
 
 

ALVEOLAR MACROPHAGE EXPRESSED NKR-P1B INTERACTS WITH CLR-G 

ON TYPE-II PNEUMOCYTES TO MODULATE ALVEOLAR MACROPHAGE LIPID 

METABOLISM AND SURVIVAL  

 

 

 

By 

 

 

 

Michal Scur 

 

 

Submitted in partial fulfilment of the requirement  

For the degree of Doctor of Philosophy 

 

 

at 

 

Dalhousie University 

Halifax, Nova Scotia 

November 2021 

 

Dalhousie is located in the Miôkmaôki, the 

Ancestral and unceded territory of the Miôkmaq. 

We are all Treaty people 

 

© Copyright by Michal Scur, 2021 



ii 
 

DEDICATION  

I dedicate this thesis to my parents for the love and unconditional support throughout this 

journey and to Alexa Wilson, whose and love and support has become an inseparable part 

of my life.   



iii 
 

TABLE OF CONTENTS  

 

List of Tables .................................................................................................................... ix 

List of Figures .....................................................................................................................x 

Abstract ........................................................................................................................... xiv 

List of Abbreviations Used ..............................................................................................xv 

Acknowledgments ........................................................................................................ xxiii  

Chapter 1: Introduction  ....................................................................................................1 

1.1 General Classes of Pattern Recognition Receptors ....................................................1 

1.1.1 Pattern Recognition Receptors ............................................................................1 

1.1.2 C-type lectin (CLEC) Receptor Function ............................................................4 

1.1.3 CTLR Function and Non-canonical Interactions ................................................9 

1.1.4 CLEC and CTLR Non-Immune Functions........................................................13 

1.1.5 CLEC and CTLR signalling ..............................................................................14 

1.2 NK Cell Receptors ...................................................................................................20 

1.2.1 NKRP1 And Clr Receptor/Ligand Family ........................................................21 

1.2.2 NKRP1 Cell Signalling and Function ...............................................................25 

1.2.3 Non-Canonical NKRP1 Function ......................................................................28 

1.3 Tissue-Resident Macrophages ..................................................................................31 

1.3.1 Macrophage Origins and Tissue Resident Function ..........................................31 

1.3.2 Macrophage Population Dynamics ....................................................................36 

1.3.3 Determinants of Macrophage Fate and Tissue Differentiation .........................40 

1.4 Alveolar Macrophages .............................................................................................45 

1.4.1 AM Overview and Development.......................................................................45 

1.4.2 AM Pathogen Interactions .................................................................................46 



iv 
 

1.4.3 Mouse Models of Pulmonary Infection .............................................................43 

1.4.4 Homeostatic AM Roles .....................................................................................52 

1.4.5 Surfactant Secretion and AM Lipid Metabolism ...............................................55 

1.4.6 AM Unique Identity Factors ..............................................................................60 

Chapter 2: Materials and Methods ................................................................................63 

2.1 Experimental Model and Subject Detail ..................................................................63 

2.2 Tissue Processing and Flow Cytometry ...................................................................63 

2.3 Histology and Confocal Microscopy ........................................................................65 

2.4 Electron Microscopy ................................................................................................67 

2.5 TMRE Assay ............................................................................................................67 

2.6 2-NBDG Assay ........................................................................................................68 

2.7 Lipid Uptake Assays and NKR-P1B Cross-linking .................................................68 

2.8 In situ Hybridization .................................................................................................69 

2.9 In situ Tetramer Staining ..........................................................................................70 

2.10 S. pneumoniae and IAV (FMMA) Infections .........................................................70 

2.11 In vivo BrdU Assay ................................................................................................71 

2.12 In vitro Proliferation Assay ....................................................................................71 

2.13 In vivo Drug Treatment ..........................................................................................72 

2.14 NK Cell Depletion ..................................................................................................72 

2.15 Transfections ..........................................................................................................72 

2.16 Immunoprecipitations .............................................................................................73 

2.17 RNA Sequencing ....................................................................................................74 

2.18 qPCR Analysis .......................................................................................................75 

2.19 Lipidomics Analysis ...............................................................................................76 

2.20 Statistical Analysis .................................................................................................77 



v 
 

Chapter 3: Characterization of NKR-P1B Deficiency .................................................79 

3.1 Nkrp1b-/- Mice Exhibit Greater Mortality and Morbidity Upon Infection With S. 

pnuemoniae ....................................................................................................................79 

3.1.1 6-week-old Nkrp1b-/- and 12-week-old Nkrp1b+/- Mice Have a Drastic 

Decrease in Survival Rates .........................................................................................79 

3.1.2 Nkrp1b-/- Mice Experience Greater Bacterial Burden and Increased Pulmonary 

Pathology Post Pneumococcal Infection ....................................................................81 

3.1.3 NK NK Cell Depletion or Absence of Clr-b Have No Effect on Survival Rates 

Following Pneumococcal Challenge ..........................................................................84 

3.2 AMs Express NKR-P1B And Nkrp1b-/- Mice Show a Time-Dependent Collapse of 

The AM Population Followed by A CCR2 Mediated Recovery at Steady-State ..........87 

3.2.1 NKR-P1B Is Expressed on AMs and Nkrp1b-/- Mice Exhibit a Slow Age- 

Dependent Collapse of the AM Niche ........................................................................87 

3.2.2 Reconstitution of AMs In Nkrp1b-/- Mice is CCR2-Dependent ........................94 

3.2.3 Other Major Tissue-Resident Macrophages Appear to Have Normal Numbers 

in Nkrp1b-/- Mice And do not Express NKR-P1B ......................................................96 

3.2.4 CD103+ DC Numbers Follow an Inverse Relationship Relative to AMs in 

Nkrp1b-/- Mice ............................................................................................................97 

3.2.5 AM Defect in Nkrp1b-/- Mice is Independent of GM-CSF Regulation and Clr-b-

/- AMs do not Phenocopy Nkrp1b-/- AMs nor Express Aberrant Levels Of NKR-P1B

 ....................................................................................................................................98 

3.3 Nkrp1b-/- AMs Exhibit Altered Cell Morphology Compared to WT AMs ............102 

3.3.1 NKR-P1B Deficiency Leads to Altered AM Physical Characteristics ...........102 

3.3.2 Nkrp1b-/- AMs Are Larger and Have Many Electron Poor Inclusions Most 

Prominent at 6 Weeks Of Age and Which Resolve at 12 Weeks of Age .................103 

Chapter 4: Functional Consequences of NKR-P1B Loss ...........................................105 

4.1 Nkrp1b-/- AMs Exhibit Altered Lipid Metabolism .................................................105 



vi 
 

4.1.1 Nkrp1b-/- AMs are ORO And PAS Positive, Mostly Present at 6 Weeks of Age 

and Resolve at 12 Weeks of Age ..............................................................................105 

4.2 In Vitro Resolution of Nkrp1b-/- AM Foam Cell Phenotype ..................................111 

4.2.1 Foam Cell Phenotype Appears to Auto-Resolve After In Vitro Culture of 6-

Week-Old Nkrp1b-/- AMs .........................................................................................111 

4.2.2 Adding Surfactant to Media of Either WT or Nkrp1b-/- AMs Fails to 

Recapitulate the ORO Positive Phenotype In Vitro .................................................114 

4.3 Nkrp1b-/- AMs Experience Cell Cycle Disruption That Impairs Their Ability to 

Self-Renew In Vivo While Showing Normal Proliferative Capacity In Vitro .............116 

4.3.1 Nkrp1b-/- AMs Show Signs of Cell Cycle Deficiency and S-Phase Arrest .....116 

4.3.2 Both WT And Nkrp1b-/- AMs Proliferate In Vitro Upon GM-CSF Stimulation

 ..................................................................................................................................119 

4.4 RNA-Seq and Lipidomic Analysis Indicates NKR-P1B Signalling Regulates 

Critical Metabolic Genes Preventing the Formation of Lipid Droplets Containing Toxic 

Lipid Species  ...............................................................................................................123 

4.4.1 Cell Cycling, Metabolic/Immune Profile and Serine/Threonine Kinase Activity 

Is Affected by Loss of NKR-P1B .............................................................................123 

4.4.2 Lipidomic Analysis Indicates Severe Dysfunction of Surfactant Components, 

Diacylglyceride and Cholesterol In Nkrp1b-/- AMs .................................................128 

4.4.3 Combining RNA-seq and Lipidomics Allows Us to Build an Integrated 

Genomic/Lipidomic Model to Highlight the Accumulation of Lethal Lipid Droplets 

in Nkrp1b-/- AMs ......................................................................................................130 

Chapter 5: Mechanism of NKR-P1B Signalling in AMs  ............................................132 

5.1 Lipid Uptake Dynamics of AMs as a Factor Of NKR-P1B Stimulation ...............132 

5.1.1 Cross-Linking of WT AMs Results in Differential Regulation of Certain Key 

Metabolic Genes as Analyzed by qPCR ...................................................................132 

5.1.2 Increased Rates of PC and PG in Nkrp1b-/- AMs ............................................133 

5.1.3 GM-CSF Appears to Have no Effect on AM Rates of Lipid Uptake ..............136 



vii 
 

5.1.4 AM Phagocytosis Appears to be Unaffected...................................................138 

5.1.5 AMJ-C11 Transfected With NKR-P1B Show Similar Lipid Uptake Kinetics as 

Primary AMs When Subjected to NKR-P1B Cross-linking ....................................141 

5.2 Excess Lipid Uptake by Nkrp1b-/- AMs can be Partially Inhibited In Vitro and In 

Vivo ...............................................................................................................................143 

5.2.1 AKT Inhibition Abrogated Aberrant Lipid Uptake in Nkrp1b-/- AMs In Vitro 

 ..................................................................................................................................143 

5.2.2 P38 MAPK Inhibition Restored Ki67 Levels in AMs In Vivo ........................145 

 

5.2.3 SSO Administration In Vivo Allows for a Slight Increase in Nkrp1b-/- AM 

Numbers ...................................................................................................................148 

5.2.4 Inhibition Of HMG-CoA Pathway via Pravastatin Moderately Improves AM 

Numbers in 5-Week-Old Nkrp1b-/-;Ccr2-/- ...............................................................148 

5.3 Analysis of NKR-P1B Signalling in The Context of AMs ....................................151 

5.2.1 SHP-1 Appears to be Recruited o NKR-P1B Tto Facilitate Downstream 

Signalling ..................................................................................................................151 

5.4 Clr-g as an Alternate Ligand for NKR-P1b ...........................................................154 

5.4.1 In Situ Hybridization Indicates Presence of Clr-G in The Lung Epithelium ..154 

5.4.2 Confocal Microscopy Indicates Binding of NKR-P1B Tetramers to Type II 

Pneumocytes in Clrb-/- Mice .....................................................................................156 

5.4.3 Potential Alternate Ligand is Downregulated Upon S. Pneumoniae and IVA 

Infection ....................................................................................................................159 

5.4.4 NKR-P1B Tetramers Bind to MLE-12 Cells Transfected with Clr-G 

Confirming Tissue-Specific Expression and Binding Capability of Alternative 

Ligand .......................................................................................................................161 

5.4.5 Human AMs Appear to Show Some Expression of the Only Currently 

Identified NKR-P1 Homolog (NKR-P1A) ...............................................................163 



viii 
 

Chapter 6: Discussion ....................................................................................................167 

6.1 AM Mediated Pulmonary Defense in the Context of NKR-P1B ...........................168 

6.2 Distinct Role of NKR-P1B in Liver Monocyte-Derived, Tissue-Resident AMs ...169 

6.3 Unique Requirements of NKR-P1B Signalling in AM Function ...........................173 

6.4 Metabolic and Cell Cycle Dysfunction in Nkrp1b-/- AMs Is Dependent on 

Confounding Factors Present in the Alveolar Environment ........................................174 

6.5 NKR-P1B Loss in AMs Results in the Breakdown of Multiple Signalling Pathways 

Likely Mediated Through NKR-P1B Mediated SHP-1 Signalling ..............................178 

6.6 Analysis of Human AMs Hints at Possible Expression of NKR-P1A ...................180 

6.7 Consequences of Clr-g Being a Potentially New Interacting Partner for NKR-P1B

 ......................................................................................................................................181 

Chapter 7: Conclusions and Limitations .....................................................................183 

References .......................................................................................................................189 

Appendix .........................................................................................................................229 

  



ix 
 

List of Tables 

Table 1.1: Non-Exhaustive List of CLEC and CTLR Memberséééééé.éééé6 

Table 1.2: Table Showing the Varied Functions of Different Organ Resident Macrophage 

populationséé...ééééééééééééééé.éééééééééééé.36  

Table 2.1: List of Antibodies Used For Flow Cytometryéééééééééééé..65 

Table 2.2: Table of Primers Used in This Workéééééééééééééééé78  



x 
 

List  of Figures 

Figure 1.1: Known toll-like and rig-like receptors and their signalling 
pathwaysé..........................................................................................................................2 

Figure 1.2: TLR and well described CLECs and their signalling 
pathwaysé..ééééééééééééééééééééééééééééé....9 

Figure 1.3: Various known C-type lectin like receptors, their ligands and known 
interacting partnersééééééééééééééééééééééééééé.13 

Figure 1.4: Canonical signalling pathways common to 
CLRséééééééééééééééééééééééééééééééé..16 

Figure 1.5: Non-canonical and alternative CLEC/CTLR signalling 
mechanismsééééééééééééééééééééééééééééé....19 

Figure 1.6: Partial Model of the NK gene complexééééééééééééé.......21 

Figure 1.7: Graphical depiction of the NKRP1 gene locusééééééééééé...22 

Figure 1.8: C-type lectin domain fold crystal (CTLD) structure of NKR-P1B/Clr-bé...24 

Figure 1.9: Schematic showing NKR-P1 receptors, Clr-ligands, their interaction and 
known signalling mechanismsééééééééééééééé...ééééééé26 

Figure 1.10: NKR-P1B locus amino acid sequenceéééééééééééééé...28 

Figure 1.11: Resident macrophage ontogeny of various organs and 
tissueséééééééééééééééééééééééééééééééé.32 

Figure 1.12: Development of tissue-resident macrophages from precursor populations..33 

Figure 1.13: Origins and Self-renewal mechanisms of known tissue-resident macrophage 
populationséééééééééééééééééééééééééééééé.38 

Figure 1.14: Repopulation strategy of the alveolar niche under different depletion 
methodsééééééééééééééééééééééééééééééé..40 

Figure 1.15: Tissue-specific factors governing tissue-resident macrophage identityéé44 

Figure 1.16: AM development and population composition throughout an individualôs 
lifespanééééééééééééééééééééééééééééééé...46 

Figure 1.17: Lung cell physiology, in situ, under steady-state conditionséééééé47 

Figure 1.18: Common consequences of pulmonary infection in animal models and their 
use in quantifying severity and disease progressionéééééééééééééé..51 

Figure 1.19: Standard surfactant compositionéééééééééééééééé...54 

Figure 1.20: Surfactant assembly and secretionéééééééééééééééé56 

Figure 1.21: Surfactant uptake and degradation by AMséééééééééééé..58 

Figure 1.22: Communication between AMs and alveolar epithelial cellséééééé.59 

Figure 3.1: Pneumococcal challenge in Nkrp1b-/- miceééééééééééééé.80 

Figure 3.2: Pneumococcal challenge in Nkrp1b+/- miceééééééééééééé80 



xi 
 

Figure 3.3: H/E staining of WT and Nkrp1b-/- mouse lungs post pneumococcal 
challengeééééééééééééééééééééééééééééééé81 

Figure 3.4: Pathological analysis of lungs from WT and Nkrp1b-/- mice post 
pneumococcal infectionééééééééééééééééééééééééé.83 

Figure 3.5: CFU analysis of lavage fluid from WT and Nkrp1b-/- mice post pneumococcal 
challengeééééééééééééééééééééééééééééééé84 

Figure 3.6: Pneumococcal challenge in WT mice post NK-cell depletionéééééé85 

Figure 3.7: Comparison of vulnerability to pneumococcal infection of WT and Clrb-/- 
miceééééééééééééééééééééééééééééééééé86 

Figure 3.8: Immune cell numbers in the lungs of WT and Nkrp1b-/- mice at steady-
stateééééééééééééééééééééééééééééééééé88 

Figure 3.9: Cytometric analysis of AMs in WT and Nkrp1b-/- mice from ages 2-12 
weekséééééééééééééééééééééééééééééééé..89 

Figure 3.10: Microscopic analysis of AMs in WT and Nkrp1b-/- mice from ages 2-12 
weekséééééééééééééééééééééééééééééééé..90 

Figure 3.11: Expression profile of AM cell surface markersééééééééééé.91 

Figure 3.12: Expression profile of NKR-P1B on the surface of AMsééééééé...93 

Figure 3.13: Cytometric analysis of AMs in WT, Nkrp1b-/- and Nkrp1b+/- mice at 6, 8 and 
12 weeks of ageéééééééééééééééééééééééééééé..94 

Figure 3.14: Cytometric analysis of AMs in WT, Nkrp1b-/- and Nkrp1b-/-Ccr2-/- mice at 6, 
8 and 12 weeks of ageééééééééééééééééééééé.éééé...95 

Figure 3.15: Numbers of tissue-resident macrophages specific to the liver, spleen and 
peritoneal cavityéééééééééééééééééééééééééééé.97 

Figure 3.16: Numbers of CD103+ DCs in the lungs of WT and Nkrp1b-/- miceéé..é.98 

Figure 3.17: Evaluation of lung GM-CSF secretion and AM GM-CSFr expressioné....99 

Figure 3.18: Numbers of AMs in the lungs of WT, Nkrp1b-/- and Clrb-/- mice at steady-
stateéééééééééééééééééééééééééééééééé..100 

Figure 3.19: Expression of NKR-P1B on the surface of AMs in WT and Clrb-/- mice...101 

Figure 3.20: Cell morphology characteristics of WT and Nkrp1b-/- AMs as determined by 
flow cytometryéééééééééééééééééééééééééééé.102 

Figure 3.21: TEM analysis of AMs from WT and Nkrp1b-/- mice at steady-stateé......104 

Figure 4.1: PAS staining of lungs from WT and Nkrp1b-/- miceééééééééé.106 

Figure 4.2: ORO staining of lungs from WT and Nkrp1b-/- miceééééééééé107 

Figure 4.3: Amplex-red assay conducted on AMs isolated from 6-week-old WT and 

Nkrp1b-/- AMséééééééééééééééééééééééééééé..108 

Figure 4.4: CD36 expression on WT and Nkrp1b-/- AMséééééééééééé109 



xii 
 

Figure 4.5: TMRE staining of AMs shows no obvious signs of mitochondrial 

dysfunctionééééééééééééééééééééééééééééé...110 

Figure 4.6: Nkrp1b-/- derived AMs uptake glucose faster compared to WT AMs...éé111 

Figure 4.7: In vitro culture of WT and Nkrp1b-/- AMs results in loss of ORO 

positivityéééééééééééééééééééééééééééééé..113 

Figure 4.8: Incubation of WT and Nkrp1b-/- AMs in surfactant enriched media does not 

increase in ORO positivityéééééé...ééééééééééééééééé115 

Figure 4.9: Ki67 expression profile of WT and Nkrp1b-/- AMsééééééééé..117 

Figure 4.10: In vivo BrdU analysis of AM proliferation in WT and Nkrp1b-/- miceé...118 

Figure 4.11: Analysis of proliferative capacity of WT and Nkrp1b-/- AMs in vitroéé121 

Figure 4.12: Double nucleated phenotype of Nkrp1b-/- AMs post in vitro cultureéé..122 

Figure 4.13: Major areas of genetic dysregulation in NKR-P1B deficient AMsééé127 

Figure 4.14: Genes related to lipid metabolism and general metabolic activity are 

dysregulated in Nkrp1b-/- AMséééééééééééééééééééééé128 

Figure 4.15: Lipidomic analysis shows significant differences in lipid species present in 

WT and Nkrp1b-/- AMsééééééééééééééééééééééééé129 

Figure 4.16: Dysregulation of AM lipid metabolism through NKR-P1B ablation leads to 

accumulation of toxic lipid species inside the AMéééééééééééééé..131 

Figure 5.1: qPCR analysis of WT AMs, Nkrp1b-/- AMs and WT AMs subjected to 2D12 

mediated cross-linkingééééééééééééééééééééééééé.133 

Figure 5.2: Differential lipid uptake in Nkrp1b-/- AMsééééééééééééé134 

Figure 5.3: Differential lipid uptake observed in WT AMs crosslinked with 2D12é...136 

Figure 5.4: Differences in lipid uptake in WT AMs subjected to 2D12 mediated cross-

linking with or without the presence of GM-CSFéééééééééééééé...137 

Figure 5.5: Analysis of phagocytosis in WT and Nkrp1b-/- AMs as analyzed by fluorscent 

bead uptakeééééééééééééééééééééééééééééé..139 

Figure 5.6: Analysis of phagocytic ability of WT and Nkrp1b-/- AMs through engulfment 

of fluorescent cancer cellséééééééééééééééééééééééé140 

Figure 5.7: Expression of NKR-P1B on AMJ-C11 cells stably transfected with PLJM-1 

lentiviral vectorééééééééééééééééééééééééé.éé...141 

Figure 5.8: Cross-linking of AMJ-C11 cells results decrease in lipid uptakeéééé.142 

Figure 5.9: MK2206 mediated inhibition of AKT results in decreased lipid uptake in 

Nkrp1b-/- AMséééééééééééééééééééééééééééé..144 



xiii 
 

Figure 5.10: Levels of phosphorylated P38-MAPK in WT and Nkrp1b-/- 

AMséééééééééééééééééééééééééééééééé.145 

Figure 5.11: SB203580 administered in vivo appears to rescue Ki67 expression in 

Nkrp1b-/- AMséééééééééééééééééééééééééééé..147 

Figure 5.12: In vivo statin administration resolves Nkrp1b-/- AM lipid accumulation 

phenotypeéééééééééééééééééééééééééééééé.150 

Figure 5.13: Co-immunoprecipitation of SHP-1 with NKR-P1Bééééééééé152 

Figure 5.14: Co-immunoprecipitation of NKR-P1B with SHP-1ééééééééé153 

Figure 5.15: In situ hybridization of Clr-g probes to WT mouse lungs indicates presence 

of Clr-gééééééééééééééééééééééééééééééé.155 

Figure 5.16: Validation of NKR-P1B tetramer staining by cytometry and confocal 

imagingééééééééééééééééééééééééééééééé157 

Figure 5.17: NKR-P1B tetramer staining overlaps with P-SPC staining in both WT and 

Clr-b deficient mouse lung sectionséééééééééééééééééééé.158 

Figure 5.18: Potential new ligand responds to infections as seen through NKR-P1B 

staining of WT and Clr-b deficient mice infected with S. pneumoniae or IAVééé..160 

Figure 5.19: NKR-P1B tetramers bind to Clr-g expressed on MLE-12 cellséééé..162 

Figure 5.20: Analysis of CD161 expression on human AMs and monocyteséééé.165 

Figure 5.21: Confocal analysis of CD161 expression on human AMsééééééé165 

Figure A1: SSO administration in vivo appears to partially rescue AM numbers in 

Nkrp1b-/- miceéééééééééééééééééééééééééééé..229 

Figure A2: Gating strategy used for human AM isolationééééééééééé..229 

  



xiv 
 

ABSTRACT 

Alveolar macrophages (AMs) are specialized, tissue-resident macrophages at the 

frontline of pulmonary defense against inhaled pathogens, and surfactant homeostasis. To 

perform these roles, AMs undergo cellular programming in response to tissue- and cell-

specific signals elicited by the pulmonary niche. However, the tissue-specific 

mechanisms that guide AMs metabolism have remained elusive. We show that the 

natural killer (NK) cell-associated receptor, NKR-P1B, expressed on AMs plays a critical 

role in inducing AM metabolic programming. Nkrp1b-/- mice exhibit significant 

vulnerability to pneumococcal infections due to an age-dependent collapse in their AMs 

population. AMs derived from Nkrp1b-/- mice show abnormal rates of surfactant lipid 

uptake and dysregulated surfactant metabolism. We also find that an interaction between 

AMs expressed NKR-P1B, and type-II pneumocyte expressed Clr-g, provides a critical 

link required to induce and fine tune AMs metabolic profile, thus outlining the first 

example of a tissue-specific, receptor-ligand interaction acting as a determinant of AMs 

metabolism. 
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CHAPTER 1: INTRODUCTION  

1.1 General classes of pattern recognition receptors 

1.1.1 Pattern recognition receptors 

Pattern recognition receptors or PRRs, are a group of highly conserved receptors capable 

of detecting a wide variety of carbohydrate, lipid, protein, and glycoprotein ligands1. 

Many of the molecular patterns recognized by PRRs tend to be pathogen-associated and 

in some cases host-associated as they are released into the extracellular matrix due to 

damage and inflammation2. The majority of PRRs can be divided into 2 categories based 

on their cellular localization, being either bound to the surface membrane or on 

endosomal vesicles. These can be broken down further into a further 4 major PRR 

families: Toll-like receptors (TLRs), C-type lectin receptors (CLRs and the related family 

C-type lectin-like receptors CTLRs), retinoic acid-inducible gene 1-like receptors- (RIG-

I), and nucleotide-binding oligomerization domain receptors (NOD)3 as seen in Fig.1.1. 

 



2 
 

 

Figure 1.1: Known toll-like and rig-like receptors and their signalling pathways. 

The majority of toll-like receptors tend to be expressed on the cell surface where they can 

most easily interact with their classical bacterial/yeast-derived ligands. This is true for 

TLRs 1,2,4,5,6 and 11. These receptors signal primarily through Myd88 to achieve 

downstream NFəB activation and stimulation of immune cells. Intracellular TLRs, 

including TLRs 3,7,8, and 9 are found in endosomes where they are more likely to 

encounter their classical viral ligands. Intracellular TLRs signal primarily through 

Myd88. However, TLRs 3 and 4 have been experimentally shown to possess the ability to 

signal through a Myd88 independent signalling cascade which involves the activation of 

TRIF and/or TRAF to achieve immune activation. RIG and NOD-like receptors are found 

free in the cytoplasm of cells where they sample the intracellular environment for viral 

particles or damage-associated molecular patterns (DAMPs) respectively. Figure adapted 

from Jaeger et al, 20154 

There has been also widespread acceptance of another class of PRRs called absent 

in melanoma-2 (AIM2)-like receptors (ALRs). These receptors are present in most 

species, with bats being an interesting exception, and tend to be expressed primarily on 

macrophages and dendritic cells5. ALRs play a role in detecting cytosolic DNA through 

direct binding via their Hin domain and a protein-protein binding Pyrin domain. The end 

result being activation and modulation of cellular interferon responses6. 
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Toll-like receptors were one of the first to be discovered with 10 functional 

receptors identified in humans including one pseudogene (TLR11)7,8. TLRs recognize a 

wide variety of pathogen-associated molecular patterns (PAMPs) with particular TLRs 

being specifically tailored to recognize one or two classes of PAMPs. Hence, TLR7/8 and 

TLR9, which are located in endosomal membranes are specific for single-stranded RNA 

and CpG DNA respectively, viral and bacterial components most likely encountered 

through viral entry into the cell or phagocytosis7. While TLR4, located on the cell surface 

is specific against lipopolysaccharide of Gram-negative bacteria which is where it is most 

likely to come into contact with bacterial cell membranes7,9,10. Upon activation of these 

receptors, signalling can proceed either through a Myd88-dependent or Myd88 

independent mechanism to elicit an inflammatory response resulting in immune cell 

activation, cytokine secretion, and if possible activation of phagocytosis11. Conversely, 

RIG-I is a specialized receptor involved mainly in anti-viral defenses. It is especially 

proficient at binding double-stranded or single-stranded RNA, especially if no 5ô cap is 

present, from many different viral families including rhabdoviruses and 

orthomyxoviruses among others12. The binding of RIG-I tends to result in the activation 

of anti-viral responses and secretion of antiviral proteins such as IFN-Ŭ in a MAVS-

dependent manner12. Through this mechanism, RIG-I can behave like an early, viral 

detection protein and initiator of anti-viral responses that have managed to bypass the 

TLR-mediated system of viral nucleic acid detection, thus providing redundancy and a 

secondary viral detection mechanism for viruses that bypass or remain hidden within 

endosomes. 
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 Similar to RIG-I receptors, NOD receptors and their close relatives NOD-like 

receptors (NLRs) are also specialized PRRs that intracellular pathogens including 

peptidoglycan motifs (N-acetylglucosamine) of Gram-positive bacteria and other ligands 

such as flagellin (NOD2) and viral single-stranded RNA (NLRB)13. Activating these 

receptors serves to engage anti-viral defenses and general cellular activation and cytokine 

secretion similar to RIG-I receptor and other PRRs13. However, some NLRs, specifically 

NALP3 which is a component of the inflammasome14, can detect damage-associated 

molecular patterns (DAMPS) such as uric acid crystals found in gout sufferers15 as well 

as silica dust and asbestos filaments14 which irritate the lung epithelium and eventually 

results in epithelial destruction and DAMP release. All these receptors are evolutionarily 

well conserved and display a remarkable variety of different ligand-binding capacities 

which has resulted in a cellular repertoire of early detection systems that is large, varied, 

and usually accompanied by multiple redundancies. Nowhere is this more typified than in 

the last class of PRRs the C-type lectins and C-type lectin-like receptors, which 

demonstrate remarkable ligand binding capacity as well as signalling roles that go beyond 

simple immune activation. 

1.1.2 C-type lectins (CLECs) function 

The CLEC and CTLR families of receptors are the most evolutionarily diverse and 

numerous group of PRRs in the mammalian repertoire16. There have been several 

attempts to group this highly diverse receptor family into more manageable divisions 

with the most recent iteration resulting in the creation of 17 different sub-categories17. 

Owing to the familyôs large repertoire, covering them all is beyond the scope of this 

thesis, but certain categories warrant discussion and special attention: the various 



5 
 

collectins and selectins (which, respectively, bind to PAMPs to induce 

aggregation/opsonization and are responsible for cellular adhesion), the large variety of 

NK-cell related CLECs/CTLRs, and some unique proteins that nonetheless contain a 

CLEC domain, thus opening the door to some interesting protein-protein interactions and 

signalling possibilities. A non-exhaustive table of the 17 major families of CLECs as well 

as a representative member, its distribution and function can be found in table 1.1  

# Group name Members Distribution  Binding motifs and 

ligands 

1 Lecitans/Hyalec

tins 

(Proteoglycans) 

Aggrecan core protein 

(AGC1, CSPG1, Agc1) 

Cartilage, ECM carbohydrate recognition by 

CTLD 

2 Type 2 

receptors 

Mincle Macrophage 

inducible C-type lectin 

(CLEC4E, CLECSF9) 

cDC, monocytes, 

macrophages, B-cells, 

neutrophils, Kupffer cells 

putative Ca2+-binding site 

2 motif is present 

3  Collectins SP-D Pulmonary 

surfactant protein D 

(SFTPD, collectin-7, 

SFTP4, PSPD) 

ECM, expressed by Clara, 

Type II, alveolar 

macrophages) 

carbohydrate recognition by 

CTLD 

4 Selectins L-selectin (SELL, 

CD62L, LECAM-1, 

LAM -1, LYAM-1, Leu-

8, TQ1, gp90-MEL, 

Ly22) 

All leukocytes CTLDs bind the 

carbohydrate 

5 NK receptors NKG2D Natural killer 

group receptor 2D 

(KLRK1, CD314) 

NK cells, ɔŭ, and CD8+ T 

cells 

Non-Ca2+ binding 

6 MMR family MMR Macrophage 

mannose receptor 

(MRC1, CD206, 

CLEC13D, hMR ) 

MDDC, BMDC, M2 

macrophages, iDC, 

mesangial cells, 

perivascular microglia, 

endothelial cells 

No Ca2+ -binding site 

motif 

7 Free CTLDs / 

Reg 

REG2 Regenerating 

family member 1ɓ 

(lithostathine-1-beta 

Reg1B, PSP-2, PTP, 

Reg2, Lithostathine-2, 

RegII,) 

Secreted, ɓ-cells  No Ca2+ -binding site 

motif 

8 Type 1 

receptors 

Layilin (LAYN)  Epithelial cells, 

chondrocytes, synoviocytes 

Ca2+-binding, although the 

motif is unusual (EPS) 

9 Tetranectin 

family 

Osteolectin Stem cell 

growth factor 

(CLEC11A, SCGF, 

LSLCL, p47, 

CLECSF3) 

Secreted, osteoblasts, 

osteocytes, hypertrophic 

chondrocytes 

Contain Ca2+ binding motif 

but not carbohydrate 

binding in CTLD 

10 Polycystin 

family 

Polycystin 1 Autosomal 

dominant polycystic 

kidney disease 1 protein 

(PC1, PKD1) 

Renal cilia Ca2+ and carbohydrate 

binding 

11 Attractin family Attractin  (ATRN, 

DPPT-L, MGCA 

T-cells, secreted Unknown 
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mahogany protein, Mg) 

12 CTLD/acidic 

neck 

EMBP Eosinophil 

granule major basic 

protein  (PRG2, BMPG, 

EMBP, MBP ) 

Eosinophils Unknown 

13 Type 1 CTLD 

/LDL containin 

protein 

DiGeorge Syndrome 

Critical Region Gene 2 

(DGCR2, IDD, Sez12) 

Bone No Ca2+ -binding site 

motif 

14 Endosialin 

family 

CD93 Complement 

component C1q 

receptor (C1QR1, 

MXRA4, Ly68, Aa4, 

C1aRp) 

Endothelial cells, iDC, 

monocytes, macrophages 

plasma cells 

Ca2+-binding, putative 

carbohydrate binding 

15 Type I CTLD-

containing 

protein 

Bimlec (CD302) fetal lung, liver, spleen and 

kidneys 

Unknown 

16 SEEC domain Souble protein 

containing SCP, EGF, E

GF and CTLD domains 

(SEEC) 

 Uncharacterized CTLD has potential Ca-

carbohydrate-binding motif 

(QPD) 

17 Proteoglycans FREM1 FRAS1-related 

extracellular matrix 

protein 1 (QBRICK) 

ECM, expressed by 

epithelial and mesenchymal 

cells 

No Ca2+ -binding site 

motif 

Table 1.1 Non-exhaustive list of CLEC and CTLD members. 

Table showing the 17 members of the CLEC and CTLR families with a representative 

member, its tissue distribution, ligands and binding motif(s). Table compiled from the 

works of both Brown, et al 201818 and Zelensky, et al 200517 

One of the main features distinguishing CLECs from the CTLRs is the 

requirement for calcium in ligand recognition. CLECs require a Ca2+ ion for efficient 

glycan-binding whereas CTLRs lack any type of ionic requirement for ligand 

recognition19. However, there exists significant overlap as to whether a receptor is a 

CLEC and CTLR as many of these receptorsô binding domain structures have not been 

fully elucidated20. Therefore, receptors previously classified as CLECs or CTLRs 

continue to be reshuffled as more information is determined and this is shown in the 

literature where the same receptor may appear classified as both a CLEC and a CTLR 

depending on the time of publishing.  

Due to CTLRôs Ca2+ independence, they can recognize a large variety of ligands 

which includes lipids and protein on top of the canonical carbohydrate ligands via their 

unique carbohydrate-binding domains (CBD) which constitute the vast majority of CLEC 
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interactions21. The canonical, but not exclusive, role for both CLECs and CTLRs is to 

serve as PRRs on myeloid-derived immune cells to recognize various pathogen-

associated molecular patterns (PAMPs) and initiate appropriate signalling cascades which 

can lead to immune activation2. Many of these receptors are classified as collectins and 

selectins but some fall outside of a specific classification scheme owing due either to the 

unique role they perform or their unique, cell-specific expression pattern.  

Pertinent examples of CLECs, with TLRs as a reference PRR, listed in Fig1.2, 

include mannose receptor (CD206) which are present in most vertebrates and mainly, but 

not exclusively on macrophages. CD206 is mainly used to recognize mannose, fucose, 

and sulfate glycans residues present on bacterial membranes through multiple CTLDs to 

initiate immune responses22. Additionally, ovalbumin-antigen studies on mannose 

receptor-deficient mice have shown that lack of mannose receptor on DCs results in a 

lack of cross-presentation by DCs, while classical MHC-II presentation remains 

unimpaired23. The mechanism of mannose receptor influence on antigen presentation is 

not fully elucidated but these observations show that CLECs possess unique functional 

roles depending on cell type and context. DC-SIGN is a prototypical CLEC which enjoys 

wide distribution in mammals with several homologs identified24. It is expressed on 

macrophages and DCs, containing a single, calcium-containing CBD domain that 

functions primarily as a mannose receptor25 that exclusively initiates phagocytosis. 

Demonstrating the variable function of CLECs depending on the context and ligand 

available, DC-SIGN has also been shown to act as an adhesion molecule through its 

binding of ICAM326. MICL which is expressed primarily on monocytes, granulocytes 

and NK cells while enjoying wide mammalian distribution with orthologs in birds and 
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reptiles27, is an interesting example. Since most CLECs have a role in binding pathogen-

derived molecules MICL, appears to bind exclusively endogenous ligands28, thus hinting 

at a potential immunomodulatory role for this receptor. Indeed, a later report has 

demonstrated that MICL plays a role in inhibiting innate immune responses and may also 

play a pivotal role in regulating runaway inflammation present during rheumatoid 

arthritis29. The fact this receptor plays such a prominent immunomodulatory role instead 

of the traditionally associated pro-inflammatory role of CLECs highlights the diversity 

not only of CLEC-ligand interactions but also of vastly different and complex roles 

CLECs play in immune homeostasis. Another intriguing example is the newly discovered 

receptor DCL-1 which was discovered within the DC-205 receptor locus as a perhaps 

alternate form of this receptor and is mostly expressed on myeloid cells with some NK 

expression30. The ligand for DCL-1 is unknown, yet it appears to play a role in 

endocytosis and cell-cell adhesion on macrophages30, further demonstrating the varied 
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functions that CLECs can exhibit.

 

Figure 1.2: TLR and Well described CLECs and their signalling pathways. 

Extracellular TLRs which are PRRs and related to CLECs, work mainly through a 

MyD88 independent pathway and may act to synergize with other CLECs to promote cell 

activation. Dectin-1, Dectin-2, and MINCLE interact with Syk through ITAM (Y) motifs 

to induce activation of protein kinase Cŭ which in turn activates the Card9, Bcl-10, and 

MALT1 complex which induces transcription of various pro-inflammatory mediators. It 

should be noted that while Dectin-1 possesses an ITAM, Dectin-2 and MINCLE require 

the use of the ITAM present on an FcRɔ chain receptor, with which these two receptors 

dimerize to phosphorylate Syk. DC-Sign and Dectin-1 can also signal through the Raf1 

pathway which modulates effects of TLR and other CLEC signalling, while the exact 

mechanism of mannose receptor (MR) signalling is not fully elucidated. Figure adapted 

from Hardison & Brown, 2012. 31 

 

1.1.3 CTLR function and non-canonical interactions 

The CTLR family of receptors (Fig. 1.3), functionally Ca2+ independent, also 

comprises a wide array of signalling capable molecules with a large variety of ligand 
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specificities which can lead to a multitude of downstream effects based on the type of 

ligand and cell-type expression of receptors. Examples of some well-characterized 

CTLRs include DECTIN-1, expressed on myeloid cells and B-cells across higher order 

mammals and rodents, which responds to beta-glucans to mediate anti-fungal immunity32. 

DECTIN-1 in particular is a canonical CTLR example because it has a single CBD 

identical to DC-SIGN but contains no calcium ion and is more similar to NK-cell lectin 

receptors and other MHC-I binding proteins33. Other prototypical CTLRs include the 

LOX-1 receptor, expressed in most mammals and includes a human ortholog, is likewise 

present on macrophages and endothelial cells, serving mainly as a low-affinity receptor 

for oxidized-LDL and may play a role in atherosclerotic lesion formation34. The CTLR 

CLEC-2, a member of the DECTIN-1 superfamily conserved in most high order 

mammals, is mainly expressed on platelets and DCs whose only known ligand is 

podoplanin whose binding serves to activate platelets and promote aggregation35. 

Conversely, on DCs, CLEC-2 appears to work synergistically with LPS sensor TLR-4 to 

enhance the production of IL-10, suggesting a role in inflammation resolution towards 

the end stage of Gram-negative bacterial infection36. The above examples demonstrate 

the large variety in both ligand binding capacity and the consequences of such on the 

varied cell types expressing CTLRs. CLEC-1 has been confounding researchers for quite 

some time as it still has no known ligand and signalling remains poorly characterized 

despite being discovered more than a decade ago. It appears to be expressed on most 

myeloid cells and its expression is downregulated by inflammatory stimuli and 

upregulated by resolving cytokines, specifically TGF-ɓ37. This receptor is also one of the 

few that is predominantly found intracellularly, adding further confusion as to its role and 



11 
 

ligand38. Although studies have shown that disruption of CLEC-1 appears to upregulate 

IL -12 secretion by DCs contributing to further exacerbation of Th1 responses39,40.  

 Fig. 1.3 highlights some of the more well-characterized CTLRs and their 

respective ligands. It should also be noted that most CTLRs containing immunotyrosine 

activating motifs (ITAM) bearing domains or recruit adaptors which are able to then 

subsequently signal through their ITAM. Immunotyrosine inhibitory motifs (ITIM) 

containing CTLRs are in the minority and thus also fewer studies as noted by the lack of 

a defined ligand for DCIR and MICL. Most ITAMs contain a consensus sequence that is 

approximately defined as YXXL/I(X 6-8)YXXL/I with X denoting any amino acid41. 

ITIMs, on the other hand, contain a consensus amino acid sequence that is usually 

denoted as (I/V/L/S)-X-Y-X-X-(L/V), with X representing any amino acid42. Usually 

dimerization43 of signalling motif bearing receptors is required to achieve 

phosphorylation of the docking sites but that is not always the case. The mechanism of 

ITIM and ITAM signalling will be discussed, with examples, further below. 

Outside of these classically defined ligands and functional roles, C-type lectin-

like receptors have been known to bind several non-canonical ligands to produce cellular 

effects that go beyond simple immune activation. TLR-4 has been shown to induce the 

transition of macrophages into foam cells in an oxidized low-density lipoprotein 

mediated manner, thus showing its importance in atherosclerotic plaque formation and 

ability to influence macrophage metabolism44. Likewise, other studies have outlined the 

importance of the TLR-2, TLR-4 and CD36 axis in macrophage dysregulation leading to 

foam cells formation achieved by the binding of lipid species not normally associated 

with TLRs44ï46. LOX-1, as discussed above, is expressed in significant amounts on 
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macrophages and tends to bind oxidized LDL in a low-affinity manner. However, DCs 

express low levels of LOX-1 as well, but in this context authors have found that it is also 

able to bind Hsp70 and promote antigenic cross-presentation on DCs47, thus making it a 

potential target molecule for cancer therapies that rely on immunogenic cell death to spur 

anti-tumor responses. MINCLE (Clec4e), expressed on mammalian myeloid cells and 

possibly B-cells, presents a particularly interesting case because canonically associates 

with FcRɔ to signal but it is also known to form heterodimers with MCL (Clec4d) to 

promote efficient phagocytosis and to synergistically increase ligand affinity of both 

receptors48. Likewise, MINCLE usually binds pathogen-derived glycolipids such as those 

present on the surface of mycobacterial membranes49, but recent evidence has shown that 

it is able to bind a wide variety of other ligands including cholesterol sulfate50 and 

products of cell death such as SAP13051. BDCA2 presents another puzzling case as it is 

present on human pDCs but lacks a mouse homolog52. The canonical ligands for BDCA2 

include CpG DNA, similar to TLR-9, as well as galactose residues which happen to be 

preferentially expressed on many tumor cells52,53. However, a study has demonstrated 

that BDCA2 is able to bind glycan residues present on many immunoglobulin species, 

thus acting as an Fc receptor and a sink for antibodies in response to excess Ig presence 

in the bloodstream due to runaway inflammation.54 

  All of these factors demonstrate the flexible and highly complex nature of 

interactions between CLECs and CTLRs. The ability to bind ligands ranging from lipids, 

proteins, and glycoproteins plus the ability to form heterodimers provide these receptor 

families with a wide variety of cell type-dependent effects, which also translates into the 
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variable nature of CLEC and CTLR signalling. 

 

Figure 1.3: Various known C-type lectin-like receptors, their ligands, and known 

interacting partners. 

Most CTLRs tend to be present on the surface of cells to interact with PAMPs such as 

carbohydrate residues unique to yeast and bacterial cells such as podoplanin, fibronectin 

and galactose. Some of them such as Dectin-1 and Clec-1 contain the tri-acidic domains 

DDD, DED respectively which are thought to play a role in phagocytosis and signal 

modulation of CTRLs and TLRs, specifically through Raf-1. For those receptors which 

contain an ITAM signalling is achieved through the recruitment of Syk kinase to allow 

for further NF-əB activation and signal transduction. Others such as MCL and Mincle, 

dimerize with FcRɔ to take advantage of the ITAM present on the FcRɔ receptor to 

initiate signalling cascades. This can be contrasted with MICL and DCIR, which bear 

ITIM domains on their cytoplasmic tails. These motifs have been known to recruit src-

homology containing phosphatase ½ (SHP1/2). These phosphatases then play a role in 

signal modulation by dephosphorylating Syk or the further downstream activating factor 

NF-əB.. Figure adapted from Chiffoleau, 2018.38 

 

1.1.4 CLEC and CTLR non-immune functions 

 On top of their immune function, CLECs and CTLRS have been observed to play 

a role in homeostasis and tissue maintenance. CLEC-2 has been implicated in the 

development of and maintenance of bone marrow hematopoietic stem cells55. The authors 

were able to positively link CLEC-2 expression on megakaryocytes to the secretion of 

thrombopoietin, thus providing an explanation for the gradual decline in hematopoietic 

stem cells observed in CLEC-2 deficient mice55. Surfactant proteins (SP-A, B, C and D), 
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a highly conserved group of 4 secreted CLEC proteins exclusive to the alveolar 

epithelium, possess critical roles not only in immune defense56 but also in maintaining the 

coherence and other physical properties of pulmonary surfactant57,58. Without surfactant 

proteins maintaining the lipid/protein surfactant emulsion the respiration would not be 

possible. Another report has found that mannose receptor in tandem with 

asialoglycoprotein receptor are responsible for regulating circulating glycoprotein 

levels59. Mice double deficient for both of these CLECs showed elevated levels of thirty 

glycoproteins while females specifically showed retention of luteinizing hormone leading 

to complications with parturition59. Another good example of significant non-immune 

function among CLECs and CTLRs is CLEC-11a which is a secreted, calcium dependent 

glycoprotein conserved in primates and rodents60. CLEC-11a was found to promote 

osteogenesis both in vitro and in vivo and mice deficient in it suffered accelerated aging-

related bone loss and reduced capacity to heal bone fractures61.  

 Research on CLECs and CTLRs continues to show that these receptors can play 

much more subtle and intricate roles in an organism than simply immune function. Many 

of them appear to have a significant role in cell development, maintenance and 

homeostasis as well. This flexibility in function also coincides with their wide array and 

flexibility in signalling capabilities.  

1.1.5 CLEC and CTLR signalling 

As mentioned previously, CLECs and CTLRs possess ITAMs or ITIMs or are 

able to recruit effectors with signalling capabilities in order to exert their downstream 

functions. The vast majority of canonical CLEC signalling takes place via Syk 

recruitment to the ITAM, the ITAM being either incorporated into the receptor itself 
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(MINCLE) or borrowed from others such FcRɔ,(Dectin-1) and producing a wide variety 

of downstream activating functions depending on ligand and cell type expressing the 

receptor62. This is in contrast to ITIM bearing CTLRs which tend to recruit SHP-1 and 

SHP-2 to their ITIM domains thus producing an inhibitory signal to suppress activation 

or cellular responses63 (Fig 1.4). Outside of these canonical signalling pathways, CLECs 

and CTLRs display some unusual signal transduction mechanisms as well. DC-SIGN in 

particular offers a very intriguing case study as to the flexibility of CLEC/CTRL 

signalling since it does not possess any known signalling motifs; relying exclusively on a 

cascade of scaffolds and mediators to produce downstream effects. If DC-SIGN binds 

mannosylated ligands it will associate with the LSP1-KSR1-CNK signalling complex 

leading to Raf-1 activation and cellular activation and enhanced pro-inflammatory 

responses64. In contrast, the binding of fucosylated ligands causes the signal complex to 

fall apart leaving on LSP1 in association with DC-SIGN. This complex then recruits 

IKKŮ which causes repression of Bcl mediated TLR signalling and promotes secretion of 

anti-inflammatory cytokines and overall Th2 skewing of cell activation65. This 

mechanism of variable DC-SIGN signalling offers an insight into the flexibility and wide 

variety of signalling potential present in this receptor family class. Outside of these 

canonically defined signalling pathways, CLECs and CTLRs show remarkable variability 

in their signalling mechanisms (Fig 1.4), such as the ability of DECTIN-1 to 

preferentially recruit Raf-1 instead of Syk to order to drive non-canonical NF-əB 

signalling in helper T-cells66, further demonstrating the flexible signalling characteristics 

of this receptor family. 



16 
 

 

Figure 1.4: Canonical signalling pathways common to CLRs. 

Most canonical CLEC/CTLR activating signalling involves dimerizing with FcRɔ to 

utilize its tandem repeats for the recruitment of Syk. Activating CLECs/CTLRs rely on a 

hemi-ITAM on their cytoplasmic which, while shorter, is able to recruit Syk and initiate 

the downstream signalling cascade which culminates in activation of NFAT, NF-əB and 

P38/JNK signalling. ITIM bearing receptors such as DCIR recruit SHP-1/2 to inhibit and 

modulate activating signals and other pro-inflammatory cascades. Lastly, receptors such 

as DC-SIGN do not possess any intrinsic activating or inhibitory domains but through 

heterodimerizations with other receptors and interactions with differentially modified 

ligands, such as mannosylated versus fucosylated, can trigger downstream cascades that 

could be either activating or inhibitory. Figure adapted from del Fresno et al., 2018.67 

 

As such, CLEC and CTLR signalling mechanics has been an active area of 

research and has shed light on the flexibility of these receptors to produce signalling 

events that appear to deviate from the norm and are in some cases even paradoxical (Fig 

1.5).  CLEC/CTLR signalling is influenced by not only the ligand but also whether 

homodimerization or heterodimerization occurs, which can have significant implications 
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for downstream signalling by potentially turning an ITAM bearing receptor responsible 

for an activating cascade into an inhibitory cascade. Such is the case of CLEC12A, where 

engagement with TLR-2 causes an inflammatory cascade28 while engagement with CD40 

causes an inhibitory cascade within dendritic cells68. Another good example would be the 

Dectin-2 and Dectin-3 heterodimer, the homodimers of which are known to associate 

with and recognize beta-glucans present in yeast cell walls62. Likewise, A recent report 

has demonstrated that the Dectin-2,3 heterodimer configuration is much more capable at 

recognizing and eliciting NF-kB mediated immune responses against C. albicans fungal 

infection than either homodimer alone69. 

Another intriguing example is the notion of the activating ITIM. Once again, CLEC12A 

(normally a suppressive receptor that controls sterile inflammation) has been found to 

enhance interferon responses controlled by RIG-I in response to viral infections70. The 

authors demonstrate that a bifurcation signalling event is responsible for this since the 

signalling effect was independent of  SHP1/2 activation indicating the need for a different 

downstream kinase or phosphatase activation70. CLEC4A presents another intriguing 

example that contains an ITIM that functions in an activating manner by inducing type-I 

interferon secretion from DC cells upon binding of specific tuberculosis related ligands, 

hypothesizing that the ITIM may be acting as a molecular sink in this context, forcing 

SHP-1/2 to dock but not allowing them to exert downstream inhibitory functions.71 

Lastly, Ly49Q, an ITIM bearing receptor usually associated with natural killer cell 

inhibition, has been found to paradoxically induce IFNŬ secretion by pDCs72,73. The 

mechanism for this non-canonical signalling is currently unknown but is thought that 
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perhaps that it may act in an activating manner in the presence of TLR-7 and TLR-9 

agonists or may be working in conjunction with DAP-1272. 

This flexibility can be further exemplified by a CLEC signalling phenomenon referred to 

as non-activating hemiITAM signalling, since it does not require dimerization and allows 

for the binding of only a single phosphor-kinase protein. This is best exemplified through 

the function of DNGR-1, whose hemiITAM can potentiate cross-presentation by CD11+ 

DCs to T-cells74 as well as priming CD8+ T-cell memory responses75 but it not involved 

in any classically defined inflammatory cascade that CLECs and CTLRs are known for 

(NFAT or NFəB activation). Other reports have shown that hemiITAM, Syk-mediated 

signalling of Dectin-1 in response to fungal pathogens can be modified through the 

specific cellular localization of Dectin-1 isoforms76. This represents another avenue for 

control of CLEC signalling depending on the location of the particular isoform of the 

receptor. 

As the previously discussed phenomenon of an activating ITIM signalling pathway there 

have been reports published which highlighted the ability of an ITAM to act in a 

paradoxically inhibitory manner. A classic example of this notion is MINCLE which 

usually participates in activating immune signalling cascades through Syk upon 

stimulation. Yet, it has been found that under certain conditions of low-affinity ligand 

binding to Leishmania antigens, MINCLE can assume an inhibitory ITAM conformation 

which allows for transient Syk binding thus resulting in SHP-1 recruitment and a 

dampening of what would normally be an activating immune response77. A similar SHP-

1-dependent response has been shown involving the mannose receptor. Upon binding of 

m. tuberculosis to MR couple to FcRɔ, SHP-1 is recruited to the phagosome where it 
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inhibits degradation of the bacterium and thus allowing it to proliferate inside the 

macrophage78.  

Taken together, the C-type lectin-like family of receptors demonstrates that the varied 

expression of these receptors coincides with their significantly varied functionality. The 

ability of these receptors to promiscuously bind different ligands, form non-canonical 

hetero or homodimers, and to induce contradictory signalling such as activating cascades 

through ITIMs or inhibiting cascades through ITAMs, makes this family of receptors an 

important and particularly difficult area to investigate. 

 

Figure 1.5: Non-canonical and alternative CLEC/CTLR signalling mechanisms. 

(A) DNGR-1, closely related to Dectin-1, has subtle mutations in the Syk binding domain 

which allow it to detect and internalize dead cells and potentiate cross-presentation but 

fail to upregulate inflammatory cytokine secretion. (B) Receptors such as MINCLE and 

MCL form heterodimers which increase the affinity for their shared fungal ligand and 

increase rates of internalization. (C) Binding of a soluble leishmania ligand in a low- 

affinity fashion produces a hypophosphorylated ITAM which preferentially recruits 

SHP1/2 and is used to modulate signalling from other receptors. Varying ligand avidity 

and affinity may play a role in immune homeostasis. (D) SHP-2 has been shown to act as 

a scaffold for the recruitment of kinases such as Syk which then enable downstream 

activation signalling, thus resulting in situation where a traditionally defined inhibitory 

phosphatase acts as a facilitator for activating signalling. Figure adapted from del Fresno 

et al., 2018  67 
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1.2 NK cell receptors 

A very closely CLEC-related family are NK cell receptors. Unlike T-cells, NK 

cells do not undergo receptor recombination instead of having all of their receptors hard-

coded into the genome in what has been termed the NK-gene locus79. Thus, to make up 

for the lack of recombination capacity, the NK cell receptor repertoire is large and 

composed of several different families of related receptors which all contribute to NK-

cell functioning. NK cells operate on a balance of input signals received from their 

various surface receptors as they interact with the target cell. The net summary of these 

interactions determines whether an NK-cell will engage the target cell or whether it will 

move on to find a different target80. In mice, these receptors can be classified into 

families such as the Ly49s, NKG2s and NKR-P1s81,82 (Fig 1.6). Many of these receptors, 

including the NKR-P1 and Clr family fall into the C-type lectin like receptor class, which 

along with the canonical CLECs discussed previously form a large and diverse family of 

receptors present mostly on immune cells and that carry out a wide array of 

immunological function as demonstrated in the preceding sections.  

Some of the more notable receptors in the NK family of CLECs include the Ly49 

family which serves as the mouse homolog for the well-known KIR family of 

proteins83,84. The Ly49 family of receptors performs a similar immunosurveillance 

function to KIRs85, but also has a role to play in NK cell education86 as well as NK cell 

memory formation87. Other well-known members of the NK gene cluster are the 

receptors of the NKG2 family. These receptors function by binding to stress ligands and 

other proteins expressed on the surface of target cells which may be undergoing 
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cancerous transformation or an active viral infection. The majority of these receptors tend 

to be activating, such as NKG2C and NKG2D84. NKG2D, for example, interacts with 

ligands like MIC-A and MIC-B, that are upregulated in stressed cells such as those 

undergoing transformation or viral infection88. NKG2A, is an example of an inhibitory 

NKG2 family receptor, and it tends to bind to HLA-E on humans and Qa-1b on mice in 

what is thought to be analogous to other NK-cell inhibitory interactions89. Lastly, and 

most intriguingly, surfactant proteins A and D, part of the collectin family of CLECs and 

present in pulmonary surfactant, are also known to contain CLEC domains90 and have 

well-characterized signalling and immunological functions. 

 

Figure 1.6: Partial Model of the NK gene complex. 

Relative spaced model of the NK gene complex showing the major family member in 

centromeric order as seen on chromosome 6. Brackets indicate a gene product with 

known no known function and no assigned name. Figure adapted from Carlyle et al. 2008 
81 

 

 

1.2.1 NKRP1 and Clr receptor/ligand family 

Turning now to the last major NK-cell receptor family, the NKR-P1s, this family 

of receptors and ligands possess some unique and interesting qualities. They are located 

in the NK gene complex along with the other NK-cell receptors discussed previously but 

the NKR-P1 receptors are inherited together with their ligands on one single locus82 (Fig 
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1.7). These receptors tend to form homodimers and are classified officially as class II 

transmembrane C-type lectin-like receptors91,92. Another unique feature of the NKR-P1 

family is that while the receptors are considered to be C-type lectin-like receptors their 

ligands (the Clr proteins) are C-type lectin related proteins93 which opens up interesting 

possibilities regarding binding capability between CTLRs as well as to their potential 

function. Conservation of this family is evidenced in its presence among mice, rats, dogs, 

cattle, and humans, indicating that this gene family plays a significant role in immune 

functioning83.  

Among rodents, the locus itself is composed of the NKR-P1 receptors A, G, C, 

B/D, F, and the pseudogene E as well as the Clr ligands h, f, g, d, c, a, and b with Clr i, e, 

and j representing known pseudogenes which have now lost functionality.  

 

Figure 1.7: Graphical depiction of the NKRP1 gene locus. 

All known NKR-P1 and Clr family members in centromeric sequence as seen on 

chromosome 6. Triangles depict the direction of orientation of the gene and color depicts 

their known function as follows: activating (green), inhibitory (red), half green/half red 

(bifunctional), pseudogene (blue), unknown function (purple). Figure adapted from 

Carlyle & Kirkham, 2014. 82 
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While the receptor family shows good conservation among rodents, so far only one 

human homolog of the NKR-P1 family has been identified. Specifically, the interacting 

partners NKR-P1B/D and Clr-b, identified and described in mice, has been characterized 

in humans as well and given the name of NKR-P1A (CD161) 94for the receptor and LLT1 

for the ligand83,95. The receptor being expressed on almost all NK cells and a subset of 

CD3+ T-cells, however this does not rule out the presence and function of other NKR-P1 

receptors in humans96. 

Structurally, these molecules have been shown to interact with other proteins82 but 

can also recognize high weight carbohydrates in a Ca2+ independent manner97. The NKR-

P1 family is thought to exist primarily as homodimers as has been demonstrated with 

NKR-P1B and Clr-b, however, heterodimeric structures are theoretically possible as 

well98. Interestingly, the human NKR-P1A and CLEC9A, appears to be most structurally 

related to the mouse NKR-P1B, which may present an opportunity for direct translational 

research99. Significantly less is known about the mouse Clr and human LLT1 proteins in 

terms of structure and composition with some evidence pointing to a similarity between 

LLT1 and CD69100. However, a recent study analyzed the crystalized structure of NKR-

P1B bound to Clr-b (Fig. 1.8). The study has determined that optimal binding affinity is 

achieved through an NKR-P1B dimer interacting with two Clr-b homodimers in order to 

achieve optimal avidity101. Likewise, uncovering these crystal structures provides 

additional evidence of the likeness between NKR-P1B and human NKR-P1A as well as 

the high homology and conservation between Clr-b and Clr-g101 which could imply the 

possibility of potential alternative binding partners for NKR-P1B. 
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Figure 1.8: C-type lectin domain fold crystal (CTLD) structure of NKR-P1B/Clr-b. 

Comparisons between CTLDs of NKR-P1B:Clr-b and closely related molecules such as 

the human NKR-P1A and mouse Clr-g. Ŭ-helices are in red and disulfide bonds depicted 

as green sticks. Crystal structures show striking conservation of CTLD features between 

NKR-P1B:Clr-b and NKR-P1A and Clr-g  101.  
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1.2.2 NKRP1 and cell signalling and function 

Similar to Ly49s and NKG2D, the NKR-P1 family contains receptors that can 

exhibit either an inhibitory or an activating effect upon the NK cell. As mentioned 

previously, the NKR-P1s are C-type lectin-like molecules that bind other proteins as well 

as long-chain carbohydrates97. Likewise, the structural similarities between the NKR-P1 

family of receptors as well as their Clr ligands suggest that there is significant potential 

for cross-reactivity and promiscuity between receptor-ligand pairs. Based on experiments 

elucidating the roles of NKR-P1s and Clr binding upon NK-cell physiology, evidence has 

shown that there are several activating members of the NKR-P1s, including NKR-P1A, 

C, and F, which stimulate NK cell cytotoxic immune responses, and NKR-P1B/D, and G, 

which inhibit NK cell responses81,98,102,103. Further experimentation has revealed that 

NKR-P1F, as well as NKR-P1G, have several interacting partners, Clr-c, -d and -g for 

NKR-P1F and Clr-d, -g and -f for NKR-P1G93,104 (Fig 1.9). However, the interacting 

partners of NKR-P1A, NKR-P1C as well as Clr-a and Clr-h are currently unknown.   
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Figure 1.9: Schematic showing NKR-P1 receptors, Clr-ligands, their interaction and 

known signalling mechanisms. 

Schematic showing known interactions between NKRP1 and Clr family members. NKR-

P1F and G have several interacting partners (Clr c, d, and g and Clr d, g and f 

respectively), NKR-P1B has been shown to interact with only Clr-b. Whereas NKR-P1A 

and C have no described interactions. All known activating NKR-P1 members signal 

through dimerization with FcRɔ to exert their activating effects, whereas the inhibitory 

NKR-P1G and B/D contain integrated ITIM domains in their cytoplasmic tail and likely 

exert their inhibitory effects through recruitment of SHP-1.  

Mechanisms of signalling through the NKR-P1 receptors have been slowly 

elucidated over time. The activating receptors, appear to follow a canonical FcRɔ 

receptor-mediated ITAM signalling path. For example, NKR-P1C was experimentally 

demonstrated to require FcRɔ binding in order to promote the secretion of IFNɔ in 

stimulated NK and NKT-cells105,106. All of the activating NKR-P1 receptors contain 

residues specifically required for FcRɔ association as opposed to DAP12 association as 

well as  the presence of an Lck and PLCɔ recruitment motif designated (CxCPR/H) and 
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(YxxL) respectively107 which is quite similar to the CD4 and CD8 T-cell co-receptor. 

NKR-P1C was experimentally verified through co-immunoprecipitation to recruit lck in a 

fashion similar to the T-cell co-receptor108. The NKR-P1F receptor, however, while 

retaining the sequences necessary to recruit the FcRɔ receptor appears to be missing the 

canonical YxxL recruitment motif which may relegate it to a more co-stimulatory role as 

opposed to directly stimulating93. In general, FcRɔ phosphorylation of activating NKR-

P1s leads to downstream signalling through the recruitment of Syk and further signal 

transduction into the cell109. 

Conversely, both NKR-P1G and NKR-P1B both contain a consensus ITIM motif 

designated as ūxYxxū110,111. In the context of NKR-P1B, this ITIM motif has been 

shown to recruit SHP-1 in NK cells when stimulated with pervanadate92 to begin a 

downstream signalling cascade. NKR-P1G also appears to contain this canonical motif 

but lacks the recruitment sequence for lck93, implying that perhaps it requires a 

costimulatory molecule or a co-receptor for optimal functioning.  

This is in contrast to the human NKR-P1A which contains neither a canonical 

ITIM nor an lck recruitment motif but appears to have a non-canonical motif (AxYxxL) 

that has the theoretical potential to function as a weak ITIM112. CD161 has also been co-

immuno-precipitated with complexes of lck, Fyn and Lyn, at least in the context of NK-

cells113. Figure 1.10 illustrates the ITIMs and ITAMs, transmembrane domain, the CxCP 

Src kinase binding domain and the amino acid differences between inhibitory and 

activating NKR-P1 family members, highlighting their cellular signalling potential. 
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Figure 1.10: NKR-P1B locus amino acid sequence. Amino acid sequences of NKR-

P1B, A and C highlighting the ITIM domain, CxCP Src binding domain as well as the 

charged transmembrane portion of the receptor. Adapted from Carlyle et al, 199992. 

 

Progress on uncovering the detailed mechanism of action of these receptors as 

well as potential binding partners have been slow. This has been compounded by a lack 

of antibodies against the NKR-P1s or the Clrs, scarcity of mouse knockout models, and 

high potential for glycosylation82,114, all of which make reaching definitive conclusions 

difficult. Nonetheless, some very interesting work has been done to reveal the function 

and binding interactions of both the NKR-P1 receptors as well as their Clr ligands. 

1.2.3 NKR-P1 non-canonical function 

The role of NKR-P1 receptors is for the most well defined in the context of NK-

cells, since their presence was first detected on this cell type at the time of their initial 

discovery. Likewise, while we know that NKR-P1B sends an inhibitory signal into the 

NK-cell, the ubiquitous expression of its ligand Clr-b means that this receptor-ligand pair 

is part of a larger system. This system acts as an MHC-I independent recognition system 

that protects cells from NK cell-mediated cytotoxic responses as has been demonstrated 
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by our group and others when examining the interaction between Clr-b deficient target 

cells and NKR-P1B expressing NK cells81,115,116. A recent report has also demonstrated 

overexpression of LLT1 on human prostate cancer, likely a result of a mutation that 

serves to evade detection by NK cells by inhibiting NK activity through NKR-P1A117. 

This evidence serves to demonstrate the functional homology as a non-MHC-I method of 

immune surveillance, thus prompting the possibility of functional conservation between 

mice in humans in other aspects of the NKR-P1 and Clr family of interacting proteins. 

However, the presence of some of NKR-P1 and Clr family of receptors and ligands has 

been documented on other cell types as well where they can possess significantly 

different functionality. For example, a study has shown that NKR-P1F signalling through 

DCs and B-cells plays a role in T-cell co-stimulation via Clr-g, resulting in T-cell 

expansion and IL-2 secretion118.  Other reports have demonstrated the presence of NKR-

P1G on CD103+ DCs in the intestinal epithelium119. In this context, it is thought that the 

NKR-P1G receptor in tandem with its cognate ligand Clr-f, expressed almost exclusively 

on intestinal epithelial cells, acts as a method of immunosurveillance119.  

As obscure and unexplored as the NKR-P1 receptor family is, even less is known 

about the Clr family of ligands which in some circumstances can have unique distribution 

patterns and signalling functions of their own. For example, Clr-b and Clr-g expression 

are fairly ubiquitous, being present on most hematopoietic cells100,120 to some extent and 

present at varying levels in many epithelial cells with the potential for induced expression 

under certain conditions such as MCMV infection and kidney reperfusion stress100,120,121. 

Several Clr-family members also have described roles in contexts other than NK cells. 

For example, the expression of Clr-a on the gut epithelium and its role in mediating 
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immune tolerance towards gut microbiota in conjunction with gut expressed Clr-f which 

is most likely also responsible for immune tolerance and gut immunosurveillance119,122. 

Other Clrs appear to have a more in-depth role in controlling cellular processes and 

differentiation, which sets up an important precedent for the discoveries being described 

in this work. For example, Clr-b has been to show inhibit osteoclast formation in vitro 

and in vivo Clr-b deficient mice appeared to exhibit an aberrant number of osteoclasts 

resulting in increased bone resorption and lack of bone formation leading to sub-average 

bone mass in these mice123. Further evidence of this is provided through genetic studies 

in human populations that contain a N19K substitution in the homologous LLT1 

transcript. This LLT1 mutation was implicated in the increased loss of bone density in 

postmenopausal women compared to women expressing the normal LLT1 transcript124. 

Likewise, the mouse NKRP1:-Clr system has been described as a non-MHCI recognition 

system in mice and it appears to play a similar role in humans, but reports have also 

described some non-canonical functioning as well. Activation of NKR-P1A (CD161) in 

human in T-cells appears to inhibit T-cell cytotoxicity, in line with the potential of ITIM 

signalling, but also paradoxically induces proliferation114.  

Evidence has steadily been mounting which supports the notion of the NKRP1 

and Clr family of receptor-ligands being expressed on other cell types and having 

potentially unique and varied cell-specific functions. This is of course not restricted to the 

NKRP1-Clr family. Previous sections have outlined the varied roles that NKG2 and Ly49 

receptor family members can play on different cell types. The following study presented 

here continues with this trend and aims to examine the role NKR-P1B plays in steady-

state functioning of immune cells to determine whether it exhibits any homeostatic or 
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developmental roles outside of its known role of inhibiting NK cell-mediated lysis. Since 

we report the presence and tissue-specific function of NKR-P1B on tissue-resident 

alveolar macrophages, this warrants a more in-depth discussion into the alveolar 

macrophages themselves.  

1.3 Tissue-resident macrophages 

1.3.1 Macrophage origins and tissue-resident functions 

The innate component of the mammalian immune system is composed of several highly 

specialized subtypes of macrophages that perform unique tissue-specific roles. Over the 

past decade a great body of new innate immunity research has modified our 

understanding of the mononuclear phagocyte system to such a degree that significant 

revisions have been produced with respect to what monocytes, macrophages, and 

dendritic cells (DCs) are and the way their respective populations develop. New evidence 

has emerged which shows that macrophages are not simply terminally differentiated 

circulating monocytes but that they form unique populations which are distinct not only 

from monocytes but from other macrophages as well, all depending on their 

location125,126. This has given rise to a new concept termed tissue residency. Wherein 

macrophages residing in particular organs form unique, tissue-resident populations which 

are modified from the standard monocyte derived macrophage phenotype into a 

macrophage that possesses unique characteristics tailored specifically to their tissue of 

residence. Recent research has shown that many organs are seeded by fetal liver 

monocytes as is the case in the lungs127, yolk sac macrophage precursors as is the case in 

the brain128,129 or a combination of both as appears to be the case in the liver and the 
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heart130,131 (Fig1.11). 

 

Figure 1.11: Resident macrophage ontogeny of various organs and tissues. 

Schematic highlighting the different ontogenies that make up the resident alveolar 

macrophage population for a particular tissue. In this sense, HSC populations have been 

split into two categories: (embryonic), which includes fetal liver monocytes and yolk sac 

macrophages but with no evidence implicating either directly, and (adult) which have 

passed through the FLT3+ stage and are continuously replenished from the peripheral 

blood monocyte pool. Figure adapted from Epelman et al., 2014 125 

 

Skin (Langerhans cells) and alveolar macrophages undergo an interesting 

transformation as the organism ages. While the embryonic cells do give rise to a 

persisting adult population of tissue-resident macrophages, over time peripheral blood 

monocytes to seem to play a more larger role in replenishing Langerhans and AM cell 

numbers, macrophages of peripheral blood monocyte origin have been found in these two 

populations as the organism ages, implying a time-dependent failure of resident 

macrophage replenishment possibly due to cell senescence132,133. This process of 

embryonic tissue seeding, and differentiation can best be explained as an intricate 

interplay between two pioneer populations of yolk-sac and fetal liver-derived 

macrophages which compete for niches to colonize. (Fig. 1.12). 


