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1. Introduction

1.1 Cytokine-induced killer (CIK) cells

1.1.1 Introduction

Cytokine-induced killer (CIK) cells were first reported by Schmidt-Wolf 1.G.H. and
colleagues in 1991 (Schmidt-Wolf et al., 1991). Derived from peripheral blood
mononuclear cells (PBMCs) and being incubated with indicated cytokines for 14-21 days,
CIK cells become a heterogeneous population of exceptional T lymphocytes with
CD3*CD56" cells as the primary effectors, which is rare (around 3%) in peripheral blood
of healthy individuals and possess both functional characteristics of T cells and a major
histocompatibility complex (MHC)-unrestricted cytolysis of natural killer (NK) cells
(Schmeel et al., 2015; Schmidt-Wolf et al., 1991). In addition, CIK cells also contain a
minor fraction of CD3*CD56" T cells and CD3-CD56* NK cells. Similar to NK cells, CIK
cells are well-documented to be triggered by the natural killer group 2D (NKG2D) to exert
lytic effects against tumors (Wu et al., 2020). Engaging with its ligands, NKG2D transmits
activating signals into CIK cells to polarize and release lytic granules, and consequently
kill malignant cells.

CIK cells are originally generated from freshly isolated PBMCs with the treatment of IFN-
y, anti-CD3, IL-1j3, and IL-2. Importantly, it has been demonstrated that the usage of IFN-
y can enhance the cytotoxicity of CIK cells only if added 24 h before the addition of IL-2,
probably due to the induction of IL-2 receptors on the effector cells, resulting in a more
efficient activation or recruitment of additional cell populations that are not activated by IL-
2 alone (Itoh et al., 1985; Teichmann et al., 1989). In addition, CIK cells can also be
generated from both peripheral blood and cord blood (Schmidt-Wolf et al., 1991).

1.1.2 CIK cell-mediated tumor cell lysis

As mentioned above, among the heterogeneous populations of CIK cells, the abundant
CD3*CD56" subset is considered to exert cytotoxic activity. The mechanisms involved in
the cytotoxicity of CIK cells have not yet been completely clarified, however, some crucial
molecules have been identified. CIK cell-mediated cytotoxicity is cell-cell contact
dependent as studies revealed that the blockade of lymphocyte function associated
antigen 1 (LFA-1) and intracellular cell adhesion molecule 1 (ICAM-1) inhibited the
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cytotoxicity of CIK cells (Schmidt-Wolf et al., 1993). Cell contact subsequently activates
the polarization and the release of lytic granules, such as perforin, granzymes, and
cytokines (Wu et al., 2021; Wu et al., 2020).

The activation of CIK cells depends on the recognition and engagement of ligands and
receptors on the surface of CIK cells and tumor cells. The contact between CIK cells and
tumor cells provides a reliable physical environment for the activation of CIK cells. NK
receptors on CIK cells are the main recognition structure, including NKG2D, DNAX
accessory molecule-1 (DNAM-1), NKp30, CD16 (Pievani et al., 2011; Verneris et al.,
2004). Both NKG2D and DNAM-1 are highly expressed in CIK cells, while NKp30 is
present at low density and CD16 expression is donor-dependent. The corresponding
ligands in tumor cells include MHC class | chain-related protein A and B (MICA/B) and
UL16 binding proteins (ULBPs) (Raulet et al., 2013), which are mainly expressed on tumor
cells and a few on normal cells. Engagement of these receptors and ligands can trigger
and activate CIK cells, exerting cell lysis in an MHC-unrestricted pattern.

In addition, programmed cell death system Fas-FasL and tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) signaling are also found to mediate the cytotoxicity of
CIK cells (Cappel et al., 2016; Durrieu et al., 2014). Research also found that inhibitory
receptors, such as killer immunoglobulin-like receptors (KIRs), are usually absent from
CIK cells. However, other immuue checkpoint molecules, including programmed cell
death protein 1 (PD-1), T-cell immunoglobulin and mucindomain containing-3 (TIM-3), and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) have been shown to be expressed
in CIK cells with various extents and may incur functional inhibition of CIK cells.

1.2 Tumor microenvironment (TME)

1.2.1 Introduction

TME is a complex ecosystem, surrounding and feeding tumor cells. TME is composed of
cancer cells, stromal components (such as immune cells, fibroblasts, and blood vessels),
and extracellular matrix (ECM) (Bozyk et al., 2022). The mutual interaction between the
TME and tumor cells facilitates the tumor-supportive evolution of TME and promotes
tumor cell growth (Whiteside, 2008). Tumor cells can reshape TME to a tumor-supportive
condition by releasing extracellular signals, while educated TME in turn supports the

growth and invasion of tumor cells (Pickup et al., 2014).
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1.2.2 Inflammation in the TME

The inflammation in the TME is a hallmark of cancers (Balkwill and Mantovani, 2001; Zhao
et al., 2021). It represents a complex physiological response of the body to internal and
external environmental stimuli and is closely linked to tumor initiation and progression. As
a double-edged sword, inflammation plays both pro-tumor and anti-tumor roles, largely
determined by the type, intensity, and duration of the inflammation. Pro-inflammatory
cytokines, as key mediators of inflammation, can promote tumor progression through
various mechanisms, while, under certain conditions, they can also inhibit tumor growth.
Acute inflammation in tumors typically occurs during the early stages of inflammation,
which reflects an adaptive, anti-tumor physiological mechanism aimed at limiting tumor
progression (Balkwill and Mantovani, 2001). For instance, TNF-a can induce tumor cell
death by activating apoptosis-related signaling pathways, such as the FADD-caspase 8
pathway (Wang et al., 2008). In addition, cytokines like IL-1 and IFN-y can directly or
indirectly enhance the activity of effector T cells and NK cells, thereby boosting the
immune surveillance of tumors (Castro et al., 2018; lkeda et al., 2002). Certain pro-
inflammatory cytokines can also modulate the TME to downregulate the expression of
immune inhibitory molecules, thereby inhibiting tumor progression (Zhao et al., 2021).
However, acute inflammation gradually transitions into chronic inflammation and switches
to a critical promoter of cancer (Grivennikov et al., 2010). Pro-inflammatory cytokines,
such as IL-6, IL-8, and TNF-qa, activate signaling pathways like nuclear factor kappa B
(NF-kB) and signal transducer and activator of transcription 3 (STAT3), driving increased
cell proliferation and enhanced anti-apoptotic capacity, thus promoting the survival and
expansion of tumor cells (Guo et al.,, 2024). Furthermore, inflammation generates
substantial reactive oxygen species (ROS) and reactive nitrogen species (RNS), which
can induce DNA damage and mutation, leading to genomic instability and a heightened
risk of carcinogenesis (Chen and Zhou, 2015; Grivennikov et al., 2010). Within the TME,
pro-inflammatory cytokines also promote tumor progression by inducing angiogenesis.
For example, the upregulation of IL-1 and vascular endothelial growth factor (VEGF)
enhances new blood vessel formation, providing essential oxygen and nutrients for tumor
growth (Aguilar-Cazares et al., 2019; Voronov et al., 2014). Concurrently, pro-

inflammatory cytokines may regulate the immune microenvironment by recruiting
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regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs), thereby
suppressing effector immune responses and enabling tumors to evade immune
surveillance (Rahma and Hodi, 2019; Wang and DuBois, 2015).

In summary, inflammation in the TME exhibits dual effects on tumor biology. Although
acute inflammation may contribute to tumor control, chronic inflammation facilitates tumor
growth and immune evasion, highlighting its dualistic and context-dependent nature in

tumor progression.

1.2.3 Tumor-associated macrophages (TAMSs)

Macrophages are the major cellular component of the TME, occupying 60 % of the TME
parenchyma (Bied et al., 2023; Chevrier et al., 2017). Macrophages in the TME can exhibit
very different or even opposite phenotypes, depending on the microenvironment in which
they are located. Activated macrophages are generally divided into classically activated
M1 macrophages, induced by lipopolysaccharide (LPS), IFN-y, or colony-stimulating
factor 2 (CSF-2); or alternatively activated M2 macrophages, induced by IL-4, IL-13, or
CSF-1 (Lin et al., 2019; Qian and Pollard, 2010). In addition, M2 macrophages are further
divided into M2a, M2b, M2c, and M2d cells. In general, M1 macrophages promote
inflammatory responses against invading pathogens and tumor cells, while M2
macrophages tend to exhibit an immunosuppressive phenotype that favors tissue repair
and tumor progression. The markers, metabolic characteristics, and gene expression
profiles of these two types of macrophages are different. M1 macrophages secrete pro-
inflammatory cytokines such as IL-12, TNF-a, CXCL-10, and IFN-y and produce high
levels of nitric oxide synthase (NOS), while M2 macrophages secrete anti-inflammatory
cytokines such as IL-10, IL-13, and IL-4 and express abundant arginase-1 (ARG-1),
mannose receptor (MR, CD206), and scavenger receptors (Movahedi et al., 2010; Qian
and Pollard, 2010). A notable feature of macrophages is their high plasticity, meaning that
M1 and M2 macrophages can transition between each other in response to TME signals,
a process known as macrophage polarization (Mantovani et al., 2002). Although studies
have found that TAMs can exhibit both M1 and M2 polarization phenotypes, TAMs are
generally considered to be M2-like macrophages (Mantovani et al., 2002; Zhang et al.,
2014). Importantly, due to the plasticity, reprogramming M2-like TAMs in the TME into M1-

like macrophages with anti-tumor efficacy using various approaches, including small
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molecule compounds, nanomedicines, and gene editing, has emerged as an important
strategy of targeting TAMs for anti-tumor therapy in recent years.

TAMSs contribute to tumor progression through multiple mechanisms (Yang et al., 2020).
Firstly, TAMs promote tumor growth by secreting a range of cytokines, including VEGF,
TGF-B, platelet-derived growth factor (PDGF), and basic fibroblast growth factor (bFGF),
which enhance cancer cell proliferation. Furthermore, TAMs suppress the cytotoxic effects
of normal macrophages by downregulating the INOS pathway in M1 macrophages (Rigo
et al., 2010; Zeisberger et al., 2006). Secondly, TAMs facilitate tumor invasion and
metastasis by releasing ECM-degrading enzymes, such as matrix metalloproteinases
(MMPs) and cathepsins, which degrade the basement membrane and connective tissue
surrounding tumors. Additionally, TAM-derived factors, such as TNF-a, induce epithelial-
to-mesenchymal transition (EMT), thereby enhancing metastatic potential (Olmeda et al.,
2007). Thirdly, TAMs play a central role in angiogenesis by secreting pro-angiogenic
factors such as VEGF, IL-8, and bFGF, which promote neovascularization and increase
microvessel density in tumor tissues. Hypoxic conditions within the TME further stimulate
TAMs to upregulate additional pro-angiogenic molecules, thereby amplifying this effect
(Joimel et al., 2010; Yuri et al., 2015). Lastly, TAMs contribute to immune suppression by
secreting immunosuppressive cytokines such as IL-10, TGF-3, and PGE2, which impair
the cytotoxic function of T cells and NK cells. Together, these mechanisms underscore
the multifaceted role of TAMs in tumor progression and highlight their potential as

therapeutic targets in tumor treatment.

1.3 Endoplasmic reticulum (ER) stress

1.3.1ER

The ER in eukaryotic cells is the largest organelle of an interconnected membrane system
with diverse functions, including protein synthesis, transport and folding, lipid and steroid
synthesis, calcium storage, and crosstalk with other organelles (Schwarz and Blower,
2016). The ER is classified as rough ER and smooth ER, depending on the presence of
ribosomes. The rough ER is defined by the presence of membrane-bound ribosomes and
mainly performs functions associated with the biosynthesis of membrane and secretory
proteins, including their proper folding and modification. The smooth ER, where ribosomes

are absent, is primarily involved in lipid and steroid synthesis, carbohydrate metabolism,



16

and calcium ion storage (Schwarz and Blower, 2016). However, there is little evidence to
suggest that the rough ER is excluded from performing functions typically associated with
the smooth ER. For instance, the rough ER is also involved in calcium homeostasis in the
ER (Walton et al., 1991). With the assistance of chaperones, nascent unfolded proteins
synthesized by ribosomes are subjected to the ER quality control mechanisms (Kopito,
1997). Qualified proteins are subsequently packaged into vesicles and trafficked to the
Golgi apparatus for further processing, while misfolded proteins are degraded in the
cytosol through ER-associated degradation (ERAD). ERAD is a process mediated by
proteasomes, in which misfolded proteins are retrotranslocated from the ER to the cytosol
for degradation by proteasomes, facilitated by channel proteins in an energy-consuming
manner (Kopito, 1997; Rao et al., 2023).

1.3.2 ER stress and unfolded protein response (UPR)

Given the complex and pivotal functions, the ER is strictly and intricately regulated to meet
cellular biological activities. Protein homeostasis is a distinctive feature of a properly
functioning ER, where protein synthesis is compatible with processing (Jayaraj et al.,
2020). However, when cells are exposed to stressful conditions such as nutrient shortage,
hypoxia, calcium dyshomeostasis, and oxidative stress, the protein-folding capacity of
cells is disrupted, leading to the accumulation of unfolded and misfolded proteins in the
ER lumen, thereby provoking ER stress (Chen and Cubillos-Ruiz, 2021). In reaction to ER
dysfunction, cells initiate an adaptive defense mechanism known as UPR to reinforce
protein folding and degradation capacities, ultimately tackling the ER stress and restoring
protein homeostasis (Schroder, 2008). Therefore, the UPR is a protective response by
which cells to mitigate ER stress.

The UPR is initiated by three transmembrane sensors: inositol requiring enzyme 1 (IRE1),
protein kinase (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6)
(Chang et al., 2018; Chen and Cubillos-Ruiz, 2021). The accumulation of unfolded and
misfolded proteins binds more chaperone proteins, such as glucose-regulated protein 78
(GRP78, also known as binding immunoglobulin protein (BiP)), resulting in the
dissociation of BiP from these three sensors. Upon BiP release, ATF6 is transported to
the Golgi apparatus where it is processed into its active form and subsequently

translocated to the nucleus to promote the transcription of chaperone and ERAD-related
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genes. Dimerization and autophosphorylation occur when PERK and IRE1 decouple from
BiP. Activated PERK in turn phosphorylates eukaryotic initiation factor 2a (elF2a), which
leads to transient inhibition of global protein translation to restore abnormal ER but
selectively induces ATF4. AFT4 then enters the nucleus and activates the transcription of
genes related to chaperone, apoptosis and amino acid metabolism. Activation of IRE1
induces the splicing of X-box protein 1(XBP1) mRNA and then the formation of its active
form, sXBP1. sXBP1 is translocated to the nucleus to initiate the transcription of genes
responsible for chaperone, ERAD and lipid synthesis. Collectively, UPR contributes to
restore ER protein homeostasis by retarding general protein translation and increasing
the translation of ER resident chaperones and components of the protein degradative
machinery to prevent the aggregation of unfolded and misfolded proteins.

Moderate ER stress can be dispelled by proper collaboration among the respective UPR
branches, therefore maintaining cell survival, however, persistent or excessive ER stress
eventually induces cell death (Mohamed et al., 2017). Ample evidence supports that
unrelievable ER stress leads to cell apoptosis, and two UPR branches, PERK and IRE1,
control cell fate under ER stress (Chang et al., 2018; Lu et al., 2014). In the face of
overwhelming ER stress, ATF4, which is selectively activated in the PERK branch, has
been shown to induce apoptosis by both inhibiting the anti-apoptotic protein Bcl-2
(McCullough et al., 2001) and promoting the pro-apoptotic proteins BIM (Puthalakath et
al., 2007) and PUMA (Galehdar et al., 2010) through the activation of the transcription
factor C/EBP homologous protein (CHOP). On the other hand, IRE1 can offset the
apoptosis signals from the PERK/ATF4/CHOP branch by degrading apoptosis-dependent
components (Chang et al., 2018). However, IRE1 has also been revealed to promote
apoptosis and autophagy by activating the c-Jun N-terminal kinase (JNK) pathway (Han
et al., 2009; Urano et al., 2000).

1.3.3 ER stress in tumors

ER stress has been documented in most major types of human cancer, especially in solid
tumor (Wang and Kaufman, 2014). Of importance, amounting evidence has shown that
ER stress and the subsequent UPR modulate various pro-tumoral properties, including
angiogenesis, metabolism, metastasis, and chemoresistance, while reprogramming the
function of immune cells in the TME (Chen and Cubillos-Ruiz, 2021; Urra et al., 2016). In
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addition, ER stress has also been identified in cancer stem cells (CSCs) and dormant
tumor cells, which are mostly to blame for relapse, contributing to their stemness
maintenance, quiescence, and chemoresistance (Calvo et al., 2023; Liang et al., 2021;
Ranganathan et al., 2006). Targeting UPR, the adaptive response of ER stress, induces
the differentiation of CSCs, increases cell death and sensitivity to chemotherapy in CSCs
and dormant tumor cells (Calvo et al.,, 2023; Ranganathan et al., 2006). Overall,
adaptation to ER stress confers a survival advantage to tumor cells, but also renders them
vulnerable to environmental perturbations. Therefore, targeting the UPR to disturb the ER
homeostasis has emerged as an attractive approach for anti-tumor therapy in recent years
(Salvagno et al., 2022).

1.4 Endoplasmic reticulum oxidoreductase 1 alpha (EROLL)

1.4.1 Introduction

EROLL, also known as ERO1A or EROl1q, is a flavin adenosine dinucleotide (FAD)-
containing ER-resident thiol oxidoreductase responsible for catalyzing disulfide bond
formation in nascent polypeptides, working in conjunction with protein disulfide isomerase
(PDI) (Inaba et al., 2010). ERO1L is expressed ubiquitously in all cell types as its crucial
role in oxidative protein folding. Of note, in addition to oxidative protein folding, ERO1L is
also implicated in various biochemical pathways, such as calcium release and regulation
of nicotinamide adenine dinucleotide phosphate oxidase (NOX) activity. In addition, an
interesting finding is that EROLL knockout in mammals is not as fatal as in yeast, and
mice with ERO1L knockout exhibit a mere retardation in disulfide bond formation (Zito et
al., 2012). Indeed, it has been demonstrated that EROLL function in oxidative protein
folding can be compensated by other redundant oxidoreductases, such as peroxiredoxin
4 (PRDX4), glutathione peroxidase 8 (GPx8), peroxiredoxin IV (PrxIV) and vitamin K
epoxide reductase (VKOR) (Bulleid, 2012; Kanemura et al., 2020; Nguyen et al., 2011;
Zito, 2013).

Human EROLL protein is functionally composed of two regions: a four antiparallel alpha-
helices core region containing a binding site for the FAD coenzyme and an adjacent inner
active-site, as well as a shuttle loop with an outer active-site (Araki and Inaba, 2012). In
addition, EROLL features a protruding B-hairpin responsible for docking with PDI. ERO1L
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functions as an exchange center for disulfide bonds and electrons to assist PDI in the de
novo disulfide bond formation in nascent polypeptides.

1.4.2 Expression profile of ERO1L in tumors

In our prior research, we conducted an integrative analysis of expression data derived
from cell lines, tumor tissues, and publicly available gene expression databases. The
findings revealed that ERO1L expression was significantly upregulated in a range of
cancers, including bile duct cancer, cervical cancer, lung cancer, pancreatic cancer,
breast cancer, liver cancer, and gastric cancer. Notably, prostate cancer was the
exception, as EROLL expression levels in both tumor tissues and cell lines did not show
a significant difference compared to their normal counterparts (Chen et al., 2024).In
addition, a pan-cancer expression analysis from the Oncomine database revealed
upregulated ERO1L in 10 cancer types while reduced in esophageal cancer, head and
neck cancer, and leukemia (Liu et al., 2021). Taken together, these data support that
EROLI1L is highly expressed in the vast majority of tumors, implying a potential role in

tumor biology.

1.4.3 EROLL mediates tumor progression

1.4.3.1 Roles in tumor growth and aggression

ERO1L is widely implicated in tumor progression. Most studies have shown that inhibition
of EROI1L impairs tumor cell proliferation, migration, and invasion, whereas its
overexpression enhances these malignant traits (Chen et al., 2024). Additionally, ERO1L
facilitates EMT in various cancers, including lung, liver, colorectal, bile duct, and cervical
cancer. Mechanistically, ERO1L promotes the oxidative folding of integrin 1 and MMPs,
which are crucial for ECM degradation and tumor cell dissemination (Cornelius et al., 2021;
Han et al., 2018; Lee et al., 2018).

1.4.3.2 Roles in angiogenesis

EROLL primarily promotes tumor angiogenesis by facilitating VEGF maturation. By
facilitating the oxidative folding of VEGF and stabilizing hypoxia-inducible factor-1 alpha
(HIF-1a), ERO1L also enhances endothelial cell proliferation and vascular network
formation (Tanaka et al., 2016; Varone et al., 2021, Zilli et al., 2021). Studies in breast
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and liver cancer have demonstrated that EROI1L increases human umbilical vein
endothelial cell (HUVEC) migration and tube formation, as well as blood vessel density in
tumor tissues (Tanaka et al., 2016; Varone et al., 2021; Zilli et al., 2021).

1.4.3.3 Roles in the TME

EROLL plays a pivotal role in establishing an immunosuppressive TME by modulating
both immune and stromal components. High ERO1L expression is associated with
reduced levels of cytotoxic immune cells, such as CD8* T cells, B cells, and NK cells,
while being positively correlated with immunosuppressive components, including cancer-
associated fibroblasts (CAFs), MDSCs, and TAMs. (Liu et al., 2023; Liu et al., 2021).
Moreover, EROILL directly enhances the oxidative folding and stability of PD-L1,
promoting immune evasion of tumor cells (Tanaka et al., 2017).

Furthermore, EROLL facilitates the recruitment and differentiation of myeloid-derived cells.
It enhances MDSC chemotaxis by increasing the oxidative folding of key chemokines,
such as granulocyte colony-stimulating factor (G-CSF) and C-X-C motif chemokine ligand
1/2 (CXCL1/2), which drive immunosuppressive myeloid infiltration (Tanaka et al., 2015).
In pancreatic cancer, ERO1L knockdown promotes monocyte infiltration and their
differentiation into dendritic cells (DCs), thereby improving antigen presentation (Tay et
al., 2023). Single-cell RNA sequencing (scRNA-seq) analysis further indicates that ERO1L
drives TAM polarization from an M1 to an M2 phenotype, reinforcing immunosuppression
(Liu et al., 2023; Liu et al., 2021).

In T cells, ERO1L triggers ER stress transmission from tumor cells, leading to CHOP-
dependent apoptosis and functional exhaustion of CD8+ T cells (Liu et al., 2023). Notably,
high EROLL expression correlates with resistance to immune checkpoint inhibitors (ICls),
whereas its deletion enhances tumor sensitivity to anti-PD-1 therapy (Liu et al., 2023; Liu
et al., 2021).

1.4.3.4 Roles in metabolism and chemoresistance

EROLL contributes to metabolic reprogramming by promoting aerobic glycolysis (the
Warburg effect) and pentose phosphate pathway (PPP) activity, thereby increasing
NADPH and glutathione (GSH) production to enhance antioxidant defenses (Han et al.,

2018; Zhang et al., 2020). In pancreatic and cervical cancer, ERO1L has been shown to
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enhance glycolytic flux, and its inhibition suppresses tumor cell proliferation (Zhang et al.,
2020). Moreover, EROI1L plays a role in chemoresistance by supporting adaptive
mechanisms under hypoxia and ER stress. In gastric and breast cancer, EROLL
knockdown increases tumor cell sensitivity to 5-fluorouracil (5-FU) and paclitaxel (Seol et
al., 2016; Varone et al., 2022). This effect is likely due to heightened susceptibility to lethal
ER stress upon EROIL inhibition, ultimately compromising cellular survival under

therapeutic pressure.

1.5 Multiple myeloma (MM) and colorectal cancer (CRC)

According to cancer statistics, CRC ranks as the third most common cancer globally in
terms of incidence but the second leading cause of cancer-related mortality, with 1.9
million new cases and 900,000 deaths annually (Bray et al.,, 2024). By 2040, CRC
incidence is projected to reach 3.2 million new cases annually, with 1.6 million related
deaths (Morgan et al., 2023). Despite advances in treatment modalities, including surgery,
chemotherapy, radiotherapy, and immunotherapy, challenges such as recurrence, drug
resistance, and off-target toxicity remain significant hurdles (Dekker et al., 2019).
Therefore, there remains an urgent need for more effective therapeutic strategies.
Similarly, MM is a malignant disorder of plasma cells characterized by their abnormal
proliferation in the bone marrow and excessive production of monoclonal immunoglobulins,
leading to destructive bone lesions, anemia, renal impairment, and immune dysfunction
(Cowan et al., 2022). The introduction of proteasome inhibitors, immunomodulatory drugs,
and monoclonal antibodies has significantly advanced MM treatment. However, MM

remains incurable, with frequent relapses and persistent drug resistance.

1.6 Aims of the thesis

Inflammation and ER stress are the two features of the TME, both of which exhibit dual
roles in tumor progression. Depending on their intensity and duration, they can either
promote or limit tumor growth. Regulating these processes to enhance their anti-tumor
effects may contribute to the development of novel therapeutic strategies. This study aims
to:

1. Investigate whether pro-inflammatory cytokines derived from M1 macrophages

enhance the anti-tumor activity of CIK cells and elucidate the underlying mechanisms.



22

2. Examine the role of the PD-1/PD-L1 axis in the pro-inflammatory cytokine-mediated
enhancement of CIK cell cytotoxicity.

3. Assess the feasibility and necessity of combining PD-1/PD-L1 blockade with
macrophage reprogramming therapy for cancer treatment.

4. Analyze the expression of EROILL in tumors and its regulatory relationship with ER
stress.

5. Investigate the role of ERO1L in programmed cell death in tumor cells.

6. Evaluate the therapeutic potential of combining EROLL inhibition with ER stress-

inducing agents.
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2. Material and methods

2.1 Materials
2.1.1 Table 1: Cell lines

Cell name Cell type Source Culture medium
CCD18-Co Human normal colon epithelia | ATCC MEM
Colo201 Colorectal cancer ATCC RPMI-1640
Colo205 Colorectal cancer ATCC RPMI-1640
HCT116 Colorectal cancer DSMz McCoy’s 5A
HT29 Colorectal cancer ATCC McCoy’s 5A
NCI-H929 Multiple myeloma ATCC RPMI-1640
OPM2 Multiple myeloma DSMZ RPMI-1640
SW480 Colorectal cancer ATCC RPMI-1640
THP-1 Human monocyte ATCC RPMI-1640
U266 Multiple myeloma ATCC RPMI-1640
2.1.2 Table 2: Antibodies
Name Colne Catalog number | Source
Anti- Mouse IgG1, k P3.6.2.8.1 16-4714-82 Invitrogen
Anti- Rat IgG1, Kk eBRG1 14-4301-82 Invitrogen
Anti-AMPKa A20017A 600651 BioLegend
Anti-ATF4 - 11815 CST
Anti-ATF6 - 65880 CST
Anti-Bax - 2772 CST
Anti-Bcl-2 - 4223 CST
Anti-Beclinl - 3495 CST
Anti-CD16/32 93 101320 BioLegend
Anti-ERK1/2 - 4695 CST
Anti-ERO1L - 3264 CST
Anti-GRP78 - 610978 BD Bioscience
Anti-IL1B CRM56 14-7018-81 Invitrogen
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Anti-1L6 MQ2-13A5 16-7069-81 Invitrogen
Anti-IRE1a - 3294 CST
Anti-LC3A/B - 1247 CST
Anti-PD-L1/Durvalumab - A2013 Selleckchem
Anti-PERK - 3192 CST
Anti-p-ERK1/2 - 4370 CST
Anti-TNFa Mabl 16-7348-81 Invitrogen
Anti-B-Actin - 4967 CST
Anti-B-Tubulin - MA5-16308 Thermo Scientific
APC anti-CD86 BU63 374208 BioLegend
APC anti-MICA/B 6D4 320908 BioLegend
APC anti-mouse IgG Poly4053 405308 BioLegend
APC anti-mouse IgG1, K MOPC-21 981806 BioLegend
APC anti-mouse IlgG2a, k | MOPC-173 981906 BioLegend
APC anti-PD-1 EH12.2H7 329908 BioLegend
APC anti-p-NF-kB 14G10A21 653005 BioLegend
FITC anti-NKG2D 1D11 320820 BioLegend
FITC anti-p-p53 DO-7 645803 BioLegend
HRP Goat anti-Mouse - SA0000I-I Proteintech
Secondary antibody

HRP Goat anti-Rabbit - RGARO001 Proteintech
Secondary antibody

PE anti-CD206 15-2 321106 BioLegend
PE anti-mouse IgG1, K MOPC-21 981804 BioLegend
PE anti-p-AKT A21001C 606553 BioLegend
PE anti-PD-L1 MIH2 393608 BioLegend
PE anti-p-ERK1/2 6B8B69 369505 BioLegend
PE anti-p-JNK1/2 N9-66 562480 BD Biosciences
PE anti-p-mTOR 021-404 563489 BD Biosciences
PE anti-p-p38 MAPK Al16016A 690203 BioLegend
PE anti-p-STAT3 13A31 651004 BioLegend
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PE anti-rat 1IgG2a, « RTK2758 400508 BioLegend
2.1.3 Table 3: Chemicals, reagents, and kits

Name Catalog number Source

0.5 M Stacking Gel Buffer 1610799 Bio-Rad

1.5 M Resolving Gel Buffer 1610798 Bio-Rad

10X AnnexinV Binding Buffer 556454 BD Bioscience
10X Laemmli Buffer 42556.01 SERVA

10X TBS 1706435 Bio-Rad

10X Tris/Glycine Buffer 1610734 Bio-Rad

1X PBS 1% Casein Blocker 1610783 Bio-Rad

4X Roti-Load 1 K929.2 CarRoth

4u8c HY-19707 MCE

ACA-28 HY-147855 MCE

Accutase 423201 BioLegend
Acrylamid/Bis-acrylamide (29:1) Al24.1 CarRoth

AKT Inhibitor X 14863 Cayman
Ammoniumperoxodisulfat (APS) 9592.3 CarRoth
Caspase 3/7 Dye C10740 Thermo Scientific
Caspase 9 Dye AB65615 Abcam

CCK-8 Solution CKO04-20 Dojindo
Ceapin-A7 HY-108434 MCE
Carboxyfluorescein succinimidyl ester C34554 Thermo Scientific
(CFSE)

Clarity Western ECL Substrate 170-5060 Bio-Rad

Cyto-ID Green Autophagy Kit ENZ-KIT175 Enzo Life Science
Dimethyl Sulfoxide (DMSO) A994.2 CarRoth

DPBS P04-36500 Pan-Biotech
DuoSet ELISA Ancillary DYO008 R&D system
DuoSet Human MICA ELISA Kit DY1300 R&D system
DuoSet Human MICB ELISA Kit DY1599 R&D system
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Ethanol K928.4 CarRoth

Fetal Bovine Serum (FBS) P240501 Pan-Biotech

FITC Annexin V 640906 BioLegend

Fixation Buffer 420901 BioLegend
Gossypetin Cay33840 Biomol
GSK2606414 HY-18072 MCE

Halt Protease Inhibitor Cocktail (100X) 1860932 Thermo Scientific
HEPES 1M 7365-45-9 Pan-Biotech
High-Capacity cDNA Reverse 4368814 Applied Biosystems

Transcription Kit

Hoechst 33258 Cay16756-50 Cayman

Human IL-1B ELISA Kit 88-7261-22 Invitrogen
Human IL-6 ELISA Kit 88-7066-22 Invitrogen
Human TNF-a ELISA Kit 88-7346-22 Invitrogen

IC Fixation Buffer 00-8222-49 Thermo Scientific
JAK Inhibitor | 420097 Biomol
Lipofectamine RNAIMAX 100014472 Invitrogen
Lipopolysaccharides (LPS) L4391 Sigma-Aldrich
LY-294002 L9908 Biomol

McCoy’s 5A P04-05500 Pan-Biotech
MEM Eagle P04-08056 Pan-Biotech
Methanol P717.1 CarRoth

MG132 HY-13259 MCE

p38 MAP Kinase Inhibitor 11l 506148 Merck
PageRuler Prestained Protein Ladder 26616 Thermo Scientific
Pancoll Human P04-36500 Pan-Biotech
Penicillin-Streptomycin 15140122 Gibco

PerCP 7-AAD 420404 BioLegend
Permeation Buffer 425401 BioLegend
Phorbol 12-myristate 13-acetate (PMA) | P8139 Sigma-Aldrich
Pierce BCA Protein Assay Kit A55865 Thermo Scientific
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PowerTrack SYBR Master Mix A46110 Applied Biosystems
PVDF membrane 22860 Invitrogen

RBC Lysis Buffer 420301 BioLegend
rh-1FN-y 1134534 ImmunoTools
rh-1L-1B 11340015 ImmunoTools
rh-IL-2 11340025 ImmunoTools
rh-IL-6 11340064 ImmunoTools
rh-TNFa 1134015 ImmunoTools

RIPA Buffer 89900 Thermo Scientific
RNeasy Plus Mini Kit 74134 Qiagen

RPMI-1640 P04-16500 Pan-Biotech

SDS Solution 10 % (w/v) 1610416 Bio-Rad

SP600125 HY-12041 MCE

TagMan Gene Expression Assay (FAM) | 4351368 Applied Biosystems
TagMan Gene Expression Master Mix 4369016 Applied Biosystems
Tetramethylethylenediamine (TEMED) 161-0800 Bio-Rad

Trypan Blue Satin (0.4 %) 15250-061 Gibco
Trypsin-EDTA 25300054 Gibco
Tauroursodeoxycholic Acid (TUDCA) HY-19696 MCE

Tunicamycin 12819 CST

Tween-20 9127.2 CarRoth

Zombie Aqua Dye 423102 BioLegend

2.1.4 Table 4: Primer list

ATF4 Forward CTCCGGGACAGATTGGATGTT
Reverse GGCTGCTTATTAGTCTCCTGGAC
ATF6 Forward TCCTCGGTCAGTGGACTCTTA
Reverse CTTGGGCTGAATTGAAGGTTTTG
CHOP Forward GGAAACAGAGTGGTCATTCCC
Reverse CTGCTTGAGCCGTTCATTCTC
EROIL Forward GGCTGGGGATTCTTGTTTGG
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Reverse AGTAACCACTAACCTGGCAGA
GAPDH Forward GCACCGTCAAGGCTGAGAAC
Reverse TGGTGAAGACGCCAGTGGA
GRP78 Forward GCCGTCCTATGTCGCCTTC
Reverse TGGCGTCAAAGACCGTGTTC
IRE1a Forward AGAGAAGCAGCAGACTTTGTC
Reverse GTTTTGGTGTCGTACATGGTGA
PERK Forward ACGATGAGACAGAGTTGCGAC
Reverse ATCCAAGGCAGCAATTCTCCC
GAPDH TagMan (FAM) | Hs99999905 m1
MICA TagMan (FAM) | Hs07292198 gH
MICB TagMan (FAM) | Hs00792952_m1
PD-L1 TagMan (FAM) | Hs00204257_m1

2.1.5 Table 5: Equipment and software

Name

Source

BD FACSCanto Il

BD Bioscience

Centrifuge

Eppendorf

ChemiDox XRS+ Imaging System Bio-Rad

Diva software

BD Bioscience

FlowJo software

TreeStar

GraphPad Prism software

GraphPad Software Inc.

ImageJ software

National Institutes of Health, USA

Incubator

Thermo Scientific

Mastercycler gradient

Eppendorf

Microplate reader

Thermo Scientific

Microscope Carl Zeiss
Nanodrop1000 NanoDrop
QuantStudio 3 Applied Biosystems

Water bath

Memmert
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2.2 Methods

2.2.1 Cell culture

All cell lines were cultured in in a humidified incubator with 5 % CO2 at 37 °C. All media
were supplemented with 10 % FBS and 1 % penicillin—streptomycin. All cell lines were

mycoplasma free, as tested by mycoplasma detection Kkit.

2.2.2 siRNA-mediated gene knockdown

For ERO1L knockdown, a pre-designed EROL1L specific sSiRNA (#hs.Ri.ERO1L.13.1) or a
negative control scramble siRNA (#51-01-14-04) was purchased from Integrated DNA
Technologies (IDT, Coralville, IA, USA). 3 x 10° HCT116 or 4 x 10> SW480 cells were
seeded in 6-well plates and incubated overnight, then cells were transfected with ERO1L
siRNA (siERO1L) or scramble siRNA (siNC) using Lipofectamine RNAIMAX according to

the manufacturer’s instructions. Two days after transfection, cells were harvested for use.

2.2.3 Generation of CIK cells

PBMC-derived CIK cells were generated as previously described (Schmidt-Wolf et al.,
1991). The non-adherent cells were collected and stimulated by 1000 U/mL IFN-y for 24
h. As next, 50 ng/mL anti-CD3 monoclonal antibody, 600 U/mL IL-2, and 100 U/ml IL-1]3
were added to induce CIK cells. Cells were then incubated at 37 °C in a humidified
atmosphere of 5 % CO2. Fresh medium with 600 U/mL IL-2 was replenished every 2-3
days.

2.2.4 Macrophage polarization and characterization

The protocol of macrophages polarization from THP-1 cells has been described previously,
with our minor modifications (Nyiramana et al., 2020). Briefly, 5 x 10° THP-1 cells were
seeded to 6-well plates and stimulated to MO macrophages by adding 100 ng/mL PMA for
24 hours. For the polarization of M1 macrophages, MO macrophages were then treated
with 100 ng/mL LPS and 20 ng/mL IFN-y for 48 hours in the presence of 50 ng/mL PMA.
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2.2.5 Flow cytometry-based phenotype measurement

2.2.5.1 Surface proteins

For the measurement of surface proteins, cells with or without treatments were collected
and washed once followed by surface staining with fluorescence conjugated antibodies at
4 °C for 30 minutes. Next, cells were washed twice and resuspended in 200 yL DPBS for
analyses. Hoechst 333258 was immediately added to tubes before the analysis to
recognize dead cells. Of note, for Fc receptors blockade, macrophages were incubated
with CD16/32 antibodies at 4 °C for 10 minutes prior to the staining of surface markers.
For the inhibition of signaling pathways, cells were pre-treated with the inhibitors for 20
minutes prior to the treatment of cytokines. Conditioned-medium (CM) from macrophages
was pre-incubated with cytokine antibodies at 4 °C for 3 hours for cytokines neutralization

before the use.

2.2.5.2 Apoptosis measurement

The Annexin V/7-AAD double staining was used for apoptosis measurement. Tumor cells,
including supernatants were collected and washed with DPBS for twice. Next, cells were
resuspended and stained in 1x Binding Buffer with Annexin V and 7-AAD dyes in the dark
for 15 minutes at room temperature. Then, the percentages of apoptotic cells (Annexin
V+/7-AAD-) were analyzed.

For caspase staining, cells were harvested and washed with DPBS for twice. Then, tumor
cells were stained in DPBS with Caspase 3/7 Dye in the dark at room temperature for 1
hour, or in culturing medium with Caspase 9 Dye in 37 °C for 1 hour. Next, dead cell

indicator SYTOX dye was added to cells followed by analyses.

2.2.5.3 Autophagy measurement
For autophagy measurement, tumor cells were collected and washed twice with DPBS.
Cells were then stained in DPBS with CYTO-ID Green Dye in the dark for 30 minutes at

room temperature, followed by flow cytometry analyses.

2.2.5.4 Intracellular staining
Intracellular staining was performed for the measurement of phosphorylation levels of

signaling molecules. Briefly, cells were fixed with Fixation Buffer for 15 minutes in 37 °C.
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After washed twice using wash buffer, cells were permeated using Permeation Buffer
while vortex, followed by incubation at -20 °C for 2 hours. Cells then were stained in wash
buffer with phosphorylation specific antibodies in the dark for 30 minutes. After washed

twice, cells were analyzed using flow cytometry

2.2.6 Flow cytometry-based cytotoxicity measurement

For cytotoxicity assays, 1 x 10% of CFSE-labeled tumor cells were seeded with cytokines
or macrophage-derived CM for 24 hours. CIK cells were then added to tumor cells and
co-cultured for 24 hours followed by analysis. For the neutralizing and blocking
experiments, prior to the co-culturing with CIK cells, cytokine antibodies or PD-L1 antibody
were pre-incubated with tumor cells at 4 °C for 3 hours or at 37 °C for 2 hours, respectively.
The formula used for cytotoxicity calculation is as follows: Cytotoxicity = CL-TL. CL, live
tumor cells percentage in tumor cells alone group; TL, live tumor cells percentage in tumor
cells and CIK cells groups, with or without treatments. Effector to target (E:T) ratio was
10:1 in this study.

2.2.7 Enzyme-linked immunosorbent assay (ELISA)

Supernatants from tumor cells and M1 macrophages were collected for the measurement
of shed MICA, shed MICB, and cytokines, respectively. For cytokines measurement,
supernatants were 10 folds diluted prior to the use. ELISA assays were conducted

according to the manufacturer’s instructions.

2.2.8 Western-blotting

Total proteins were extracted using RIPA Buffer supplemented with protease and
phosphatase inhibitors. Protein samples were quantified using BCA Kit, separated by
SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked with
blocking buffer (1x PBS with 1 % Casein) or BSA (5 % wi/v, for phosphorylated proteins)
for 1 hour at room temperature and then incubated with indicated primary antibodies
overnight at 4 °C. On the next day, the membranes were incubated with secondary
antibodies at room temperature for 1 hour. The visualization of the immunoreactive

complexes was performed using ECL Kit and a ChemiDoc XRS+ Imaging System.
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2.2.9 Reverse transcription-quantitative PCR (RT-gPCR)

Total RNA was isolated using RNeasy Plus Mini Kit. Quality of the RNA samples was
confirmed using Nanodrop1000 system and cDNA was synthesized using High-Capacity
cDNA Reverse Transcription Kit. Gene quantification was performed on a QuantStudio3
Real-Time PCR system with PowerTrack SYBR Master Mix reagent or TagMan Gene
Expression Master Mix. Gene expression levels were normalized to GAPDH. 2-8ACt
method was used to calculate gene relative expression. Primers used in this study were

purchased from Eurofins or IDT. The primer sequences were listed in Table 4.

2.2.10 Cell counting kit-8 (CCK-8) assay

For the viability assays in study 1, 5 x 10% U266 or NCI-H929 cells well seeded with or
without cytokines or macrophage-derived CM. After 24 hours, 10 uL of CCK-8 solution
was added to each well and incubated for 1 hour (U266) or 3 hours (NCI-H929). For
proliferation assays in study 2, 2 x 10 HCT116 or SW480 cells were seeded in 96-well
plates. After 0, 24, 48, and 72 hours of incubation, 10 yL of CCK-8 reagent was added to
wells and incubated for 1 hour (SW480) or 2 hours (HCT116). For the incubation with
Tunicamycin or ER stress-inducing agents, 2 x 10* HCT116 or SW480 cells were seeded
in 96-well plates and incubated with corresponding agents for 24 hours. 10 yL of CCK-8
was then added to cells and incubated for 1 hour followed by optical density (OD) value
measurement. The OD values at 450 nm and 600 nm were measured using a microplate

reader.

2.2.11 Scratch assay
Tumor cells were seeded in 24-well plates, and wounds were scratched using 200 pL
sterile tips. At 0, 24, 48 hours after scratch, the wounds were observed and documented

using microscopy. The wound-healing rates were analyzed by ImageJ software.

2.2.12 Transwell assay

Tumor cells were washed twice with DPBS and resuspended using FBS-free medium.
Then, 5 x10* HCT116 or 1 x 10> SW480 cells in 200 yL FBS-free medium were seeded
in upper chamber, while 750 pL of culture medium containing 20 % FBS were added to

lower chambers. For migration assays, tumor cells were transferred to upper chamber
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and incubated for 2 days. For invasion assay, tumor cells were seeded to upper chamber
pre-coated with Matrigel and incubated for 3 days. Cells then were fixed with 4 %
paraformaldehyde and stained with 0.1 % crystal violet. The results were observed and

documented using microscopy.

2.2.13 Colony formation assay

Tumor cells were seeded in 6-well plates at a density of 500 cells per well. After 8 days
(HCT116) or 14 days (SW480) of incubation, cells were fixed with 4 % paraformaldehyde
and stained with 0.1 % crystal violet. The results were then photographed and

documented.

2.2.14 Public database analysis

The EROLL mRNA and protein expression profile in CRC patients was analyzed using
the Gene Expression Profiling Interactive Analysis 2 (GEPIA2) database
(http://gepia2.cancer-pku.cn) and the Human Protein Atlas (HPA) database (http://

proteinatlas.org), respectively.

2.2.15 Statistical analysis

Data were statistical analyzed with GraphPad Prism software. Flow cytometry data sets
were analyzed using FlowJo software. Quantitative data were presented as mean *
standard deviation (SD). Statistical differences between groups were analyzed with either
two-tailed Student’s unpaired t test or one-/two-way analysis of variance (ANOVA) with
Bonferroni’s post-hoc test. Each experiment was performed for three times. Significance

was indicated as P < 0.05.
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3. Results

3.1 Study 1: Pro-inflammatory cytokines augment the cytotoxicity of CIK cells

3.1.1 Pro-inflammatory cytokines upregulate MICA/B expression in MM cells

To investigate whether pro-inflammatory cytokines influence MICA/B expression in MM
cells, we first incubated three MM cell lines (U266, OPM2, and NCI-H929) with 50 ng/mL
of cytokines and measured surface MICA/B expression. The results showed that U266
cells were sensitive to all cytokines, whereas OPM2 and NCI-H929 cells responded only
to IL-6 (Fig. 1).
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Figure 1: Pro-inflammatory cytokines upregulate MICA/B expression. Pro-
inflammatory cytokines enhanced the expression of MICA/B in U266 cells, while only IL-
6 worked in OPM2 and NCI-H929 cells. Data are shown as mean +* SD of three
independent experiments. *P < 0.05, *P < 0.01, **P < 0.001, ns, not significant,
calculated by one-way ANOVA, Bonferroni’s post-hoc test.

To optimize cytokine concentrations, U266 and NCI-H929 cells were treated with a
gradient of cytokine concentrations. For U266 cells, 50 ng/mL of IL-6 and TNF-a exhibited
significantly higher MICA/B expression than 25 ng/mL or 100 ng/mL, whereas IL-13
showed no significant differences across concentrations (Fig. 2). For NCI-H929 cells, IL-
6 elicited comparable effects at all tested concentrations (Fig. 2). In addition, when U266
cells were treated with combined cytokines, 50 ng/mL proved more effective than 25
ng/mL but showed no significant difference compared to 100 ng/mL (Fig. 2). For
convenience and consistency, 50 ng/mL was chosen as the working concentration for

subsequent experiments.
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Figure 2: The effect of combined cytokines on MICA/B expression. In U266 cells, 50
ng/mL of single (left) or combined (right) cytokines exhibited the highest effect on MICA/B
expression. In NCI-H929 cells, there was no significant difference among the IL-6
concentrations. Data are shown as mean + SD of three independent experiments. *P <
0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not significant, calculated by one-way
or two-way ANOVA, Bonferroni’s post-hoc test.

3.1.2 Pro-inflammatory cytokines enhance CIK cell-mediated cytotoxicity

To determine whether pro-inflammatory cytokines enhance the cytotoxicity of CIK cells
against MM cells via modulating the expression of MICA/B, we first assessed the potential
direct cytotoxic effects of cytokines. Cell viability and live cell percentages were measured

and confirmed that the cytokines themselves had no cytotoxicity on MM cells (Fig. 3).
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Figure 3: Pro-inflammatory cytokines have no cytotoxic effect on tumor cells.
Potential cytotoxic effects of cytokines on tumor cells were excluded by flow cytometry
(FCM) and CCK-8 assays. Data are shown as mean + SD of three independent
experiments. ns, not significant, calculated by one-way ANOVA, Bonferroni’s post-hoc test.
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Subsequently, we co-incubated cytokine-treated MM cells with CIK cells, and observed
that cytokine treatment significantly enhanced the cytotoxicity of CIK cells against MM
cells (Fig. 4).
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Figure 4: Pro-inflammatory cytokines enhance the cytotoxicity of CIK cells. In U266
cells, all cytokines increased the cytotoxicity of CIK cells, whereas only IL-6 and TNF-a
enhanced the cytotoxic activity of CIK cells in NCI-H929 cells. Data are shown as mean *
SD of three independent experiments. **P < 0.01, **P < 0.001, ***P < 0.0001, ns, not
significant, calculated by one-way ANOVA, Bonferroni’'s post-hoc test.

Interestingly, in U266 cells, TNF-a treatment significantly enhanced the cytotoxicity of CIK
cells compared to IL-1B and IL-6, although their similar effects on MICA/B modulation. In
NCI-H929 cells, TNF-a also promoted CIK cell-mediated killing, despite having no effect
on MICA/B expression (Fig. 2 and 4). These findings suggest that TNF-a exhibits an
unique and potent effect on boosting the cytotoxicity of CIK cells, likely via mechanisms
beyond MICA/B.

To explore this hypothesis, we examined the expression of NKG2D, the receptor for
MICA/B, on CIK cells after cytokine treatment. Results demonstrated that TNF-a, but not
IL-18 and IL-6, significantly increased NKG2D expression on CIK cells (Fig. 5A).
Meanwhile, we also assessed PD-1 and PD-L1 expression on CIK and MM cells.
Interestingly, all cytokines elevated PD-L1 expression in U266 cells, whereas only IL-6
acted in NCI-H929 cells (Fig. 5B). However, none of the cytokines influenced PD-1
expression in CIK cells (Fig. 5A).
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Figure 5: Pro-inflammatory cytokines modulate PD-L1 and NKG2D. (A) In CIK cells,
TNF-a upregulated NKG2D expression in tumor cells, whereas none of the cytokines
affected PD-1 expression. (B) In tumor cells, all cytokines augmented PD-L1 expression
in U266 cells, while only IL-6 acted in NCI-H929 cells. Data are shown as mean + SD of
three independent experiments. *P < 0.05, **P < 0.01, ns, not significant, calculated by
one-way ANOVA, Bonferroni’s post-hoc test.

Given the upregulation of PD-L1 in MM cells, we further investigated whether PD-L1
blockade could enhance CIK cell-mediated cytotoxicity. As anticipated, treatment with a
PD-L1 antibody significantly increased the cytotoxicity of CIK cells against both U266 and
NCI-H929 cells compared to cytokine treatment alone (Fig. 6).
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Figure 6: PD-L1 blockade enhances the cytokine-induced cytotoxicity of CIK cells.
10 pg/mL of Durvalumab facilitated the CIK cells’ cytotoxicity against MM cells. Data are
shown as mean £ SD of three independent experiments. ***P < 0.001, ****P < 0.0001,
calculated by one-way ANOVA, Bonferroni’s post-hoc test.

Taken together, these data indicate that pro-inflammatory cytokines enhance the
cytotoxicity of CIK cells, with TNF-a showing a particularly pronounced effect compared

to IL-1B and IL-6, as it simultaneously reinforces both components of the NKG2D pathway.



38

In addition, these cytokines also elevate PD-L1 expression, while PD-L1 blockade
significantly promotes the cytotoxic potential of CIK cells.

3.1.3 IL-1B, IL-6 and TNF-a promote the transcription of MICA/B and PD-L1 via the
PI3K/AKT, JAK/STAT3, and MKK/p38 MAPK pathways

To identify the mechanisms by which pro-inflammatory cytokines modulate MICA/B and
PD-L1, we first evaluated the transcription levels of MICA, MICB, and PD-L1. The results
revealed that cytokine treatment promoted the mRNA levels of MICA and PD-L1, while
only TNF-a upregulated MICB mRNA levels (Fig. 7).
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Figure 7: Pro-inflammatory cytokines induce the transcription of MICA/B and PD-
L1. RT-gPCR assays showed that pro-inflammatory cytokines enhanced the transcription
of MICA and PD-L1 genes, while only TNF-a upregulated MICB transcription. Data were
shown as mean = SD of three independent experiments. *P < 0.05, *P < 0.01, ***P <
0.001, ****pP < 0.0001, ns, not significant, calculated by one-way ANOVA, Bonferroni’s
post-hoc test.

ELISA assays were then performed to assess shed MICA and MICB after cytokine
treatment. The results showed that the levels of shed MICA and MICB remained
comparable to those in the control group, suggesting that the elevated expression of
MICA/B was not attributable to altered shedding (Fig. 8).
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Figure 8: Pro-inflammatory cytokines have no effect on MICA/B shedding. ELISA
assays showed that the levels of shed MICA and MICB remianed unchanged upon
cytokines treatment. Data were shown as mean * SD of three independent experiments.
ns, not significant, calculated by one-way ANOVA, Bonferroni’'s post-hoc test.

To elucidate the specific signaling pathways activated by cytokines, we examined several
pathways commonly associated with cytokine signaling, including the JAK/STAT, NF-kB,
MAPK, and PI3K/AKT. Upon cytokine treatment, we observed increased phosphorylation
levels of AKT, STAT3, and p38 MAPK, while JNK1/2, ERK1/2, and NF-kB remained
unchanged (Fig. 9).
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Figure 9: Pro-inflammatory cytokines activate the phosphorylation of the p38 MAPK,
STATS3, and AKT pathways. The phosphorylation levels of AKT, p38 MAPK, and STAT3
increased upon the treatment of IL-1B, TNF-a, and IL-6, respectively, while ERK1/2, NF-
kB, and JNK remained unchanged. Data were shown as mean + SD of three independent
experiments. *P < 0.05, **P < 0.001, ns, not significant, calculated by one-way ANOVA,
Bonferroni’s post-hoc test.

To further identify the involvement of these pathways, we evaluated MICA/B and PD-L1
expression in the presence of their specific inhibitors. The upregulated MICA/B and PD-
L1 induced by cytokines was completely abolished when the JAK (Fig. 10A), PI3K (Fig.
10B), and MAPK (Fig. 10C) inhibitors were applied.
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Figure 10: Signaling inhibitors restore the upregulation of MICA/B and PD-L1.
Inhibitors of JAK (A), PI3K (B), and MAPK(C) completely reversed the upregulation of
MICA/B and PD-L1 caused by cytokines. PI3Ki, LY-294002, 10 uM; MMKIi, Gossypetin,
60 uM; JAKI, JAK inhibitor I, 1 uM. Data were shown as mean + SD of three independent
experiments. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not significant,
calculated by one-way ANOVA, Bonferroni’s post-hoc test.

Interestingly, the inhibition of JAK and PI3K reduced MICA/B and PD-L1 expression to
levels even lower than those in the control groups (Fig. 10), suggesting a constitutive
activation of these pathways in MM. Consistent with this observation, basal levels of
STAT3 and AKT phosphorylation were notably high in the absence of cytokine stimulation
(Fig. 11).
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Figure 11: The basal phosphorylation levels of the AKT and STAT3 pathways. The
AKT and STATS3 signaling pathways were constructively activated in MM cells. Data were
shown as mean + SD of three independent experiments. ***P < 0.001, calculated by

student’s unpaired t test.

Given that TNF-a upregulated NKG2D expression in CIK cells, we next explored the
underlying signaling pathways in CIK cells. The results demonstrated that TNF-a also

activated the p38 MAPK pathway in CIK cells (Fig. 12).
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Figure 12: The phosphorylation levels of signaling pathways in CIK cells. The p38
MAPK pathways was significantly activated upon TNF-a treatment. Data were shown as

mean = SD of three independent experiments. **P < 0.01, ns, no significance, calculated
by student’s unpaired t test.

Overall, our findings reveal that pro-inflammatory cytokines elevate MICA/B and PD-L1
expression via transcription, and identify the signaling pathways through which cytokines

function.

3.1.4 Macrophage-derived pro-inflammatory cytokines increase MICA/B and PD-L1
expression and the cytotoxicity of CIK cells

Considering that M1 macrophages are the primary source of pro-inflammatory cytokines
in the TME (Wynn et al., 2013), we induced M1 macrophages from THP-1 cells and
investigated whether the cytokines secreted from M1 macrophages exert comparable
effects to those human recombinant cytokines. The polarization of M1 macrophages was
initially identified based on their morphologic features and the CD86/CD206 expression
patterns. Morphologically, M1 macrophages displayed a mixture of dendritic-like and
spindle-shaped cells and were predominantly CD86*CD206  (Fig. 13A and B). The
secretion of pro-inflammatory cytokines was subsequently confirmed using ELISA assay.
The results showed that IL-1p, IL-6, and TNF-a were highly secreted by M1 macrophages
(Fig. 13C).
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Figure 13: The polarization of M1 macrophages. (A) Representative brightfield
microscope image of morphological features of M1 macrophages. (B) M1 macrophages
expressed CD86 but not CD206. (C) M1 macrophages highly secreted IL-1pB, IL-6, and
TNF-a. Data are shown as mean £ SD of three independent experiments. **P < 0.01, ns,
not significant, calculated by student’s unpaired t test.

For MICA/B and PD-L1 measurement, tumor cells were co-cultured with CM from M1
macrophages, with or without cytokine neutralizing antibodies. The results showed that
CM significantly upregulated MICA/B and PD-L1 expression, while cytokine antibodies
partially or completely reversed this effect (Fig. 14).
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Figure 14: Macrophage-derived pro-inflammatory cytokines upregulate MICA/B and
PD-L1. The CM from M1 macrophages upregulated the expression of MICA/B and PD-
L1, and cytokine antibodies partially or completely eliminated this upregulation in MM cells.

For cytotoxicity assessment, we first confirmed that CM itself exhibited no cytotoxicity
against tumor cells (Fig. 15A). Co-culture of tumor cells with CM enhanced the cytotoxicity
of CIK cells, whereas cytokine antibodies partially reversed this enhanced cytotoxicity (Fig.
15B). Notably, PD-L1 blockade further augmented the cytotoxic activity of CIK cells
against MM (Fig. 15C).
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Figure 15: Macrophage-derived pro-inflammatory cytokines enhance the
cytotoxicity of CIK cells. (A) The CM had no cytotoxic effect on tumor cells. (B) The CM
promoted the cytotoxicity of CIK cells against MM cells, while the use of cytokine
antibodies partially abolished this cytotoxicity. (C) Blockade of PD-L1 enhanced the
cytotoxicity of CIK cells. Durvalumab, PD-L1 antibody, 10 pg/mL. Data are shown as mean
+ SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns, not significant, calculated by one-way ANOVA, Bonferroni’s post-hoc test (B and C) or
student’s unpaired t test (A).
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3.2 Study 2: Inhibition of ERO1L mediates autophagy and apoptosis via ER stress

3.2.1 The expression profile and prognostic significance of EROLL in pan-cancers
To evaluate the expression profile of ERO1L in pan-cancers, we analyzed the transcription
data of EROLL using the GEPIAZ2 database, in which contains the TCGA and GTEXx data.
The results showed that ERO1L expression in tumor tissiues was elevated in 9 out of 33
cancer types (Red), however, data also showed that EROLL expression was
downregulated in ESCA and THYM (Green) (Fig. 16).
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Figure 16: The expression profile of EROLL in pan-cancers. EROLL expression is
upregulated in 9 and downregulated in 2 out of 33 different cancer types. ACC,
adrenocortical carcinoma; BLCA, bladder Urothelial Carcinoma; BRCA, breast invasive
carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL, cholangio carcinoma; COAD, colon adenocarcinoma; DLBC, diffuse large B-cell;
ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck
squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell
carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia,
LGG, lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung
adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV,
ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG,
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD,
stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma,
THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine
carcinosarcoma; UVM, uveal melanoma.
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The high expression of EROLL implies the clinical significance in tumor patients. We
retrieved prognostic data of EROLL in tumor patients from public online databases. From
the Gene Expression Profiling Interactive Analysis 2 (GEPIA2) database, an integrated
result showed that ERO1L expression was negatively associated with patients’ overall
survival (OS) with a hazard ratio (HR) of 1.7 (p < 0.0001) across 33 cancer types (Fig.
17A). Specifically, data from the Kaplan-Meier Plotter database showed that ERO1L was

identified as an indicator of poor prognosis in 9 out of 20 different cancer types (Fig. 17B).
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Figure 17: Overexpressed EROLL indicates poor prognosis. (A) Integrated Kaplan-
Meier curves from the GEPIA2 database showing the prognostic effect of ERO1L
expression with patients’ survival across 33 types of cancers. (B) Prognostic analyses
from the Kaplan-Meier Plotter database indicating the correlations of ERO1L with survival
in specific cancers.

In addition, ERO1L was also included into multi-gene models as a predictor for poor
prognosis of tumor patients. Differentially expressed genes (DEGSs) between tumor
patients and normal individuals were computationally identified and then screened to
construct risk score models. In these models, ERO1L was found to be associated with
poor prognosis and was proposed for the prognosis prediction in lung cancer (Liu et al.,
2022; Zhu et al., 2020) and pancreatic cancer (Nie et al., 2021).

3.2.2 EROI1L is overexpressed in CRC
To explore the mRNA expression of EROLL in CRC patients, we analyzed datasets from
the GEPIA2 database. The results showed that ERO1L mRNA was significantly higher in

CRC tissues than normal tissues (Fig. 18A). For EROLL protein expression, we utilized
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data from the HPA database. Immunohistochemistry (IHC) results revealed that ERO1L
protein was negative to weak in normal tissues, but moderate to strong in most CRC
tissues (Fig. 18B).
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Figure 18: The expression profile of ERO1L in CRC tissues. (A) ERO1L mRNA was
elevated in CRC tissues, including COAD and READ, compared to their normal
counterparts. Data were from the GEPIA2 database. (B) EROLL protein was highly
expressed in CRC tissues. Representative four normal tissues (N) and four CRC tissues
(T) from the HPA database. Scale bar, 200 um. COAD: colon adenocarcinoma; READ:
rectal adenocarcinoma.

Additionally, EROI1L expression analysis in cell lines revealed markedly upregulated
MRNA and protein levels in CRC cell lines compared to the normal epithelial cell line (Fig.
19A and B).
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Figure 19: EROI1L expression in CRC cell lines. ERO1L mRNA (A) and protein (B)
were overexpressed in CRC cell lines compared with normal colon epithelial cell line
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(CCD18Co). Data are shown as mean + SD of three independent experiments. *P < 0.05,
**pP < 0.01, **P < 0.001, ***P < 0.0001, calculated by one-way ANOVA, Bonferroni’'s
post-hoc test.

Together, these findings indicate that EROLL is overexpressed in CRC, implicating its

potential role in tumor progression.

3.2.3 EROL1L is regulated by ER stress and contributes to mitigate ER stress

To investigate the relationship between ER stress and EROLL, we first examined whether
EROI1L could be modulated by ER stress. Tunicamycin (Tm), a widely used ER stress-
inducing agent that interferes with N-linked glycosylation in glycoprotein synthesis [24],
was employed to induce ER stress. Successful induction of ER stress in CRC cells was
validated by the upregulation of ER stress-related genes, including GRP78, CHOP, PERK,
IRE1, ATF4, and ATF6 (Fig. 20).
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Figure 20: Tunicamycin induces ER stress in CRC. RT-gPCR analysis showed that
ER stress-related genes were upregulated in CRC cells following tunicamycin treatment.
CRC cells were treated with 2 ug/mL of Tm for 6 hours. Data are shown as mean + SD of
three independent experiments. **P < 0.01, **P < 0.0001, ****P < 0.0001, calculated by
student’s unpaired t test.
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Following Tm treatment, ERO1L expression was significantly enhanced at both mRNA

and protein levels (Fig. 21A and B).
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Figure 21: Tunicamycin upregulates the expression of ERO1L. The mRNA (A) and
protein (B) levels of EROLL in CRC cells were up-regulated upon Tm treatment. CRC
cells were treated with 2 ug/mL of Tm for 24 hours. Data are shown as mean = SD of three
independent experiments. *P < 0.05, ***P < 0.0001, calculated by student’s unpaired t
test.

Next, we explored whether EROLL inhibition could induce ER stress. Using SiRNA-
mediated knockdown of EROLL, we confirmed knockdown efficiency (Fig. 22 A and B).
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Figure 22: siRNA-mediated ERO1L knockdown. EROLIL mRNA (A) and protein (B)
levels were significantly inhibited using ERO1L-specific sSiRNA. Data are shown as mean
1+ SD of three independent experiments. ****P < 0.0001, calculated by student’s unpaired
t test.
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Upon ERO1L knockdown, we found that ER stress was induced in CRC cells. The mRNA
and protein levels of ER stress-related genes were upregulated upon ERO1L knockdown
(Fig. 23 A and B).
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Figure 23: EROI1L inhibition induces ER stress in CRC. The mRNA (D) and protein (E)
levels of ER stress-related genes were increased in ERO1L knockdown CRC cells. Data
are shown as mean + SD of three independent experiments. *P < 0.05, **P < 0.01, ***P
< 0.0001, calculated by student’s unpaired t test.

To assess the role of EROLL in modulating ER stress, we treated ERO1L knockdown
cells with Tm and found that ERO1L-deficient CRC cells exhibited heightened sensitivity
to Tm compared to control cells, indicating that EROLL plays a protective role in CRC cell
survival under ER stress (Fig. 24).
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Figure 24: EROLL contributes to the resistance of CRC to ER stress. Knockdown of
EROI1L increased the susceptibility of CRC cells to tunicamycin. CRC cells were
incubated with tunicamycin for 24 hours. Data are shown as mean * SD of three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.0001, calculated by two-way
ANOVA, Bonferroni’s post-hoc test.

Collectively, our findings suggest a bidirectional relationship between ERO1L and ER
stress, and highlight the critical regulatory role of EROLL in ER stress. The upregulation
of EROLL in response to ER stress contributes to cell survival, while the deficiency of

ERO1L could induce ER stress in CRC.

3.2.4 EROI1L contributes to the malignant behaviors of CRC

Since EROLL was elevated in CRC, we next assessed its role in driving the malignant
phenotypes of CRC cells. First, we assessed the effect of EROLL on cell proliferation
using CCK-8 assays. ERO1L knockdown significantly retarded the proliferation of CRC

cells compared to control cells (Fig. 25).
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Figure 25: EROLL inhibition retards the proliferation of CRC cells. Knockdown of
EROLL inhibited the proliferation of CRC cells. Data are shown as mean = SD of three
independent experiments. ***P < 0.0001, calculated by student’s unpaired t test.

By comparing wound-healing rates, we found that ERO1L knockdown reduced the

migration ability of CRC cells (Fig. 26).
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Figure 26: EROLL inhibition impairs the migration ability of CRC cells. Scratch assay
showed that ERO1L deficiency impaired the migration ability of CRC cells. Data are shown
as mean + SD of three independent experiments. *P < 0.05, *P < 0.01, ***P < 0.0001,
calculated by two-way ANOVA, Bonferroni’s post-hoc test.

Results from Transwell assays also demonstrated that the migration and invasion
potential were limited in ERO1L knockdown CRC cells (Figure 3D). Finally, we observed
that silencing EROLL impaired the clonogenic ability of CRC cells (Fig. 27).
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Figure 27: ERO1L deficiency inhibits the migration, invasion and colony formation
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the migration (A), invasive ability (B), and clonogenic capacity (C) of CRC cells. Data are
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shown as mean = SD of three independent experiments. *P < 0.05, **P < 0.01, calculated
by student’s unpaired t test.

Overall, these findings indicate the critical role of ERO1L in CRC promotion, supporting

its function as a tumor-supportive gene.

3.2.5 EROL1L inhibition induces apoptosis and autophagy in CRC

Given the established correlations between ER stress, apoptosis, and autophagy, and our
above findings that EROLL inhibition induces ER stress, we investigated whether ERO1L
modulates apoptosis and autophagy in CRC.

Apoptosis was firstly assessed using Annexin V/7-AAD double staining. Results showed

that ERO1L knockdown significantly increased the proportion of apoptotic cells (Fig. 28).
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Figure 28: EROILL inhibition induces apoptosis in CRC cells. AnnexinV/7-AAD

apoptosis assay showed that EROLL inhibition induced apoptosis (AnnexinV+7AAD- cells)
in CRC cells. Data are shown as mean £ SD of three independent experiments. **P < 0.01,

calculated by student’s unpaired t test.

Apoptosis-related proteins were next evaluated using western-blotting (Fig. 29).
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Figure 29: EROLL inhibition induces apoptosis in CRC cells. Western-blotting assay
showed that ERO1L knockdown downregulated anti-apoptotic protein Bcl-2, while had no
effect on pro-apoptotic protein Bax. Data are shown as mean + SD of three independent
experiments. **P < 0.01, ns, no significance, calculated by student’s unpaired t test.

To explore the involvement of caspases in EROLL inhibition-induced apoptosis, we
measured the activation of caspase 3/7 and caspase 9, both of which were upregulated
(Fig. 30).
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three independent experiments. *P < 0.05, **P < 0.01, calculated by student’s unpaired t
test.

Furthermore, we observed that treatment with z-VAD-FMK, a pan-caspase inhibitor,
partially reversed apoptosis, indicating that ERO1L knockdown-induced apoptosis was

caspase dependent (Fig. 31).
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Figure 31: EROLL knockdown-induced apoptosis is caspase-dependent. Treatment
of z-VAD, a pan-caspase inhibitor, partially restored the ERO1L knockdown-induced
apoptosis. Data were shown as mean + SD of three independent experiments. *P < 0.05,
***p < 0.001, ***P < 0.0001, ns, not significant, calculated byone-way ANOVA,
Bonferroni’s post-hoc test.

Subsequently, we revealed that EROLL deficiency also activated autophagy, as indicated
by the upregulation of LC3-1l and Beclin-1 (Fig. 32A). Since autophagy is a dynamic
process involving autophagosome formation and degradation (Loos et al., 2014), we
monitored autophagy flux using chloroquine (CHQ), a classic autophagosome
degradation inhibitor, to distinguish them. CHQ treatment of ERO1L knockdown CRC cells
further elevated autophagy levels compared to CHQ treatment of CRC cells, indicating
that EROLL inhibition mediated autophagy primarily through enhanced autophagosome
formation (Fig. 32B).
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Figure 32: EROLL inhibition induces autophagy in CRC cells. (A) Autophagy-related
protein LC3-1/ll and Beclinl were upregulated upon ERO1L inhibition in CRC cells. (B)
Autophagy flux measurement with autophagosome degradation inhibitor CHQ. Data
were shown as mean + SD of three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ns, not significant, calculated by student’s unpaired t test
(A), one-way (B) and two-way (A) ANOVA, Bonferroni’s post-hoc test.

To investigate whether EROLL inhibition-induced apoptosis and autophagy were driven

by ER stress, we treated CRC cells with TUDCA, a well-characterized ER stress inhibitor.

The results showed that TUDCA treatment completely or partially reversed ERO1L

knockdown-induced apoptosis and autophagy (Fig. 33A and B).
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Figure 33: ERO1L knockdown-induced apoptosis and autophagy are mediated by
Er stress. ERO1L knockdown-induced apoptosis (A) and autophagy (B) were blocked by
the treatment of TUDCA. Data were shown as mean + SD of three independent
experiments. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not significant,
calculated by one-way ANOVA, Bonferroni’s post-hoc test.

Collectively, these findings indicate that EROIL inhibition triggers ER stress, which

subsequently mediates both caspase-dependent apoptosis and autophagy in CRC cells.

3.2.6 ERO1L mediates apoptosis and autophagy via the ERK1/2 pathway

To identify the signaling pathways involved in ERO1L knockdown-mediated apoptosis and
autophagy, we evaluated phosphorylated signaling molecules using flow cytometry. A
series of signaling proteins known to regulate apoptosis and autophagy were investigated.
Mammalian target of rapamycin (nNTOR), a central mediator of both apoptosis and
autophagy (Xie et al., 2023), showed a significant reduction in phosphorylation levels upon

ERO1L knockdown (Fig. 34). Interestingly, we observed a mild increase in the
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phosphorylation levels of JNK 1/2, p38 mitogen-activated protein kinase (MAPK), and
protein kinase B (AKT). In contrast, the extracellular signal-regulated kinase (ERK)1/2
phosphorylation levels exhibited a marked decrease (Fig. 34). Given that these molecules
function upstream of mMTOR, we suggested that the reduction in mTOR phosphorylation
combined effects. Additionally, the

reflected an integrated outcome of their

phosphorylation levels of adenosine monophosphate-activated protein kinase a (AMPKa),

p53, and NF-kB showed no significant changes (Fig. 34).
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Figure 34: The signaling pathways involved in ERO1L knockdown. The JNK1/2, p38
MAPK, and AKT pathways were activaed after EROLL inhibition, while the mTOR and
ERK1/2 were inhibited. Data were shown as mean + SD of three independent experiments.
*P < 0.05, **P < 0.01, ns, not significant, calculated by student’s unpaired t test.

To further investigate the involvement of p38 MAPK, JNK1/2, and AKT, we treated CRC
cells with specific inhibitors. The results showed that the inhibition of p38 MAPK, JNK1/2,
and AKT did not reduce apoptosis or autophagy in ERO1L knockdown cells, indicating
that the activation of these pathways was not responsible for the induced apoptosis and
autophagy (Fig. 35A and B). Interestingly, AKT inhibition in ERO1L knockdown cells

significantly enhanced apoptosis rather than reversing it, indicating a potential synergistic
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interaction between EROLL deficiency and AKT inhibition in promoting apoptosis (Fig.
35B).
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Figure 35: The JNK1/2, p38 MAPK, and AKT pathways are not responsible for
EROI1L inhibition-induced apoptosis and autophagy. The treatment of the specific
inhibitors of the p38 MAPK, JNK, and AKT did not restore the upregulated apoptosis and
autophagy upon ERO1L knockdown. Data were shown as mean * SD of three
independent experiments. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001, ns, not
significant, calculated by one-way ANOVA, Bonferroni’'s post-hoc test.

Furthermore, to explore the role of ERK1/2, we conducted a rescue experiment using
ACA-28, an ERK1/2 agonist known for its anti-tumor capacity by hyperactivating ERK1/2
(Satoh et al., 2020). Treatment with a low concentration (1 uM) of ACA-28 completely
reversed autophagy in both cell lines, while apoptosis was fully reversed in HCT116 cells
and partially reversed in SW480 cells (Fig. 36A and B). However, a higher concentration

(10 uM) significantly enhanced both autophagy and apoptosis (Fig. 36A and B).
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Figure 36: The ERK1/2

pathway is involved in EROL1L knockdown-induced

apoptosis and autophagy in CRC. Treatment with low concentration of ACA-28 (1 uM)
reversed apoptosis and autophagy while high concentration of ACA-28 (10 uM) reinforced
autophagy (A) and apoptosis (B) in ERO1L knockdown CRC cells. Data were shown as
mean = SD of three independent experiments. *P < 0.05, **P < 0.01, **P < 0.001, ****P
< 0.0001, ns, not significant, calculated by one-way ANOVA, Bonferroni’s post-hoc test.

Phosphorylation analysis of ERK1/2 after ACA-28 treatment using flow cytometry and
uM  ACA-28 reduced ERK1/2
phosphorylation, while 10 uM ACA28 markedly increased ERK1/2 phosphorylation in
ERO1L knockdown cells (Fig. 37).

western-blotting confirmed that 1 reversed the
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Figure 37: Treatment with ACA-28 reverses ERK1/2 phosphorylation in ERO1L
knockdown CRC cells. Treatment with low concentration of ACA-28 (1 uM) reversed the
phosphorylation level of ERK1/2 while high concentration of ACA-28 (10 uM) significantli
enhanced it in ERO1L knockdown CRC cells. The phosphorylation level of ERK1/2 was
measured by flow cytometry (left) or western-blotting (right). Data were shown as mean +
SD of three independent experiments. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001,
ns, not significant, calculated by one-way ANOVA, Bonferroni’s post-hoc test.

Collectively, these findings illustrate the involvement of the ERK1/2 pathway in ERO1L

inhibition-induced apoptosis and autophagy.

3.2.7 Combination treatment of EROLL inhibition with ER stress-inducing therapies
As shown above, EROLL inhibition induced ER stress and increased the vulnerability of
CRC cells to ER stress (Fig. 23 and 24). Considering that the UPR pathway is a critical
mechanism employed by tumor cells to mitigate ER stress, we hypothesized that ERO1L
inhibition would render CRC cells more susceptible to therapies targeting the UPR
pathway. To test this hypothesis, cell viability was measured following treatment with
UPR-targeting inhibitors. Among the three inhibitors tested, the PERK inhibitor
(GSK2606414) and the ATF6 inhibitor (Ceapin-A7) significantly reduced cell viability
compared to negative controls, suggesting a potential synergistic interaction between
EROLL inhibition and UPR-targeting therapies (Fig. 38A and C). However, treatment with
the IRE1a inhibitor (4u8c) did not show a comparable effect (Fig. 38B).
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Figure 38: Combination therapy of EROLL inhibition with UPR-targeting drugs
shows potent anti-tumor potentials. EROLL inhibition combined with PERK inhibitor (A)
and ATF6 inhibitor (C) showed higher anti-cancer efficacy, while ERO1L knockdown did
not increase the susceptibility of CRC cells to IRE1 inhibitor (B). Data are shown as mean
+ SD of three independent experiments. ****P < 0.0001, ns, not significant, calculated by

two-way ANOVA, Bonferroni’s post-hoc test.

In addition to UPR inhibitors, we also evaluated proteasome inhibitors MG132, which can
induce ER stress by blocking protein degradation (Paniagua Soriano et al., 2014). As
illustrated in Fig. 39, ERO1L knockdown significantly enhanced the susceptibility of
SW480 cells to MG132, while HCT116 cells exhibited a marginal increase in sensitivity to
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Figure 39: Combination of EROLL inhibition with proteasome inhibitor shows
enhanced anti-tumor potentials. EROLL deficiency in SW480 cells exhibited a higher
sensitivity to proteasome inhibitor while HCT116 did not. Data are shown as mean = SD
of three independent experiments. *P < 0.05, ns, not significant, calculated by two-way
ANOVA, Bonferroni’s post-hoc test.

Collectively, these data illustrate that EROLL inhibition may potentiate the efficacy of ER
stress-inducing therapies, providing a promising combinatorial strategy to improve anti-
tumor outcomes in CRC.
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4. Discussion

4.1 Study 1: Pro-inflammatory cytokines augment the cytotoxicity of CIK cells

The crosstalk between inflammation and tumor cells in the TME is highly intricate and
multifaced. Inflammation within the TME is widely recognized to promote tumorigenesis
by interfering with anti-tumor immunity, reshaping the TME towards a tumor-supportive
niche, and acting as tumor-promoting signals for epithelial and cancer cells (Greten and
Grivennikov, 2019). However, the specific role of pro-inflammatory cytokines in the TME
appears to be more nuanced, as they often exhibit dual and seemingly opposing effects
in tumor immunity. As demonstrated in this study, we showed that macrophage-derived
pro-inflammatory cytokines reinforce the NKG2D-MICA/B axis and therefore enhance the
cytotoxicity of CIK cells against MM cells. However, the pro-inflammatory cytokines
concurrently upregulate PD-L1 expression on tumor cells and impair the cytotoxicity of
CIK cells. Our findings reveal a novel mechanism by which pro-inflammatory cytokines
enhance anti-tumor immunity and propose a combination treatment with PD-L1 blockade

during macrophage reprogramming therapy.

4.1.1 Dual roles of pro-inflammatory cytokines in tumors

Pro-inflammatory cytokines, such as IL-1B, IL-6, and TNF-a, play intricate and even
opposing roles in the TME. These cytokines can both promote and inhibit tumor
progression, depending on factors such as tumor type, surrounding microenvironment,
cytokine concentration, and expression patterns. Understanding these dual functions is
vital for uncovering the immunopathology of tumor and developing targeted therapeutic
strategies. The complex interplay between these cytokines and the TME underscores their
importance in tumor biology.

Pro-inflammatory cytokines promote tumor progression through a variety of mechanisms
that enhance tumor cell survival, proliferation, invasion, and angiogenesis (Dinarello,
2006). IL-1pB is a key player in activating the NF-kB signaling pathway, which induces the
expression of pro-inflammatory mediators such as IL-6 and TGF-B (Dinarello, 2006; Pei

et al., 2016). These factors enhance tumor cell proliferation, survival, and resistance to
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apoptosis. IL-1B also promotes the degradation of the ECM by upregulating MMPs,
thereby facilitating tumor invasion and metastasis (Huang et al., 2014). Furthermore, IL-
18 stimulates inflammasomes in tumor-infiltrating macrophages, promoting the secretion
of cytokines like IL-6 and VEGF, which further facilitate tumor progression (Weichand et
al., 2017). IL-6 is another major contributor to tumor promotion. It activates the STAT3
signaling pathway, driving the expression of genes involved in cell proliferation,
angiogenesis, and immune evasion (Johnson et al., 2018). IL-6 also induces metabolic
remodeling in cancer cells by promoting aerobic glycolysis and suppressing oxidative
phosphorylation, providing the energy necessary for rapid tumor growth (Ando et al., 2010;
Yi et al., 2019). Moreover, IL-6 contributes to immune suppression by recruiting MDSCs
and promoting the differentiation of TAMs into the immunosuppressive M2 phenotype
(Briukhovetska et al., 2021). TNF-a, known for its pleiotropic effects, enhances chronic
inflammation in the TME by activating the NF-kB and AP-1 pathways, which upregulate
the production of pro-inflammatory cytokines (Arnott et al., 2002; Hirano and Kataoka,
2013). These effects create a favorable environment for tumor growth and metastasis.
TNF-a also increases vascular permeability and promotes angiogenesis by upregulating
VEGF and other angiogenic factors (Hong et al., 2016; Ryuto et al., 1996). Through its
ability to induce EMT, TNF-a promotes the migratory and invasive capabilities of tumor
cells, further supporting metastatic spread (Chen et al., 2019; Wang et al., 2013).

Despite their tumor-promoting roles, pro-inflammatory cytokines can also exhibit anti-
tumor properties under specific conditions. Members of IL-1 family, such as IL-13, have
been extensively investigated in cancer with anti-tumorigenic functions. The majority
studies highlighte the ability of IL-1B to induces Thl and Th1l7 immune responses,
contributing to anti-tumorigenic effects (North et al., 1988). Additionally, IL-1B3 activates
tumor-specific Thl responses, which play a critical role in suppressing B cell myeloma
and lymphoma (Haabeth et al., 2016). Through IL-1 signaling in myeloid cells, particularly
neutrophils, it regulates tumor-infiltrating microbial populations, preventing local dysbiosis
and excessive production of pro-tumorigenic inflammatory cytokines (Dmitrieva-Posocco
et al., 2019). In the context of breast cancer, IL-1B prevents metastatic cells from
establishing themselves at distant sites by maintaining these cells in a ZEB1-positive
differentiation state (Castano et al., 2018). Furthermore, high expression levels of IL-1 in

primary tumors are reported to associated with improved overall survival and distant
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metastasis-free survival in breast cancer patients (Castano et al., 2018). While the
prevailing view of IL-6 in cancer is as a major driver of malignancy, there is a second face
of IL-6 that has attracted interest due to its favorable role in promoting anti-tumor immunity
(Fridman et al., 2012). IL-6 enhances T cell activation, proliferation and survival in lymph
nodes, generating a robust adaptive immune response (Hope et al., 1995; Leal et al.,
2001). IL-6 trans-signaling helps to redirect CD4* T cells away from Tregs towards Th17
cells, alleviating immunosuppression and supporting anti-tumor CD8* T cell priming
(Sharma et al., 2010). In addition, IL-6 promotes lymphocyte trafficking by increasing the
expression of adhesion molecules such as ICAM-1 on high endothelial venules (HEVS),
facilitating immune cell migration to lymph nodes and tumour sites (Chen et al., 2009;
Chen et al., 2006). Within the TME, IL-6 trans-signaling enhances CD8* T cell infiltration
by upregulating endothelial adhesion molecules, thereby improving tumor cell targeting
and reducing tumor growth (Chen et al., 2004, Fisher et al., 2011). The anti-tumor effects
of TNF-a have been widely reported. TNF-a exerts its anti-tumor effects primarily through
the induction of apoptosis and necrosis in cancer cells. TNF-a triggers apoptotic cell death
via the tumor necrosis factor receptor 1 (TNFR1), forming signaling complexes that
activate caspase pathways, leading to both extrinsic and intrinsic apoptotic processes (Lin
et al., 2004; Wang et al., 2008). TNF-a can also induce necrosis through the accumulation
of reactive oxygen species (ROS) and receptor interacting protein kinase 1 (RIPK1)-
mediated pathways (Holler et al., 2000). Additionally, TNF-a enhances anti-tumor immune
responses by activating tumor-infiltrating macrophages and dendritic cells, promoting
cytotoxic T lymphocyte activity and adaptive immunity (Dace et al., 2007; Larmonier et al.,
2007). TNF-a also inhibits tumor angiogenesis via TNFR2-mediated nitric oxide
production, which disrupts tumor blood supply (Zhao et al., 2007).

In summary, IL-1B3, IL-6, and TNF-a play multifaceted roles in cancer progression and
suppression, acting as both drivers of tumor growth and agents of tumor destruction. Their
dual functions are highly context-dependent, influenced by factors such as cytokine
concentration, cellular origin, and the nature of the TME. This complexity presents both
challenges and opportunities for cancer therapy. Targeting these pro-inflammatory
cytokines requires a nuanced understanding of their roles in specific tumor types and

stages. Future research should focus on developing strategies to harness the anti-tumor
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effects of these cytokines while mitigating their tumor-promoting activities, potentially
through the combination of cytokine-based therapies and immune checkpoint inhibitors.

4.1.2 Targeting TAMs in anti-tumor treatment

TAMs are the most abundant immune cells in the TME and play a crucial role in tumor
progression and immune evasion (Balkwill and Mantovani, 2001). TAMs typically
represent an M2-like phenotype, characterized by the facilitation of angiogenesis,
immunosuppression, and tumor survival. By contrast, macrophages with an M1-like
phenotype are considered to exhibit pro-inflammatory properties with secreting pro-
inflammatory cytokines, such as IL-1j3, IL-6, and TNF-a, enhancing antigen presentation,
and also directly killing tumor cells (Murray et al., 2014). With the growing understanding
of the interaction between TAMs, TME, and tumor cells, increasing TAM-targeting
investigations have been carried out for anti-tumor treatment, including inhibition of
monocyte recruitment to the TME, elimination of M2-like TAMs, inhibition of conversion of
M1-like anti-tumor TAMs to M2-like pro-tumor TAMs, promotion of conversion of M2-like
TAMs to M1-like TAMs, and metabolic reprogramming of TAMs (Klug et al., 2013).

4.1.2.1 Inhibition the recruitment of precursor TAMs

One strategy to target TAMs involves inhibiting the recruitment of TAM precursors, such
as monocytes, into tumor tissues and preventing their activation into M2-like TAMs. The
colony-stimulating factor 1 (CSF-1)/CSF-1 receptor (CSF-1R) signaling axis plays a
critical role in attracting monocytes to the TME and supporting M2-TAMs survival and
proliferation. Blocking this pathway with CSF-1R inhibitors, such as PLX3397 and BLZ945,
or antibodies, including RG7155 and IMCCS4, has demonstrated efficacy in reducing
TAMs accumulation and altering the immunosuppressive environment (Edwards et al.,
2018; Quail et al., 2016). Additionally, targeting the C-C motif chemokine ligand 2 (CCL-
2)/ C-C motif chemokine receptor 2 (CCR-2) axis can disrupt monocyte recruitment, with
inhibitors such as PF-04136309 showing promise in preclinical models (Yang et al., 2020).
Despite these advancements, compensatory mechanisms within the TME, such as the
upregulation of alternative chemokines, present challenges to achieving consistent clinical

efficacy.
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4.1.2.2 Clearance of M2-like TAMs in the TME

Direct elimination of M2-like TAMs represents a straightforward and effective
immunotherapeutic approach. Methods include utilizing clodronate liposomes (Clo-
LipoDOTAP), which are internalized by TAMs and release cytotoxic metabolites to inhibit
mitochondrial function, leading to selective M2-like TAMs apoptosis. Experimental studies
have demonstrated that this approach effectively reduces M2-like TAMs populations and
improves survival in murine tumor models (Goulielmaki et al., 2018; Wang et al., 2023).
Other innovative methods include the use of M2pep, a pro-apoptotic peptide with high
affinity for M2-like TAMs and Trabectedin (ET743), a DNA-damaging alkaloid approved
for ovarian cancer and soft tissue sarcoma treatment, which also selectively targets M2-
like TAMs (Gordon et al., 2016; Tian et al., 2023). While these strategies exhibit specificity
and efficacy, their associated toxic side effects remain a critical obstacle to broader clinical

application.

4.1.2.3 TAM reprogramming therapy

One of the major findings about TAMs is their high plasticity, which means that the
category of TAMs can be switched by external interventions. Currently, the therapeutic
strategy of reprogramming TAMSs involves converting their M2-like phenotype into the M1-
like phenotype to restore their anti-tumor capabilities and reestablish immune surveillance
(Mantovani et al., 2017). This approach exploits the plasticity of macrophages, which are
highly responsive to local environmental signals, including cytokines, chemokines, and
metabolic signals within the TME.

In recent years, there are significant advances in TAM-targeted reprogramming therapies.
One prominent strategy involves the use of small molecule inhibitors to modulate
macrophage survival and recruitment. For instance, inhibitors targeting the CSF1-CSF1R
signaling axis have been shown to suppress the recruitment of M2-like TAMs while
reducing their immunosuppressive effects (Zhu et al.,, 2014). Similarly, inhibiting
phosphoinositide  3-kinase gamma  (PI3K-y) signaling to reduce TAMSs
immunosuppressive activity and redirect TAMs towards a pro-inflammatory phenotype by
altering downstream signaling pathways (Kaneda et al., 2016). Another promising avenue
is immune checkpoint modulation, with therapies such as anti-CD47 antibodies, which

block the “don’t eat me” signal on tumor cells and allow TAMs to resume macrophage-
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mediated phagocytosis. CD47 blockade has demonstrated efficacy in multiple preclinical
tumor models, including non-small cell lung cancer and glioblastoma (Chao et al., 2012;
Liu et al., 2015). Furthermore, toll-like receptor (TLR) agonists, such as imiquimod (TLR7
ligand) and IMO-2055 (TLR9 ligand), can shift TAMs phenotypes toward M1-like activation,
enhancing their anti-tumor functions (Le Mercier et al., 2013; Rodell et al., 2018).
Nanotechnology has also emerged as a powerful tool for TAM reprogramming, enabling
the precision delivery of drugs, genetic material (e.g., SIRNA or mRNA), or cytokines
directly to macrophages within the TME and providing an innovative tool to achieve M2-
to-M1 reprogramming while minimizing off-target effects (Lee et al., 2016; Ortega et al.,
2016; Zimel et al., 2017). For example, nanoparticles loaded with IFN-y or IL-12 have
been shown to successfully repolarize TAMs toward an M1 phenotype, promoting anti-
tumor immunity (Wang et al., 2017).

Additionally, the metabolic activity of TAMs is intricately linked to their functional
phenotypes, making metabolic reprogramming a viable immunotherapeutic strategy.
Targeting glucose metabolism with agents such as rapamycin, which inhibits mTOR
signaling (Huang et al., 2016), or 2-deoxyglucose, a glycolysis inhibitor, can effectively
alter the tumor-promoting phenotype of M2-TAMs (Penny et al.,, 2016). Similarly,
interventions in lipid metabolism, such as inhibiting arachidonic acid pathways mediated
by cyclooxygenase (COX) and lipoxygenase (LOX) enzymes, have shown potential in
reducing M2-like TAMs activation (Wen et al., 2015; Xu et al., 2021). Additionally, targeting
arginine metabolism, particularly by inhibiting arginase-1 (ARG1) with agents like L-
Norvaline, can suppress M2-like TAMs proliferation (Szlosarek et al., 2013). These
strategies demonstrate the potential of metabolic interventions to reprogram TAMs
phenotypes and enhance anti-tumor immunity. However, the molecular mechanisms
underlying these metabolic changes require further exploration, and their application in

diverse tumor settings needs validation

4.1.2.4 Combing PD-L1 blockade and TAM-targeted therapy

Immunotherapy has emerged as a standard strategy for cancer treatment (Murciano-
Goroff et al., 2020). ICls, including drugs targeting CTLA-4 and PD-1/PD-L1, have been
approved as potent treatment options for patients with multiple tumor types (Murciano-
Goroff et al., 2020). Notably, the response rate of patients treated with single PD-1/PD-L1
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immunotherapy in clinical practice is only about 30 %, which is due to the heterogeneity
of PD-L1 expression in tumour tissues, as well as the cellular and molecular components
in the TME (e.g., TAMs, MDSCs, cytokines, tumor cell secretions, etc.) that significantly
limit the responsiveness of ICIs (Petitprez et al., 2020). In addition to the expression on
tumor cells, PD-L1 is also expressed on TAMs and is involved in tumor immune escape
(Hartley et al., 2018). It has been well-demonstrated that PD-L1 induces TAMs to polarize
toward an M2-like phenotype, and M2-like TAMs in turn contribute to PD-1/PD-L1
blockade resistance by inducing T-cell exclusion and by inhibiting T-cell functions (Chen
et al., 2021; Li et al., 2022).

Furthermore, studies have revealed that PD-L1 expression on macrophages also
increases following reprogramming therapies, thereby contributing to immune evasion
(Cai et al., 2021). Interestingly, in addition to TAMs, our results also indicated that pro-
inflammatory cytokines secreted by M1 macrophages increase PD-L1 expression on
tumor cells, suggesting that the efficacy of TAM reprogramming therapy may be
compromised by the upregulation of PD-L1 on tumour cells. Therefore, we propose that
including PD-L1 blockade within TAM reprogramming therapies could effectively mitigate
PD-L1-mediated immunosuppression while enhancing the anti-tumor efficacy.

In addition, our findings demonstrated that the pro-inflammatory cytokines utilize the
JAK/STAT3, MAPK, and PI3K/AKT signaling pathways to modulate MICA/B expression.
Notably, these pathways are widely considered as tumor-favoring signals that drive
tumorigenesis and progression, with aberrant hyperactivation observed in the majority of
human malignancies and correlated with poor clinical outcomes (Arora et al., 2018;
Thorpe et al., 2015; Yaeger and Corcoran, 2019). Consequently, the development of
targeted inhibitors for these pathways has become a critical approach of anti-tumor
therapies, yielding promising clinical results (Johnson et al., 2018; Thorpe et al., 2015;
Yaeger and Corcoran, 2019). However, our data highlighte a paradox: inhibition of these
pathways may inadvertently suppress MICA/B expression, thereby impairing innate
immune responses against tumors. Regarding PD-L1, these pathways have been
revealed to contribute to augment PD-L1 in tumors (Jiang et al., 2013; Song et al., 2018;
Yamaguchi et al., 2022). In this context, inhibitors targeting these pathways may also act
as PD-L1 suppressants. Nevertheless, we recommend prioritizing the use of PD-L1

antibodies over signaling inhibitors or cytokine-targeted therapies in the combination
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treatment, as the latter could downregulate MICA/B, potentially compromising anti-tumor

immunity.

4.1.2.5 Challenges and prospects for TAM-targeted therapy

TAM-targeted therapies face several significant challenges. First, TAMs are highly
heterogeneous, with diverse phenotypes influenced by tumor type, stage, and local
microenvironmental factors. This heterogeneity complicates the identification of universal
targets and requires context-specific strategies. Second, the lack of specificity of many
therapeutic agents can lead to off-target effects, potentially disrupting immune
homeostasis in healthy tissues. Third, the TME is highly dynamic and immunosuppressive,
with multiple redundant pathways that can counteract the effects of TAM reprogramming
approaches. Lastly, tumors often develop resistance mechanisms, including the
recruitment of alternative immunosuppressive cells or the upregulation of compensatory
signaling pathways.

To address these challenges, future research must prioritize the identification of TAMs
subpopulations using advanced tools such as single-cell RNA sequencing and multiplex
imaging, enabling precise therapeutic targeting (Papalexi and Satija, 2018). Combination
therapies integrating TAM reprogramming with immune checkpoint inhibitors,
radiotherapy, or chemotherapy are likely to overcome the limitations of monotherapies
and provide synergistic benefits (Kapp et al., 2019; Wu et al., 2020). Additionally, the
development of predictive biomarkers will be crucial for selecting patients who are most
likely to respond to TAM-targeted therapies and for monitoring therapeutic efficacy.
Advances in synthetic biology and nanotechnology also show great potential for designing
TME-specific delivery systems that minimize off-target effects and improve drug stability
and efficacy. (Andon et al., 2017).

In summary, TAM-targeting therapy offers a compelling strategy to disrupt the
immunosuppressive TME and restore anti-tumor immunity. While significant progress has
been made, overcoming the current challenges will require interdisciplinary collaboration
and the integration of emerging technologies. By addressing these barriers, TAM-targeted

therapies could become a cornerstone of next-generation cancer immunotherapy.
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4.1.3 Limitations

In this study, we utilized only M1 macrophages under in vitro conditions, further in-depth
in vivo and in vitro studies are required to validate these observations by using
macrophage reprogramming approaches, such as small molecules drugs or gene editing

techniques.

4.2 Study 2: Inhibition of EROL1L mediates autophagy and apoptosis via ER stress

The ER plays a pivotal role in protein folding, modification, lipid synthesis, and calcium
homeostasis (Schwarz and Blower, 2016). In tumor cells, the high metabolic demands
and adverse microenvironment often disrupt ER homeostasis, resulting in the
accumulation of misfolded or unfolded proteins, a condition referred to as ER stress (Chen
and Cubillos-Ruiz, 2021). To cope with this stress, cells activate the UPR, a conserved
signaling network (Schroder, 2008). This system balances adaptive and cell death
processes, enabling tumor cells to survive under hostile conditions, or inducing cell death
when ER stress is excessive. Given the crucial role of EROLL in protein folding,
understanding the crosstalk between EROLL and ER stress, as well as their involvement

in tumor promotion, is critical for exploring potential therapeutic strategies.

4.2.1 ER stress in tumors: Formation and functional roles

The ER is a central mediator in various cellular processes, particularly in protein folding.
It is the primary site for the synthesis and proper folding of secretory and membrane
proteins, which undergo post-translational modifications such as glycosylation and
disulfide bond formation to attain their functional conformations (Schwarz and Blower,
2016). Molecular chaperones, such as BiP/GRP78, and enzymes like PDI assist in this
process (Inaba et al., 2010; Schroder, 2008). The ER also ensures protein quality control
by identifying misfolded proteins and targeting them for degradation through the ERAD
pathway, thereby preventing the accumulation of defective proteins (Kopito, 1997).

ER stress arises when the the capacity of ER to fold, modify, and process proteins is

overwhelmed, leading to the accumulation of misfolded or unfolded proteins (Chen and
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Cubillos-Ruiz, 2021). In tumor cells, several factors inherent to their rapid growth and
hostile microenvironment contribute to ER stress. The heightened protein synthesis
required for uncontrolled proliferation increases the burden on the ER's folding machinery.
Additionally, hypoxia, a hallmark of the TME, disrupts oxidative protein folding, while
glucose deprivation impairs glycosylation, a critical post-translational modification (Keith
and Simon, 2007; May et al., 2005). Oxidative stress, commonly observed in tumor cells,
exacerbates protein misfolding by damaging ER-resident proteins (Zhang et al., 2017).
Moreover, dysregulated calcium homeostasis, another characteristic of cancer cells,
destabilizes ER function, further promoting protein misfolding and ER stress (Krebs et al.,
2015; Zheng et al., 2023).

The advancement of tumors is invariably influenced by a spectrum of factors intrinsic to
the TME, including hypoxia, pH fluctuations, reactive oxygen species (ROS), and a variety
of cellular metabolites. In this milieu, the ER stress is a key response generated by the
ER in response to external stimuli. In response to ER stress, tumor cells activate the UPR,
a conserved signaling pathway aimed at restoring ER homeostasis. Through adaptive
mechanisms, the UPR reduces protein synthesis, enhances the expression of molecular
chaperones, and facilitates the degradation of misfolded proteins (Schroder, 2008). These
adaptations allow tumor cells to survive under adverse conditions, supporting their growth
and metastasis. Studies have shown that moderate ER stress can promote tumor
progression by multiple pathways. ER stress is reported to promote tumor progression by
facilitating tumor proliferation, invasion, cellular metabolism, chemoresistance,
angiogenesis, metastasis, and stemness maintenance, as well as reprogramming the
function of immune cells in the TME (Cubillos-Ruiz et al., 2017; Liang et al., 2021; Urra et
al., 2016).

However, the duration and intensity of ER stress play a key role in determining its ultimate
function. Prolonged or severe ER stress can lead to tumor cell death through several
mechanisms (Mohamed et al., 2017). These include the dysregulation of the UPR, which
shifts from a protective to a pro-apoptotic state by upregulating factors like CHOP and
inhibiting anti-apoptotic proteins (Galehdar et al.,, 2010; Puthalakath et al., 2007).
Excessive ER stress also disrupts calcium homeostasis, leading to mitochondrial overload
and activation of the intrinsic apoptosis pathway through cytochrome C release and Bcl-2

family proteins (Bahar et al., 2016; Pinton et al., 2008). Excessive ER stress may induce
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necrotic cell death due to ER swelling and structural damage, as well as autophagic cell
death via overactivation of autophagy-related genes like Beclin-1 through PERK and IRE1
pathways (Bhardwaj et al., 2020; Rashid et al., 2015). Additionally, ER stress can promote
immunogenic cell death (ICD) by exposing molecules like calreticulin and releasing
HMGB1, triggering anti-tumor immune responses (Feng et al., 2023; Mandula et al., 2022).
These mechanisms make ER stress both a natural tumor-suppressing process and a

therapeutic target for cancer treatment.

4.2.2 Induction of lethal ER stress contributes to anti-tumor treatment

Given the dual role of ER stress in tumor promotion, enhancing the duration and intensity
of ER stress in tumors is a potential anti-tumor strategy. Conceptually, ER stress can be
targeted pharmacologically in two ways: either by directly affecting the accumulation of
misfolded proteins within the ER, or else by modulating UPR signalling by ER stress
sensors or the enzymes that mediate their downstream effects.

Chaperones in the ER are essential for ensuring proper protein folding, assembly, and
modification, preventing misfolding and aggregation (Hendershot et al., 2024). Key
chaperones like GRP78 and GRP94 also support ERAD to maintain protein homeostasis
(Cesaratto et al., 2019; Eletto et al., 2010). Tumor cells, which experience high levels of
ER stress due to rapid growth and metabolic demands, heavily rely on these chaperones
for survival. Targeting chemical chaperones disrupts this balance by inhibiting their
function to impair protein folding and induce uncontrolled ER stress, leading to cell death
(Luo and Lee, 2013). GRP78 is a central regulator of ER function due to its roles in protein
folding and assembly, targeting misfolded protein for degradation, and controlling the
activation of trans-membrane ER stress sensors. Furthermore, due to its anti-apoptotic
property, the induction of GRP78 represents an important pro-survival component of the
UPR (Reddy et al., 2003; Zhou et al., 2011). In recent years, a variety of anti-tumour
chemistries targeting GRP78 have been reported (Liu et al., 2013; Rauschert et al., 2008).
HA15, a thiazole benzenesulfonamide compound targeting GRP78 and inhibiting its
ATPase activity (Cerezo et al., 2016), has been reported to play an anti-tumor role in
melanoma, breast, pancreatic and adrenocortical carcinoma, even overcoming drug
resistance (Cerezo et al., 2016; Ruggiero et al., 2018). Epigallocatechin gallate (EGCG)

is shown to bind GRP78 and inhibits its folding function while activating the ER stress
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pathway to induce tumour cell death (Ermakova et al., 2006). In addition, small molecular
inhibitor OSU-03012 is reported to target GRP78 and induce ER stress and cell death by
regulating the AKT pathway (Booth et al., 2014). Furthermore, there are also inhibitors
targeting other chaperones, such as HSP90, HSP70, and GRP94, showing promising
outcomes (Crowley et al., 2017; Duerfeldt et al., 2012; Park et al., 2014).

Apart from chaperones, targeting the primary sensors of the UPR is also an approach.
Upon recognizing the accumulation of unfolded or misfolded proteins in the ER, the ER
stress sensors PERK, ATF4, and IRE1a are activated and attampt to restore the ER
protein homeostasis by attenuating ER protein synthesis and by enhancing chaperones
expression, ERAD components and expanding the amount of ER. Therefore, targeting
UPR to disrupt this protective mechanism of ER stress in tumor cells is a effective strategy.
The specific PERK inhibitor GSK2656157 can limit cancer growth via impaired
angiogenesis and amino acid metabolism (Atkins et al., 2013). HC4, a perk-specific
inhibitor, is reported to block metastatic progression by limiting integrated stress response-
dependent survival of quiescent cancer cells (Calvo et al., 2023). IRE1a inhibition can
attenuate the protective UPR and induce ER stress-related apoptosis by blocking the
production of XBP1s. IREla inhibitors 4u8C, MKC-3946, and STF-083010, show anti-
cancer activity in myeloma and breast cancer (Gao et al., 2020; Li et al., 2017; Mimura et
al., 2012; Raymundo et al., 2020). Ceapins, a class of isoxazole ring-containing pyrazole
amides, that selectively block ATF6a signalling in response to ER stress. Inhibition of
ATF6 with specific inhibitors has been shown to limit cancer promotion in a variety of
tumors (Benedetti et al., 2022; Zhao et al., 2022).

Lethal ER stress in tumor cells can be induced by inhibiting the degradation of proteins.
ERAD is the major pathway for the degradation of unfolded proteins in the ER. Unfolded
proteins in the ER lumen are recognized by chaperones and then retrotransported to the
cytosol where they are degraded by the ubiquitin proteasome system (UPS) (McCracken
and Brodsky, 1996). Impressive results have been noticed anti-tumor treatment by
inhibiting UPS-induced excessive ER stress. The most successful examples are the use
of proteasome inhibitors such as bortezomib, carfilzomib and ixazomib (Manasanch and
Orlowski, 2017). Bortezomib is a classic proteasome inhibitor that is widely used in the
clinic and has significantly improved remission rates and patient survival (Scott et al.,

2016). Current studies suggest that Bortezomib triggers ER stress by blocking
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proteasomal degradation and activates the PERK-elF2a-ATF4-CHOP pathway in the
UPR, ultimately inducing apoptosis in tumour cells (Fels et al., 2008; Nawrocki et al., 2005).
Carfilzomib and Ixazomib are second-generation inhibitors that are more potent but have
fewer side effects (Deng et al., 2020; Moreau et al., 2021). Proteasome inhibitors are
currently used in tumor cells with high proliferation rates and high protein synthesis and
secretion, particularly in myeloma. Inhibiting ERAD at the stage of recognition and
transport of unfolded proteins is an alternative approach. Eeyarestain | (Eerl) targets the
retrotransport channels, such as Sec61, during ERAD, preventing the retrotransport of
unfolded or misfolded proteins from the ER lumen into the cytoplasm for degradation
(Cross et al., 2009). Kifunensine inhibits a-mannosidase | in the ER, blocking glycan chain
pruning of misfolded proteins and interfering with their recognition by ERAD (Avezov et
al., 2008). The accumulation of ungraded proteins activates excessive ER stress and cell
death.

For more efficient induction of ER stress, two or more ER stress-inducing agents can be
used in combination. This study preliminarily demonstrated the potential of combination
therapy. Given the role of EROLL in modulating ER stress, combining EROLL inhibition
with ER stress-inducing agents, such as UPR-targeting inhibitors and proteasome
inhibitors, could induce lethal ER stress more effectively in tumor cells, leading to more
enhanced outcomes. Actually, the synergistic effect of this dual inhibition has also been
confirmed by other studies. ISRIB, a small molecule that inhibits the phosphorylation of
elF2a and removes its inhibition on global protein translation, was found to synergistically
interact with the genetic deficiency of EROLL and to impair breast tumor growth and
spread (Varone et al., 2022). However, the in vivo availability and utility of the dual
inhibition strategy remain unclear, given the current absence of clinically available ERO1L
inhibitors. Therefore, the development of highly specific and efficient ERO1L-targeting
drugs is a critical objective. Meanwhile, exploring broader combination approaches that
integrate ERO1L inhibition with other anti-tumor strategies, such as immunotherapy or

adoptive cellular immunotherapy, may yield promising results.

4.2.3 The crosstalk between EROLL and ER stress
As a critical mediator of oxidative protein folding, EROLL plays a pivotal role in preventing

the accumulation of misfolded and unfolded proteins in the ER. Our results revealed that
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ER stress upregulated ERO1L expression in CRC, aligning with previous findings. For
instance, Marciniak et al. and Song et al. reported that ER stress reinforced ERO1L
expression via the CHOP pathway, though their observations were based on non-tumor
settings (Marciniak et al., 2004; Song et al., 2008). Notably, we demonstrated for the first
time that EROLL inhibition also induced ER stress in CRC, highlighting a negative
feedback loop between ER stress and EROLL. These insights suggest that tumor cells

may alleviate ER stress by upregulating ERO1L to enhance protein folding capacity.

4.2.4 Targeting EROLL in tumor treatment

The expression pattern of ERO1L and its tumor-supportive role highlight its potential as
an attractive target for CRC treatment. Our recent study explored the therapeutic benefits
of targeting EROI1L in anti-tumor therapy (Chen et al., 2024). However, few
pharmacological inhibitors are available for further validation and none are approved for
clinical use. The challenge predominately arises from the highly conserved structure of
the FAD cofactor-binding domain across enzymes, suggesting that inhibitors not only
recognize the FAD domain in EROLL, but also other FAD-containing enzymes, such as
lysine specific demethylase 1 (LSD-1), monoamine oxidases A and B (MAO-A and MAO-
B) (Hayes et al., 2019). To date, several compounds have been reported to target ERO1L
in mammals. EN460 and QM295 stand as the first two identified EROLL inhibitors through
a biochemical high-throughput screen and have been shown to interact with reduced
EROLL and prevent re-oxidation (Hayes et al., 2019). PB-EN-10 is an azide derivative of
EN460 and shows similar effects (Hayes et al., 2019). Erodoxin, a dinitrobromobenzene
compound, acts as a selective inhibitor of yeast ERO1, but has somewhat weaker activity
against mouse EROLL (Blais et al., 2010). However, these inhibitors lack selectivity for
EROI1L, and indeed, they inhibit other FAD-containing enzymes as well (Hayes et al.,
2019). Recently, Brennan et al. reported a novel EROLL inhibitor named T151742, a
sulfuretin derivative, showing heightened activity (ICso: 8.27 uM) compared to EN460 (I1Cso:
16.46 pM) and isozyme specificity for ERO1L as compared to that for ERO1B and no
detectable binding to the FAD-containing enzyme LSD-1 (Johnson et al., 2022). However,
further investigations are warranted to determine its in vivo efficacy and safety.

Given that PDI directly interacts with EROI1L, targeting PDI would also be a viable

approach to block oxidative protein folding. In fact, PDI has also been shown to be up-
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regulated in a variety of cancer types and exhibit pro-tumoral roles (Rahman et al., 2022).
Various chemical inhibitors of PDI have been identified and some of them showed
potential anti-tumor effect (Powell and Foster, 2021). However, the presence of over 20
structurally similar PDI homologues in eukaryotes limits the development of specific
inhibitors. Considering the inextricable interplay between EROILL and PDI, a more
effective and specific strategy involves developing inhibitors that disrupt the interaction
between EROILL and PDI. Recently, Zhang et al. reported that valine (Val) 101, a
hydrophobic residue in the active site-containing loop of EROLL, is crucial for the
recognition of PDI catalytic domain (Zhang et al., 2019). Mutation of Val1l01 weaken the
activity of EROLL in oxidative protein folding, and more importantly, impaired tumor
progression. This finding not only provides a reliable target site for inhibitor development,
but also a paradigm for targeting the ERO1L-PDI interface.

The highly conserved structure of the FAD-binding domain limits the development of
EROL1L inhibitors. In recent years, proteolysis-targeting chimera (PROTAC) has been
emerged as a novel technology for targeted protein degradation (Bekes et al., 2022).
PROTAC is a bifunctional molecule consists of three domains: a protein of interest (POI)
ligand, a E3 ubiquitin ligase ligand, and a linker which covalently interconnects with these
two ligands. Upon binding to the target protein, the PROTAC molecule can recruit E3
ubiquitin ligase for protein ubiquitination, which is subjected to proteasome-mediated
degradation (Sakamoto et al., 2001). Therefore, with respect to EROLL, the development
of PROTAC molecules does not require targeting the active center of EROLL, but only the
ability to specifically recognize EROLL protein, which would greatly help to avoid off-target
effects of the current EROLL inhibitors. Notably, however, there are also some challenges

for PROTAC to be a successful drug development approach (Zeng et al., 2021).

4.2.5 Apoptosis and autophagy

Autophagy is a conserved mechanism where cells degrade and recycle damaged
organelles, proteins, and other components via autophagosomes and lysosomes,
particularly during stress or nutrient deprivation. The process involves key steps, including
initiation by the unc-51-like kinase 1 (ULK1) complex, autophagosome formation, fusion
with lysosomes, and degradation of cargo (Glick et al., 2010). Apoptosis, on the other

hand, is a form of programmed cell death aimed at eliminating damaged or unwanted cells
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without triggering inflammation. It is mediated by two primary pathways: the extrinsic
pathway, activated by death receptors and caspase-8, and the intrinsic pathway, involving
mitochondrial cytochrome c release and caspase-9 activation. These pathways converge
on effector caspases, leading to cell dismantling (Taylor et al., 2008). As the two main
types of programmed cell death in tumors, there has been a demonstrated complex
interplay between apoptosis and autophagy (Wang et al., 2021). Generally, apoptosis and
autophagy are thought to have an antagonistic relationship. In tumor settings, autophagy
can block apoptosis by the autophagic clearance of apoptosis-related caspases, while the
activation of caspases can also cleave several essential autophagic proteins, such as
Beclin-1, autophagy related 3 (ATG3), and ATG5, thereby limiting autophagy (Das et al.,
2021). However, in some cases, autophagy has also been reported to activate apoptosis
(Song et al., 2017). Consistent with previous studies, our results demonstrated that the
deletion of ERO1L induced apoptosis (Young et al., 2012; Yousefi et al., 2006). We further
revealed that EROLL inhibition also induced autophagy, and these activated apoptosis
and autophagy were mediated by ER stress. However, the crosstalk between them is not
yet clear. Further studies focusing on the interplay between apoptosis and autophagy will
help to deepen our understanding of the role of EROLL in regulating ER stress adaptation

mechanisms in tumor cells.

4.2.6 The ERK1/2 signaling pathway in tumors

The ERK1/2 pathway is activated in the majority of tumors and is well known for its role in
tumor initiation and progression (Ullah et al., 2022). The ERK1/2 pathway is a key
component of the MAPK cascade, plays a critical role in cell proliferation, differentiation,
survival, and migration (Meloche and Pouyssegur, 2007). Aberrant activation of ERK1/2
is frequently observed in various cancers due to mutations in upstream regulators, such
as RAS, RAF, and MEK (Balmanno and Cook, 2009). This hyperactivation drives
oncogenic processes, including uncontrolled cell growth, evasion of apoptosis, and
metastasis, making the ERK1/2 pathway a crucial target for anti-cancer therapies. Current
ERK-targeting therapeutic strategies focus on targeting components of the pathway,
including RAF inhibitors (e.g., vemurafenib for BRAF-mutated cancers), MEK inhibitors
(e.g., trametinib), and ERK inhibitors (e.g., ulixertinib) (Kidger et al., 2018; Samatar and

Poulikakos, 2014). Despite initial success, resistance often develops due to pathway
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reactivation, alternative signaling compensation, or secondary mutations. Recent
advancements aim to overcome resistance by combining ERK pathway inhibitors with
agents targeting other oncogenic pathways (e.g., PISBK/AKT, immune checkpoints) or
utilizing novel dual inhibitors (Bahar et al., 2023; Morante et al., 2022). Additionally, efforts
are underway to develop inhibitors with improved selectivity and reduced toxicity. While
challenges remain, continued research into the ERK1/2 signalling pathway is expected to
improve therapeutic efficacy and expand treatment options for cancer.

In this study, we found that ERK1/2 was involved in ERO1L knockdown-induced apoptosis
and autophagy, suggesting that overexpressed ERO1L in CRC may promote tumor
progression by activating ERK1/2. To further confirm the involvement of ERK1/2, we
performed rescue experiments using ACA-28, the only reported ERK1/2 agonist with anti-
tumor activity by hyperactivating ERK1/2. At a low concentration, ACA-28 reversed both
the apoptosis and autophagy induced by ERO1L knockdown, indicating the involvement
of ERK1/2 in these processes. In contrast, a high concentration of ACA-28 significantly
enhanced apoptosis and autophagy, demonstrating its anti-tumor activity through ERK1/2
hyperactivation. While the involvement of the AKT pathway was excluded, treatment with
AKT inhibitor markedly enhanced apoptosis, indicating a potential synergistic effect when
combining EROLL inhibition with AKT pathway blockade.

4.2.7 Limitations

There are some limitations for this study. Although the involvement of ERK1/2 has been
confirmed, the interaction between EROI1L and ERK1/2 remains unclear. Further
investigations are warranted to determine whether EROLL directly interacts with ERK1/2
or mediates its effects through other intermediaries. In addition, the mechanistic interplay
between EROLL and ER stress has not been fully elucidated. Finally, additional in vivo

studies are required to validate the role of ERO1L in CRC.
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5. Abstract

Background: Inflammation and ER stress are two prominent hallmarks of tumors, both
exhibiting distinct dual roles in tumor promotion. The duration and intensity of inflammation
and ER stress can drive divergent, or even opposite outcomes in tumor development.
However, evolving tumors usually adapt and escape from inflammation and ER stress by
forming delicate balances between them. Disrupting the balances by modulating
inflammation and ER stress can impair this adapbility and induce tumor cell death.
Purposes: This dissertation aims to illustrate the potential and mechanisms of regulating
inflammation and ER stress in tumor treatment.

Methods: We confirmed the derivation of pro-inflammatory cytokines from M1
macrophages, and illustrated the roles of pro-inflammatory cytokines in enhancing the
cytotoxicity of CIK cells against MM and its mechanisms using flow cytometry. For the
investigations on ER stress, we demonstrated the expression profile of EROLL and a
bidirection regulatory loop between EROILL and ER stress in CRC by RT-gPCR and
western-blotting. Furthermore, We elucidated the regulatory role of ERO1L on autophagy
and apoptosis in tumour cells by flow cytometry, and resolved the responsible signalling
pathways.

Results: We found that M1 macrophages produced high levels of pro-inflammatory
cytokines, including TNF-a, IL-1B, and IL-6. Pro-inflammatory cytokines enhanced the
cytotoxicity of CIK cells towards MM cells by augmenting the expression of killing-
dependent MICA/B. For ER stress, we revealed that ERO1L was overexpressed in CRC
and found a negative regulatory feedback between ER stress and EROLL. Inhibition of
ERO1L induced apoptosis and autophagy via the induction of ER stress and the ERK1/2
pathway. In addtion, combining EROLL inhibition with other ER stress-inducing agents
showed a synergistic effect in CRC treatment.

Conclusions: M1 macrophage-derived pro-inflammatory cytokines reinforce the
cytotoxicity of CIK cells agianst MM cells by up-regulating the MICA/B-NKG2D axis.
Inhibition of ERO1L mediates apoptosis and autophagy via the induction of ER stress in
CRC.
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