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What can change the nature of a man? 
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POPULAR SCIENCE SUMMARY OF THE THESIS 

ñWhich system is the most important to maintain our country?ò I asked myself before the Ph. 

D study. The answer varies between readers: economy, education, agriculture, transport 

system, culture, etc. My answer is ñMilitary,ò which protects the people from intense armed 

conflicts. A similar question happened to our body as well. ñWhich system is the most 

important to maintain your body?ò The uncertainty such as viruses, bacteria, fungus, aged cells, 

stress, and cells with the mutation threatens our body. When I write my thesis, the COVID-19 

has been spread worldwide for more than one year. Its spread has left national economies 

counting the costs. Travel plans have been put on hold and gatherings have transformed to 

online meetings. How can we survive this pandemic, and who can we ask for help? I believe 

the answer is ourselves, specifically, our immune system. 

Most of us can still function properly and live life without constantly being sick due to our 

exquisite immune system, which works in a coordinated and synergistic way to exclude and 

clear those dangers. In brief, the innate assassins (Natural Killer cells) could sense and kill 

transformed ñforeignò cells then subsequently send the smoke signal (inflammatory cytokines), 

which recruit special agents (myeloid cells), soldiers (T cells), and navy (B cells) to the 

battlefield. Through the release of tons of explosive bombs (perforin, granzymes) or precision- 

guided missiles (antibodies), we could kill those ñforeignò invaders and collect the information 

(antigen presentation), which facilitates the army responses when theò foreignò invader comes 

again (memory formation). 

NK cells are born to be at the forefront of the cancer-immunity war. Emerging evidence has 

been proved that higher intratumoral NK cell frequency correlated with better prognostic value 

in solid tumors. In contrast, NK cells could barely be detected from late-stage tumor patients. 

Tumors use various tricks to escape NK cell killing, like to beguile macrophage to immune-

suppressive state and shed the surface identity, to create their unique immune-evade niche. 

However, we found that ñeximiousò NK cells primed by cytokines could infiltrate tumors more 

than others. The chosen NK cells hold the promise to drive the cancer-immunity cycle from 

dysfunctional to normal. 

The overall goal of this thesis is to understand how NK cell activity is regulated in solid tumors. 

Studies in this thesis focus on identifying ñeximiousò NK cells that are resistant to various 

immunosuppressive mechanisms, including prostaglandin E2 (PGE2)-Study I , reactive 

oxidative species (ROS) Study II  and regulatory T cells (Treg) Study III .  

 

 

 

 

  



ABSTRACT 

Cancer heterogeneity, which enables clonal survival and treatment resistance, is shaped by 

active immune responses. Unchallenged results from clinical trials show the power of 

stimulating our immune system to attack tumor cells.  

Engineered T cells and checkpoint blockade are at the forefront of current immunotherapy 

strategies. Whereas our immune system includes a diverse range of effector cells, which could 

directly or indirectly kill the target cells, and these immune cells must organize in a synergistic 

way to overcome multiple immune-evasion mechanisms and achieve complete tumor 

eradication. 

An essential type of effector cell is natural killer (NK) cell. These are cytotoxic innate 

lymphocytes identified by their splendid capacity to kill virus-infected, stressed or transformed 

cells. Ex vivo expanded NK cells used for hematological malignancies showed promising 

results, associated with in vivo NK cells expansion after infusion. However, due to the limited 

growth factors in the tumor microenvironment (TME), infused NK cells undergo changes in 

their phenotype and ability to survive. 

The type I cytokine family members IL-2 and IL-15 play a pivotal role to maintain homeostasis 

of the innate and adaptive immunity. Endogenous levels of IL-15 have been linked with 

sustained persistence of infused NK cells. Thus, the secret for NK cell resistance in the TME 

could be uncovered by investigating IL-15 primed NK cells under various forms of 

immunosuppression. In study I , we found that IL-15 primed NK cells acquire resistance 

against prostaglandin E2 (PGE2) mediated suppression by upregulation of phosphodiesterase 

4A (PDE4A) in CD25+CD54+ NK cells. These CD25+CD54+ NK cells showed superior killing 

capacity under the suppression of PGE2 in vitro (2D and 3D culture) and in vivo (zebrafish 

model) experiments. In study II , we demonstrated that upregulated mTOR pathway primed 

by IL-15 lead to increased thiol density which protected not only NK cells but other 

lymphocytes against ROS in tumor microenvironment. In study III , we showed that 

upregulation of the IL-2Ŭ receptor (CD25) in NK cells enables an immunometabolic 

competition of IL-2 in the TME between Treg and NK cells. 

In summary, this thesis provides mechanistic insights for tumor-NK cell interaction and 

elucidates the potential therapeutic approach for harvesting "eximious" NK cells against solid 

tumors. 
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1 INTRODUCTION 

1.1 Cancer 

Cancer is characterized by the limitless proliferation of mutated cells with the ability to 

metastasize throughout the body. As a heterogeneous disease, cancer patients normally carries 

various genetic driver mutations which makes treating cancer extremely difficult and leads to 

resistance to traditional therapeutic agents (1).  

The clonal selection model suggests that subsequential mutations gained by tumor cells over 

time lead to the selection of ñfitter cellsò that continue to grow and take over the tumor (2). 

With the help of modern RNA-sequence technology, the ñBig Bang modelò suggests that for 

some tumors, mutations occur in the initial stage when tumors are smaller, which could not be 

detected and target using traditional treatment (3, 4) (Figure 1).  

 

Figure 1. The Big Bang model of cancer development (left panel) and the ten hallmarks of cancer (right panel). Modified 

from Hanahan and Weinberg, Cell. 2011 Mar 4;144(5):646-74. 

In 2011, Hanahan and Weinberg updated the hallmarks of cancer to include two additional 

immune-related features ï"tumor-promoting inflammation" and "avoiding immune 

destruction" demonstrates the profound link between tumor cells and immune system (5) 

(Figure 1). In 2018, The Nobel Prize in Physiology or Medicine was honored to James P. 

Allison and Tasuku Honjo for ñtheir discovery of cancer therapy by inhibition of negative 

immune regulation.ò Based on their discovery, the checkpoint blockades proved to be 

strikingly effective in multiple clinical trials, which gives us confidence to clear theò enemy 

(tumor cells)ò by using our ownò army (immune cells).ò 
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1.2 Immunotherapy 

Cancer immunotherapy is a form of treatment 

that uses the ability of the immune system to 

fight cancer. Immunotherapy contains multiple 

strategies such as i) train the immune system to 

recognize and kill  tumor cells ii) systematically 

stimulate the immune system to help them 

eliminate cancer iii) provide components to 

improve immune responses.  

Various forms are included in cancer 

immunotherapy, such as: cancer vaccines, 

tumor-specific antibodies, oncolytic viruses, 

immune-modulatory cytokines, immune 

checkpoint inhibitors and adoptive cell transfer 

(6, 7) (Figure 2, Box 1). Immunotherapies are a form of ñliving drugò since they take advantage 

from living organisms to fight cancer (8). Certain immunotherapies use gene editing method 

to enhance their cancer-fighting ability (9). Many immunotherapy treatments are also used in 

combination with conventional cancer therapies such as radiation, surgery, targeted therapies, 

or chemotherapy to improve their effectiveness. 

Figure 2. Five categories of cancer immunotherapy: Cell based therapy, cytokines, checkpoint inhibitor, oncolytic virus and 

cancer vaccine. Potential therapeutic targets or FDA approved treatments (labeled with red) are listed under each category. 

CAR T/NK- chimeric antigen receptor T/NK cell; IL-2, interleukin 2; IFNŬ, interferon alpha; PD-1, programmed cell-death 

protein 1; CTLA4, cytotoxic T-lymphocyte-associated protein 4; TIGIT, T cell immunoreceptor with Ig and ITIM domains; 

Tim3, T cell immunoglobulin and mucin domain-containing protein 3; gp100, glycoprotein 100; HER-2, human epidermal 

growth factor receptor 2; NY-ESO-1, New York esophageal squamous cell carcinoma 1; MART-1, melanoma antigen 

recognized by T cells 1. Created with BioRender.com 

1.2.1 Checkpoint Inhibitors 

The immune system with a fine-tuned function of its ñmachineryò has the ability  to control the 

level of the immune response against foreign and self-antigens. ñOverheatingò immune 

reaction could be suppressed by immune checkpoint, which similar to ñbreakò in our immune 

system (10). Antibodies targeted at these checkpoints can block the effector cells brake and 

unleash the immune system to fight against tumor cells.  

Box. 1 Various categories immunotherapy 

Cytokine: Cytokines are secreted proteins which 

provide signal to regulate cellular maturation, 

growth, and differentiation.  

Oncolytic Virus: The antitumor effect of 

oncolytic viruses acts by directly infecting and 

lysing tumor cells, and simultaneously stimulate 

the immune system against the tumor. 

Cancer Vaccine: Vaccines work by exposing 

individuals to a weakened or inactivated version of 

tumor specific antigen. 

 



 

 5 

One of the most well-studied immune checkpoint is the cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4), which is expressed at high levels on activated and regulatory T cells. 

Through binding to CD80/86 with a higher affinity compared with CD28, negative signal is 

transduced to prevent ñoverheatingò T cells (11). Another checkpoint is called programmed 

cell-death protein 1 (PD-1) which is expressed on T or NK cells and its ligands programmed 

cell-death 1 ligand 1 (PD-L1) and/or PD-L2 which are normally expressed on tumor cells. The 

ligation of PD-L1/PD-L2 and PD-1 leads to inhibition of T and NK cell function. In 2019, there 

were 2975 active clinical trials to test PD-1/PD-L1 monoclonal antibody alone or in 

combination with other therapeutic reagents (12, 13).  

The efficiency of checkpoint blockade is particularly documented in melanoma patients. The 

efficacy of single-agent PD-1 inhibitor in patients with advanced melanoma could reach 33% 

to 45% overall survival. By combining anti-PD-1 and anti-CTLA-4, the response rate could 

improve from 19% (single CTLA-4), or 43.7% (single PD-1) to 58% (14, 15).  

Recently, the combination of the anti-PD-1 and anti-CTLA-4 therapy demonstrated durable 

and long-term clinical responses in NSCLC patients (phase III, Checkmate-227). At three 

years, the overall survival rate was 33 and 34 percent for patients with PD-L1-positive and PD-

L1-negative tumors, respectively, compared with 22 and 15 percent for platinum-doublet 

chemotherapy (16). Furthermore, patients with advanced stages of bladder (NCT02603432), 

kidney (17), small-cell lung cancer (SCLC) (18), microsatellite instability (MSI)-high cancers 

(19) as well as melanoma have responded well to immunotherapy. Promising results from 

clinical trials leads to several checkpoint immunotherapies for multiple cancers become the 

standard of care in some cases (20). 

However, two major questions for checkpoint inhibitors still need to be answered. One is that 

nearly approximately 50% of patients do not achieve significant clinical response; another is 

that a substantial proportion of responders will have a tumor relapse within two years (21-24). 

Collective efforts have been put to decipher the resistance mechanisms to immune checkpoint 

inhibitors. Tumor cells take advantage of TME to limit T-cell activation, tumor infiltration 

partly explained these resistance mechanisms (25). For instance, IFN-ɔ signaling plays a central 

role in T-cell mediated antitumor immunity. By upregulating MHC-I molecule, IFN-ɔ could 

promote tumor antigen presentation, which could further facilitate DCs and NK cells 

activation, and inhibit tumor cell proliferation. Decreased expression of IFN related genes have 

been identified in Ipilimumab-refractory melanoma patients. Specifically, loss of interferon-

gamma receptor 1 (IFNGR1), IFNGR2 and interferon regulatory factor 1 (IRF1) in tumor cells 

leads to resistance to anti-CTLA-4 antibody (26).  

A documented mechanism of acquired resistance to immune checkpoint therapy is the 

upregulation of other immune checkpoints on T cells. Upon the gained knowledge of tumor-

resistance mechanism, antibodies targeting such alternative immune checkpoints have been 

developed including antibodies against:  T-cell immunoglobulin and mucin 3 (TIM-3) (27, 28), 

lymphocyte activation gene 3 (LAG-3) (29, 30), V-domain Ig-containing suppressor of T-cell 

activation (VISTA) (31), CD47 (32, 33) and T-cell immunoreceptor with Ig and ITIM domains 

(TIGIT) (34, 35). 
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Other resistance mechanisms of immune checkpoint inhibitor have also been identified such as 

the presence of immunosuppressive cytokines (TGFɓ, IL-10) and other immunoregulatory 

factors (e.g. adenosine, PGE2) present within TME (36). Putative therapeutic strategies will be 

boosted by re-gained understanding from ongoing clinical and basic onco-immunology studies.  

1.2.2 Cell-based therapy 

Cell-based immunotherapy is a treatment that builds on harvesting immune effector cells such 

as T or NK cells and stimulating these ex vivo and then transfer back to the cancer patients 

(Figure 3). The differences among categories depend on either source of the effector cells or 

the way to arm effector cells during ex vivo expansion. 

 

Figure 3. The general workflow for cell therapy includes 4 steps: harvest peripheral blood, isolate the effector cells, ex vivo 

manipulate effector cells expansion by either cytokines or gene editing method, and transfer expanded effector cells to patients. 

The graph is created by using Biorender. 

1.2.2.1 Tumor-infiltrating lymphocyte therapy 

The success of employing tumor-infiltrating 

lymphocytes (TILs) to treat metastatic melanoma 

was achieved by Rosenberg's team in the late 

1980s (37). IL-2 was used not only to ex vivo 

expand TILs isolated from a cancer patient, but 

also as cytokine support of infused TILs. The 

objective response rate was 34% in 86 melanoma 

patients; however, the short median duration 

(only 4 months) and few complete responses lead to hesitation for using TILs as a therapeutic 

reagent. However, thanks to the next generation of high-throughput technologies the screening 

and enrichment of neoantigen-specific TILs (Box 2) is achieved in metastatic breast cancer 

patients (38).  Furthermore, knockdown of a JAK/STAT signaling negative regulator of CISH 

shown to boost the anti-tumoral response of TILs therapy in a mouse model  (39). Other 

Box. 2 Neoantigens 

Unique antigens that are not expressed by self-

tissues under normal conditions that manifest in 

the context of pathology. In tumor cells, these 

could be altered proteins/peptides encoded by 

mutated genes. 
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innovative targets to enhance effector cells activity may allow for a more promising treatments 

to be developed. 

1.2.2.2 Chimeric antigen receptor cell therapy 

Due to that synthetic chimeric antigen receptor (CAR) recognizes target molecule on malignant 

cells, CAR T cells could by pass MHC restriction and direct kill the target cells. The clinical 

success of CAR T cell therapy for the treatment of B cell acute lymphoblastic leukemia (ALL) 

(40), chronic lymphocytic leukemia  (41), non-Hodgkin lymphoma (42) is due, in part, to 

targeting the CD19, a specific antigen that has high surface expression in certain B cell 

malignancies. In addition to directly kill  target cells, CAR T cells can also reform the 

inhospitable TME and revive exhausted T cells (43). For instance, the suppression of myeloid 

cells and regulatory T cells in the TME could be overcome by CAR T cells engineered to 

produce IL-12, which could also promote CD8+ T cell cytolytic activity and enhance myeloid 

cell recruitment and antigen presentation (44, 45). Despite the hurdles within TME in solid 

tumor, with current successful CAR T cells immunotherapy for B cell malignancies, it will be 

interesting to continue and expand research on this new treatment strategy. 

1.2.2.3 Engineered TCR T cell therapy 

Not all patients have unique T cells that recognize tumor antigen. One of the reasons is that 

these T cells may not be able to be primed and expanded to sufficient numbers for adoptive 

cell transfer (46). To overcome this, engineered TCR T cells therapy has been developed to 

encode receptors that recognize tumor-specific antigens (47). Prolonged survival and migration 

to the tumor site could be achieved by encoding cytokines into engineered TCR T cells (48). 

TCR-T cells recognizing the tumor antigen NY-ESO-1 have been used to treat patients with 

advanced melanoma which can result in durable complete responses (49). Personal cancer 

medicine could be one of the future directions for TCR T cells. By allowing design an ñrightò 

target for each patientôs tumor and use distinct resources of T cells (ɔŭ T cells) to engineer, the 

therapeutic benefits could offer patients with greater hope. 

1.2.2.4 Natural killer cell therapy 

NK cells recognize tumor cells by mechanisms, that rely on a set of stimulatory and inhibitory 

receptors. These receptors can sense whether a nearby cell expresses a profile of corresponding 

ligands associated with oncogenic transformation leading to NK cells activation and killing 

(50). Due to the lack surface T cell receptors, NK cells have been shown to not cause graft-

versus-host disease (GvHD, Box 3) (51). Thus, NK cells hold promise as an óoff-the-shelfô cell 

therapy product, which can be prepared in advance, and injected on demand to multiple 

recipients. Emerging data show an essential role of tumor-infiltrating NK cells to govern 

immunotherapy response (52). 
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According to the principle of ñmissing selfò 

recognition (53-55), NK cells recognize target cells 

that do not express MHC class I molecules. They 

express a series of cell surface inhibitory receptors 

which is killer-cell immunoglobulin-like receptor 

(KIR) family that recognize major histocompatibility 

complex I (MHC-I) on target cells (56), and the 

NKG2A/CD94 heterodimer for HLA-E molecule (57).  

The implementation of NK cell transfer was spurred 

on based on beneficial effects of NK cell alloreactivity 

in the setting of allogeneic hematopoietic cell 

transplantation (allo-HCT) (58). Alloreactivity of NK cells are triggered by mismatched KIRs 

on NK donor cells and MHC-I on recipient cells. Alloreactions mediated by mismatched NK 

cells has been shown to eliminate leukemia through graft-versus-leukemia (GvL , Box3) effect. 

Furthermore, alloreactive NK cells can promote engraftment through depleting recipient T cells 

and protect against graft-versus-host disease (GvHD). Host NK cells can also target recipient 

antigen-presenting cells and thereby also limit GvHD reactions (59, 60).  However, host Treg 

cells maintain and expand effectively when IL-2 is administered after NK cell transfer in 

ovarian cancer, breast cancer and refractory lymphoma (61, 62). The cytolytic ability of NK 

cells impaired by expanded Treg through TGFɓ secretion and deprivation of local IL-2 (63, 

64). Miller  and colleagues employed a Treg depletion method using IL-2 diphtheria toxin 

together with adoptive NK cells transfer. This combination strategy improved complete 

response rate at day 28 (53% versus 21%; P = 0.02) and disease-free survival at 6 months (33% 

versus 5%; P < 0.01) for AML patients (65). 

Low NK-cell infiltration in solid tumors reveals that the tumor microenvironment might grab 

the key to uncover how to increase NK cell persistence (66). The mechanism of primary and 

secondary resistance to cancer immunotherapy are manifold, deriving not only from the 

intrinsic heterogeneity of cancer cells but also from the intricate interplay between tumor cells 

and their surrounding TME (67).  

 

1.3 Tumor microenvironment ï The real battle field 

As discussed previously, cancer progression is not only determined by driver mutation but also 

by the surrounding environment or cells. This environment provides critical factors to interfere 

with immune surveillance and thereby promote cancer progression and tumor dissemination 

(Figure 4). 

Solid tumors comprise of malignant cells as well as vascular endothelial cells, mast cells, 

fibroblast cells, T cells, B cells, and several other cellular components of innate immune system 

including neutrophils, eosinophils, macrophage, NK cells. In addition, the TME constitutes of 

several extracellular soluble factors such as hormones, chemotactic factor, and cytokines. The 

TME also includes specialized cellular subsets including myeloid-derived suppressor cells 

(MDSCs), tumor-associated macrophages (TAMs), and regulatory T (Treg) cells (68). It is also 

characterized by altered pH levels, nutrient balance (glucose and fatty acids, etc.), metabolites, 

Box. 3 GvHD, GvL 

In Graft versus host disease (GvHD), the 

donated bone marrow or peripheral blood 

stem cells view the recipientôs body as 

foreign, and the donated cells/bone 

marrow attack the body.  

Graft-versus-leukemia (GvL) reaction 

describes the ability of immune cells from 

the donor to attack host leukemic cells.  



 

 9 

and oxygen levels (69-72). Interestingly, recent studies proved that bacterium and fungus could 

benefit tumor growth (73, 74). This unique TME provides essential nutrients, survival signals 

and simultaneously suppresses immune surveillance, together contributing to tumor 

progression and metastasis. 

 

Figure 4. An overview of different cell types within the tumor microenvironment. Several immune cells together with cancer 

associated cells contained in TME surrounding by suppressive factors (PGE2 and ROS). CAF, cancer associated fibroblast, 

ECM, extracellular matrix. The graph is created by using Biorender. 

ñHotò and ñColdò TME 

The understanding of the differential composition 

of immune cells in TME is needed, which had a 

great impact on the responses of various 

immunotherapies. Moreover, the organization of 

immune cells in TME could change among 

different patients. Thus, mapping the distribution 

of immune cell infiltrates and their functional state 

is important in terms of evaluation and the design 

of therapies (75, 76). Here, I present a summary of 

recent novel technologies that might help us gain 

new insights for TME (Box 4). 

The TME can be crudely classified as cold or hot, 

where a cold and hot TME is characterized by low 

and high frequency of T cell infiltration (77). Cold 

tumors are sometimes also described as ñimmune 

deserts.ò (78). In general, patients with hot tumors 

has been found to respond better to immune 

checkpoint therapy with anti-programmed death 

ligand (PD-L)1/PD-1 (79).  

Box. 4 Technologies for TME 

Single cell RNA-seq, next-generation 

sequencing technologies applied to single cell 

level which provide high resolution of cellular 

differences within sample. 

Spatially resolved single-cell RNA-seq, A 

new technology-driven field in which single-

cell genomic data is derived from tissues by 

means to preserve spatial information. 

Expansion microscopy, biological sample 

magnified smoothly and isotropically by 

swellable polyelectrolyte hydrogel where 

molecules in a diffraction-limited region are 

separated in space to greater distances, and 

can therefore be resolved by conventional 

diffraction-limited microscopes.  

Assembloids, assembly of multiple organoid 

structures to gain deeper insights into tissue 

function. 
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There are several factors in the tumor site that drives the TME towards ñcold,ò which might 

contribute to the failure of immunotherapy, including but not limit to prostaglandin E2 

(PGE2), reactive oxidative species (ROS), and regulatory T cells. 

1.3.1 PGE2 

Several soluble factors produced by tumor cells or tumor-associated cells shape the tumor 

microenvironment and inhibit the function of tumor-infiltrating cytotoxic lymphocytes. One 

such soluble factor is prostaglandin E2 (PGE2) known as a bioactive lipid that elicits multiple 

biological effects associated with inflammation (80, 81). PGE2 can be produced from different 

type of cells, for example, stressed neutrophils, fibroblasts, macrophage, MDSCs and Treg 

cells. The arachidonic acid (AA) mobilized by phospholipase A2 (PLA) family to cytoplasm, 

where cyclooxygenases take responsible to convert AA into prostaglandin H2. Finally, 

prostaglandin E synthase transfer PGH2 to the final formation --- PGE2 (82).  

By binding to prostaglandin E2 receptors  (EP 1-4), which belong to G protein-coupled receptor 

(GPCR) family, PGE2 turns the outside-in signals via cyclic adenosine monophosphate cAMP-

CREB axis (83). As one of the major immunosuppressive factors, pro-inflammatory PGE2 is 

a critical mediator in the crosstalk between tumor epithelial cells and their surrounding immune 

cells in establishing an immunosuppressive tumor microenvironment (84).  

Multifaceted roles of PGE2 has been discussed in cancer progression. As pro-inflammatory 

factors, PGE2 originally discovered to promote the tissue influx of macrophages and 

neutrophils from bloodstream leading to swelling at the site of infection or damaged tissue (85, 

86). However, PGE2 also governs a number of mechanisms that regulate inflammation and 

subsequent tissue repair (87, 88). One important effect of PGE2 is to directly inhibit the 

synthesis of IL-2 and the expression of the IL-2 receptor in Th cells (89, 90). Moreover, PGE2 

suppress anti-tumor activity of NK cells and cytotoxic T cells, partly by down-regulating 

cytokine receptor expression (91, 92). Our recent results showed that PGE2 can indirectly 

downregulate NK cell activity by increase TGF-ɓ production in myeloid derived suppressor 

cells (MDSCs) (93). 

1.3.2 ROS 

The release of ROS by the host immune system is a natural mechanism for effector cells like 

macrophages and neutrophils to respond to pathogens (94). ROS function as important 

messenger molecules that can act intracellularly through the mitochondria (95). ROS contribute 

to tumorigenesis by affect multiple prospect such as cell proliferation, genomic instability, 

inflammation and metabolic reprogramming (96). Despite the intrinsic molecular mechanism, 

another way for ROS to achieve the promotor role in tumor progression is through immune 

suppression (97, 98). Due to their reactiveness, cells have multiple mechanisms to maintain the 

homeostasis of ROS such as scavenging systems of thioredoxin and glutathione (99). 

The tumor microenvironment is known to be rich in ROS. Tumor beguiled cells, for example, 

tumor-associated macrophage, neutrophils and MDSCs can release massive amount of ROS 

(100, 101). Upon exposure to ROS, lymphocytes like T effector cells and NK cells loss their 

anti-tumor activity. 



 

 11 

1.3.3 Treg-induced suppression 

As a master regulator in our immune system, regulatory T cells (Tregs), identified as 

CD4+CD25+Foxp3+ cells, play crucial roles in maintaining homeostasis of tumor immunity 

(102). Tregs can also suppress the function of immune effector cells through i) cytokine 

deprivation ii) secretion of immunosuppressive cytokines such as TGFɓ, IL-10, IL-35; iii)  

direct cytolysis; iv) cell-cell contact ligation (CTLA4-CD80/CD86)(103).  

Lately, reinvigorated efforts have been made to describe the suppressive mechanisms through 

'metabolic disruption.' A long-standing discussion in the Treg-cell field is if the high expression 

of CD25 enables Treg cells to take advantage of local IL-2 and thereby starve activated effector 

T cells or NK cells by consuming the IL-2 (104). A study showed cytokine (specifically IL-2)-

deprivation-mediated apoptosis induced by Treg cells might contribute to a ñcoldò TME (105). 

Promising results have been shown to combine checkpoint blockade with CD25-Treg-

depleting antibody (106). By using a fucosylated anti-human CD25 antibody, efficient Treg 

depletion with no overt immune-related toxicities was observed in both nonhuman primates 

and humanized mouse model. Strikingly, single dose of anti-CD25 induced a 52% CR. 

Administration of a second dose led to a 70% CR in MCA205 bearing mice (107). 

Depletion of metabolites in a hypoxic TME leads to dysfunction of infiltrated effector cells. 

McLane et al. showed Treg could upregulate the metabolism pathway related to lactic acid 

which make Treg more tolerated in lactic acid enriched TME. By knocking out the key lactate 

transporter gene, MCT1, they found that the MCT1 is required for maintaining Treg function 

in TME, but not in peripheral blood. Thus, the metabolic adaption of Treg could furthermore 

help tumor cells to avoid immune destruction(108). 

 

1.4 NK cells ï The assassins 

 

Figure 5. Different mechanisms of NK cell killing. ADCC, antibody-dependent cell-mediated cytotoxicity; TRAIL, TNF-

related apoptosis-inducing ligand; TRAILR, TRAIL receptor. The graph is created by using Biorender. 

In the mid-1970s, NK cells were first identified as a lymphocyte subpopulation with the ability  

to kill transformed cells without prior sensitization (109, 110). NK cells and other lymphoid 

cells originate from the same common lymphoid progenitor cells. The type I cytokine, IL-15, 

has been found to be important to drive the development and maturation of NK cells (111).  
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Donna et al generate the high-resolution map of human tissue-driven NK cells across age. In 

blood, NK cells comprise approximately 2-18% of the total leucocyte pool. In other tissues 

such as BM, spleen, and lung, NK cell frequency can be as high as 50% of total lymphocytes. 

NK cells are broadly classified as CD56bright or CD56dim cells, where the CD56dim NK cell 

population dominates in blood whereas the CD56bright are often observed at higher frequencies 

within tissues (112).  

NK cells as the frontline army, perform complementary roles in an earlier immune response 

against viruses and tumors. Approximately 90% of NK cells in the blood are CD56dim which 

respond directly to infection or cancer through antibody-dependent cell-mediated cytotoxicity 

(ADCC), IFNɔ, perforin, granzyme, FasL, or TRAIL (Figure 5) (113). CD56bright NK cells 

occupy nearly 10% of blood NK cells, and they participate in cytokine secreting IFNɔ, TNFŬ, 

G-CSF, GM-CSF, and IL-3, which are generally delivered in late (>16 hours) inflammatory 

response (114). Activation of NK cells are arranged by a suite of activating, co-stimulatory and 

inhibitory receptors. Analogous to an assassin pulling the trigger of a gun, target cell lysis 

occurs when the activating signal (kill)  dominates the inhibitory signal (not kill) (115).  

1.4.1 To kill or not to kill: NK cell recognition and signal balance   

 

Figure 6. Examples of activating and inhibitory receptors and ligands in NK cells. Cytokine receptors (top) and suppressive 

factor receptors (bottom) are shown on human NK cells. Inhibitory receptors and activating receptors are shown on the left and 

right side respectively, which could transduce the signal ñout-side-inò. The killing decision decided from various signals. The 

receptors and their ligands (in parentheses) are depicted in this graph. DNAM-1, DNAX accessory molecule-1, CFP, 

Complement factor P, LIR-1, leukocyte immunoglobulin-like receptor 1, A2AR, adenosine A2A receptor. The graph is created 

by using Biorender. 

The joint signals from a suite of activating, co-stimulatory and inhibitory receptors determine 

whether an engaged cell is killed or not (Figure 6). The activation signal is transduced from 

engaged receptor via intracellular immunoreceptor tyrosine-based activation motifs (ITAMs) 




















































