in (A). (B, C) Quantification of TRAIL expression in healthy controls
and diabetes. No correlation of TRAIL expression with diabetic types (D, E), genders (F, G), or age (H-
K). MFI, mean fluorescent intensity. Data were represented as Mean = SD. Data were analysed by two-
tailed unpaired Student’s t test (B, C), two-way ANOVA with Bonferroni’s multiple comparison test (D-

G), Person’s correlation coefficient analysis (H-K). Figure and legend modified from [172].
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4.7. TRAIL-R2 was mainly expressed in pancreatic beta cells

Since TRAIL is an apoptosis inducing surface molecule, we next explored whether
TRAIL is responsible for HG-enhanced CTL killing. It is reported that treating with
soluble TRAIL results in pancreatic beta cell apoptosis [173]. Here we ultilized human
pancreatic beta cell line 1.4E7 as target cell, which is derived from electrofusion of
human primary pancreatic islets with a human pancreatic ductal carcinoma cell line
PANC-1. Before conducting a killing assay, we examined the expression of TRAIL
receptors on the surface of 1.4E7 beta cell line. We found that among the four TRAIL
receptors, only TRAIL-R2 which can induce apoptosis was mainly expressed in 1.4E7

beta cell line (Figure 7).
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Figure 7. TRAIL receptors expression in 1.4E7 beta cells. Pancreatic beta cell 1.4E7 were stained
with antibody against TRAIL-R1, -R2, -R3 and R4. Data were analysed by flow cytometry. Gray:

unstained controls. Figure and legend modified from [172].

4.8. HG-cultured CTLs enhance Kkilling capacity against beta cells
To examine CTL killing, primary human CD8" T cells were stimulated with CD3/CD28
activator beads for three days and then incubated with 1.4E7 beta cells for various time
points (4, 8, and 12 hours). The harvested cell mixture was well resuspended and stained
with antibodies against CD3. Only singlets were selected and CTLs were separated
from 1.4E7 beta cells based on CD3 expression (Figure 8A). Quantification of caspase-

3 activity in beta cells shows that apoptosis of beta cells can be induced by CTLs and
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this CTL-mediated apoptosis was significantly enhanced by HG (Figure 8B-G).
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Figure 8. HG-cultured CTLs enhance killing capacity against beta cells. (A) Gating strategy for

apoptosis assay of 1.4E7 beta cells at 12 hour. (B-G) Primary human CD8" T cells were stimulated with
CD3/CD28 beads for three days in NG (5.6 mM) or HG (25 mM) medium. Afterwards, beta cells 1.4E7
were incubated with CTLs with effector to target ratio of 20:1 for 4 hrs (B-D), 8 hrs (E-G) or 12 hrs (A).

Then cells were stained with antibody against CD3 to gate beta cells. Assessment of caspase-3 activity

as a readout for analysing CTL-induced beta cells apoptosis. Representative donors at 4 hrs and 8 hrs

shown in B and E, respectively. Quantification of caspase-3 activity at 4 hrs (C, D) and 8 hrs (F, G) (n

= 8 donors from five independent experiments). Data were analysed by two-tailed paired Student’s t test

(C, D, F, G). All connecting lines are data from the same donor. Figure and legend modified from [172].
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4.9. TRAIL expression is positively correlated with the apoptosis
of pancreatic beta cell
Based on the findings that HG-cultured CTLs enhance killing capacity against beta cells.
We next want to know whether there exists correlation between the TRAIL expression
and beta cell apoptosis. In short, primary human CD8"* T cells were stimulated with
CD3/CD28 T cell activator beads for three days in NG (5.6 mM) or HG (25 mM)
medium. Afterwards, we analysed TRAIL expression by flow cytometry. We then
analysed the correlation by pearson’s correlation coefficients. Interestingly, the results
showed that the beta cells apoptosis is positively correlated with the TRAIL expression

in CTLs at all three time points examined (Figure 9A-F).
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Figure 9. Correlation of TRAIL expression with beta cells apoptosis. Caspase-3 activity is tested at
4 hr (A, B), 8 hr (C, D) and 12 hr (E, F), respectively. Results are from 16 donors from five independent
experiments. MFI, mean fluorescent intensity. Data were analysed by Pearson’s correlation coefficients.

Figure and legend modified from [172].

4.10. CTLs-induced beta cell apoptosis is TRAIL-dependent

To further test whether apoptosis of beta cells is in a TRAIL-dependent manner, we
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broke TRAIL function using TRAIL inhibitor. We analysed caspase-3 activity and
found that blockade of TRAIL function indeed reduced the beta cell apoptosis for HG-
cultured CTLs (Figure 10A-C). Taken together, these results show that HG-CTLs

induce enhancement in TRAIL-mediated apoptosis of pancreatic beta cells.
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Figure 10. Apoptosis of beta cell induced by CD8" T cells is TRAIL dependent. CTLs were incubated
with 1.4E7 cells in the presence or absence of TRAIL inhibitor (50 pg/ml) for 4 hours and caspase-3
activity was analysed by flow cytometry. One representative donor out of six donor is shown in A and
the quantification is shown in B and C (n = 6 donors from two independent experiments). MFI, mean
fluorescent intensity. Data were analysed by two-tailed paired Student’s t test (B, C). All connecting

lines are the data from the same donor. Figure and legend modified from [172].

4.11. Glucose metabolism was reprogrammed by high glucose

The upcoming question is how TRAIL expression in CTLs is enhanced by HG. To
address this question, we first examined T cell metabolism, as the effector functions of
CTLs are reported to be regulated by glucose metabolism. Glucose metabolism includes

oxidative phosphorylation and glycolysis, which can be determined by the oxygen
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consumption rate (OCR) and the extracellular acidification rate (ECAR), respectively.
Results from seahorse assay showed that both OCR and ECAR were enhanced in HG-
cultured CTLs compared to their counterparts cultured in NG (Figure 11A-F),

indicating an increase in oxidative phosphorylation and glycolysis in CTLs by HG

culture.
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Figure 11. Glucose metabolism was reprogrammed by high glucose. Primary human CD8" T cells
were stimulated with CD3/CD28 T cell activator beads for three days in NG (5.6 mM) or HG (25 mM)
medium. Oxidative phosphorylation (A-C) and glycolysis (D-F) of CTLs were determined by seahorse
assay. After obtaining of OCR in basal conditions, purified CD8" T cells were added into oligomycin,
mitochondrial disintegrant FCCP and antimycin/rotenone. (A) One representative donor for oxidative
phosphorylation. Basal OCR (B) were analysed and Maximum OCR (C) were assessed after FCCP
decoupling, respectively (n =5 from two independent experiments). Purified CD8" T cells were injected
sequential compounds glucose, oligomycin and 2-DG to measure glycolysis, glycolytic capacity. (D)
One representative donor for glycolysis. Glycolysis (E) after addition of glucose and glycolytic capacity
(F) was measured following by injection of oligomycin, respectively (n = 3 from two independent
experiments). All data were analysed by two-tailed unpaired Student’s t test. Figure and legend modified
from [172].
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4.12. Neither mTOR nor glucose transporters contribute to the
reprogrammed metabolism in CTLs by HG
Since mTOR is shown to be an important regulator for glycolysis in T cells, we
postulated that the key molecules which are involved in glycolysis such as mTOR and
glucose transporters would be involved in HG-enhanced TRAIL expression in CTLs.
To test this postulation, we examined phosphorylate subunit of mTOR at Ser2448
mTORCI1 and mTORC?2, which indicates the activity of mTOR [174]. Surprisingly, no
difference in phosphorylation at Ser2448 in CTLs was detected between NG- and HG-
cultured PBMCs (Figure 12A-C). To further examine the involvement of mTOR in
HG-enhanced expression of TRAIL in CTLs, we abrupted mTOR activity functionally
with rapamycin, a specific inhibitor for mTOR during stimulation of CD8* T cells. We
found that even at the highest rapamycin concentration (600 nM), the MFI was not
statistically significant in rapamycin-treated HG-CTLs in spite of slight increase in the
percentage of TRAIL" CTLs relative to their counterparts in NG (Figure 12D-F). Next,
we examined glucose transporters expression in NG- and HG- cultured CTLs and
started with glucose transporter 1 (Glutl), a main member of glucose transporters. We
found that at the mRNA level expression of Glutl was down-regulated in HG-CTLs
(Figure 12G), but no difference was identified at the protein level (Figure 12H, I). In
addition, membrane Glutl also remained unchanged in HG-CTLs (Figure 12J, K). Our
results indicate that the reprogrammed metabolism in CTLs by HG is not attribute to

mTOR molecules and glucose transports.
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Figure 12. Neither mTOR nor glucose transporters contribute to the reprogrammed metabolism
in CTLs by HG. (A-C) Human PBMCs were stimulated with CD3/CD28 T cell activator beads in NG-
or HG medium for three days. Then cells were stained with antibody against CD3, CD8 and PhosphoPair
mTOR (Ser2448). One representative donor is shown in (A) and quantification is shown in (B, C) (n =
3 donors from two independent experiments). (D-F) mTOR is not involved in HG-enhanced TRAIL
expression in CTLs. Primary human CD8" T cells were stimulated with CD3/CD28 antibody-coated
activator beads for three days in NG (5.6 mM) or HG (25 mM) in presence or absence of mTOR inhibitor
Rapamycin (600 nM, n =5 donors from three independent experiments). Representative donor is shown
in (D) and quantification is shown in (E, F). (G-K) Glucose transporter is not changed by HG. Primary
human CD8" T cells were stimulated with CD3/CD28 beads for three days in NG (5.6 mM) or HG (25
mM) medium. (G) Expression of Glutl in CTLs at the mRNA level was quantified by qRT-PCR (n =6
donors from three independent experiments). (H-K) Determination of total and membrane Glutl in CTLs
at the protein level by flow cytometry. (H, J) One representative donor showing the total (H) and
membrane Glutl (J) in CTLs. (I, K) Flow cytometric analysis of total (I) (n = 6 from four independent
experiments) and membrane Glutl (K) (n = 6 from three independent experiments). Data represent Mean
+ SD and were analysed by two-tailed paired Student’s t test (B, C, G, I, K) or one-way ANOVA with

Bonferroni’s multiple comparison test (E, F). Figure and legend modified from [172].
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4.13. Glucose transports are not affected by HG in CTLs in
microarray data
To have an in-depth understanding of genes influenced by HG, we analysed
transcriptomes between NG-cultured CTLs and HG-cultured CTLs (Data are not
shown here). We first analysed all glucose transporters expression. The results showed
that SLC2A1/Glutl, SLC2A3/Glut3 and SLC2A14/Glut14 were mainly expressed in
CTLs, and the expression of Glutl was moderately down-regulated in HG-cultured
CTLs compared with the expression of Glutl in NG-cultured CTLs (Figure 13), which
is consistent with what we observed from quantitative PCR (Figure 12G). The
difference in Glut3/SLC2A3 and Glut14/SLC2A14 is marginal. Thus, from the figure
12 and figure 13, we can conclude that glucose transports are unlikely to be responsible

for HG-enhanced TRAIL expression in CTLs.
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Figure 13. Glucose transporters expression in the Microarray data. The transcriptomics data of
glucose transporters expression at the mRNA level, n = 6 from five independent experiments and two
independent microarray analyses. A.U. represents arbitrary units. Data represent Mean + SD and were
analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. Figure and legend modified
from [172].
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4.14. ROS is likely to be involved in HG-induced TRAIL
expression in CTLs
Regarding the enriched GO terms, the cellular metabolism changed significantly. We
compared the samples of HG- to NG- CTLs and found that many genes related with
metabolic processes are substantially altered. Among these genes, there are totally 58
are significantly upregulated and 47 are significantly down-regulated (Data are not
shown fere). Furthermore, 6 genes that are annotated with the ROS metabolism are
significantly deregulated (Data are not shown here). Additionally, ROS is also an
important by-product of oxidative phosphorylation and glycolysis, we next investigated
the possible role of ROS in HG-regulated TRAIL expression in CTLs. We detected
ROS production using DCFDA [175]. DCFDA is a fluorogenic dye that measures
reactive oxygen species (ROS) activity within the living cells. Once DCFDA diffuse
into the cell, it can be deacetylated to a non-fluorescent compound by cellular esterases.
The compound is then oxidized by ROS into DCF, which is extremely fluorescent and
can be detected by fluorescent spectroscopy with excitation / emission at 485 nm / 535
nm. In our results, we found that upon activation, HG-cultured CTLs produced more
ROS than their counterparts in NG (Figure 14A, B). These findings suggest that ROS
may be involved in HG-regulated CTL function. To further explore the role of ROS in
HG-enhanced TRAIL expression, we stimulated primary human CD8" T cells with
CD3/CD28 antibody-coated beads in addition of different concentrations of H,O», a
relatively stable form of ROS. Interestingly, we found that compared to the control

group, with 1 uM H>O» treatment, the percentage of TRAIL" CTLs was increased in
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NG-CTLs, but the MFTI is statistically not significant. With 3 uM H»O> treatment, both
percentage of TRAIL™ CTLs and MFI were elevated in NG-CTLs. While with 10 uM
H>0; treatment, the percentage of TRAIL" CTLs and MFI were also increased, but
statistically not significant (Figure 14C-E). Whereas neither percentage of TRAIL"
CTLs nor MFI was remained changed by H>O; treatment in HG-CTLs. These results

imply that HG-enhanced TRAIL expression is likely via the enhanced ROS in CTLs.
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Figure 14. ROS was likely to be involved in HG-enhanced TRAIL expression in CTLs. (A, B)
Determination of ROS production at 6 hours after CD3/CD28 activator beads stimulation by cellular
ROS assay-DCFDA. One representative donor is shown in (A) and quantification is shown in (B) (n =15
donors from three independent experiments). (C, D) H20: treatment increases the expression of TRAIL
in NG-cultured CTLs. Primary human CD8" T cells were stimulated with CD3/CD28 antibody-coated
beads in presence of indicated concentration of H2O:> for three days. One representative donor is shown
in (C) and quantification is shown in (D, E) (n = 5 from three independent experiments). Results are
represented as Mean = SD. Data were analysed by two-tailed paired Student’s t test (B) or one-way
ANOVA with Bonferroni’s multiple comparison test (D, E). Figure and legend modified from [172].
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4.15. Abruption of mitochondrial-produced ROS does not
influence the TRAIL expression in HG-CTLs
As shown in Figure 14, TRAIL expression was upregulated in HG-cultured CTLs in
the presence of ROS. We supposed that ROS play an essential role in TRAIL expression.
To verify this hypothesis, we used ROS scavengers mitochondrial targeted antioxidant
MitoQ to treat the CD8" T cells for three days and tested TRAIL expression by flow
cytometry. As shown in figures, when mitochondrial produced ROS was removed by
MitoQ in HG-CTLs, the TRAIL expression did not significantly alter (Figure 15A-C),
suggesting that mitochondrial ROS is not involved in the HG-induced TRAIL

expression in CTLs.

A p=0.084 p=0.047
B p=0.238 C p=0.383
NG = =
= /*\ 1000+ 720034 _ 80- p=0.031
O — . -
- _ 8007 2 601 o
_ HG [ O
= o Se00{ s s |.
VAN Sa00] 2 ° £
e] HG = 2 50
e 20017 <.
§ LALA | T TTIE O ° = 0 :
A B E— — A . E— a—
0 10 10* 10° MitoQ - -  + - -4
TRAIL-APC NG HG NG HG

Figure 15. Abruption of ROS production in mitochondrial does not inhibit TRAIL expression in
HG-CTLs. Primary human CD8" T cells were stimulated with CD3/CD28 T cell activator beads for
three days in presence of MitoQ (0.4 pM, n = 5 from three independent experiments). Representative
donor is shown in (A) and quantification of TRAIL expression is shown in (B, C). Results are represented
as Mean + SD. Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison test (B,
C). Figure and legend modified from [172].

4.16. Removement of cytosolic ROS inhibit the TRAIL expression
in HG-CTLs
We next tested whether cytosolic ROS is involved in the TRAIL expression in CTLs.

We used ROS scavengers NAC (N-acetyl-L-cysteine) which has a general inhibition
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effect. As shown in figures, when ROS production produced in cytosol was inhibited
by NAC, TRAIL expression was significantly reduced in HG-CTLs to the level of
TRAIL expression in NG-CTL (Figure 16A-C). Thus, we suggest that cytosolic ROS

plays a major role in HG-enhanced TRAIL expression in CTLs.
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Figure 16. Abruption of cytosolic ROS production inhibit TRAIL expression in HG-CTLs. Primary
human CD8" T cells were stimulated with CD3/CD28 antibody-coated beads for three days in presence
of NAC (10 mM, n = 6 donors from three independent experiments). Representative donor is shown
in (A) and quantification of TRAIL expression is shown in (B, C). Results are represented as Mean + SD.
Data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison test (B, C). Figure and
legend modified from [172].

4.17. TRAIL is associated with “positive regulation of IkB
kinase/NFkB signalling”
To further explore whether other molecules are also involved in regulating TRAIL
expression in CTLs by HG, we did an analysis for the KEGG pathway in view of
transcriptome data (Figure 17A). This analysis showed 11 genes that were significantly
up-regulated, and KEGG pathway apoptosis annotated TRAIL (synonym name
TNFSF10) in HG samples (Data are not shown here). In the topl10 GO terms which
is influenced by HG, TRAIL is associated with “IkB kinase/NFkB signalling” and

“apoptotic process”, both of which are involved in positive regulation (Figure 17B).
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Figure 17. TRAIL is associated with “IxB kinase/NFkB signalling” and “apoptotic process”. (A)
Comparison of enriched KEGG pathways between NG and HG conditions. (B) 10 most significantly
enriched/exhausted Gene ontology terminology under HG and NG medium. Determination for the
enrichment was carried out by the pathfindR package. A sub-network of human protein-protein interplay
network was established that included only significantly differential expressed genes. The enrichment
factor for an annotation is computed as the fraction of proteins in the sub-network with this annotation

relative to the entire network. Figure and legend modified from [172].

4.18. HG-induced TRAIL expression in CTLs is regulated by

NFkB pathway

Additionally, it also reported that high glucose is involved in inflammation via NF-kB

signalling pathway [176]. We then tested whether NF«B is involved in HG-enhanced
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TRAIL expression in CTLs. Primary human CD8" T cells were stimulated with
CD3/CD28 antibody-coated beads with NFkB specific inhibitor CAPE treatment. We
found NFxB activity inhibition by its corresponding inhibitor significantly reduced
expression of TRAIL in HG-CTLs compared to vehicle-treated cells (Figure 18A-C).
This effect was verified by the other NFkB inhibitor MG-132 (Figure 18D-F). These

results suggest that NFxB is essential for TRAIL expression in CTLs.
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Figure 18. Enhancement of TRAIL in CTLs by HG is regulated by NFxB pathway. Primary human

CD8" T cells were stimulated with CD3/CD28 T cell activator beads for three days in NG (5.6 mM) or
HG (25 mM) with NF-«xB specific inhibitor CAPE treatment (A-C, 5 uM, n = 8 donors from three
independent experiments), MG-132 (D-F, 250nM, n = 2 donors from one independent experiments).
Representative donors for CAPE, MG-132 are shown in A and D, respectively. Quantifications for CAPE
and MG-132 are in B, C and E, F, respectively. Data are represented as Mean + SD and p values were
assessed by one-way ANOVA with Bonferroni’s multiple comparison test. Figure and legend modified
from [172].

4.19. TRAIL expression is regulated by PI3K/Akt pathway

Functions of NFkB can be regulated through PI3K-Akt pathway [177]. We therefore
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block PI3K activity using PI3Kd inhibitor idelalisib. We found that disruption of PI3K
function decreased the TRAIL expression (Figure 19A-C). We next investigated the
the downstream molecule of PI3K: Akt. We blocked Akt activity using its inhibitor MK-
2206, and we found that abruption of Akt function abolished the expression of TRAIL
in HG-CTLs (Figure 19D-F). Taken together, our results demonstrated that PI3K/Akt

and NF«kB pathway regulated HG-enhanced TRAIL expression in CTLs.
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Figure 19. Enhancement of TRAIL in CTLs by HG is regulated by PI3K/Akt pathway. Primary
human CD8" T cells were stimulated with CD3/CD28 activator beads for three days in NG (5.6 mM) or
HG (25 mM) in presence or absence of PI3K inhibitor Idelalisib (A-C, 300 nM, n = 6 donors from three
independent experiments) or Akt inhibitor MK-2206 (D-F, 200 nM, n = 7 donors from four independent
experiments). Representative donors for Idelalisib and MK-2206 are shown in A and D, respectively.
Quantifications for Idelalisib and MK-2206 are shown in B, C and E, F, respectively. Data are
represented as Mean + SD and p values were assessed by one-way ANOVA with Bonferroni’s multiple

comparison test. Figure and legend modified from [172].
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4.20. Metformin down-regulate HG-induced TRAIL expression

Since HG-enhanced TRAIL expression could induce the destruction of human
pancreatic beta cell as shown above (Figure 8), we sought for possible therapeutical
approaches to reduce TRAIL expression to protect pancreatic beta cells. We first
examined the effect of metformin on the regulation of TRAIL in CTLs. Primary human
CD8" T cells were stimulated with addition of metformin for three days. And we tested
TRAIL expression by flow cytometry. Our data showed that metformin can
substantially decreased HG-enhanced TRAIL expression in CTLs in a dose-dependent
manner (Figure 20A-C). This result suggest that metformin can protect pancreatic beta

cells from TRAIL-mediated apoptosis.
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Figure 20. Metformin down-regulate the HG-induced TRAIL expression in CTLs. Primary human
CD8" T cells were stimulated with CD3/CD28 beads for three days in presence of metformin (met) with
indicated concentrations mentioned above. TRAIL expression was analyzed by flow
cytometry. Representative donor is shown in A. Quantification is shown in B, C (n = 4-6 donors from
four independent experiments). Data are represented as Mean + SD and p values were assessed by one-

way ANOVA with Bonferroni’s multiple comparison test. Figure and legend modified from [172].
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4.21. HG-inducd TRAIL expression in CTLs could be down-
regulated by vitamin D
In addition to metformin, vitamin D has also been reported to be associated with glucose
metabolism [178] [179], protection of pancreatic beta cells [180], diabetes [181]and
HG-regulated cell functions [182]. We then tested if vitamin D has a similar effect on
the TRAIL regulation in CTLs. To this end, we stimulated primary human CD8" T cells
with CD3/CD28 activator beads in NG (5.6 mM) or HG (25 mM) medium with
treatment of different concentration of 1,25 D3 for three days, and analysed TRAIL
expression by flow cytometry. The results showed that the enhancement of TRAIL
expression by HG in CTLs was markedly down-regulated by 1,25D3 in a dose-
dependent manner (Figure 21A-C). Our data suggest that vitamin D pathway plays a
vital role in regulation of HG-enhanced TRAIL expression in CTLs. Calcipotriol (Cal),
a man-made vitamin D analogue, has a high affinity with vitamin D receptor. There
exist some big functional similarities between Cal and the natural vitamin D3 at the
cellular level. Cal shows dual functions in pancreatic cancer, showing anti-tumour
activity but also suppress T cell effector function [183]. In our work, we also want to
know the impact of Cal on the regulation of TRAIL expression in CTLs. we stimulated
primary human CD8" T cells with CD3/CD28 activator beads in NG (5.6 mM) or HG
(25 mM) medium in the addition of different concentration of Cal for three days and
analysed TRAIL expression by flow cytometry. Interestingly, we found that nanomolar
concentration of Cal was sufficient to reduce the enhancement of TRAIL expression

induced by HG in CTLs (Figure 21D-F).
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Figure 21. Vitamin D down-regulate the HG-induced TRAIL expression in CTLs. Primary human
CD8" T cells were stimulated with CD3/CD28 beads for three days with treatment of vitamin D (1,25
D3) or calcipotriol (Cal) at indicated concentrations shown above. Expression of TRAIL was evaluated
by flow cytometry. (A-C) The enhancement of TRAIL by HG in CTLs could be reduced by vitamin D
(n = 5-6 donors from four independent experiments). (D-F) Treatment of calcipotriol decreased the
expression of TRAIL induced by HG (n

Representative donors are shown in A and D. Quantifications are shown in B, C and E, F, respectively.

2-7 donors from four independent experiments).

Data are represented as Mean + SD and p values were assessed by one-way ANOVA with Bonferroni’s

multiple comparison test. Figure and legend modified from [172].
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4.22. Combination of metformin and vitamin D could further
down-regulate TRAIL expression in CTLs
Since metformin and vitamin D could reduce the enhancement of TRAIL expression by
HG in CTLs, we next tested if they could function synergistically. We stimulated
primary human CD8" T cells with CD3/CD28 activator beads in the medium of NG (5.6
mM) or HG (25 mM) in the presence of the intermediate concentration of met (0.3 mM)
and 1,25 D3 (4 uM), as the decreasing of TRAIL expression was moderate in both
conditions (Figure 20/21B, C) and analysed TRAIL expression by flow cytometry.
Interestingly, we found that combination of metformin and vitamin D could further

down-regulate HG-enhanced TRAIL expression in CTLs (Figure 22A-C).
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Figure 22. Combination of metformin and vitamin D down-regulate the HG-induced TRAIL
expression in CTLs. Primary human CD8" T cells were stimulated with CD3/CD28 beads for three days
with metformin and vitamin D treatment at indicated concentrations. TRAIL expression was analyzed
by flow cytometry. Representative donor is shown in A. Quantification is shown in B, C (n = 6 donors
from four independent experiments). Data are represented as Mean + SD and p values were assessed by

one-way ANOVA with Bonferroni’s multiple comparison test. Figure and legend modified from [172].
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4.23. T cell activation and cell viability was not affected by
metformin and vitamin D treatment
We next analysed whether vitamin D or/ and metformin treatment could affect T cell
activation or viability. T cell activation marker includes CD25, CD69, CD62L and
CD44. CD25, the alpha chain of IL-2 receptor, is identified as the most renowned
activation marker on the cell surface. It is expressed on resting memory and regulatory
T cells. Its expression is enhanced within 24 hours after stimulation and maintains
elevated state for a few days [184]. CD69 is a classical early activation marker [185].
CD62L, also termed L-selectin, play a critical role in the trafficking of T cell [186].
CD44 is an outstanding activation marker and can distinguish effector and memory T
cells from the naive [187]. We examined these mentioned-above activation marker
expression in CD8" T cells after stimulation and treatment with metformin or/ and
vitamin D for three days by flow cytometry. The results showed that treatment of
metformin and vitamin D does not affect the T cell activation (Figure23A-E). We next
also want to get knowledge of whether vitamin D or/ and metformin treatment influence
the activity of CD8" T cells per se. we used 7-Aminoactinomycin D (7-AAD) assay. 7-
AAD is a DNA dye that can distinguish live, apoptotic, and dead cells by flow
cytometry. Primary human CD8" T cells were stimulated in presence of indicated
concentrations of metformin or/ and vitamin D for three days. And we stained cells with
7-AAD staining solution and analysed the 7-AAD using flow cytometry. From the data,
we found that the activity of CD8" T cells were not affected by treatment of metformin

or/ and vitamin D.
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Figure 23. T cell activation and cell viability was not affected by metformin and vitamin D. Primary
human CD8* T cells were stimulated with CD3/CD28 activator beads for three days in addition of
vitamin D, metformin, or combination of vitamin D and metformin at indicated concentrations. (A-
E) Assessment of the activation of CD8" T cells by staining activation marker (n = 3-4 donors). (F)
Determination of CD8" T cells apoptosis by staining 7-AAD. Data are represented as Mean + SD. All
data were analyzed by one-way ANOVA with Bonferroni’s multiple comparison test. Figure and legend
modified from [172].
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4.24. Combination of metformin and vitamin D could also reduce
TRAIL expression in CTLs from healthy individuals
Additionally, we also examined the regulation of metformin and vitamin D on TRAIL
expression in CTLs from healthy individuals. Isolated PBMCs were stimulated with
CD3/CD28 activator beads in the NG or HG medium for three days. TRAIL expression
was determined by flow cytometry. The data showed that the expression of TRAIL in
CTLs from health was reduced by 1,25D3 (Figure 24A, B), met (Figure 24C, D) in a
dose-dependent manner. And combination of met and 1,25D3 could further reduce the

expression of TRAIL in CTLs from healthy individuals (Figure 24E, F).

A p=0.024 B p=0.010 C
=0016
p =0.108 p =0.023 — L
=0.029
p >0.9999 p >0.9999 e
= 500~ —== 501 — = 5007 p >0.9999
E p=0.060 A X p =0.032 LEL —==
< 400 o 2 401 N S 400{P=00%2 4
%] A = =] A %] o
—_— a) 3
8 o © =} 8 o A
300+ a — 304 o 3004
- 2 & o 4
+ (=} “+
© ©
82000 T w 8 20 ; oo & 2001 v
o %o vg¥ °: < o LAASEN &) % % ¥
- 4 A = 4nd © A | d 2 opo A .
<_(100ﬁmum é&eg 510%@DMA§"° 2100.@.:"JAA i &
Foolg o7 et v o FoolS—o7 4t YV oo Eoglee 5 & w7 e
§ § -~ © § § -~ © § § 5 o °
—_— _ o —
= 2 1,25D3 (uM) 2 2 12503 (M) = = Met (mVI)
NG HG NG HG NG G
p=0.016 p =0.007
D p=0.013 E F =0.009
ooxr p =0.021 p=0.
—PEESE p=0.076 p=0.014
<907 p >0.9999 = 5007 — 50"
S 2 < p=0.038 X p=0019
@ 40 Pz008T = 4001 o £ 404 o
8 B a 3 8 a
+ 301 . © 300- g — 301 o
© . o © ]
=] [eo]
520 %_ W A 2004 q_ PV 8 20 I_ AAA o7
9 % ¥ o g %0 gg woeo t ° LS AN
2101 2° oan aaa vy o5 2 100 ogq mon 3k v S 21018 & ;%; % >4
o 28 ° o
Fooloo 8 48 ¥ G E LS &7 & oo N - SR
§ § 5 2 ° I N giH t 3 ¢
Vet (mM) NG HG NG HG
NG HG

Figure 24. Vitamin D and/or metformin down-regulate HG-induced TRAIL expression in CTLs
from healthy individuals. PBMCs isolated from healthy individuals were stimulated with CD3/CD28
beads in presence of vitamin D (1,25D3, A, B), metformin (Met, C, D), Met (300 uM) and/or 1,25D3 (4
uM) (E, F) for three days. TRAIL expression was assessed by flow cytometry. Data are represented as
Mean + SEM. All data were analysed by one-way ANOVA with Bonferroni’s multiple comparison test.
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4.25. Metformin and vitamin D could protect pancreatic beta cells
from TRAIL-mediated apoptosis
The data we discussed above showed that metformin and/or vitamin D could down-
regulate the HG-enhanced TRAIL expression both in CTLs and CTLs from healthy
individuals. And the finding in Figure 8 also demonstrated that high glucose enhanced
the killing capacity against pancreatic beta cell, which is in a TRAIL-dependent manner.
Based on these two findings above, we next want to know if metformin or vitamin D
could protect pancreatic beta cells from TRAIL-mediated apoptosis. In order to do this,
we stimulated primary human CD8" T cells with CD3/CD28 activator beads in the
presence of metformin and/or 1,25D3 for three days. Then CTLs were incubated with
1.4E7 beta cells for different time points: 4, 8, and 12 hours, without metformin or
vitamin D to avoid the possible potential effect on beta cell per se. After that, the cells
were stained with CD3 and caspase-3 substrate and apoptosis of pancreatic beta cells
was determined by caspase-3 activity with flow cytometry. From our data, we found
that metformin and vitamin D could reduce the TRAIL-mediated beta cell apoptosis at
the indicated timepoints (Figure 25A-D). In summary, our results suggest that
metformin and vitamin D could protect beta cells apoptosis from HG-induced

TRAILMe? CTLs in vitro.
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Figure 25. Metformin and vitamin D could protect TRAIL-mediated beta cells apoptosis. Primary
human CD8" T cells were stimulated with CD3/CD28 activator beads for three days with treatment of
metformin (met), vitamin D, or combination of metformin and vitamin D with indicated concentrations.
Apoptosis of beta cells was determined by activity of caspase-3. (A) One representative donor showing
the apoptosis of beta cells at 4 hours. (B-D) Quantification of apoptosis of beta cells at 4 hour (B) (n=8
donors from six independent experiments), 8 hours (C) (n = 8 donors from seven independent
experiments) and 12 hours (D) (n = 8 donors from six independent experiments). Results are represented
as Mean + SD. One-way ANOVA with Bonferroni’s multiple comparison test was applied for statistical

analysis. Figure and legend modified from [172].

4.26. Metformin and Vitamin D can also regulate TRAIL
expression in diabetic CTLs from the patients
Next, we tested whether metformin and vitamin D can also regulate the expression of

TRAIL in diabetic CTLs from the patients. We isolated PBMCs from the diabetic
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patients and stimulated with CD3/CD28 beads in NG or HG medium for three days in
the addition of indicated concentrations of vitamin D (1,25D3), Calcipotriol (Cal),
metformin (Met), or Metformin (300 uM) and/or 1,25D3 (4 uM) and analysed the
TRAIL expression by flow cytometry. The results showed that the expression of TRAIL
in diabetic CTLs was reduced by 1,25D3 (Figure 26A, B), Cal (Figure 26C, D) and
metformin (Figure 26E, F) in a dose-dependent manner. And the combination of

metformin and 1,25D3 could further reduce the expression of TRAIL in diabetic CTLs

(Figure 26G).
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Figure 26. Metformin and vitamin D down-regulate the expression of TRAIL in CTLs from
diabetic patients. PBMCs were isolated from diabetic patients and stimulated with CD3/CD28 T cell
activator beads with treatment of vitamin D (1,25D3, A, B), Calcipotriol (Cal, C, D), metformin (Met,
E, F), or Metformin (300 uM) and/or 1,25D3 (4 pM) (G) for three days in NG (5.6 mM, pink shade) or
HG (25 mM, blue shade) medium. TRAIL expression was assessed by flow cytometry. Data are
represented as Mean + SD (1,25D3 n = 30; Cal n = 18; Met n = 31; Met and/or 1,25D3 n = 29 from 21,
14, 23, 21 independent experiments). All p values were assessed by one-way ANOVA with Bonferroni’s

multiple comparison test. Figure and legend modified from [172].
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4.27. Medicine taking itself can affect the regulation of metformin
or 1,25 D3 on TRAIL expression in CTLs
Considering some diabetic patients have already taken medicine, we next analysed
whether medicine taking itself can affect the regulation of metformin or 1,25 D3 on the
TRAIL expression. The patients from the Internal Medicine II, University Hospital
Saarland can be divided into three groups: 6 patients have taken vitamin D (1,25D3), 9
patients have taken metformin (Met), and 18 patients have not taken any vitamin D and
metformin. As described above, the PBMCs were isolated from these diabetic patients
and stimulated by CD3/CD28 activator beads in HG or NG for three days in the
presence of indicated concentrations of vitamin D (1,25D3) and metformin (Met). Then
TRAIL expression was analysed by flow cytometry. Interestingly, we found that CTLs
from diabetic patients not taking any metformin or vitamin D showed marked
upregulation of TRAIL under HG conditions (Figure 27A), while CTLs from the
patients taking metformin showed no difference in TRAIL expression between NG-
cultured and HG-cultured CTLs (Figure 27B). CTLs from diabetic patients taking
vitamin D moderately enhanced TRAIL expression under HG conditions (Figure 27C).
For the no metformin and vitamin D taking and only metformin taking group, culturing
the diabetic CTLs in HG with metformin treatment further reduced TRAIL expression
(Figure 27D, E). Likewise, for the no metformin and vitamin D taking and only vitamin
D taking group, culturing diabetic CTLs with vitamin D treatment in HG could down-
regulated TRAIL expression (Figure 27F, G). These findings demonstrate that the HG-

enhanced TRAIL expression in CTLs from diabetic patients can be down-regulated by
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metformin and vitamin D treatment.
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Figure 27. Medicine taking itself can affect the regulation of metformin or 1,25 D3 on the TRAIL
expression. Diabetic patients were divided into three groups based on if metformin or vitamin D was
taken. PBMCs were isolated from these diabetic patients and stimulated by CD3/CD28 activator beads
in HG or NG for three days in the presence of indicated concentrations of vitamin D (1,25D3) and
metformin (Met). Then TRAIL expression was analysed by flow cytometry. Data are represented as
Mean + SD. All p values were analysed by one-way ANOVA with Bonferroni’s multiple comparison
test (A-C) or two-way ANOVA with Bonferroni’s multiple comparison test (D-G). Figure and legend
modified from [172].
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5. Discussion

This work is focused on the regulation of HG on functions of CTLs. And our study
demonstrated that HG did not alter the LGs and Fas/FasL pathway. Interestingly, we
found that TRAIL expression in CTLs was upregulated by HG in vitro and in vivo. ROS
and PI3K/Akt/NFkB axis are involved in HG-induced enhancement of TRAIL
expression in CTLs. TRAILMe" CTLs induced the apoptosis of pancreatic beta cells.
Metformin and vitamin D could reduce the increased TRAIL expression induced by
HG, which therefore further protected pancreatic beta cells apoptosis mediated by
TRAILM#" CTL in HG.

For diabetes, CTLs play a pivotal and indispensable role in the development and
progression of Type 1 DM. Autoimmune CTLs, which recognize self-antigen on beta
cells, destroy the insulin-producing pancreatic beta cell through the effector functions,
resulting in beta cell destruction, insulin deficiency and hyperglycemia. CTLs, as well
as other factors, are also involved in its initiation and development of Type 2 DM. Up
to date, the investigations about the role of CTLs in diabetes are mostly focused on the
effect of islet autoreactive T cells on Type 1 DM. The impact of HG on CTL functions
per se is still not well understood. Previous work from our lab shows that target
recognition-induced calcium influx is reduced in HG-cultured CTLs [105]. Dr. Jie Zhu
from our group found that HG could enhance the cytotoxicity of CTLs induced by TCR
engagement. I found that cytotoxic proteins expression including granzymes, perforin
and FasL are not altered by HG. There is also no difference of degranulation and

cytokine release between HG and NG group. Migration of CTLs is also not affected by
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HG. Interestingly, enhancing extracellular Ca** concentration diminishes the difference
in killing efficiency between NG- and HG-CTLs [104], indicating that Ca* is involved
in HG-enhanced CTL killing induced by TCR. Of note, since the different killing
efficiency between NG-cultured and HG-cultured CTLs is not abolished by adding
extracellular Ca®*, other mechanisms must also be involved in HG-enhanced CTL
killing.

In this work, I have revealed TRAIL as a major mechanism to mediate HG-enhanced
CTL cytotoxicity. Besides the apoptotic capacity of TRAIL to cancer cells, TRAIL has
also been supported that is involved in the development of diabetes and obesity [188].
TRAIL induce cell apoptosis by ligation with its receptors. In humans, there are four
TRAIL receptors including TRAIL-R1, -R2, -R3 and -R4. TRAIL-R1 and -R2 belong
to death receptors, which contains cytoplasmic death domain and can induce the cell
death. TRAIL-R3 and -R4 are knowns as decoy receptors, which lack of death domain
and cannot induce cell apoptosis. The death receptors are highly expressed in many
tissues such as adipose, pancreas, kidney, heart. We then examined the TRAIL receptors
expression in 1.4E7 pancreatic beta cell. And our results showed that of the four TRAIL
receptors, only TRAIL-R2 was mainly expressed in 1.4E7 beta cell. We further tested
the TRAIL-mediated cell apoptosis using 1.4E7 beta cell. The results showed that HG-
induced enhancement of TRAIL increased apoptosis of pancreatic beta cells. Our
findings indicated that CTL-induced destruction of pancreatic beta cells is in a TRAIL-
dependent manner. Blockade of TRAIL expression in CTLs may protect pancreatic beta

cells from death.
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Whether decreasing of TRAIL expression in CTLs could keep beta cells from
destruction, or diabetic progression is reduced by TRAIL deficiency? Feeding
TRAIL/ApoE double knockout strain mice a high fat diet significantly increased their
fasting glucose level compared with TRAIL- or ApoE- mice. Injection of sTRAIL
intraperitoneally in mice fed a high-fat diet decreased beta cell damage. Why systemic
blockade of TRAIL could deteriorate the progression of diabetes? Strong evidence
shows that TRAIL plays an essential role in suppressing the diabetogenic T cells
functions, which can recognize the autoantigen on beta cells, causing them to be
destroyed. For example, in NOD mice, ablation of TRAIL increased the proliferation
of metastatic diabetogenic T cells. Consequently, blockade of TRAIL systematically
cannot protect beta cells.

Studies showed that TRAIL expression in T cells could be induced by type I interferons
(IFNs, e.g., IFN-a and IFN-B). However, we did not find the difference of IFN-a and
IFN-B between HG- and NG-cultured CTLs from the microarray data. It indicated that
interferons were not responsible for the enhancement of TRAIL expression by HG in
CTLs. More interesting, convincing studies showed that IFN-a play a key role in the
initiation of Type 1 DM. IFN-a signaling blocking protect beta cell from destruction by
CTLs at prediabetes stage in a mouse model. Therefore, we supposed that before the
elevated blood glucose caused by the clinical disease, TRAIL expression could be
induced by IFN-a, which resulted in the progression of diabetes.

The cells use glucose to generate energy including oxidative phosphorylation and

glycolysis. In addition, it has shown that aerobic glycolysis plays an important role in
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the functions of T cells. In our work, we found that OCR and ECAR were increased in
HG-cultured CTLs. Some key regulatory pathways in T cells have been reported to
modulate the cell metabolic process. The naive CD8" T cells utilize IL-7 signaling
pathway to mediate basal oxidative phosphorylation and glycolysis. After activation,
the metabolism of CD8" T cells is reprogrammed, manifested by enhanced levels of the
glycolytic flux. This enhancement in glycolysis attributes to the upregulation of Glutl
on CD8' T cells owing to AKT activation by CD28 co-signaling and TCR. The
induction of MYC by AKT-dependent mTOR signaling can also trigger the glycolytic
upregulation in CD8" T cells [189]. In oligodendrocyte precursor cells, the glucose
uptake and lactate release were increased under high-glucose condition [190].

Glucose is transported into the cells by glucose transporters (Glut) [191]. Glutl is
strongly upregulated upon immune cell activation. Inhibition and loss of Glutl
hampered the proliferation and function of T cells [192]. For example, Glutl expression
is elevated in activated murine CD4" T cells to benefit glucose glycolysis [193]. In
human T cells, it is reported that Glutl is enhanced in beads-activated T cells. However,
our results here showed that expression of Glutl was not altered at protein level and
even a slightly down-regulation at the mRNA level in HG-cultured CTLs. Our
microarray data also supported that the Glut expression was not affected by HG. These
results indicated that glucose transporters were unlikely responsive target proteins to
HG-induced metabolic reprogramming in CTLs.

Of note, our microarray data show that apart from Glutl/SLC2A1, Glut3/SLC2A3, and

Glut14/SLC2A14 are the predominantly expressing members among all known glucose
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transporters. Glut3/SLC2A3 is shown an upregulation of mRNA level in an activation-
dependent manner in human CD4" T cells, and is further increased when infection with
HIV-1 [194]. Studies also suggested Glut3 play an essential role in the effector function
of Th17 cells [195]. High expression of Glut3 in immune T cells indicate that Glut3
response to infection or inflammatory disease as a metabolic checkpoint.
Glut14/SLC2A14 is related with inflammatory bowel disease [196]. And among
immunotherapy with checkpoint inhibitor patients, Glutl4 was significantly
upregulated in responder patients' T-cell population [197]. These findings suggest that
Glut 14 may function as a metabolomic biomarkers in inflammatory disease or immune
checkpoint inhibitor therapy.

ROS, a set of derivatives molecular oxygen produced by a normal aerobic metabolism.
ROS production is mainly harbored in mitochondria. High glucose triggered elevated
level of ROS can lead to mitochondrial dysfunction [198]. Lactate, as a ROS generator,
itself can influence the ROS production. In skeletal muscle, lactate-induced
upregulation of ROS can lead to autophagy [199]. In addition, acute or chronic
hyperglycemia in diabetes also increases ROS production and activates beta-cell
apoptosis [117]. In keratinocytes, augmented ROS levels induced by a high glucose
environment leads to mitochondrial dysfunction and apoptosis via stress signaling
pathways [198]. High glucose exacerbates the pathogenesis of inflammation or
autoimmunity, which is mediated by mitochondrial generated ROS in Th17 cells [200].
Our results here showed that HG could increase ROS production in CTLs. And

treatment with H>O> enhanced expression of TRAIL in NG-cultured CTLs.
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Interestingly, inhibition of cytosolic ROS production of this process by NAC can
significantly suppress TRAIL expression in HG-cultures CTLs. However, blockade of
mitochondrial ROS by its scavengers did not influence TRAIL expression in CTLs.
Taken together, these data demonstrate that cytosolic ROS rather than mitochondrial
ROS is indeed involved in HG-induced TRAIL expression in CTLs. This suggests that
Th17 cells and CTLs may use difference regulatory mechanisms to response the high
glucose environment.

Interestingly, numerous studies have demonstrated that ROS, as an upstream regulator,
could activate PI3K/AKT signaling pathway as well as NF«xB pathway. In addition, it
is reported that high glucose could also activate PI3K/Akt signaling pathway in vascular
smooth muscle cells. Based on these findings, we investigate the regulation PI3K/Akt
pathway on TRAIL expression in CTLs. We found that blockade of PI3K/AKT function
by their corresponding inhibitors abrupted the HG-induced TRAIL expression in CTLs.
For the downstream regulator of mTOR and NF«B, we also showed that inhibiting the
mTOR and NF«B activity influenced the expression of TRAIL in HG-cultured CTLs.
From these results, we can conclude that PI3K/AKT and NF«kB pathway is involved in
HG- upregulated TRAIL expression in CTLs.

Vitamin D has a close link with to the initial of insulin resistance in diabetes. Vitamin
D reduces inflammation, which is involved in inducing insulin resistance [201]. In
addition, vitamin D has an important effect on the functions of immune system.
Epidemiological data show that vitamin D deficiency is linked to immune functioning

deficits, such as an increasing risk of infection and a susceptibility to autoimmune
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disease [147]. In particular, the vitamin D receptor which was induced by initial TCR
signaling play an essential role in increasement of phospholipase gammal, which plays
a key role in the activation of T cells and the differentiation of Treg/T17 cell [202] [203].
Additionally, vitamin D speeds up the conversion of Th cells from proinflammatory to
anti-inflammatory status by epigenetic remodeling [204]. Interestingly, vitamin D could
also keep the elevated Ca?>" and ROS in a normal resting level during diabetes. Based
on these findings above, we hypothesize that vitamin D could reduce the HG-enhanced
expression of TRAIL by diminishing the ROS production in CTLs. Our results here
demonstrated that the HG-enhanced TRAIL expression could be downregulated by
vitamin D in a dose dependent manner. Remarkably, during my experiments, I noticed
that CTLs harvested in winter were mostly sensitive to high glucose, whereas the
responsive donors decreased in summer.

In addition, vitamin D is also linked to other autoimmune diseases like multiple
sclerosis (MS) and Rheumatoid arthritis (RA) [205]. MS is a
potentially disabling brain and spinal cord disease caused by the attacked protein
myelin. And studies showed that there are multiple beneficial immunomodulatory
effects of vitamin D supplementation on the MS patients [206]. RA mainly affects joints,
resulted from your body’s own tissues being attacked by your immune system. The
prevalence of vitamin D deficiency in patients with RA is highly associated with disease
severity [207]. Interestingly, TRAIL is also shown to be involved in progression of MS
and RA [208] [209]. Our findings that vitamin D-regulated TRAIL expression in CTLs

could play a role in ameliorating the progression of MS and RA.
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Metformin, as we all know, is the first line medicine to treat Type 2 DM. Studies showed
that addition of metformin could reduce insulin dose requirement in the insulin therapy
for the adolescents, pediatrics with Type 2 DM [210]. Additionally, emerging evidence
in vivo and in vitro suggest that metformin also has immune-modulatory properties,
manifesting a powerful contributor to anticancer and antiaging features [211] [159]. For
example, metformin enhances the antitumor efficiency of CTLs by blocking the
inhibitory checkpoint of PD-L1 which expressed on the surface of tumor cells.
Additionally, metformin has anti-aging effect by activating AMPK pathway which as a
target for aging inhibition. In addition, in vitro experiments using MS-1 cell line reveal
that metformin ameliorates HG-induced MS-1 cell injury by reducing oxidative stress,
suppressing apoptosis and accelerating proliferation. And maybe this protective role of
metformin is mediated through the activation of FXR [212]. Our work here
demonstrated that metformin diminishes HG-induced upregulation of TRAIL in CTLs.
The underlying mechanisms still need further investigation. mTOR, a well-defined
target for metformin is excluded as inhibition of mTOR by rapamycin does not alter
TRAIL expression in HG-CTLs. We postulate that ROS could be responsible as a
molecule target for the regulation of metformin on TRAIL expression in CTLs. HG-
induced ROS production promoted TRAIL expression in CTLs, and metformin could
diminish this HG-enhanced TRAIL expression. The regulatory effect of metformin may
mediate by inhibiting ROS production under HG conditions.

The impact of combination of vitamin D and metformin has been tested in many various

scenarios. For example, combined use of vitamin D and metformin has chemo-
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preventive functions for colorectal cancers in rat and mouse and maybe effective in
treatment of patients with polycystic ovary syndrome. It is recently reported that in a
mouse model of Type 2 DM, uncontrolled by metformin alone, additional vitamin D
treatment could improve insulin sensitivity in skeletal muscles. Our findings
demonstrate that combination of metformin and vitamin D down-regulate the HG-
enhanced TRAIL expression in an additive manner. And we further found that
combination of metformin and vitamin D could protect beta cell from TRAIL-mediated
beta cell apoptosis. In addition, we also found the beneficial effects of metformin and
vitamin D on the diabetic patients. To sum up, in my work, we discover a novel
mechanism by which CTLs are involved in the progression of diabetes. It also
establishes a new possible target of metformin and vitamin D treatment to protect beta
cell from apoptosis.

There exist some drawbacks in our study. We listed them as follows: 1) We stimulated
CTLs in medium with normal or high glucose for three days and TRAIL was
upregulated in HG-cultured CTLs on day 3. We are not clear whether the HG-induced
TRAIL expression is swift. To this end, we should test TRAIL expression after
stimulation for 1 day and 2 days. 2) Whether HG-induced TRAIL upregulation in CTLs
is stably maintained or transient after entering NG conditions. Blood glucose stability is
important for Type 2 DM. Many factors influenced the stability of blood glucose such
as age, sex, diet and diabetes history. Considering the unstable blood glucose, CTLs are
much more prone to exposed to repeated fluctuations of glucose levels in their

microenvironment. We therefore wondered whether the changes in CTL functions were
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contingent on the acute presence of HG or NG or whether HG-induced TRAIL
expression can be stably maintained when the cells enter NG microenvironments. To
this end, we should subject CTLs that were stimulated in HG conditions to repeated
restimulations in NG conditions. 3) HG-enhanced TRAIL expression in CTLs is
regulated by ROS and PI3K/Akt/NFxB pathway, and metformin and vitamin D could
diminish the TRAIL expression induced by HG. Based on these, whether metformin
and vitamin D influence the PI3K/Akt/NFkB activity is unknown in this study. To
examine this, we can test the PI3k activity using homogeneous time-resolved
fluorescence (HTRF) and Akt activity by measuring Phosphorylation of the GSK-3a
after stimulation of CTLs in presence of metformin and vitamin D for three days [213].
And for examination of NFkB activity, p-p65, p-IxBa, translocation of p65,
and degradation of IxBa are all good markers for NFkB activation. 4) Our data found
that TRAIL was increased in STZ-induced diabetic mice. In vitro, treatment of
metformin and vitamin D could decrease the enhancement of TRAIL induced by HG in
CTLs. However, due to the limitation of animal resource, we do not know whether
metformin and vitamin D could have a similar effect on TRAIL regulation in vivo. This
remains to be investigated. To this end, we can orally administer metformin and vitamin
D to STZ-induced diabetic mice and test whether high blood glucose-induced TRAIL
expression in diabetic mice can be ameliorated by metformin and vitamin D treatment,
and whether metformin and vitamin D treatment can protect diabetic beta cell from
apoptosis.

Our findings reported that high glucose levels can enhance CTL cytotoxicity. And it

81



Discussion

provides new insights into how this is mediated. Our study show that high glucose
levels lead to upregulation of TRAIL expression in CTLs and that promote enhanced
apoptosis of pancreatic beta cells. The findings further show that ROS and the
PI3K/Akt/NFkB axis is involved in the regulation of TRAIL expression. Metformin
and vitamin D protect pancreatic beta cells from TRAIL-mediated apoptosis, which

establish a potential benefit of to protect pancreatic beta cell of diabetic patients.
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