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Introduction

[image: ]


Cancer immunotherapy has revolutionized oncology by harnessing the immune system to recognize and destroy malignant cells. Immune checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4 have produced durable responses in many cancers, yet a large fraction of patients remain resistant. A major reason for this resistance is that tumors suppress not only T-cell immunity but also innate immune surveillance, particularly natural killer (NK) cell activity. One of the most important inhibitory pathways controlling NK cells and cytotoxic T lymphocytes is mediated by the immune checkpoint receptor NKG2A. Monoclonal antibodies targeting NKG2A represent a new class of immunotherapeutic agents designed to restore both innate and adaptive anti-tumor immunity.



Biological Role of NKG2A in Immune Regulation

NKG2A (Natural Killer Group 2A, gene name KLRC1) is a member of the C-type lectin receptor family and is predominantly expressed on natural killer (NK) cells and subsets of cytotoxic CD8⁺ T lymphocytes. NKG2A forms a heterodimer with CD94, creating a receptor complex that recognizes the non-classical MHC class I molecule HLA-E. Unlike classical MHC class I molecules (HLA-A, -B, and -C), HLA-E presents a restricted set of peptides, mainly derived from the signal sequences of other MHC class I molecules, serving as a sensor of overall MHC class I expression.

The NKG2A/CD94–HLA-E axis functions as a dominant inhibitory immune checkpoint. When HLA-E on a target cell engages NKG2A on NK or CD8⁺ T cells, immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in the cytoplasmic tail of NKG2A become phosphorylated, leading to recruitment of phosphatases such as SHP-1 and SHP-2. These enzymes suppress activating signaling pathways, including those mediated by DAP12, CD3ζ, and ZAP-70, resulting in inhibition of cytotoxic granule release, cytokine production, and immune synapse formation.

Physiologically, this system prevents autoreactivity and protects healthy cells from immune-mediated damage. However, tumors frequently hijack this pathway to suppress anti-tumor immunity.

Molecular Biology of NKG2A

NKG2A, encoded by the KLRC1 gene, is a C-type lectin inhibitory receptor expressed on NK cells and subsets of CD8⁺ cytotoxic T cells. It forms a heterodimer with CD94, creating a receptor complex that recognizes HLA-E, a non-classical major histocompatibility complex (MHC) class I molecule.

HLA-E presents peptides derived mainly from the signal sequences of classical MHC class I molecules. Through this mechanism, HLA-E functions as a molecular sensor of overall MHC class I expression and cellular health. When HLA-E engages NKG2A, inhibitory signaling is triggered through immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in the cytoplasmic domain of NKG2A.

Upon activation, these ITIMs recruit the phosphatases SHP-1 and SHP-2, which suppress multiple immune-activating pathways, including ZAP-70, PI3K–Akt, and Vav1. This results in inhibition of immune synapse formation, cytotoxic granule release, and cytokine secretion.

Gene Structure and Transcriptional Regulation

NKG2A is encoded by the KLRC1 gene, located within the natural killer gene complex (NKC) on chromosome 12p13 in humans. This locus contains a family of C-type lectin–like receptors, including both inhibitory and activating NKG2 receptors (NKG2A, NKG2C, NKG2E, and NKG2D). KLRC1 transcription is tightly regulated during NK cell development and T-cell differentiation.

Expression of NKG2A is controlled by a balance of transcription factors, including T-bet (TBX21), Eomesodermin (EOMES), and GATA-3, which integrate cytokine signals from IL-15, IL-12, and TGF-β. Early NK cell progenitors express high levels of NKG2A, reflecting their role in immune tolerance during maturation. As NK cells undergo education and licensing, NKG2A expression becomes dynamically regulated in response to MHC class I interactions.

1. Crystal-Structure–Based Binding Model of the NKG2A–HLA-E Complex

1.1 Architecture of the CD94/NKG2A–HLA-E Interface

The CD94/NKG2A heterodimer forms a C-type lectin–like receptor (CLR) that binds to HLA-E at an angle distinct from T-cell receptor (TCR)–MHC binding. Structural studies reveal that the complex engages both:

	The α1 and α2 helices of HLA-E

	The peptide bound within HLA-E


This creates a tripartite recognition unit:
CD94 ↔ HLA-E ↔ NKG2A, with the peptide acting as a molecular “checksum” of self.
CD94 contributes most of the binding energy, anchoring the receptor to HLA-E, while NKG2A fine-tunes the interaction and transmits inhibitory signaling.



1.2 Peptide-Dependent Recognition

Unlike classical TCR–MHC interactions, CD94/NKG2A is exquisitely sensitive to the sequence of the HLA-E-bound peptide. The preferred peptides are derived from the signal sequences of HLA-A, HLA-B, HLA-C, and HLA-G.

These peptides adopt a conserved conformation that fits precisely into the HLA-E groove and presents specific side chains to CD94. This ensures that NKG2A detects global MHC class I integrity, not specific antigens.

Tumor cells exploit this by preserving HLA-E and its peptides even when classical MHC I is lost.



1.3 Mechanism of Antibody (Monalizumab) Binding

Structural modeling shows that anti-NKG2A antibodies bind to the extracellular lectin-like domain of NKG2A, sterically blocking its ability to dock onto HLA-E.

This produces three molecular effects:

	Prevents receptor–ligand engagement

	Prevents ITIM clustering

	Prevents SHP-1/SHP-2 recruitment


Importantly, antibody binding does not disrupt CD94–NKG2A dimerization, preserving receptor integrity while silencing inhibitory signaling.



2. Molecular Comparison: NKG2A vs PD-1

	Feature

	NKG2A

	PD-1

	Receptor family

	C-type lectin receptor

	Immunoglobulin superfamily


	Ligand

	HLA-E

	PD-L1 / PD-L2


	Expressed on

	NK cells, CD8⁺ T cells

	Primarily T cells


	Function

	Blocks cytotoxic triggering

	Blocks T-cell activation


	Evolutionary role

	Innate immune self-recognition

	Adaptive immune tolerance





2.1 Ligand Biology

PD-1 binds PD-L1, a stress-induced ligand expressed on tumor cells, macrophages, and endothelial cells.

NKG2A binds HLA-E, a specialized MHC class I molecule that reflects the presence of all other MHC molecules. This makes NKG2A a meta-checkpoint, monitoring the entire antigen-presentation system.



2.2 Signaling Architecture

PD-1

PD-1 contains:

	One ITIM

	One ITSM motif


These recruit SHP-2, inhibiting:

	CD28

	TCR signaling


This suppresses T-cell activation and proliferation.

NKG2A

NKG2A contains:

	Two ITIM motifs


These recruits:

	SHP-1 and SHP-2


They inhibit:

	TCR signaling

	NK-cell activation receptors

	Fc receptor (ADCC) pathways


Thus, NKG2A has a broader and stronger inhibitory footprint.



2.3 Immune Escape Strategy of Tumors

Tumors that resist PD-1 blockade often:

	Lose MHC-I

	Lose tumor antigens

	Escape T-cell detection


But they retain HLA-E, allowing them to suppress NK cells via NKG2A.

Therefore:

PD-1 controls exhausted T cells
NKG2A controls immune invisibility



2.4 Why NKG2A Blockade Is Mechanistically Superior in Some Cancers

NKG2A blockade restores:

	NK-cell killing

	Antibody-dependent cellular cytotoxicity

	Residual CD8⁺ T-cell function


––––––––
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It does not require:

	Neoantigens

	High tumor mutational burden

	Intact MHC-I


––––––––
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This makes it ideal for:

	Immune-cold tumors

	Metastatic disease

	PD-1-resistant cancers




Final Molecular Insight

PD-1 releases the brakes on exhausted soldiers.
NKG2A removes the cloaking device from the enemy.
That is why NKG2A-targeting monoclonal antibodies represent one of the most profound advances in cancer immunotherapy.



Structural Comparison Figure: NKG2A vs PD-1

Figure Title

Structural and Functional Comparison of the NKG2A–HLA-E and PD-1–PD-L1 Immune Checkpoints

Figure Layout 

Panel A — NKG2A–HLA-E Complex

	Tumor or target cell on the left expressing HLA-E + bound peptide

	NK cell / CD8⁺ T cell on right expressing CD94/NKG2A heterodimer

	Show the lectin-like domain of NKG2A engaging α1/α2 helices of HLA-E

	Label: 	NKG2A ITIM motifs

	SHP-1 / SHP-2 recruitment

	CD94 stabilizes the complex

	Peptide-dependent recognition




Panel B — PD-1–PD-L1 Complex

	Tumor cell expressing PD-L1

	T cell expressing PD-1

	Highlight the Ig-like extracellular domain of PD-1 binding PD-L1

	Label: 	ITIM and ITSM motifs

	SHP-2 recruitment

	Inhibition of TCR/CD28 signaling




Panel C — Comparative Overlay

	Side-by-side schematic of both complexes

	Color-code: 	NKG2A (blue) vs PD-1 (green)

	Ligand: HLA-E (orange) vs PD-L1 (yellow)



	Include arrows showing: 	NKG2A blocks NK + CD8⁺ T cell activation

	PD-1 blocks T-cell activation only




Caption:
NKG2A monitors MHC-I integrity via HLA-E and inhibits both NK and CD8⁺ T cells, whereas PD-1 inhibits T cells alone via PD-L1/PD-L2. The dual ITIM motifs in NKG2A allow broader inhibitory signaling compared with PD-1.



2. Computational Docking Model of NKG2A and Monalizumab

Figure Title

Molecular Docking of Anti-NKG2A Monoclonal Antibody (Monalizumab) to the Extracellular Lectin Domain

Figure Layout 
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Panel A — Surface Model

	NKG2A extracellular domain (lectin-like domain) rendered as semi-transparent surface

	Highlight HLA-E binding site in red

	Docked antibody Fab fragment shown in cyan

	Arrows indicate steric blockade of HLA-E interaction


Panel B — Interface Detail

	Zoom in on key residues at the NKG2A–antibody interface

	Hydrogen bonds and salt bridges drawn as dashed lines

	Label critical residues: 	NKG2A: Tyr123, Asp145, Lys148 (example residues for HLA-E interface)

	Monalizumab: CDR loops contacting the ITIM-proximal domain




Panel C — Functional Implication

	Schematic showing antibody binding prevents ITIM phosphorylation, blocks SHP-1/2 recruitment, and restores NK-cell cytotoxicity

	Optional: overlay with HLA-E docking site for comparison


Caption:
Computational docking predicts that monalizumab binds the extracellular lectin-like domain of NKG2A, sterically preventing HLA-E engagement while leaving CD94 association intact. This molecular blockade silences inhibitory signaling and reactivates cytotoxic lymphocytes.



2. Protein Structure and Receptor Assembly

NKG2A is a type II transmembrane protein belonging to the C-type lectin-like receptor (CLR) family. It consists of:

	A short cytoplasmic N-terminal tail

	A transmembrane domain

	An extracellular C-type lectin-like domain


NKG2A forms an obligate heterodimer with CD94, another CLR protein. CD94 provides structural stability and ligand binding, whereas NKG2A provides intracellular signaling capability.

The extracellular domain of CD94/NKG2A binds HLA-E in a peptide-dependent manner. HLA-E presents nonamer peptides derived from the signal peptides of classical MHC class I molecules (HLA-A, B, C, G). This allows NKG2A to monitor overall MHC class I integrity, making it a highly sensitive immune checkpoint.

HLA-E Upregulation and Tumor Immune Escape

Many malignant cells upregulate HLA-E as a mechanism of immune evasion. Unlike classical MHC class I molecules, which are often downregulated in cancer to avoid CD8⁺ T-cell recognition, HLA-E is frequently preserved or overexpressed. This allows tumor cells to maintain strong inhibitory signaling through NKG2A even when antigen presentation is defective.

High HLA-E expression has been observed in multiple malignancies, including:

	Head and neck squamous cell carcinoma

	Non-small-cell lung cancer

	Colorectal cancer

	Breast cancer

	Melanoma

	Leukemia and lymphoma


Clinically, elevated HLA-E levels correlate with reduced immune infiltration, impaired NK-cell function, and poor patient prognosis. This makes the NKG2A–HLA-E axis an attractive therapeutic target.
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Figure. Conceptual illustration of experimental systems in immunology. 
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Rationale for Targeting NKG2A

Traditional immune checkpoint inhibitors such as PD-1, PD-L1, and CTLA-4 primarily act on T cells. However, many tumors evade T-cell immunity by losing antigen presentation machinery, downregulating classical MHC class I molecules, or undergoing immunoediting. In these cases, NK cells become the dominant cytotoxic effector population because they recognize “missing self.”

NKG2A acts as a powerful brake on NK cells, preventing them from killing HLA-E–expressing tumor cells. Therefore, blocking NKG2A restores NK-cell–mediated tumor surveillance and complements T-cell–based immunotherapies.




ITIM-Based Signal Transduction
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Figure. Conceptual illustration

























	Ligand binding (e.g., HLA-E to NKG2A, PD-L1 to PD-1)

	Receptor clustering at the immunological synapse

	Phosphorylation of ITIM tyrosines by Src family kinases (e.g., Lck, Fyn)













	SHP-1 (PTPN6) – dominant in NK cells and myeloid cells

	SHP-2 (PTPN11) – more prominent in T cells and adaptive immune signaling





	SHP phosphatases bind via their tandem SH2 domains

	Binding induces a conformational change that activates catalytic activity

	Activated SHPs dephosphorylate proximal signaling substrates











	Vav1 (critical for actin remodeling and granule polarization)

	SLP-76

	PLCγ1/2

	Zap70 / Syk

	LAT





	Cytoskeletal rearrangement

	Calcium flux

	Degranulation (perforin, granzymes)

	IFN-γ production





	CD3ζ

	Zap70

	PI3K signaling intermediates

	CD28 costimulatory signaling





	TCR signal strength

	IL-2 production

	Clonal expansion

	Effector differentiation










	Higher affinity SHP recruitment

	Proximal positioning at the immunological synapse

	Ability to target multiple activating pathways simultaneously













	Allow simultaneous binding of multiple SHP molecules

	Increase signal stability and duration

	Enhance inhibitory breadth













	Inhibitory receptors colocalize with activating receptors at the central supramolecular activation cluster (cSMAC)

	This proximity enables rapid dephosphorylation of activation signals before downstream amplification












	


	


	


	


	


	



	


	


	



	


	


	



	


	


	














	Tumors exploit ITIM-bearing receptors to induce immune exhaustion

	Chronic ITIM signaling promotes: 	NK cell hyporesponsiveness

	T-cell exhaustion

	Immune escape
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	NKG2D

	DNAM-1

	NKp30, NKp44, NKp46

	CD16 (FcγRIIIa)
































	Signal integration at proximal activation nodes

	SHP-mediated dephosphorylation of shared substrates

	Long-term tuning of activation thresholds

	Prevention of autoreactivity without abolishing effector potential
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	TCR signaling

	NK activating receptor signaling

	ADCC pathways

	Cytokine-driven effector programs





































	Inhibits both NK cells and CD8⁺ T cells

	Enables tumor immune evasion independent of classical MHC class I

	Delivers strong, proximal ITIM-mediated inhibitory signals

	Plays a limited role in central tolerance, reducing safety concerns

	Synergizes with PD-1/PD-L1 blockade

	Exhibits favorable structural drugability















	HLA-E surface expression correlates with tumor grade and immune evasion in cancers such as colorectal carcinoma, lung cancer, and leukemia.

	HLA-E preferentially stabilizes NKG2A signaling without affecting activating receptors like NKG2D, creating selective inhibition of cytotoxic pathways.






	Vav1 and SLP-76 (cytoskeletal and signaling adapters)

	PLCγ1/2 (calcium mobilization)

	Zap70/Syk (proximal TCR/NK signaling)







	Hypoxia stabilizes HLA-E and increases NKG2A expression.

	TGF-β and prostaglandin E2 promote inhibitory receptor upregulation and reduce activating receptor expression.

	Adenosine accumulation in the TME further suppresses NK and T-cell activity.

	Myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages present additional HLA-E or secrete factors that enhance ITIM-mediated inhibition.







	NK cell hyporesponsiveness (“disarming”)

	CD8⁺ T-cell exhaustion, characterized by reduced proliferation, cytokine production, and cytotoxicity

	Resistance to PD-1/PD-L1 blockade, as NKG2A-mediated inhibition acts independently and upstream of classical checkpoint pathways







	Monalizumab (anti-NKG2A antibody) blocks HLA-E engagement, restoring NK and CD8⁺ T-cell cytotoxicity.

	NKG2A blockade synergizes with PD-1/PD-L1 inhibitors, particularly in tumors resistant to T-cell–restricted checkpoint therapies.

	Selective inhibition of NKG2A has a favorable safety profile due to its restricted role in peripheral immune regulation rather than central tolerance.






	Upregulation of HLA-E ensures inhibitory signaling even in MHC class I–low tumors.

	ITIM-mediated phosphatase recruitment suppresses multiple activating pathways.

	TME factors amplify inhibition and stabilize exhaustion.

	Chronic NKG2A signaling drives immune hyporesponsiveness and resistance to conventional checkpoint blockade.
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	Tumor cell expressing HLA-E (orange) presenting leader peptides.

	NK cell and CD8⁺ T cell (blue) expressing NKG2A/CD94.

	Arrows showing NKG2A engagement with HLA-E, ITIM phosphorylation, and SHP-1/2 recruitment (red arrows).

	Inhibitory effect on NK activating receptors (NKG2D, DNAM-1, CD16) and TCR/CD28.



	Zoom in on NKG2A cytoplasmic tail with dual ITIMs.

	Recruitment of SHP-1/SHP-2 phosphatases.

	Dashed arrows to downstream signaling intermediates: Vav1, SLP-76, PLCγ, Zap70/Syk.

	Result: blocked calcium flux, cytotoxic granule mobilization, and cytokine production.



	Show hypoxia, TGF-β, adenosine, and MDSCs interacting with NK and T cells.

	Arrows indicate upregulation of HLA-E and NKG2A, suppression of activating receptor expression.

	Highlight chronic inhibitory signaling leading to NK cell hyporesponsiveness and CD8⁺ T-cell exhaustion.



	Antibody (e.g., monalizumab, cyan) blocking HLA-E–NKG2A interaction.

	Restored NK and CD8⁺ T-cell cytotoxicity (orange arrows for granule release).

	Optional overlay showing synergy with PD-1 blockade (green pathway).



	Tumor cells: orange

	NK cells/CD8⁺ T cells: blue

	HLA-E: orange-yellow

	NKG2A/CD94: dark blue

	SHP-1/2: red

	Activating pathways: orange arrows

	Therapeutic antibody: cyan



	“MHC-independent evasion via HLA-E.”

	“Dual ITIM phosphorylation recruits SHP-1/2”

	“Suppression of NK and CD8⁺ T-cell cytotoxicity.”

	“Tumor microenvironment reinforces inhibition.”

	“Therapeutic blockade restores effector function.”













	NKG2A forms a heterodimer with CD94 and recognizes HLA-E on tumor or infected cells.

	Engagement of HLA-E triggers phosphorylation of dual ITIM motifs in NKG2A’s cytoplasmic tail.

	This recruits SHP-1 and SHP-2 phosphatases, which dephosphorylate signaling intermediates downstream of activating receptors (e.g., NKG2D, DNAM-1, TCR/CD28), resulting in inhibition of NK-cell and T-cell cytotoxicity.

	Anti-NKG2A antibodies bind to the extracellular lectin-like domain of NKG2A, sterically preventing HLA-E engagement while leaving CD94 heterodimerization intact.





	By preventing HLA-E binding, anti-NKG2A antibodies block ITIM phosphorylation, which: 	Prevents recruitment of SHP-1 and SHP-2

	Preserves downstream phosphorylation of Vav1, SLP-76, PLCγ, Zap70/Syk

	Restores activating signals from NK and CD8⁺ T-cell receptors



	The result is reinstatement of effector functions, including degranulation, cytokine secretion (IFN-γ, TNF-α), and target-cell killing.






	Anti-NKG2A antibodies relieve inhibition of multiple activating receptors (NKG2D, DNAM-1, CD16).

	Leads to granule polarization, target-cell lysis, and IFN-γ production.

	Restores the “missing-self” response in MHC class I–downregulated tumor cells.



	Blockade enhances TCR/CD28-mediated signaling.

	Reverses partial exhaustion induced by chronic NKG2A engagement.

	Improves proliferation, cytokine production, and cytotoxic activity.





	Anti-NKG2A therapy is complementary to PD-1/PD-L1 blockade: 	PD-1 inhibits primarily TCR/CD28 signaling.

	NKG2A inhibits both NK and CD8⁺ T cells through MHC-dependent ITIM pathways.



	Co-blockade can overcome resistance in tumors that exploit multiple immune checkpoints simultaneously.

	Potential combination with ADCC-inducing antibodies (e.g., anti-EGFR, anti-CD20) enhances NK-mediated antibody-dependent cellular cytotoxicity.





	NKG2A’s lectin-like extracellular domain provides a clear epitope for antibody binding without disrupting CD94 heterodimerization.

	Antibodies are typically IgG1 or engineered for reduced Fc effector function, to avoid off-target NK depletion via ADCC.

	Binding affinity and epitope specificity are optimized to maximally block HLA-E recognition while maintaining receptor expression on the cell surface.





	Anti-NKG2A monoclonal antibodies restore immune surveillance in tumors exploiting HLA-E–mediated inhibition.

	Demonstrated activity in combination with PD-1/PD-L1 inhibitors and therapeutic antibodies in preclinical and early clinical trials.

	Show a favorable safety profile, as NKG2A is primarily involved in peripheral tolerance rather than central tolerance.
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	Enhanced NK-cell cytotoxicity

	Increased interferon-γ and TNF-α production

	Improved CD8⁺ T-cell killing

	Restoration of immune synapse formation


















	Complementary inhibition: PD-1 primarily restrains T-cell receptor (TCR) and CD28 costimulatory signaling in CD8⁺ T cells. NKG2A inhibits both NK and CD8⁺ T cells via MHC-dependent ITIM signaling.

	Dual checkpoint blockade: Combining anti-NKG2A with PD-1/PD-L1 inhibitors can overcome adaptive immune resistance in tumors that exploit multiple inhibitory pathways.

	Clinical relevance: Preclinical models and early-phase clinical trials show enhanced tumor regression, increased cytokine production (IFN-γ, TNF-α), and expanded cytotoxic lymphocyte infiltration when both pathways are blocked.








	PD-1: Expressed predominantly on activated and exhausted CD8⁺ T cells, PD-1 contains ITIM and ITSM motifs. Upon PD-L1 engagement, PD-1 recruits SHP-2 phosphatase, which preferentially dephosphorylates CD28 and TCR-proximal signaling molecules, suppressing T-cell proliferation, cytokine production, and survival. PD-1 mainly affects adaptive immunity.

	NKG2A: Expressed on NK cells and CD8⁺ T cells, NKG2A contains dual ITIM motifs. HLA-E binding triggers recruitment of SHP-1 and SHP-2, suppressing multiple activating pathways including NKG2D, DNAM-1, CD16, and TCR/CD28 signaling. NKG2A affects both innate and adaptive cytotoxicity.






	Additive restoration of cytotoxicity: PD-1 inhibition restores TCR-mediated T-cell responses, while NKG2A blockade releases NK-cell inhibition and additional T-cell inhibition via ITIM signaling, resulting in additive or synergistic cytotoxic potential.

	Distinct but overlapping signaling nodes: While both pathways converge on phosphatase recruitment (SHP-2 for PD-1, SHP-1/2 for NKG2A), their substrate specificity differs, allowing simultaneous blockade to maximize signaling restoration.

	Enhanced effector cytokine production: Combined blockade increases IFN-γ, TNF-α, and granzyme B secretion from both NK and CD8⁺ T cells.





	Tumors upregulate PD-L1 and HLA-E concurrently in response to IFN-γ, hypoxia, or oncogenic signaling.

	This co-expression allows tumors to engage multiple inhibitory checkpoints simultaneously, dampening cytotoxic responses.

	Dual blockade is particularly effective in tumors resistant to single-agent therapy, overcoming adaptive resistance mechanisms and restoring immune infiltration.





	Preclinical models: In syngeneic and humanized mouse models, combined anti-NKG2A and anti-PD-1/PD-L1 therapy shows increased tumor rejection, NK/T-cell activation, and cytokine production compared with monotherapies.

	Clinical trials: Early-phase studies with monalizumab + PD-1/PD-L1 inhibitors in head and neck squamous cell carcinoma and other solid tumors indicate enhanced antitumor responses with manageable toxicity profiles.





	Increased cytotoxic lymphocyte infiltration into tumor sites.

	Reversal of T-cell exhaustion and NK-cell hyporesponsiveness.

	Synergistic antitumor activity: Tumors resistant to PD-1 blockade alone may respond when NKG2A is concurrently inhibited.

	Reduced immune escape: Tumors cannot simultaneously evade both NK-cell and T-cell-mediated immunity.






	Complementary targeting of innate and adaptive inhibitory pathways.

	Additive restoration of cytotoxicity and effector cytokine secretion.

	Overcoming adaptive tumor resistance mediated by co-expression of HLA-E and PD-L1.

	Enhancing immune infiltration and antitumor efficacy in preclinical and early clinical studies.






	NK cell–mediated ADCC: Many therapeutic antibodies, such as anti-EGFR, anti-HER2, or anti-CD20, rely on NK cells to mediate antibody-dependent cellular cytotoxicity (ADCC).

	NKG2A blockade enhances ADCC: By releasing inhibitory control on NK cells, anti-NKG2A antibodies increase degranulation and target lysis, improving the efficacy of ADCC-dependent antibodies.

	Clinical application: Combining monalizumab with cetuximab (anti-EGFR) has shown promising synergistic antitumor activity in head and neck squamous cell carcinoma (HNSCC).




















	Rituximab (CD20)

	Trastuzumab (HER2)

	Cetuximab (EGFR)

	Daratumumab (CD38)
















	IFN-γ

	Immune attack

	PD-1 therapy





	Degranulation

	Perforin release

	Granzyme secretion

	Death-receptor engagement













	


	


	


	



	


	



	


	



	


	
















	Targeting → monoclonal antibody binds tumor antigen

	Activation → FcγRIII (CD16) engagement

	Release from inhibition → NKG2A blockade














	Tumor antigens are released

	Dendritic cells cross-present

	CD8⁺ T-cell priming increases

	PD-L1 upregulation occurs

	More antibodies penetrate













	


	


	


	



	


	



	


	



	


	















	Rituximab in lymphoma

	Cetuximab in head & neck cancer

	Daratumumab in multiple myeloma

	Trastuzumab in HER2⁺ breast cancer



















	Cancer vaccines: Anti-NKG2A therapy can enhance vaccine-induced cytotoxic responses by restoring NK and CD8⁺ T-cell effector function.

	Adoptive cell therapy (ACT): In therapies such as CAR-NK or CAR-T, NKG2A blockade prevents inhibitory signaling from tumor-expressed HLA-E, boosting persistence, cytotoxicity, and cytokine release of transferred cells.

	Potential benefit: Reduces tumor-induced exhaustion in adoptively transferred immune cells, improving therapeutic durability.







	
	
	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	








	( k_1 ) = FcγR signaling efficiency
















	Stochastic NK behavior

	All-or-nothing degranulation
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	High antibody alone → weak killing

	Anti-NKG2A alone → weak killing

	Both together → explosive NK cytotoxicity










	Immunogenic cell death: Chemotherapy and radiotherapy can increase tumor antigen presentation and stress-induced ligands (e.g., MICA/B) for NK cells.

	NKG2A blockade maximizes immune response: By preventing ITIM-mediated inhibition, cytotoxic lymphocytes can better respond to chemotherapy- or radiotherapy-induced immunogenic signals.

	Combination effect: Enhances both innate and adaptive antitumor immunity, potentially leading to greater tumor regression and reduced relapse.





	NKG2A blockade can counteract suppressive signals in the tumor microenvironment, including hypoxia, TGF-β, adenosine, and regulatory myeloid cells.

	This enhances the effectiveness of other therapies that rely on effector immune function, including immunomodulatory drugs and checkpoint inhibitors.
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	Activates NK cells

	Induces IFN-γ

	Promotes DC cross-presentation

	Recruits CD8⁺ T cells

	Converts immune-cold tumors to immune-hot






	MHC-I-negative clones

	HLA-E-high clones







	NSCLC

	Head & neck

	Ovarian

	AML

	Multiple myeloma



	HLA-E⁺

	NK-rich

	MHC-I variable



























	Tumor antigens

	MHC-I

	TCR recognition

	PD-1/CTLA-4 checkpoint blockade









	Antigen loss

	MHC-I downregulation

	PD-L1 expression





	Evade T cells

	Evade NK cells simultaneously









	NK cells can drive tumor rejection

	NK cells shape the tumor microenvironment

	NK cells enable T-cell recruitment









	A firewall controlling the whole network, not just one node.








	PD-1 reactivates T cells

	IFN-γ induces HLA-E

	HLA-E engages NKG2A

	NK cells and CD8⁺ T cells are shut down







	Immunotherapy was T-cell–centric

	NK-cell therapies were niche



	NK and T cells are understood as a single integrated system

	Checkpoint therapy became multilayered



	CTLA-4

	PD-1
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NKG2A-Targeting Monoclonal Antibodies in Cancer
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Figure 2: Computational Docking — Monalizumab to NKG2A
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