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POPULAR SCIENCE SUMMARY OF THE THESIS 
As a research scientist, we often seek to find relevance in whatever we do and the translational 
potential of our work into practicality. The public community, in particularly friends and 
relatives often ask me the same question - “Have you found the cure for cancer?” This is 
probably one of the toughest questions to answer for many researchers within the academic 
field or even in the clinical setting. For a student that is studying petri-dishes of cells as an 
example, may not have any foresight to answer this question. 

The immune system is probably one of the most translatable clinically relevant field in biology 
for us to find the cure in cancer. The most common part of my PhD work is to isolate immune 
cells from healthy donor’s blood and to test their ability to fight cancer. From here, we always 
observed the interesting variability of immune cells from different individuals in their capacity 
to kill tumor targets. The variations in this so-called “natural cytotoxic activity” were also 
previously studied and reported in the high-profiled clinical journal, Lancet in which an 11 year 
follow up was conducted in an attempt to correlate the difference in immune cell killing 
capacity with gender and individual lifestyle.  

The observed cytotoxicity against tumor cells is largely dependent on natural killer (NK) cells. 
An immune cell type discovered at Karolinska Institute, Sweden by Rolf Kiessling in 1975 for 
its natural tumor-killing ability and till date, heavily exploited for immunotherapy. At present, 
the hurdles that many scientists are trying to overcome is to improve NK cell killing capacity 
and infiltration in solid tumors.  It seems as though the motto designated for these NK cells is 
to “kill, kill and kill”.  

My sense of belonging in this field, however, do not follow the ideology that the sole purpose 
of NK cells is to kill tumor cells. Given a scenario that a tumor is not sensitive to NK cell-
mediated cytotoxicity, does it mean that the tumor-resident NK cells no longer have a purpose 
to support its existence? The work presented in this thesis follows a minority of scientists who 
believes that these specialized tumor-killing cells have other non-canonical regulatory roles 
both in physiological and pathological contexts. In this thesis, we integrated clinical 
investigations and laboratory studies to demonstrated how NK cells can acquire either 
protagonistic or antagonistic identities during the battle of cancer. In my opinion, the beauty of 
immunology research is to unravel novel mechanisms in which NK cells acquire other critical 
functions under the influence of the tissue microenvironment. Ultimately, our research team 
envision that these research insights on NK cells would inspire like-minded scientists for future 
translational applications. 

 





 

 

ABSTRACT 
Natural killer cells (NK cells) were primarily discovered through the study of tumor cell 
recognition during immune surveillance. Till date, many studies had characterized NK cells to 
have immune regulatory roles in both physiological and pathological context. In cancer, the 
prevalence of cytotoxic NK cells in the tumor does not always predict for better clinical 
prognosis. In the present thesis, the multi-faceted roles of tumor-educated NK cells were 
studied in parallel with clinical investigations in which we highlighted the significance of the 
different cell-cell interactions between NK cells and the microenvironment in the progression 
of cancer. 

In Paper 1, we identified a distinct immune-suppressive subset of NK cells expressing CD73 
within breast cancer and sarcoma tumors and observed that high frequencies of CD73+ NK 
cells correlated with larger breast tumors in our clinical cohort. The emphasis of paper 1 
demonstrated how tumor cells could hijack NK cells as a means of immune evasion. Not only 
did these NK cells acquired the expression of CD73 and multiple immune exhaustion markers, 
but they also upregulated the production of other suppressive cytokines such as IL-10 and TGF-
b which acts to inhibit T cell activation and proliferation. 

As we further explored into factors regulating NK cell immune activation, Paper 2 identified 
that NK cells were highly susceptible to immune suppression mediated by reactive oxygen 
species (ROS). Tumor-infiltrating NK cells possess high surface thiol densities as means to 
persist in the tumor microenvironment with high oxidative stress. It was also demonstrated that 
NK cells with high surface thiol density could be considered as “helper” NK cells as ROS could 
be neutralized by these NK cells to protect T cells in proximity. 

Paper 3 continued to highlight the importance of physical cell-cell interactions was not only 
between tumor and NK cells but also the interplay between NK cells and myeloid cells residing 
in the microenvironment. In several clinical cohorts, a co-abundance of NK cell and myeloid-
derived suppressor cells (MDSC) gene signatures were observed in non-responders to immune 
checkpoint therapy. Through patient-derived in vitro and in vivo models, we demonstrated that 
the presence of NK cells hinders myeloid-dependent antigen presentation and potentiate the 
suppressive capacity of STAT3-activated MDSCs via the production of IL-6. 

Taken together, the present thesis proposed several non-canonical functions of NK cells in 
cancer biology that could potentially have a significant impact on the response of patients 
towards cancer immunotherapies. The balance of “good” and “bad” NK cells is heavily 
influenced by both soluble factors and the variety of cellular interactions within the 
microenvironment. While the general scientific community has a stronger interest to harness 
NK cells for therapeutic applications, the collective data presented in this phD thesis 
highlighted the complexity of NK cell biology with the hope to motivate future investigations 
to uncover deeper understandings of NK cells within the tumor immune landscape.
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1 INTRODUCTION 
1.1 CANCER AS AN INFLAMMATORY DISEASE 

The immune system is heavily involved in the aggravation of most diseases. Throughout the 
course of life, the resilience of the body is constantly challenged to withstand against 
inflammation- be it from a common skin wound or an infectious agent. Cancer can be 
considered as an inflammatory disease. We revisited the “Hallmarks of Cancer: The Next 
Generation” which was written a decade ago from this thesis and it was highlighted that 
inflammation was an “enabling characteristic” of cancer (1). Inflammation could bring a 
surplus of growth factors, inflammatory cells and cytokines that eventually, drives tumor 
progression and metastatic spread (2). In fact, in several cancers, the pathogenesis of 
malignancy is largely driven by inflammation in response to environmental stress and tissue 
damage. Conversely, inflamed and well immune-infiltrated tumors are commonly also known 
as “hot” tumors which are selected as suitable candidates for immunotherapy (3). Through 
means of novel drug interventions, countless studies aimed to understand and convert a tumor 
from “cold” to “hot” phenotype, constructing an inflamed tumor microenvironment to enhance 
susceptibility to immunotherapy such as common PD-1/PD-L1 blockade (4).  

1.1.1 COMPLEXITY OF THE TUMOR MICROENVIRONMENT  

While oncogenic mutations and genomic instability remained one of the main focal points of 
cancer research, understanding the dynamics of the tumor microenvironment throughout tumor 
progression is equally critical. Often underappreciated, a solid tumor mass consists of an altered 
stroma consisting of cancer-associated fibroblasts, inflammatory immune cells, blood vessels 
and even mesenchymal stem cells. As highlighted earlier that cancer can be considered as an 
inflammatory disease, one can picture the tumor as a wound that appears to be healing but 
eventually aggravates by contiguous organ invasion or metastatic spread (5). With reference to 
the wound healing analogy, the cellular cross talks between tumor cells and the stromal, 
immune cells and the surrounding extracellular matrix (ECM) allows us to understand how 
tumor cells cope with metabolic and environmental stress, particularly in the scenario of 
hypoxia-driven inflammation and necrosis during tumor progression (6, 7). The versatile 
adaptability of tumor cells could not be independently explained by genomic and cellular 
alterations without the support of a diverse population of cell types within its own tumor 
microenvironment.  

With regards to immune surveillance and immunotherapy, the fate of a tumor lies with how 
tumor cells evade cytotoxic immune cells such as NK and T cells or acquire resistance against 
various immune insults. A remarkable study reported in 2016 identified a molecular signature 
for innately resistant tumors to immune checkpoint inhibitors. Using transcriptomic analysis, 
the authors found that the IPRES signature (Innate anti-PD1 Resistance) consists of genes 
involved in processes such as wound healing, angiogenesis, epithelial-mesenchymal transition, 
and ECM remodeling (8). This study has indeed highlighted the importance of the tumor 
microenvironment as an essential support for the resilience of cancer.	
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Nonetheless, how do we weigh the importance of various key factors contributing to resistance 
to immune therapy across difference cancers? In a systematic study, Lee et al. investigated the 
predictive factors for responses towards anti-PD-1/PD-L1 inhibitors in multiple cohorts of 
different cancer types (Figure 1). This study summarized 3 main factors and their subfactors in 
the figure shown below, encompassing the tumor microenvironment, tumor neoantigen and the 
expression of checkpoint targets (9). While the expression of tumor antigens and checkpoint 
targets are major axes that are out of the scope of the present thesis, the tumor immune 
landscape could be argued to be the most complex which there remained uncertainties behind 
certain measurable parameters presumed to be favorable for patients.  

	

Figure 1 shows three major axes to predict responses to anti-PD1/PD-L1 therapy adopted and modified from a 

multi-omics study by Lee et al. JAMA Oncol. 2019 (9). With a focus on the tumor immune landscape, immune 

cell types that are either commonly associated with favorable clinical outcomes or implicated in tumor progression 

are identified. 

To highlight a recent example, while presence of exhaustive CD8 T cells correlated with 
response to immunotherapy, the accumulation of so-called “burned out” CD8 TILs was also 
found to correlate with non-durable clinical benefit and worse overall survival in NSCLC 
patients (10). On the other hand, dysfunctionality of CD8 T cells even though they are 
transcriptionally reprogrammed to be highly proliferative, allows clonal expansion with 
increased tumor reactivity (11). Perhaps, looking at CD8 T cells alone may not give provide a 
precise indication for the prediction of responses to checkpoint blockade. Another study 
proposed that the expression of PD-1 in CD8 T cells in proportion to the expression of PD-1 
on regulatory T cells. A cut-off of ≥ 40% of CD8 TILs to express PD-1 and a PD1 expression 
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ratio of CD8 T cells to Treg cells of ≥1 seem to be a better predictive tool for responsiveness 
to PD-1 blockade as validated in multiple cancer types (12). This study highlighted the need of 
understanding the functionality of cytotoxic cells in relation to other regulatory	immune cell	
types to achieve higher precision with the use of biomarkers in immunotherapy. Coming back 
to the hallmarks of cancer, inflammatory immune cells could be drivers of tumor progression. 
Some well-known pro-tumor immune cells include neutrophils, M2 macrophages and 
regulatory T cells not only suppresses adaptive immune responses but also produce tumor-
promoting factors such as ROS, prostaglandins and TGF-b (13). The complexity of the immune 
landscape ought to be further explored for the effective and realistic treatment of these so-called 
“hot” targets of immune oncology.		

1.1.2 ADENOSINE AS A METABOLIC IMMUNE CHECKPOINT 

One of the key regulators for inflammation that ought to be discussed would be the role of 
purinergic signaling mediated by adenosine and ATP. ATP release is associated with cell death, 
particularly necrotic death in which cell lysis resulted a release of the cell’s content. High levels 
of extracellular ATP could be sensed by a family of purinergic (P2) receptors. P2 receptors are 
essential sensors for ATP in response to events such as tissue damage, ischemia and wound 
healing (14). In addition, ATP is a critical component behind the molecular basis of 
inflammation. ATP is a co-activator of the NLRP3 inflammasome which is a highly potent 
trigger for the general activation of innate immune cells such as neutrophils to mount 
inflammatory responses. ATP is also known to attract immune cells even though it does not 
function as a chemokine. Rather, ATP can be recognized as a “find-me” signal released by 
apoptotic cells, amplifying chemotaxis via enhancing migration at the cell’s leading edge and 
gradient sensing (15, 16).  

The hydrolysis of extracellular ATP into ADP and adenosine is on the other hand, an important 
regulatory process to limit and downregulate inflammation. This hydrolysis process could be 
achieved by 2 main pathways; the CD39/CD73 pathway or the alternative CD38/PC1/CD73 
pathway. Extracellular adenosine could then be recognized by a family of g-protein coupled 
receptors that triggers cyclic-AMP signaling which can suppress immune activation. As shown 
in figure 2, several downstream effects of extracellular adenosine signaling include the 
upregulation of immune checkpoints, suppression of the T cell signaling cascade, decline in 
metabolic fitness and impaired effector response (17, 18).  

Considering adenosine is an anti-inflammatory molecule that suppresses immune responses, 
it has now been highly recognized as an emerging metabolic immune checkpoint. The 
overexpression of CD73 confers resistance to anthracyclines in breast cancers which is 
associated with immune suppression within the tumor microenvironment (19). In another 
recent study across several cancer types, the expression of CD73 was associated with the 
reduced effectiveness of anti-CTLA4 and anti-PD1 therapy in glioblastoma (20). From the 
therapeutic perspective, these discoveries had driven the development of approaches to 
inhibit adenosine signaling as a metabolic immune checkpoint (21). Combinatory treatment 
of CD73 and A2AR antagonists could effectively reduce tumor progression and metastatic 
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burden through the activation of CD8 T cells and NK cells in particular (22, 23). Using 
CRISPR technology, the deletion of A2AR confers resistance to CAR T cells against 
adenosine-mediated immune suppression. (24) 

 

Figure 2 Targeting CD39-CD73 or CD38-ENPP1-CD73 pathway to alleviate adenosine-mediated immune 
suppression. Details of adenosine-mediated immune suppression were discussed in a review by Haskó et al. Nat. 
Rev. Drug Discov. 2008 (18). Examples of clinical therapies targeting the adenosine pathways were reviewed by 
Vigano et al. Front Immunol. 2019 (21).  

1.1.3 REACTIVE OXYGEN SPECIES AND ANTIOXIDANTS 

As we discussed about how immune suppression and tolerance can occur in cancer, the role of 
reactive oxygen species (ROS) could also serve as a metabolic immune checkpoint in cancer. 
In cancer, the accumulation of ROS is directly implicated by the balance between activation of 
oncogenes and loss of tumor suppressor genes. For instance, p53 signaling is associated with 
the expression of antioxidant genes (e.g., GPX1, HI95) while on the other hand, c-MYC 
activation could result in ROS-dependent DNA damage, allowing cells to go into cell cycle 
without adequate repair of damaged genomes (25, 26). Elevated ROS production and 
accumulation could be a result of immune activation and increased metabolism within immune 
cells (27, 28). While low levels of ROS may be a metabolic requirement following T cell 
activation, excessive ROS could have suppressive effects to dampen immune effector 
responses (29, 30). Extrinsic sources of ROS could be contributed by innate cells such as 
neutrophils and macrophages that are capable of secreting these harmful radicals, leading to 
tumor progression. Several studies demonstrated how regulatory myeloid cells suppress T cells 
in a ROS-dependent manner (29, 31, 32). In addition, macrophages-derived ROS could 
promote the differentiation of regulatory T cells as an indirect contribution to tumor immune 
tolerance (33). Peroxynitrite (another form of ROS) produced by MDSCs could alter the 
antigen binding site of MHC class I molecule, allowing tumor cells to evade immune 
recognition (34).  

Another example of how ROS indirectly impedes immune surveillance was exemplified by the 
nitration of CCL-2 which is a chemokine facilitating T cell infiltration. Interestingly also in this 
study, by introducing a novel compound to inhibit peroxynitrite production, the infiltration of 
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cytotoxic T cells into solid tumors can be improved by maintaining high concentrations of 
functional CCL-2 (35). ROS secreted by myeloid cells may not necessarily promote tumor 
growth via immune suppression but also directly influence the biology of tumor cells. In a 
remarkable study, it was demonstrated that excessive hydrogen peroxide production by 
myeloid cells could induce mutagenesis of normal epithelial cells, potentially driving them into 
malignancy (36). Given that tumor-associated myeloid cells are known to promote metastasis, 
it was also reported that the addition of n-acetyl cysteine neutralizes intracellular ROS in 
macrophages and their ability to promote tumor invasion (37).  

The beneficial effects of antioxidants are known to contribute to the prevention of cancer and 
is probably the most common popular science that one would associate in the context of how 
individual’s diet and lifestyle would influence cancer occurrence. In fact, a study in 1993 
indicatively reported that dietary supplements including beta carotene, vitamin E, and selenium 
could contribute to lower cancer incidence in a 5-year trial with up to 29584 participants (38). 
The intake of antioxidants to counter ROS could help to relieve the ROS-mediated 
immunosuppression but on the other hand, also enable tumor cells to cope with ROS-mediated 
stress. Antioxidants such as vitamin E was found to disrupt the p53 pathway to aid tumor 
growth and metastasis (39). The use of small molecule interventions (e.g., PX-12 and 
Auranofin) to inhibit the thioredoxin system was also found decrease tumor cells’ tolerance to 
ROS and could also be used in combination with anti-PD-L1 for synergistic anti-tumor effect 
(40, 41). Indeed, ROS could be a double-edged sword in cancer. The question lies with how do 
we target ROS to enable effective immune surveillance? Supposedly, if we would selectively 
want antioxidants to be expressed by cytotoxic TILs while having ROS-susceptible tumor 
targets, one could consider exploiting the benefits of antioxidants in cell therapy products such 
as CAR (Chimeric antigen receptor) -T cells and adoptive NK cell transfer. The integration of 
ROS-scavengers into T cell therapy was demonstrated by the engineering CAR vectors to 
express catalase and conferring these CAR-T cells the enhanced anti-tumor activity at high 
hydrogen peroxide levels. Moreover, these T cells could also protect bystander TILs including 
the host’s NK cells against ROS that is present within the tumor microenvironment (42). 

1.2 NATURAL KILLER CELLS 

NK cells are robust killer cells surveilling against tumor cells and viral-infected cells within 
the body. However, its plasticity in functions can be heavily influenced by the local tissue 
microenvironment (43, 44). While NK cells are well-known as potent killers and increasingly 
exploited in novel immunotherapy, less is understood regarding their cross-talks with other 
immune cells and stroma within the tumor microenvironment. In this literature review, 
mechanisms in which NK cells are both “regulatory” and “helper” immune cells will be 
summarised (Figure 3).  



 

6 

 

Figure 3 shows the multi-faceted roles of NK cells and the plasticity of NK cell functions. Depending on context 
and localization, NK cells can acquire various identities to integrate into cancer immunology, inflammation, or 
even essential physiological events such as regeneration and fetal development.  

1.2.1 REGULATION OF NK CELL ACTIVITY 

NK cells kill recognised targets either through delivery of death signals (e.g. Fas-Fas ligand 
interaction or TRAIL-TRAILR interaction) or the release of cytolytic factors such as perforin 
and granzyme (45). Primarily, the robustness of NK cell functions could be explained by the 
variety of activating and inhibitory regulatory receptors. For instance, killer cell 
immunoglobulin-like receptors (KIRs) binds to major histocompatibility complex class I result 
in a downstream “don’t kill” signal while activating ligands such as NKG2D and Fas ligand 
activates NK cells to eradicate tumor cells and viral-infected cells (46, 47). These receptors 
also governs other functions such as the production of both inflammatory and 
immunoregulatory cytokines (48). In the context of cancer biology, the expression of ligands 
for these activating and inhibitory receptors could be easily altered by genomic instability, 
therapeutic interventions and stress within the tumor microenvironment (TME). As a result, 
this explains why the presence of NK cells may not always beneficially correlate with clinical 
prognosis (49-52).  Tumor cells can also express a variety of classical and alternative immune 
checkpoint ligands suppressing NK cell-mediated immune surveillance (53). In comparison 
between peripheral blood and tumor resections, several immune checkpoints were only 
expressed by tumor-infiltrating NK cells (54). A widely studied example of a NK cell 
checkpoint would be TIGIT that is highly expressing by NK cells within the TME in multiple 
tumor models. The administration of TIGIT blockade resulted in anti-tumoral responses (55). 
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Conversely, the regulation of NK cells activity may differ between those in circulation and 
those residing in tissues. This difference could be explained by the presence of immune 
suppressive soluble factors and the cell-cell interactions within the tissue microenvironment. 
Often in solid tumors, the microenvironment is hypoxic resulting in a suppressive immune 
landscape. Hypoxia drives the fragmentation of mitochondria that implicates the metabolism 
and immune functions of NK cells within the TME (56). Adenosine is another metabolic 
immune checkpoint that suppresses NK cell activity and even NK cell maturation. The 
blocking of adenosine receptor 2A was shown to promote NK cell-mediated antitumor 
immunity and reduced tumor growth (57, 58). Similar to the case of adenosine, prostaglandin 
E2 (PGE2) is another metabolite highly produced in the tumor, suppressing NK cells through 
cyclic-AMP signalling (59, 60). 

The complex interaction between NK cells and myeloid cells could both suppress NK cell 
activity or prime NK cells to mount a stronger response. The regulation of NK cell activity 
could be determined by the polarization of macrophages within the TME. While M1 
macrophages activates NK cells, M2 macrophages can produce adenosine, IL-10 and TGF-b to 
suppress NK cell’s function (61). Myeloid cells within the TME can produce reactive oxygen 
species (ROS) which downregulates NK cell functions and has been shown to implicate lung 
cancer metastasis (62-64). Antibody-based therapy such as rituximab could also stimulate 
myeloid cells to produce ROS suppressing ADCC mediated by NK cells (65). The pre-
activation of NK cells by dendritic cells was necessary for efficient anti-viral and anti-tumoral 
immune responses. Mechanistically, dendritic cells secrete IL-12, IL-15 and type I interferons 
that can prime NK cells for better survival and function (66-69). 

There are also cell-cell interactions between NK cells with non-immune cells found in tumor 
microenvironment. While NK cells are capable to perform “serial killing” of tumor targets, its 
contact with tumor cells could result in a negative feedback by downregulating intracellular 
granzyme B and perforin but at the same time, these NK cells could upregulate Fas ligands to 
kill subsequent tumor targets (70). Interestingly, the killing capacity of NK cells could be 
determined by their ability to detach from tumors. Prolonged contact at the immune synapse 
resulted in defective killing and upregulates the production of inflammatory cytokines by NK 
cells (71). While tumor contact can result in immune exhaustion and the elevated expression 
of immune checkpoints, we also observed that tumor cells can induce a phenotypic switch in 
NK cells to acquire non-canonical immune suppressive functions (54). Similar functions were 
also observed when NK cells are in contact with stem cells where NK cells can produce 
adenosine via CD73 which is considered as a novel metabolic immune checkpoint (72, 73). 
The presence of fibroblast also suppresses NK cell activity within the TME. While cancer-
associated fibroblasts are known to promote tumor development and invasion, they also 
produce suppressive factors such as TGF-b and IL-10, down regulating the expression of 
NKp30, NKp44 and NKG2D on NK cell surface. The presence of fibroblasts also leads to 
reduced production of perforin and granzyme B which could also be due to PGE2 and 
indoleamine-2,3-dioxygenase production by fibroblasts (74-76). 

1.2.2 NK CELLS AS HELPER IMMUNE CELLS 

While NK cells are known to have killing capacities against tumor targets, they can be also be 
stimulated to secrete an array of cytokines and chemokines related to inflammation and homing 
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of other immune cell types (77). Hence, to visualise NK cells as “helper” cells apart from its 
“killer” identity is also a plausible concept. With a “helper” role within the immune 
environments, NK cells could work in synergy with other cell types to mount an immune 
response. The activation of B cells could be mediated by CD40-CD40 ligand interactions 
resulting elevated production of immunoglobulin production in a humoral response (78, 79). 
At the same time, IFNg produced by NK cells contribute to vaccine-elicited immune response 
by recruiting dendritic cells that are producing inflammatory cytokine, IL-6 (80). A study 
demonstrated that the IFNg -producing NK cells stimulates M. Tuberculosis-infected 
monocytes to produce IL-15 and IL-18 that was required to maintain the frequency of antigen-
specific CD8 T cells. The depletion of NK cells also resulted in impaired cytolytic capacity of 
these CD8 T cells (81). Through the binding of NKp30 or TREM2, NK cells can promote the 
maturation of dendritic cells enhancing antigen presentation and production of inflammatory 
cytokines (82, 83). 

These NK helper cells may be particularly important for cancer immunotherapy. A recent study 
showed that NK cells produce XCL1 and CCL5 recruiting conventional type 1 dendritic cells 
into the tumor microenvironment for favourable T cell-mediated anti-tumoral response (59). 
As mentioned earlier, immunotherapy is effective preferably in “hot” tumors that are usually 
inflamed and characterized with high infiltration of immune cells. NK cells can produce IFNg 
and TNF-a that are both known to convert “cold” tumors “hot” (3). Evidently, the secretion of 
inflammatory cytokines and chemokines could be induced by cellular stress. Radiation induces 
the upregulation of IFNg production together with CXCR3 ligands to promote homing of 
cytotoxic lymphocytes (84). Immune cells can acquire the senescence-associated secretory 
phenotype (SASP) upon trigger by chemical agents or environmental stress within the highly 
dynamic tumor microenvironment. Moreover, senescent immune cell may not necessarily be 
defective in function. Senescence does not equate to immune exhaustion (85).  

Apart from concepts related to inflammation, NK “helper” cells can acquire bystander 
functions that protects T cells against immune-suppressive factors within the vicinity. In the 
context of oxidative stress, NK cells are capable of producing antioxidants such as thioredoxins 
(86). Interestingly, NK cells with an active thioredoxin system also acquired high surface 
membrane thiol densities which was demonstrated to protect T cells by neutralising ROS within 
the surrounding. Based on the analysis of a cohort of NSCLC tumors, the infiltration of NK 
cells into the core of the tumor could be dependent on the expression of antioxidants and surface 
thiol density (87). Though the underlying regulation of surface thiol densities remains unclear, 
it was reported that the persistence of regulatory T cells is also dependent on their expression 
of thioredoxin and high surface thiol densities. In the presence of thioredoxin-neutralising 
antibodies, surface thiol densities on regulatory T cells were reduced (88). While the 
frequencies of NK cells are very low within the core of the tumors, it was demonstrated that 
IL-15 can prime NK cells to upregulate surface thiols and thioredoxins for better infiltration 
into solid tumors (87). The use of IL-15 protein modalities or primed-cell therapy products to 
introduce good NK bystanders as immune “helper” cells would create a favourable 
microenvironment for effective immune surveillance and eradication of tumors. 
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1.2.3 NK CELLS AS REGULATORY IMMUNE CELLS 

NK cells on the contrary, can also be recognised with a regulatory immune cell identity. In the 
physiological setting, NK cells regulate inflammation in key scenarios such as liver 
homeostasis, acute infections and prevention of autoimmune diseases. (43, 44, 89) In the 
context of cancers, the concept of regulatory NK cells is less established. Under the influence 
of a tumor, NK cells could be induced to acquire a regulatory phenotype suppressing T cell 
proliferation and cytokine production. This could be a means of tumor immune escape in which 
tumor cells can hijack and manipulate NK cells to acquire non-canonical suppressive functions 
(54, 90). Even though the phenotypic classification of regulatory NK cells remained unspecific 
and elusive, it was reported in a variety of solid tumors that exhaustive NK cells express CD73 
that could produce extracellular adenosine (54, 57). These NK cells could also reshape the 
tumor’s immune landscape by promoting the induction and persistence of other regulatory 
immune cell types such as regulatory T cells (91). 

Mechanistically, how do NK cells gain suppressive capabilities and what are molecular players 
involved? While STAT3 activity is elevated in so-called dysfunctional NK cells within the 
tumor, STAT3 could mediate the production of suppressive factors such as TGF-b and IL-10 
(54, 92). STAT3 also induced the expression of PD-L1 on NK cells within lymphomas which 
can in turn suppress PD-1 positive TILs within the TME (93). Apart from tumor-mediated 
activation, STAT3 induction was associated with cigarette smoking (94). On the other hand, 
alternative mechanisms were also identified. Through IL-12 stimulation or Ly49H ligation, IL-
10 production could also be induced in NK cells (95, 96). The neutralisation of NKp46 also 
abrogated the suppression effect within NK cells and T cells co-culture (90). Regulatory NK 
cells can also produce adenosine – a metabolite known the suppress NFAT-mediated T cell 
activation via cyclic-AMP pathway (54, 97, 98). In the liver, engagement of NKG2A on HLA-
E expressed by hepatocytes induced the upregulated production of TGF-b by NK cells (91).  

Immune suppression capabilities could also be due to the cytotoxic properties of NK cells. 
While several studies highlighted how NK cells could suppress B-cell mediated immune 
responses, it was observed that the presence of cytotoxic NK cells (perforin-competent) limits 
germinal center reactions to generate antigen-reactive B cells for humoral immunity (99, 100). 
Regulatory NK cells in the liver could also kill autologous T cells to suppress adaptive immune 
responses (101). NKG2A+ NK cells were found to mediate killing of CD4 T cells via MHC 
molecule class 1B as means to control autoimmune encephalomyelitis (102). Similarly, in 
multiple sclerosis, NK cells play a role in suppressing T cell-mediated inflammation. The use 
of Daclizumab targeting CD25 could selectively expand CD56bright NK cells to induce 
apoptosis of activated T cells via granzyme A and K (103). In a mouse model, the 
transplantation of NK cells eliminated dendritic cells to suppress T cell- mediated graft-versus-
host disease (104). NK cells could also recognise T cells that expressed NKG2D ligands that 
are induced by DNA damage through the ATM/ATR kinase activation (105). Evidently, the 
predominance of regulatory NK cells could be crucial to uphold physiological balance of the 
immune system. 

1.2.4 ADOPTING ADAPTIVE NK CELLS IN CANCER 

Cumulative evidence in recent years also suggested the adaptive roles of NK cells particularly 
in the response to viral infections. In mice, NK cells express LY49H, a receptor recognising a 
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MCMV-encoded protein m157 which is essential for the recognition of viral-infected target 
cells, representing an adaptive role of NK cells during immune surveillance (106, 107). Similar 
to T and B cells, antigen-specific NK cells could also undergo clonal expansion and persist as 
memory cells. In the human context, the expansion of NKG2C+ NK cells were observed in 
CMV-seropositive individuals and also in CMV-infected patients (108, 109). A study then 
found that the recognition of certain CMV viral peptides drives the activation and even 
differentiation of these NKG2C+ NK cells (110). Given that adaptive NK cells acquire 
improved effector functions, it is therefore tempting for some to ask if the concept could be 
studied in the context of cancer. Given that NK cell differentiation was accompanied by several 
epigenetic and transcriptional reprogramming for their function and cellular fitness (111), the 
generation of persistent memory NK cells could have an advantage for a tumor-bearing host. 
From the adoptive cell therapy perspective, cytokines such as IL-12, IL-15 and IL-18 could 
confer memory-like features to NK cells and evidently, the delivery of memory-like NK cells 
was demonstrated to have clinical benefit in AML patients (112). While the majority of studies 
regarding memory NK cells and cancer revolves around the optimisation of adoptive cell 
therapy, it remains elusive whether adaptive NK cells could be generated in response to cancer 
(113). A recent study demonstrated how adaptive NKG2C+ NK cells are superior in ADCC 
against multiple myeloma in patients receiving daratumumab (114). Nonetheless, could there 
be adaptive NK cells with affinities for tumor antigens or any other uncovered mechanisms 
that are independent of CMV infections? 

1.2.5 NK CELLS IN REGENERATIVE AND DEVELOPMENTAL BIOLOGY 

One of the extensively studied tissue-resident NK cells is the hepatic NK cell. Several studies 
had observed that NK cells may play a role in maintaining liver homeostatic balance (43). 
Interestingly, the adoptive transfer of NK cells could induce the proliferation of hepatocytes, 
promoting liver regeneration (115). This induction could be explained by the secretion of IL-
22 which was shown in another study to stimulate the survival and proliferation of hepatocytes 
(116). NK cells also secrete chemokines such as CXCL7 to recruit and differentiate 
mesenchymal stem cells for tissue regeneration (117, 118). Conversely, the presence of 
cytotoxic NK cells may implicate in liver diseases if their activities are not negatively regulated 
by inhibitory receptors such as TIGIT (119). Resident NK cells in the liver are characterized to 
be CD49a+ and DX5- NK cells which could also be found in the uterus where they have a very 
different and unique non-immune related function. The binding of HLA-G induces the elevated 
production of osteoglycin and pleiotrophin regulated by the Nfil3 transcription factor. The 
findings from this study also suggested that the reduced frequency of these unique NK cells 
explains for impaired fetal development in aged pregnant woman (120). IFN-g production by 
uterine NK cells could also play a role in the remodelling of the tissue vasculature (121). These 
features could also be implicated in pregnancy memory. A unique subset of NK cells 
expressing high levels of NKG2C and LILRB1 could only be found in repeated pregnancies 
which also produce VEGF that is crucial for vasculature remodelling (122).   

1.2.6 NK CELLS AS PROGNOSTIC INDICATORS FOR CANCERS 

An early study spanning 11 years had recruited 3625 volunteers and tested the cytotoxicity of 
peripheral blood lymphocytes against K562 tumor cell line. Results indicated that high 
cytotoxicity decreases the relative risk of cancer incidence to 0.71 in men and 0.52 in women 
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(123). Evidently, the presence of NK cells was shown to positively associated with favourable 
overall survival in multiple tumor types (56, 59, 124, 125). As discussed by Lopez Soto et al, 
the prevalence of NK cells correlated with lower incidences of metastasis in multiple tumours 
(50). Several studies also identified NK cells as a biomarker post-surgery, targeted and 
chemotherapy independent from immune interventions (126-128). In the case of PD-1 
checkpoint inhibition, it was reported that NK cell frequencies correlated with the presence of 
intratumoral dendritic cells and patients’ response to therapy (129). Apart from measuring the 
frequencies of NK cells within tumours, NK cell activity could also be a prognostic marker that 
can even be exploited as a diagnostic tool to predict treatment outcomes (130). Conversely, in 
a pan-cancer analysis, the abundance of NK cell gene signature indicated a possibility for worse 
prognosis in several cancer types such as uveal melanoma (131). As we discussed about roles 
immune-regulatory NK cells earlier, having more NK cells may resulted in the elevation of 
inflammation and immune tolerance within the tumor microenvironment. The overall survival 
of colorectal cancer patients could be influenced by the balance of tumor-resident NK cells and 
exhaustive NK cells as determined by the application of different immune gene signatures 
(132). In a cohort of advanced melanoma patients receiving anti-PD-1 therapy, higher 
frequencies of CD69+ NK cells detected in the peripheral blood was correlated with lower 
overall survival and progression-free survival (133).  

1.2.7 NK CELLS IN IMMUNOTHERAPY 

As mentioned earlier, the favourable prognostic value of NK cells remained restricted to only 
a few cancers studied. While existing therapeutic approaches includes adoptive cell transfers 
and checkpoint inhibitors against NK cell checkpoints, there are issues of poor penetrance of 
NK cells into solid tumors and low cytolytic activity of tumor-infiltrating NK cells due to 
immune suppression (51, 134). Nonetheless, efforts continued to be made to enhance for better 
efficacies (135). 

The “innate” property of NK cells can be exploited whereby the expression of CD16 (Fc 
receptor) could be activated by therapeutic antibody interventions to trigger the release of lytic 
granules. Conventional antibodies such as rituximab and trastuzumab were shown to trigger 
ADCC and their efficacies in cancer treatment could be predicted by the presence of activated 
NK cells (136). These antibodies could be given in combinations with other modes of 
immunotherapy such as immune checkpoint inhibitors. The inhibition of NK inhibitory 
receptors and immune checkpoints is another upcoming treatment strategy to boost NK-
mediated anti-tumoral immunity. One classic example would be the inhibition of NKG2A by 
a novel specific inhibitor, Monalizumab, currently explored in clinical trials (137). The 
efficacies of classical immune checkpoints such as anti-PD-1 could also be dependent on the 
frequency and activity of NK cells (138, 139). Targeting the PD-L1/PD-1 axis may not be 
limited to checkpoint inhibition. The clinically approved atezolizumab can also activate NK 
cells via the p38/AKT pathway to target tumors that are negative for PD-L1 expression (140). 
Multi-specific proteins with arms targeting tumor-specific antigens and inhibitory checkpoints 
are developed as bi- and tri-specific killer engagers (BiKE and TRiKE) to enhance contact 
between NK cells and tumors and at the same time releasing the brakes imposed by immune 
checkpoints (141). Agonistic CD16 domain were also combined antibody domains for TRiKE 
designs as the activation of CD16-mediated ADCC pathway is an effective mode of NK cell-
mediated cytotoxicity (142). 
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Another potential solution could be the integration of IL-15 modalities. It was observed that 
the persistence of NK cells is dependent on the presence of IL-15 stimulation (143, 144). IL-
15 renders NK cells with enhanced immune functions mediated by mTOR activation to tolerate 
immune-suppressive environments (145). NK cells expanded with IL-15 expressing K562 
feeders also upregulates the production of thioredoxin to resist oxidative stress (86). 
Recombinant IL-15 has been administered in patients with solid tumors, inducing profound 
expansion NK cells in the circulation (146). Rapid influx of NK cells and CD8 T cells in 
melanoma and renal cell carcinoma were also observed after bolus injections of IL-15 (147). 
Moreover, IL-15 can be incorporated as multi-specific recombinant checkpoint inhibitors to 
tackle solid tumors (148, 149).  

Genetically modified NK cells were also proven effective as upcoming cell therapy against 
cancers. One rationale for this is to improve its homing into solid tumors. Efforts were made to 
incorporate chemokine receptors on expanded NK cells for adoptive cell therapy (150, 151). 
As earlier mentioned that ADCC is a potent activator of NK cell cytotoxicity, CD16 could be 
cleaved by metalloproteases as a form of negative regulation. NK cells modified to express 
non-cleavable CD16 were proven to be superior compared to the conventional NK cells infused 
in combination with antibody therapies for both haematological and solid tumors (152). 
Another promising example to highlight would be the incorporation of anti-CD19 chimeric 
antigen receptor (CAR) construct into NK cell therapy products for enhanced target 
recognition. A recent clinical trial reported favourable objective response rates in refractory 
CD19-positive tumors treated with anti-CD19 CAR NK cells in a HLA-mismatched setting 
(153). While it remains challenging to incorporate CAR constructs into NK cells, CAR-
transfected stem cells could be differentiated into NK cells for adoptive cell therapy (154). To 
increase the robustness of this therapeutic application, CAR-NK cells could also be further 
developed as a universal “Off-the shelf” product (155).  
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1.3 MYELOID-DERIVED SUPPRESSOR CELLS 

Inflammation often leads to the accumulation of immature myeloid cells such as monocytes 
and polymorphonuclear cells which are commonly found to be immune-suppressive towards 
adaptive immune responses mounted by T cells. With the lack of distinct nomenclature, these 
abnormal cells are pre-dominantly known as veto cells (156). Till date, up to 5000 studies 
aimed to characterize these myeloid-derived suppressor cells (MDSCs), providing critical 
evidence emphasizing its clinical relevance in diseases such as cancer particularly (157).  

The origin and driving factor for the accumulation of MDSC would be cancer-associated 
myelopoiesis. As a form of systemic response by the host, the presence of a tumor perturbed 
the steady state of hematopoiesis when inflammatory cues and tumor-derived factors stimulate 
the production of myeloid progenitors much more than lymphoid and erythroid progenitors. 
Using multiple syngeneic mouse tumor models, a study reported that tumor bearing hosts 
experience hematopoietic stem cell mobilization into spleen and the peripheral blood. At the 
same time, cancer-driven myelopoiesis was mediated by TNF-a produced by central memory 
CD4 T cells in the spleen (158). Emergency myelopoiesis could also arise from therapeutic 
interventions such as chemotherapy and radiation. While the recovery of lymphocytes requires 
much longer durations after toxic- or stress-mediated depletion in the body, the production of 
MDSCs flourish in both the bone marrow and extramedullary sites such as the spleen (159).  

 

Figure 4. Attributing factors to the development of MDSCs.  During steady state, a homeostatic balance is 
maintained in the hematopoietic development of immune cells. In a tumor bearing host, tumor produces 
inflammatory factors such as TNF-a that could stimulate emergency myelopoiesis. On top of the presence of a 
tumor, lympho-depletion following radiotherapy and chemotherapy resulted in the mobilization of hematopoietic 
stem cells (HSC) usually have a myelopoietic bias as well. Adopted from Innamarato et al. Cell. Immunol. 2021 
(159). CMP: Common myeloid progenitor, CLP: Common lymphoid progenitor. 

A classical mechanism in which MDSCs would acquire their suppressive functions would be 
the activation of STAT3 pathway in response to IL-6 stimulation (160). High levels of IL-6 are 
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associated with tumor inflammation, resulting in the accumulation of these regulatory 
immature myeloid cells. STAT3 triggers the production of multiple suppressive factors such 
as arginase, ROS, PD-L1, IDO, TGF-b and IL-10. Interestingly, the activation of STAT3 in 
MDSC may not necessarily be induced by classical cytokines such as IL-6. A study 
demonstrated that tumor-derived exosomes containing heat shock protein 72 (Hsp72) could 
potentiate suppressive functions of MDSCs through STAT3 activation (161). Apart from 
immunosuppressive factors, STAT3-activated myeloid cells were found to intravasate pre-
metastatic niches to prime these tissues as future metastatic locations (162). The involvement 
of MDSCs in the nourishment of pre-metastatic niches is indeed a fitting example of Stephen 
Paget’s “seed and soil” theory dated back to 1889 explaining how metastatic distribution of 
tumor cells (seeds) are not random but only to favorable organ microenvironment (soil) (163). 

Molecular basis of MDSCs accumulation however cannot be explained by the activation of a 
single pathway. A two-step model was proposed in which stimulation of immature myeloid 
cells have to result in both its expansion and functional activation (160). As this model implies, 
induction of MDSCs ought to be triggered by more than one stimulant. Other cytokine and 
factors that stimulate MDSCs includes IL-3, c-kit ligand, TPO, FLT3L, VEGF, G-CSF, GM-
CSF and M-CSF (164-166). However, the main effects of these cytokines are to induce 
proliferation of immature myeloid cells rather than potentiating the cell’s suppressive 
capacities. In terms of the activation of functional MDSCs, several inflammatory molecules 
were identified. Prostaglandin E2 (PGE2) is one of the potent activators for MDSC-mediated 
immune suppression. By inhibiting the synthesis of PGE2 in a tumor model, it was 
demonstrated that the accumulation of MDSCs could be reduced, alleviating NK cells from 
TGF-b mediated suppression (167). Another example would be the stimulation of TLR-4 and 
MyD88 signaling by lipopolysaccharide (LPS) that resulted in the MDSC-mediated 
suppression of Th2 helper cells in the context of an airway inflammation model (168). The 
association of LPS and MDSC accumulation was also further explored in relation to gut 
microbiome. Interestingly, it was reported that the presence of LPS stimulated hepatocytes to 
upregulate CXCL-1 which is a ligand for CXCR2, a chemokine that is usually found highly 
expressed on MDSCs (169, 170). 

1.3.1 COMPLEXITY AND EMERGING THEORIES OF MDSCS 

As discussed in a recent review, the current definition of MDSCs often falls into a monolithic 
view with a lack of contextual understandings and detailed biological complexities yet to be 
addressed (171). While a fixated nomenclature can be used to “gate” monocytic-MDSCs and 
PMN-MDSCs, some of these phenotypic markers like S100A9 could be associated with 
inflamed, activated mature myeloid cells (172-174). In terms of distinctive cellular pathways, 
the accumulation of immature myeloid cells was also reported to be elevated in STAT3-
deficient mice. While STAT3 was as previously mentioned to be associated with MDSCs, the 
differentiation of dendritic cells by FLT3 stimulation is also highly dependent on STAT3 
activation as well (175). Although the study of MDSCs is a highly popular research field, there 
remained technical challenges to address all these aforementioned uncertainties. Moreover, 
phenotypic changes displayed by these myeloid cells is highly variable under different 
circumstances within the dynamic tissue microenvironment. 
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Still, the biological distinction of MDSCs and their normal counterparts ideally, needs to be 
duly addressed. Stress experienced by the cell’s endoplasmic reticulum (ER) is one of the more 
recent mechanisms identified as the cellular reprogramming of myeloid cells to acquire 
suppressive phenotypes (176). Not only that ER stress up regulate the production of 
suppressive factors such as arginase, ER stress could also down regulate antigen presentation 
capabilities of myeloid cells (177). While some may argue that ER stress stimulates apoptotic 
signaling in myeloid cells, short-lived MDSCs that expressed XBP-1 (an ER stress response-
related transcription factor) could stimulate myelopoiesis in the bone marrow, causing a 
continuous influx of these immature myeloid cells with a high turnover rate (178). Nonetheless, 
there are uncertainties remained. Are there any cellular adaptations that a MDSC could acquire 
to withstand ER stress? Is there a correlation between myeloid cell's ER stress and tumor 
progression in patients? While high hopes can be placed for ER stress response pathways to be 
novel biomarkers or therapeutic targets, further insights into such cellular mechanisms would 
be highly critical for the understanding of the development of MDSCs in the tumors. 
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2 RESEARCH AIMS 
The overall aim of the present thesis is to uncover novel insights underlying the immune 
regulation of NK cells in cancer. By conducting clinical investigations and mechanistic studies 
in parallel, we sought to identify clinically relevant drivers of tumor immune escape and factors 
that may impact on the responsiveness of patients receiving cancer immunotherapy. 

Paper 1- To identify a particular subset of regulatory NK cells within the tumor and 
characterize the underlying mechanisms of how conventional NK cells acquire immune-
suppression functions 

Paper 2- To study how NK cells acquire resistance against oxidative stress under different 
circumstances and immune activation. At the same time, to identify novel functional 
biomarkers correlating with immune infiltration in lung cancer patients. 

Paper 3- To study the relationship between NK cells and myeloid cells- particularly myeloid-
derived suppressor cells (MDSCs) and identify the underlying mechanisms in which NK cells 
can potentiate various myeloid functions within the tumor microenvironment. 
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3 MATERIALS AND METHODS 
Specific details of different materials and methodology for different studies are elaborated in 
their respective publications and manuscripts. Here, we highlighted several key research 
methods that are pivotal for the overall research. 

3.1 ETHICAL CONSIDERATIONS 

Throughout these projects, we received blood products and tumor tissue from healthy donors 
and patients with cancer. In general, all studies involving human materials were approved by 
the institutional review board. Additionally, ethical permits were required for collection and 
work on patient samples. While we handle blood and tissues from healthy donors and patients, 
it is our responsibility to respect patient’s autonomy and to ensure only the appropriate research 
work was conducted on these samples. The ethical justification of our research is to provide 
insights with strong clinical relevance and substantial evidence for new paradigms in the 
treatment and diagnosis of cancers in the long run. In addition, our results will be published in 
a scientific journal with open access and at international scientific conferences so that the 
research community can benefit from our findings. 

 

Figure 5. Schematic pipeline for the use of patient materials for phenotyping and experimental applications. Both 
blood and tissue samples could be routinely processed for 6 frequently used methods for our investigations. (A) 
Tissue Sections could be prepared for immunohistochemistry (IHC). (B) Fresh frozen materials could be 
homogenized for DNA, RNA or protein analysis. (C) Immune phenotyping of fresh tumor suspensions could be 
done by flow cytometry. (D) Drug screening can be done on live cells obtained from tumor dissociation and TILs 
expansions. (E) Expanded TILs can be assayed with primary tumor cultures for immunological assays in vitro. (F) 
Live cells obtained from tumor dissociates and TILs can be engrafted into immunocompromised organisms such 
as mice and zebrafish larvae. 
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3.2 PROCESSING OF TUMOR SAMPLES  

Routinely, tumor samples are formalin-fixed for subsequent analysis in pathological 
diagnostics. During the course of this PhD, we had arranged and coordinated with like-minded 
pathologists who helped to collect fresh tissue materials for subsequent ex-vivo culture and 
single-cell analysis by flow cytometry. With regards to ex-vivo culturing, primary tumor cell 
lines could be established and vital-frozen for future relevant studies (See schematic pipeline 
in figure 5). Most importantly, with the availability of autologous immune cells isolated from 
peripheral blood and TILs-derived from tumors, clinically relevant experimental models could 
be established to determine how a certain therapeutic modality augments immune response to 
a tumor. Nonetheless, the use of fresh tumor explants is highly valuable in terms of drug 
screening and evaluating therapeutic response conducted timely in parallel to a patient’s 
treatment regime.  

3.3 APPLICATION OF GENE SIGNATURES IN TO TCGA DATASETS 

The Cancer Genome Atlas (TCGA) is a public database for 33 types of cancers clinically 
characterized and profiled with proteomics and genomics data. TCGA has been made easily 
accessible to aid clinicians for better patient stratification and researchers in their quest to 
look for novel biomarkers that are prognostic to patient survival (179). Some of these 
applications involved the use of molecular gene signatures to tease out the potential novel 
molecular cross talks and relationship between functional pathways and patient outcomes. 
The TCGA database consisted of mainly primary tumors that are untreated. Often, routine 
neoadjuvant treatments were given in certain cancers, limiting the sample size available for 
such transcriptomic analysis (180). One needs to bear in mind such limitations and the 
potential implications due to sample bias while evaluating the prognostic value of a certain 
immune gene signature. 

Table 1. Examples of NK gene signatures applied in TCGA transcriptomic analysis 

Genes in NK Signature TCGA Cancer Types Codes Reference 

NCR1, NCR3, CD160, PRF1, KLRB1 SKCM, BRCA, HNSC, LUAD (59) 

CD160, CD244, CTSW, FASLG, GZMA, GZMB, GZMH, 
IL18RAP, IL2RB, KIR2DL4, KLRB1, KLRC3, KLRD1, 
KLRF1, KLRK1, NCR1, NKG7, PRF1, XCL1, XCL2 

SKCM (124) 

NCR1, XCL1, XCL2 HNSC, KIRC, SKCM, OV, TNBC (181) 

CD160, CD244, CHST12, CST7, GNLY, IL18RAP, IL2RB, 
KLRC1, KLRC3, KLRD1, KLRF1, PRF1, XCL2, NCR1 Pan-Cancer (182) 

KLRK1, TBX21, NCR,1 GZMA, SAMD3 LIHC (183) 

TCGA cancer type abbreviation codes are as follows: BRCA, breast invasive carcinoma; HNSC, head and neck 
squamous cell carcinoma; KIRC, clear cell renal clear cell carcinoma; LIHC, hepatocellular carcinoma; LUAD, 
lung adenocarcinoma; OV, ovarian serous adenocarcinoma; SKCM, cutaneous melanoma. 
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One of the widely used approach is the application of immune gene signatures in the field of 
cancer immunotherapy. Often, researchers study their gene of interest in relation to gene 
signatures of different immune cell types. These gene signatures not only can be applied to 
TCGA but also to in-house bulk sequencing cohorts and those publicly available on GEO 
database. Several NK cell gene signatures had been devised and associated with better 
clinical prognosis in cancer. Table 1 summarizes the commonly recognized NK cell gene 
signatures utilized to correlate with clinical characteristics in different cancer types. 

3.4 PATIENT-DERIVED XENOGRAFT MODELS 

3.4.1 IMMUNO-COMPROMISED MICE 

The development of immune-deficient mice strains has so far enabled the inoculation of human 
tumor cells for in vivo propagation and reconstitution of a solid tumor.  Apart from the use of 
commercial cell lines, the use of patient-derived tumor cells and autologous TILs have been 
previously demonstrated and proposed as an effective model for immunotherapy in contrast to 
complicated humanization methods such as bone marrow or PBMC transplants with the risk of 
graft versus host disease (184). At present, the use of autologous tumor cells and TILs is not as 
frequently used as compared to patient-derived models using tumor tissue explants that 
maintains a human tumor microenvironment (185). Nonetheless, the value of patient tumor 
cell-derived xenografts and autologous/allogenic immune cells should still be further explored 
as much more dynamic and consistent experimental models. For instance, one could genetically 
modify tumor cells with the CRISPR-cas9 system prior to studying the effectiveness of 
immune-surveillance by autologous TILs. 

3.4.2 ZEBRAFISH LARVAE 

The use of zebrafish larvae is an alternative simpler xenograft model given its high 
reproducibility rates, low cost and optical clarity. Moreover, larval recipients of human cells 
only acquire fully functional adaptive immune system 3 weeks post fertilization. One 
advantage of using the zebrafish model is that the extremely low cell number requirements in 
contrast to a mice xenograft. Engraftment of tumor cells in a mouse could require up to 10 
million cells suspended in Matrigel for successful tumor formation while only approximately 
100 cells is needed for microinjected into the perivitelline space. Another advantage would be 
the low opacity and small size of the organism allowing high-throughput screening and real-
time imaging within a realistic experimental setup (186). One can set up engrafted larvae into 
individual wells of a 96 well plate that can be analyzed in a real time imaging system. The use 
of zebrafish larvae has also been recently reported as an alternative xenograft model of 
evaluating the performance of TILs (187).
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4 RESULTS AND DISCUSSION 
4.1 PAPER 1-CD73 DEFINES IMMUNE-SUPPRESSIVE NK CELLS WITHIN THE 

TUMOR MICROENVIRONMENT. 

Our primary observation when NK cells were co-cultured with several tumor cell lines were 
that they upregulate CD73. Knowing that CD73 is considered as a metabolic immune 
checkpoint, the hypothesized concept of regulatory CD73+ NK cells was plausible. Next, we 
looked into the expression of CD73 on NK cells comparing those in the peripheral blood and 
those isolated from primary tumors. From here, we observed that high frequencies of 
CD73+NK cells were only visible within the tumor and not in the blood. While CD73 is an 
ectonuclease expressed on the cell surface, the protein could be shed or secreted as exosomes 
into the extracellular space (Figure 6). The release of CD73 from NK cells could be of a clinical 
relevance given increased soluble CD73 in the serum could be detected in several types of 
cancer patients including melanoma and head and neck squamous cell carcinoma (188, 189).  

 
Figure 6. Graphical Abstract of paper 1 highlights the key findings of the study. Tumor cells could hijack 
surveilling NK cells via 4-1BB ligation to upregulate the translocation of CD73 for surface expression and 
secretion. At the same time, these CD73+ NK cells produce TGF-b and IL-10 that are immune suppressive against 
CD4 T cells. 

The present study identify that regulatory NK cells could be a form of acquired immune escape 
mechanism involving other immune-suppressive functions that are independent of adenosine 
signaling. CD73+ NK cells could upregulate the expression of PD-L1 and the production of 
TGF-b and IL-10 (Figure 6). More importantly, it was demonstrated that these NK cells are 
capable of suppressing the proliferation of CD4 T cells in this paper. Prior to this paper, the 
concept of regulatory NK cells was mainly explored in the context of infections and 
inflammatory diseases in which studies have identified the production of IL-10 and adenosine 
by NK cells to inhibit T cell activation (95-97). NK cell-mediated killing of other lymphocytes 
was also demonstrated as another means of immune regulation (99, 100, 190).  While there are 
more studies reporting how increased frequencies of intratumoral NK cells influence tumor 
progression, there are still a lack of mechanistic studies elucidating how regulatory NK cells 
could reshape the immune landscape of the tumor. We performed a differential gene expression 
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analysis comparing CD73+ and CD73- NK cells isolated from breast tumors and sarcomas. 
Using gene enrichment analysis, several enriched pathways in these CD73+ regulatory NK 
cells were identified but were not within the scope of the paper (data not published). Of interest, 
we identified pathways indicating the potential involvement of regulatory NK cells on 
activation of macrophages and dendritic cells which were then further explored in paper 3. In 
addition, there are other genetic programs that may be relevant in cancer such as the regulation 
of leucocyte migration and angiogenesis that could be explored in future studies. 

4.2 PAPER 2- THIOREDOXIN ACTIVITY CONFERS RESISTANCE AGAINST 
OXIDATIVE STRESS IN TUMOR-INFILTRATING NK CELLS 

The regulation of NK cell functions is heavily influenced by the exposure to different 
cytokines. As highlighted in the introduction, cytokines such as IL-15 could prime NK cells to 
be more superior and confers NK cells “memory-like” phenotypes to persist in the harsh 
microenvironment. Several studies identified ROS is a highly potent immune suppressant of T 
and NK cell activity. Successful efforts have been made to develop a therapeutic intervention 
targeting ROS to alleviate immune suppression of cytotoxic immune cells to target AML (191, 
192). 

Another approach to tackle ROS in immunotherapy would be to deepen our understanding of 
the ability of T and NK cells to tolerate ROS-mediated stress. From this perspective, the 
regulation of antioxidants in immune cells have remained unclear and could be highly critical 
in our understanding of immune cells in the tumor microenvironment. Paper 2 focused on the 
regulation of thioredoxin and its inhibitory counterpart thioredoxin-interacting protein 
(TXNIP). One of the key highlights in the paper was that we identified a mechanism that cannot 
be elucidated by conventional transcriptomics or proteomics analysis alone. Mechanistically, 
IL-15/mTOR signaling reduces the shuttling of TXNIP from the nucleus to the cytoplasm, 
resulting in lesser inhibition of thioredoxin that is an antioxidant neutralizing free radicals in 
both the cytosolic space and mitochondria of NK cells (Figure 7). While the primary focus of 
the paper was the importance of thioredoxin activity in NK cells, we also found that NK cells 
with high surface thiol densities were better in infiltrating NSCLC tumors. As we studied a 
cohort of NSCLC tumors, it was observed how smoking history of patients could correlate with 
the accumulation of intracellular ROS within tumor infiltrating NK cells. This correlation was 
however not seen in T cells. Targeting ROS by therapeutic interventions or even alterations in 
smoking habits in these NSCLC patients could promisingly unleash the anti-tumoral activity 
of NK cells for enhanced immune surveillance. 
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Figure 7. Graphical Abstract of paper 2 highlights how the study identified the mechanism in which IL-15 
modulates the thioredoxin system to counteract the suppressive effects of ROS. At the same time, NK cells that 
express higher thioredoxin activity expressed higher surface thiol densities that are capable of neutralizing ROS 
within the vicinity. 

The main reason why this paper is relevant to the topic of this thesis is however, that it provided 
insights into how the concept of helper NK cells is plausible. NK cells that are found to possess 
high thiol densities were demonstrated to neutralize ROS within the vicinity. As a result, T 
cells within the same microenvironment could better penetrate a 3D tumor sphere (Figure 8). 
This finding served as a preliminary indication that there could be the prevalence of helper NK 
cells in patients who particularly benefit from immunotherapy. 

 

Figure 8. Schematics illustrating the concept of ROS-neutralizing NK cells. Prior to a tumor sphere immune 
infiltration experiment, NK cells were FACS-sorted based on their surface thiol densities before adding into 
cultures containing patient-derived tumor spheres and expanded TILs. In the presence of NK cells with high 
surface thiol densities, there were more T cells found infiltrated into the spheres. 

There are however many unaddressed complexities regarding the regulation of antioxidants in 
NK cells under physiological and pathological conditions. Future studies should explore how 
NK cells could upregulate antioxidants, especially the shifts in thiol densities found on cell 
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surface proteins in vivo. As reported for regulatory T cells, it is also plausible that NK cells 
could secrete the active thioredoxin expressed to neutralize extracellular ROS as well (88). 
Given how these mechanisms would implicate tumor infiltration and persistence in the 
microenvironment, there could perhaps be a potential link between antioxidants and adaptive 
NK phenotypes to be uncovered. To add on, future efforts should consider how to enhance 
thiol densities in adoptive cell therapy and how the expression of various antioxidants by 
immune cells could be a biomarker for patients receiving immunotherapy. 

4.3 PAPER 3-REGULATORY NK CELLS DRIVE MDSC-MEDIATED TUMOR 
IMMUNE TOLERANCE VIA THE IL-6/STAT3 AXIS 

While paper 1 suggested the possible interactions between regulatory NK cells and myeloid 
cells, we sought to investigate further how these NK cells could alter myeloid functions. 
Investigating publicly available transcriptomics data from patient cohorts that underwent 
immune checkpoint therapy, we observed a positive correlation between the abundance of NK 
cell gene signature and a unique MDSC gene signature within non-responders to checkpoint 
blockade therapy. The focus of paper 3 was then to study the direct interaction between NK 
cells and myeloid cells, particularly monocytes and neutrophils, which could potentially be 
induced to acquire MDSC phenotypes. Main findings are summarized in figure 9 below. 

  
Figure 9. Graphical Abstract of paper 3 highlights the 3 major findings behind the relationship between myeloid 
cells and NK cells. Firstly, the abundance of MDSCs correlated to NK cells in non-responders to immune 
checkpoint blockade. Secondly, NK cells enhanced the cellular fitness of neutrophils particularly in coping with 
ER stress. Third, NK cells can impair antigen presentation capabilities of monocytes and induce the upregulation 
of other immune suppressive factors to suppress CD8 T cells. 

Mechanistically in neutrophils, we identified how NK cells stimulate ER-stress response by 
triggering spliced XBP-1 upregulation in neutrophils. Prior reports highlighted the significance 
of ER stress response pathways in the development of polymorphonuclear MDSCs (PMN-
MDSCs) (176, 178). While it was identified that short-lived MDSCs upregulated XBP-1 
responses with an increased susceptibility to apoptosis due to TRAIL-R2 (DR5) upregulation 
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(178), we observed that regulatory NK cells could enhance the survival of these MDSCs. Upon 
exposure to tumor-experienced NK cells, neutrophils expressing high levels of spliced XBP-1 
sustained the phospho-ERK activation and Ki67 expression even under the pressure of 
chemically induced ER stress. 

In the context of monocytes, NK cells can induce the upregulation of suppressive factors such 
as arginase and PD-L1. More importantly, we demonstrated for the first time that regulatory 
NK cells could influence the antigen-presenting capacity of monocytes. In the presence of 
tumor-experienced NK cells, monocytes not only acquire suppressive functions but also defects 
in their ability to present neo-epitopes during the co-stimulation of allogenic TILs. While the 
influence of NK cells on neutrophils versus monocytes may be functionally different, a 
common observation was that the phosphorylation of STAT3 was upregulated in both 
neutrophils and monocytes after being exposed to tumor-experienced NK cells. We then further 
proved that IL-6 produced by NK cells could potentiate the suppressive functions of myeloid 
cells. Using zebrafish and mice xenograft models, the inhibition of IL-6/STAT3 axis reduces 
metastasis of patient-derived melanoma that are co-engrafted with amounts of NK cells.  

Through several means of investigations, we provided evidence indicating that the high 
abundance of NK cells may lead to the development of MDSCs within the tumor 
microenvironment. Tumor cells could adapt to acquire resistance against NK-mediated 
cytotoxicity and at the same time, hijack NK cells to acquire regulatory functions. As 
demonstrated in a recent study, NK cells are capable of producing a variety of cytokines that 
some of which are well-known to have potent influences on myeloid cell functions (193). Also 
in this study, the authors also demonstrated that NK cells could downregulate the expression 
of MHCII molecules on myeloid cells. Similarly, in our settings, we observed the high levels 
of IL-6 production by NK cells. More importantly, we extended to elucidate the functional 
implications of NK cell-derived IL-6 on myeloid cells. Conversely, in terms of the NK-myeloid 
cell interactions known, it is perhaps more established that NK cells are rather of an “helper” 
identity by recruiting and priming dendritic cells for improved stimulatory functions. To 
investigate how a particular subset of NK cells would determine the fate of myeloid cells and 
their functions, an important aspect is to characterize the cytokine production profile of these 
NK cells. Beyond this study, we also found that the ability of tumor-experienced NK cells to 
produce IL-4 and GM-CSF could be dependent on its anti-tumoral cytotoxicity capability 
(unpublished data). An early study demonstrated how IL-4 counteracts the effects of tumor-
derived IL-6 in impairing dendritic cell differentiation (194). The interaction between NK cells 
and dendritic cells may be highly influenced by the amount of NK cell-derived IL-4 and GM-
CSF. Another growth factor that favors dendritic cells development would be FLT3L which 
was reported to be highly produced by NK cells to enhance intratumoral stimulatory dendritic 
cells for T cell activation and correlated with responsiveness to anti-PD-1 checkpoint blockade 
(129). Incorporation of FLT3L vectors into T cell therapy platforms also promoted antitumoral 
immunity (195). From a translational perspective, given the highly active interactions between 
NK cells and myeloid cells, engineering NK cells to produce favorable myeloid growth factors 
could promisingly be a novel immunotherapy modality.     
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5 CONCLUSIONS 
The present thesis provided insights with regards to non-canonical functions of NK cells apart 
from its ability to kill tumor targets in cancer. The critical findings that contributed to the topic 
of this thesis are summarized below. 

In paper 1, we showed how tumor cells can hijack tumor-infiltrating NK cells to acquire the 
“regulatory” identity to suppress T cells. Prevalence of these NK cell subsets could influence 
tumor progression. 

In paper 2, we uncover a novel mechanism in which NK cells could overcome ROS in the 
tumor microenvironment. “Helper” NK cells with high surface thiol densities were 
demonstrated to neutralize extracellular ROS within the vicinity to protect T cells. 

In paper 3, we focused on the cross-talks between NK cells and myeloid cells, particularly in 
the development of suppressive MDSCs. NK cells were found to impair antigen-presentation 
capacities of myeloid cells and enhance their abilities to cope with ER stress. Tumors with high 
NK cell abundance were demonstrated to be immune-tolerant leading to subsequent 
progression in xenografts. 

One common feature that was present in all 3 papers was that preliminary experiments were 
always done with NK cells isolated from the peripheral blood of healthy individual. The use of 
healthy peripheral NK cells was an essential element for the design of the 3 studies. While there 
is still donor to donor variability to account for, the essence of these basic experiments 
highlighted the plasticity of NK cell biology. These projects demonstrated how a circulating 
NK cell acquire different identities in response to a tumor. Taken together, these studies 
highlighted that the critical role of tumor-infiltrating and resident NK cells during tumor 
progression. With heavy involvements in shaping the immune landscape, continued efforts has 
to be made to deepen our understandings of these NK cells. Ultimately, we would like to exploit 
this knowledge for identifying biomarkers and therapeutic targets for cancer immunotherapy. 
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6 POINTS OF PERSPECTIVE 
Cancer immunotherapy should be considered as a practice of precision medicine. Ideally, we 
need to achieve the scientific “lagom”- a balancing act to obtain an optimal environment for 
effective immune surveillance within the tumor. The question lies-is our immune system really 
placed in equilibrium or are we in a false perception that things are moderately on point? We 
are rapidly progressing towards personalized medicine in oncology partly because of the 
diversification of the tumor microenvironment that creates a unique immune landscape within 
every cancer patient. With this critical concept to keep in mind, having more NK cells that is 
often perceived as “anti-tumor” immune cell may not necessarily always favor the clinical 
outcome of cancer patients. Till this point, I hope the ideas and concepts presented in this thesis 
have convinced that the multi-faceted roles of NK cells could be of high relevance to 
understanding the immune landscapes of tumors.  

The unique cellular circuitry of NK cells has so far interest a diverse group of scientists from 
multiple disciplines to study how NK cells influence both physiological and pathological 
responses of the body. In this day and age, cancer and virus are the uprising health threats to 
humanity. As my supervisor oversaw the development of this thesis, he had always asked what 
my research vision was. In my opinion, the study of host’s responses to a tumor or virus is 
highly significant. Rather than studying how a NK cell could better kill a tumor, an alternative 
yet critical perspective could be how NK cells potentially augment the systemic response of a 
tumor-bearing host or a viral-infected individual. One recent example of such studies to 
highlight would be how NK cells are homed and accumulated in the spleen via the CXCR3 
ligand chemokine axis to suppress anti-viral T cells (190). 

 

Figure 11. Past, present and future of NK cell biology. A and B, Regulation of NK cell activity understood 30 
years ago and now. Modified from a commentary published in response to paper 2 on the “The emergence of 
NK cells from obscurity to biological prominence.”(196) C, A personal perspective of how NK cells should be 
studied in the future. Four key research questions should be addressed to fully understand the functional 
identities of NK cells that is context-dependent. 

The present work to characterize regulatory NK cells was conducted in Karolinska Institute, 
the same place where NK cells were first discovered in 1975. Spanning over the past 30 years, 
the understanding of NK cell functions and regulation has rapidly evolved and guided a 
revolution of cancer therapy by harnessing both the innate and adaptive immune system. From 
the discovery of the “missing-self” hypothesis to the characterization of a repertoire of 
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activating and inhibitory receptors, NK cells are now recognized as a dynamic player in the 
battle against cancer (Figure 11). Nonetheless, emerging concepts such as adaptive NK cells 
and regulatory NK cells should be further investigated in terms of their relevance in cancer. 
While the tumor cell can express a repertoire of ligands for a mix of activating and inhibitory 
NK cell receptors, how does the interaction of a single receptor or rather a combination of 
receptors trigger a particular identity of a NK cell within the microenvironment? 

Speaking of future perspectives into the field, one should not just focus on addressing technical 
research gaps but to consider the critical questions to answer. In terms of studying regulatory 
immune cells like MDSCs and NK cells, a conceptual framework can be constructed to guide 
the design of a study by addressing several key points suggested below. 

• Are these immune cells the “good” or “bad” players within the tumor 
microenvironment? 

• How do these immune cells accumulate during cancer? 
• What are the underlying triggers that stimulates their unique functions? 
• How do the cellular biology of these immune cells in cancer differ from their normal 

counterparts? 
• How do these regulatory immune cells influence other cells? 

Nonetheless, NK cells have so far inspired many novel therapeutic interventions but yet the 
successes of these therapies were largely limited to hematological tumors. Another take-home 
message that we learnt from this present thesis is that in order to be adept in the development 
of NK cell-based cancer immunotherapy, one should gain latest insights on newly uncovered 
mechanisms underlying NK cell functions and related implications in various diseases. Paper 
1 identified NK cell checkpoints that could be potentially targeted by antibody-based 
modalities. Paper 2 demonstrated the significant role of antioxidants and ROS-neutralizing 
properties that can be adopted in NK cell-based adoptive cell therapies. Paper 3 highlights the 
critical interactions between myeloid cells and NK cells. These papers provided insights on 
how we could modulate NK cells for enhanced persistence and tumor cytotoxicity. Given the 
flexibility of engineering genetically modified NK cell therapy products, we should also 
envision that NK cell therapy of the future is beyond the adoptive transfer of tumor-killers but 
a transfer of “helper” immune cells that provide an additional support for anti-tumoral T cells 
and dendritic cells residing in the patient’s tumor.  

At present, there are countless remarkable NK cell-based treatments administered world-wide 
in the fight against cancer. All these accomplishments would not be possible without the 
cumulative research works in the study of NK cell biology and the aid of technological 
advances through the years. We as scientists should be appreciative of knowledge bestowed by 
the painstaking efforts of immunologists of the past, be innovative and flexible in conducting 
science at present and motivate ourselves to envision unlimited possibilities of the future. 
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