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Non-small cell lung cancer (NSCLC) is a major subtype of lung cancer that accounts for almost 85% of lung cancer cases
worldwide. Although recent advances in chemotherapy, radiotherapy, and immunotherapy have helped in the clinical
management of these patients, the survival rate in advanced stages remains dismal. Furthermore, there is a critical lack of
accurate prognostic and stratification markers for emerging immunotherapies. To harness immune response modalities for
therapeutic benefits, a detailed understanding of the immune cells in the complex tumor microenvironment (TME) is
required. Among the diverse immune cells, natural killer (NK cells) and dendritic cells (DCs) have generated tremendous
interest in the scientific community. NK cells play a critical role in tumor immunosurveillance by directly killing malignant
cells. DCs link innate and adaptive immune systems by cross-presenting the antigens to T cells. The presence of an
immunosuppressive milieu in tumors can lead to inactivation and poor functioning of NK cells and DCs, which results in an
adverse outcome for many cancer patients, including those with NSCLC. Recently, clinical intervention using modified NK
cells and DCs have shown encouraging response in advanced NSCLC patients. Herein, we will discuss prognostic and
predictive aspects of NK cells and DC cells with an emphasis on NSCLC. Additionally, the discussion will extend to
potential strategies that seek to enhance the anti-tumor functionality of NK cells and DCs.
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| 1. Introduction

The tumor microenvironment is composed of malignant cells along with fibroblasts, extracellular matrix (ECM), endothelial
cells, adipocytes, and immune cells & ( Figure 1 ). Tumors can be divided into two major immunological subtypes: hot
(high T cell activity) and cold (lack of T cell priming/activation) based on inflammatory cytokine profile 2. In the cancer
progression cycle, excessive secretion of PD-L1 in the tumor and enhanced PD-1 signaling inactivates T cells leading to
tumor growth and metastasis El. The use of novel immunotherapeutic agents, such as nivolumab (anti-PD-1),
pembrolizumab (anti-PD-1), and atezolizumab (anti PD-L1), has led to the improved overall survival of NSCLC patients
compared to treatment with docetaxel B8, Fyrther, the combination of cytotoxic therapy and immunotherapy has shown
synergistic improvements in the anti-tumor response. The combination of pemetrexed (folate antimetabolites), carboplatin
(platinum-based antineoplastic drug), and pembrolizumab (anti-PD-1) led to the improvement of the objective response
rate and progression-free survival &l This striking difference was exhibited in the benefits of immunotherapy, as hot
tumors show a higher response rate to immunotherapy. The immune checkpoint blockade (ICB) is effective in patients
with expression of PD-L1 or high TMB (tumor mutation burden), but there are different approaches required to target cold
tumors. TMB is the number of nonsynonymous coding mutations per million bases (Mb) and is a predictive biomarker for
ICB therapy efficacy. It is associated with increased secretion of neoantigens and cytotoxic T cell activity in several
cancers B9 There is increased interest in exploring strategies to convert cold tumors to hot tumors in an attempt to
increase immunotherapy benefits LU, Recent breakthroughs in the form of personalized RNA mutanome vaccine based
on individuals’ genomic information activates lymph-node-DCs and can generate potent T cell response 2. The ICBs
have remarkably improved survival but their benefits are achieved only in a minority of patients. Furthermore, the defects
in antigen presentation in the form of reduced expression of HLA class | or loss of B2M can cause resistance to
checkpoint inhibitors 13!, Additionally, IFN-y signaling and corresponding higher production of IDO1 (Indoleamine 2, 3-
dioxygenase 1) can also lead to poor response to checkpoint inhibitors LI[4II15] The IDO expression is promoted by pro-
inflammatory stimuli generated by IFN-y and might result in a suboptimal anti-tumor immune response in cancer patients.
Furthermore, APCs with IDO production can activate and promote the production of immunosuppressive regulatory T cells
15, pespite several therapeutic challenges at the tumor level, recent advancements in the form of adoptive T-cell therapy
have shown a durable response in cancer patients. There are several difficulties in its clinical application due to tumor
heterogeneity, fewer neoantigens, systemic cytokine toxicities, and challenges associated with the production of cells in
compliance with GMP (Good Manufacturing Practice) 817, Recently, interest in NK cells has emerged as a promising



alternative due to their killing abilities and as a safer alternative to adoptive T cell therapy because of its lower immune-
related adverse events 18, |n this review article, we have discussed the therapeutic and prognostic benefits of NK cells
and DCs with a focus on NSCLC.
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Figure 1. The opposing forces in the tumor microenvironment: the pro-tumor roles of fibroblasts, ECM, and suppressive
immune cells against the anti-tumor immune response of NK cells, DCs, CD4*, and CD8" T cells.

2. The Emerging Role of NK Cells in the Tumor Microenvironment and
Immunotherapy

The process of development and maturation of NK cells makes them competent to identify and kill host cells with aberrant
expression of MHC class | molecules (called human leukocyte antigen—HLA) in humans 22, During NK cell maturation,
the interaction between inhibitory killer cell immunoglobulin-like receptors (KIRs) and HLA provides functional competency
to NK cells. This process termed ‘licensing’ suppresses NK cell function in the presence of intact MHC and minimizes the
destruction of healthy cells 29, This suppression is eliminated in the presence of downregulated or altered MHC
expression as in tumor cells 2. Aberrant cells can also be killed by antibody-dependent cell cytotoxicity (ADCC), whereby
NK cells bind to the Fc region of a tumor cell-bound antibody 22. The mechanism of killing by NK cells lies in part in their
appearance as ‘Large granular lymphocytes’ 23 When a susceptible cell is identified by the NK cells, specific lytic
granules converge toward the immunological synapse through microtubules 24, There are two major components in these
lytic granules—perforins and granzymes. Perforins are cytolytic proteins that are inserted into the plasma membrane and
leads to osmotic lysis in a Ca 2+ -dependent manner 2123 perforins are found to play a critical role in controlling tumor
metastasis 2827 Granzymes are serine proteases that activate caspase signalling and leads to apoptosis of the target
cell 28] Natural killer cells can kill more than a single cell through their degranulation process. NK cells form multiple
contacts with target cells and can sequentially kill several abnormal cells in a time-dependent manner 24, NK cells
express a high mRNA pool of granzymes and perforins that are rapidly translated to protein when required (9.
Interestingly, upon a single encounter, an NK cell releases only one-tenth of its cytotoxic lytic granules but it has been
determined that even a single granule is sufficient to induce target cell death [22]. NK cells have been shown to shift from
fast GrzB-mediated cell death to slow death receptor-mediation killing in the later stages and can serially kill up to 30+
tumor cells (31,

NK cells play an important role in tumor immunosurveillance, which is emphasized by the association between NK cell
deficiency and cancer 228l |n a large prospective study with 11 years of follow-up period, patients with medium or high
NK cell cytotoxic activity were found to be associated with a lower risk of cancer. In this study, NK effector cells isolated
from peripheral blood were used to measure specific lysis of target cells (K562, leukemia cell line) using the 51Cr-release
assay 4. In a recent meta-analysis, infiltration of NK cells was found to be associated with better overall survival in solid
tumors 3. NK cells express heparinase to invade primary tumors, and therefore, affect tumor progression 8.



Furthermore, NK cells can also impact metastasis by eliminating circulating tumor cells 4. There are several ways
through which the function of NK cells is negatively affected in an immune-suppressive milieu of the immune-evasive
tumor. The enriched metabolites of the kynurenine pathway contribute to the immune escape of cancer cells B8, This
escape is fueled by the secretion of kynurenine by cancer cells, which subsequently leads to immune tolerance in the
tumor microenvironment, induction of immunosuppressive T-regulatory cells, and blockade of IL-2 B8], In the presence of
TGF-B, the gene expression profile of NK cells shifts toward lower cytotoxicity. Activin-A binds to type | activin receptor
ALK4, which is present on NK cells and suppresses their metabolism B9, Furthermore, at the metabolic level, impaired
glycolysis in NK cells due to overexpression of fructose 1,6-bisphosphatase impairs NK cell activity 49 In this study, NK
cells were shown to prevent tumor initiation in lung cancer but failed to prevent tumor progression due to the metabolic
dysfunctional state of NK cells 29, Further, low levels of nutrients such as glucose and a hypoxic environment suppress

the anti-tumor activity of NK cells (41, Additionally, in the TME, a high concentration of lactate and low pH can also impair
NK cells [211142],

3. The Emerging Role of Dendritic Cells in the Tumor Microenvironment
and Immunotherapy

DCs (Dendric cells) play an important role in the initiation, development, and maintenance of the anti-tumor immune
response. Dying cells release damage-associated molecular patterns (DAMPs), which are predominantly intracellular
proteins and induce the production of cytokines and activation of T cells 48, Upon uptake of antigens, DCs undergo
maturation and migrate to lymph nodes, where they present the antigens to CD8+ T cells 24l DCs are broadly divided into
two classes, conventional type 1 DCs (cDC1s) and conventional type 2 DCs (cDC2s). cDC1s functions primarily by cross-
presenting antigens to CD8+ T cells. In contrast, cDC2s function by priming CD4+ T cell response 2. Furthermore,
based on transcriptional and chromatin variations, cDC2s have been divided into anti-inflammatory cDC2A (T-bet + ) and
pro-inflammatory cDC2B (T-bet - ) 8 cDC1s are essential for mounting an anti-tumor immune response. cDCls
infiltration has been found to positively correlate with T cell infiltration and increased survival. Tumor evasi strategies
include the prevention of cDC1 infiltration into the tumor microenvironment 4. ¢cDC1 binds to F-actin exposed necrotic
bodies through C-type lectin receptor DNGR-1. This process leads to the uptake and cross-presentation of antigens from
dead cell debris to initiate CD8+ T cell response 8!, Recently, tumor-secreted gelsolin (SGSN) has been found to dampen
the immune response by impairing the DNGR-1-dependent cross-presentation in cDC1 49, The third class of DCs is
known as plasmacytoid dendritic cells (pDC), with appearances like plasma cells and characteristic production of high
levels of interferon-a B, Tumor-promoting features of aberrant pDCs with poor production of type-l1 IFN and T-reg
differentiation were displayed in patients with breast and ovarian cancer B152. The molecular basis of the differentiation
of DCs in the tumor microenvironment is an active area of research and may hold promise in the development of future
immunotherapies.

Increased infiltration, expansion, and activation of cDC1s play an important role in the immune control of tumors and
response to immunotherapies 453l |nterestingly, the DC gene signature was found to be associated with improved
overall survival in NSCLC patients treated with tezolizumab (PD-L1 blockade) 4. There are two pre-dominant receptors
for PDL-1: PD-1 and B7.1. In an interesting study, the expression of PDL-1 was found to be significantly higher in DCs
present in TME and circulation of cancer patients. The blockage of PD-L1 relieved B7.1 that in turn interacted with CD28
to enhance the priming of T cells B4, Additionally, dendritic cells are also essential in the reactivation of circulating
memory T cells B2, |n another study, anti-PD-1 immunotherapy was found to depend on IL-12-secreting DCs in the
presence of IFN-y-secreting T cells B8l Several factors prevent the anti-tumor effect of DCs in the complex
microenvironment of the tumor. The recruitment of cDCs is sparse in the tumor microenvironment in early-stage tumors
compared to adjacent normal tissue. The presence of NK cells was found to be significantly reduced in lung
adenocarcinoma patients. NK cells in these tumors showed poor cytolytic capacity due to the lower expression of
granzyme B, CD57, and IFN-y B4, This mechanism could in part be responsible for preventing the anti-tumor immune
response 24, Furthermore, the WNT/B-catenin pathway in tumors can partly prevent the infiltration of cDCs and T cells.
Activation of this pathway in the tumor impedes the expression of CCL4, which reduces infiltration of DCs in the tumor.
The resulting reduced CXCL10 limits CD8+ T cells and leads to faulty cross-priming 28, Moreover, the presence of
prostanoid lipids leads to the expansion of tumor growth, migration, invasion, and immunosuppression 2. Necrosis in the
tumor releases prostaglandin E2 (PGE 2) and it has been shown to prevent the immunostimulatory activity of DCs 89,
The overexpression of COX1 and 2 Cyclooxygenase (COX) and production of PGE 2 in the hypoxic microenvironment
prevent the accumulation and activation of cDCs and assists in immune evasion 8182 The presence of Vascular
endothelial growth factor (VEGF) in the tumor microenvironment is also a suppressing factor of DCs, as it adversely
affects functionality B384, Recently, a new subset of DCs, ‘mature DCs, enriched in immunoregulatory molecules’
(mregDCs), with an immunoregulatory gene signature ( Cd274 , Cd200 , and Pdcdllg2 ), has been identified 82, These



cDCs continue with the uptake of antigens, but do not stimulate T cell activation in lymph nodes, blocking the trajectory of
inflammation. DCs with similar regulatory gene signatures have been identified in normal tissue, which hints at its role in
the maintenance of homeostasis. Furthermore, the process of cross-presentation can itself be impaired in the tumor tissue
due to the lack of tumor-infiltrating DCs with activating potential 62681 |ncreased production of oxidized lipids in DC
adversely affects the cross-presentation process 4869 One of the reasons for this could be the increased uptake of
lipids due to higher expression of scavenging receptor MSR1 in DCs 7, |n another study, infiltrated DCs exhibited ER
stress and expression of ER stress response factor XBP1 promoted primary and metastatic ovarian cancer (€8, |t has also
been reported that DCs with increased lipid content failed to effectively present antigens or stimulate T cells. It was found
that oxidized lipids sequester chaperone HSP70; thus, preventing the MHC-peptide complex from reaching the cell
surface 89,

Despite these challenges, there are promising approaches that could assist in the expansion of DCs as a central player in
future therapeutic strategies. In pre-clinical models, poly I:C (TLR-3, MDA5, and RIG-I. agonist) treatment led to increased
IFNa/B-related transcriptomic profile, and increased infiltration of dendritic cells and T cell in the melanoma mouse model
79, The intra-tumoral activation of STING pathway was found to initiate an immune response and led to regression of
established tumors. It was found that STING agonists led to the maturation of DCs and the production of cytokines and
chemokines . Modified amidobenzimidazole (ABZI)-based compounds have also been developed to enhance the
STING pathway 7. Also, VEGF blockade therapy through anti-VEGF antibody has been shown to stimulate DCs and T
cells to enhance tumor immunity 28 Infiltration of DCs led to an improved response to checkpoint inhibitor
immunotherapy and the administration of tumor-stroma-directed CCL4 administration through the intravenous method led
to increased infiltration of DCs and CD8+ T cells even in poor responders to checkpoint inhibitor (CPI) immunotherapy [Z4],
cDC1 abundance has been reported to be associated with checkpoint blockade immunotherapy [ZSI781 Qverall, the
composition of the TME and infiltrating immune cells play a critical role in determining the efficacy of Checkpoint inhibitors
7, There is significant interest in the identification of the immune cells and their associated variables that determine the
responsiveness to immunotherapy.

Many clinical approaches can be utilized to harness the potential of DCs in cancer patients ( Figure 2 ). Dendritic cell
mobilizing factors, such as GM-CSF and FLT3L, can lead to the expansion of DC cells (z8], Additionally, DC-mediated T
cell activation through the presentation of antigens and synthetic peptides can lead to an anti-tumor immune response 2.
Furthermore, DC response can be stimulated using adjuvants such as BCG and poly(1:C) Y. In a personalized approach,
ex vivo activated and antigen-loaded DCs can be reinfused in cancer patients 9. Recently, DCs pulsed with survivin and
MUC1 showed promise in resected NSCLC [81, Advances in the prognostic roles of DCs in NSCLC have hinted at its
critical role in the TME ( Table 1 ). DCs are positively correlated with the progression-free survival of NSCLC patients (€21,
The expression of individual genes, such as TOP2A and TLR3, and multiple gene signatures have been associated with
DC infiltration in NSCLC [B3B4I85] These recent findings related to gene expression signatures and infiltration of DCs in
NSCLC will assist in the design of effective strategies for patients with refractory cancer.
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Figure 2. Types of DCs, their function, and their clinical approaches to tap into their potential for the therapeutic benefit of
cancer patients.

Table 1. Recent advances in identifying prognostic roles of DCs cells in NSCLC.



tumor immunity

dendritic cells.

No The Theme of the Study Clinical Significance Reference
1 Autologous modified DC DC vaccine pulsed with MUC1, survivin, and flagellin was well tolerated [81]
vaccine and induced anti-tumor activity.
There was a significant reduction of plasmacytoid dendritic cells (pDCs)
2 Prognostic significance of and monocytic dendritic cells (MDCs) in NSCLC patients. The overall (6]
pDCs and mDCs survival was negatively correlated to mDCs but positively correlated with
pDCs.
3 Prognostic association of DCs showed significant association with PFS and disease stage in [82]
DCs NSCLC patients.
MYEOV gene expression was The expression of the myeloma overexpressed gene (MYEOV) was found
4 found to be prognostically to be associated with poorer overall survival and increased infiltration of &7
significant immune cells, including DCs.
TP53 mutations were There was higher infiltration of immune cells, including CD8+ T cells and (8]
5 . . . . .
associated with poor survival DCs in TP53-mutated lung cancer tissues.
TLR3 expression was The presence of the TLR3-CD1-3+ Dendritic cell axis and corresponding
6 prognostically significant in activation of CD8+ T cells was found to be associated with improved [83]
NSCLC patients overall survival.
7 5 gene prognostic signature There was higher infiltration (_)f DCs_ln the lower risk group compared to a [85]
higher risk group.
8 Identification of differentially TOP2A expression was found to be significantly associated with the [84]
expressed genes infiltration of DCs.
9 Association of DCs with anti- Patients with the non-metastatic disease had higher infiltration of [89]

| 4. NK Cells and DCs: Prospects in NSCLC

In NSCLC, treatment strategies involved in the management of cancer patients range from conventional chemotherapy
regimens to newly approved immunotherapeutic agents 29, Despite its recent success, several challenges associated
with immunotherapy include lack of consistent response, lack of predictive biomarkers, risk of immune-related adverse
effects, and resistance to immunotherapy 1. NK cells and DCs have started to emerge as critical players in the
development of a newer generation of therapeutic strategies. For example, monoclonal antibodies targeting NK inhibitory
receptors and IL-15 can activate killer properties of NK cells B2, In a recent clinical trial, patients administered with
Pembrolizumab plus NK cell therapy showed improved survival in advanced NSCLC cases. In these patients, infusion of
NK cells led to increased circulation of NK cells in the blood and enhancement of cellular immune functions. Interestingly,
this combinatorial therapy also led to a reduction in circulating tumor cells 3. The role of NK cells as a promising
therapeutic modality is actively being investigated. Another strategy explored the clinical potential of DC cells as a vaccine
in NSCLC patients. In this trial, DCs were silenced for SOCS1 expression (to prevent negative regulation of DCs), pulsed
with survivin and MUC1 (heavily expressed proteins in NSCLC tumor), and flagellin (immune stimulant) BHR41. |t was
shown that the administration of DCs vaccine led to a reduction in tumor markers and improved the quality of life in cancer
patients B, |n another trial, the efficacy of the adenoviral vector with the CCL21 gene (Ad-CCL21-DC) was explored in
stage 1II/IV NSCLC patients 22, Higher expression of CCL21 attracts T cells and DCs through interaction with CXCR3
CCRY7 receptors 2388 |n mouse models, CCL21 treatment led to higher infiltration of DCs CD4+ and CD8+ in tumor 24,
Administration of intra-tumoral vaccination led to enhanced infiltration of CD8+ T cell, increased expression of PD-L1 in
tumors, and induction of immune response against tumor antigen 23, In lung tumors, higher infiltration of mature dendritic
cells was correlated with the influx of effector T cells 28], This study identified the presence of tertiary lymphoid structures
enriched in DCs, T h 1 subtype and cytotoxic properties with improved prognostic outcomes in the tumor
microenvironment 28l |n addition to the therapeutic benefits of NK and DCs, gene signatures associated with the
infiltration of these cells can provide vital prognostic and predictive biomarkers [R[L00IB2IBSNEY]  Encouragingly, the
preliminary results of clinical trials involving NKs and DCs are most likely to play a key role in the design and application of
future immunotherapies.
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